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PREFACE

This book aims to be an introduction to model theory which can be used with-
out any background in logic. We start from scratch, introducing first-order
logic, structures, languages etc. but move on fairly quickly to the fundamental
results in model theory and stability theory. We also decided to cover simple
theories and Hrushovski constructions, which over the last decade have de-
veloped into an important subject. We try to give the necessary background
in algebra, combinatorics and set theory either in the course of the text or in
the corresponding section of the appendices. The exercises form an integral
part of the book. Some of them are used later on, others complement the
text or present aspects of the theory that we felt should not be completely
ignored. For the most important exercises (and the more difficult ones) we
include (hints for) solutions at the end of the book. Those exercises which
will be used in the text have their solution marked with an asterisk.

The book falls into four parts. The first three chapters introduce the basics
as would be contained in a course giving a general introduction to model
theory. This first part ends with Chapter 4 which introduces and explores the
notion of a type, the topology on the space of types and a way to make sure
that a certain type will not be realized in a model to be constructed. The
chapter ends with Fraissé’s amalgamation method, a simple but powerful tool
for constructing models.

Chapter 5 is devoted to Morley’s famous theorem that a theory with a
unique model in some uncountable cardinality has a unique model in every
uncountable cardinality. To prove this theorem, we describe the analysis of
uncountably categorical theories due to Baldwin and Lachlan in terms of
strongly minimal sets. These are in some sense the easiest examples of stable
theories and serve as an introduction to the topic. This chapter forms a unit
with Chapter 6 in which the Morley rank is studied in a bit more detail.

For the route to more general stable theories we decided to go via simplic-
ity. The notion of a simple theory was introduced by Shelah in [56]. Such
theories allow for a notion of independence which is presented in Chapter 7.
Fundamental examples such as pseudo-finite fields make simple theories an

X
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important generalisation of the stable ones. We specialise this notion of inde-
pendence in Chapter 8 to characterise forking in stable theories.

In Chapters 9 and 10 we go back to more classical topics of stability theory
such as existence and uniqueness of prime extensions and their analysis in the
uncountably categorical case due to Hrushovski. We end the exposition by
explaining a variant of Hrushovski’s construction of a strongly minimal set.

Model theory does not exist independently of set theory or other areas
of mathematics. Many proofs require a knowledge of certain principles of
infinite combinatorics which we were hesitant to assume as universally known.
Similarly, to study theories of fields we felt it necessary to explain a certain
amount of algebra. In the three appendices we try to give enough background
about set theory and algebra to be able to follow the exposition in the text.

Other books, some general introductions, others emphasising particular
aspects of the theory, that we recommend for further reading include those by
Pillay [44] and [42], by Marker [39]. Buechler [12], Hodges [24]. Poizat [45]
[46]. Casanovas [14], Wagner [60] and of course Shelah [54]. We refer the
reader to these books also for their excellent accounts of the historical back-
ground on the material we present.

We would like to thank Manuel Bleichner, Juan-Diego Caycedo, Philipp
Doebler, Heinz-Dieter Ebbinghaus, Antongiulio Fornasiero, Nina Frohn, Za-
niar Ghadernezhad, John Goodrick, Guntram Hainke, Immanuel Halupczok,
Franziska Jahnke, Leander Jehl, Itay Kaplan, Magnus Kollmann, Alexander
Kraut, Moritz Muller, Alexandra Omar Aziz, Amador Martin Pizarro, Sebas-
tian Rombach, Lars Scheele and Nina Schwarze for carefully reading earlier
versions of the manuscript and Bijan Afshordel for suggesting Exercises 1.1.2
and 5.4.1. We also thank Andreas Baudisch for trying out the book in a
seminar and Bernhard Herwig, who translated early parts of the lecture notes
from which parts of this book evolved.



Chapter 1

THE BASICS

1.1. Structures

In this section we start at the very beginning, by introducing the prerequisites
for the objects of study. We deal with first-order logic and its structures. To
this end we first introduce the languages. These will be chosen in different
ways for the different mathematical structures that one wants to study.

DEerINITION 1.1.1. A language L is a set of constants, function symbols and
relation symbols!.

Function symbols and relation symbols have an arity > 1. One can think
of constants as 0-ary function symbols®. This allows us to omit the constant
symbol case in many proofs.

The language per se has no inherent meaning. However, the choice of
language will reflect the nature of the intended objects. Here are some standard
examples:

Ly =0 The empty language.

Lavg =1{0.+.—} The language of abelian groups.
Lring = LabgU{l.-} The language of rings.

LGrowp = {e.0. 7'} The language of groups.

Lower ={<} The language of orders.

Loring = Lring U Lorder The language of ordered rings.
Lnumbers = {0, S, +,-, <} The language of the natural numbers.
Lset = {¢} The language of set theory.

The symbols are
constants: 0,
unary function symbols: —
binary function symbols: +
binary relation symbols: <

1, e

= ¢ S
9 ° bl O

'We also use predicate for relation symbol.

2By an unfortunate convention 0-ary relation symbols are not considered.

1



2 1. THE BASICS

The languages obtain their meaning only when interpreted in an appropriate
structure:

DEerINITION 1.1.2. Let L be a language. An L-structure is a pair 2 =
(A.(Z*)zeL). where

A is a non-empty set, the domain or universe of 2,
Z% e 4 if Z is a constant,

Z%: A" — A if Z is an n-ary function symbol, and

AN L if Z is an n-ary relation symbol.

We call Z2 the 2-interpretation of Z.

The requirement on A to be not empty is merely a (sometimes annoying)
convention. The cardinality of a structure is the cardinality of its universe. We
write || or |A4| for the cardinality of 2.

DerINITION 1.1.3. Let 20 and 98 be L-structures. Amap z: A — B is called
a homomorphism if forall ay,....a, € A

h(c®) = ¢
h(fgl(al,...,a,,)) = f%(h(al) ~~~~~ h(an))
R*ay.....ay) = R®(h(ay).....h(ay,))

for all constants ¢, n-ary function symbols f and relation symbols R from L.
We denote this by

h: A — B,
If in addition # is injective and

R*ay.....a,) < RE(h(ay).....h(ay))

for all ai.....a, € A, then h is called an (isomorphic) embedding. An
isomorphism is a surjective embedding. We denote isomorphisms by
h:A S 9B,

If there is an isomorphism between 2 and B, the two structures are called
isomorphic and we write

A =B,

It is easy to see that being isomorphic is an equivalence relation between
structures and that bijections can be used to transfer the structures between
sets.

DEFINITION 1.1.4. An automorphism of 2 is an isomorphism 2 = 2. The
set of automorphisms Aut(2) forms a group under composition.
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DEFINITION 1.1.5. We call 2 a substructure of B if A C B and if the inclusion
map is an embedding from 2l to *B. We denote this by

A C 9B.
We say B is an extension of 2 if 2 is a substructure of 8.

REMARK 1.1.6. If B is an L-structure and 4 a non-empty subset of B, then
A is the universe of a (uniquely determined) substructure 2 if and only if 4
contains all ¢® and 4 is closed under all operations f®. In particular, if
L does not contain any constants or function symbols, then any non-empty
subset of an L-structure is again an L-structure. Also, if 4: 2 — B, then
h(A) is the universe of a substructure of 93.

It is also clear that for any family 2I; of substructures of B, the intersection
of the A; is either empty or a substructure of B. Therefore, if S is any non-
empty subset of 9B, then there exists a smallest substructure 2 = (S)® which
contains S. We call 2 the substructure generated by S. If S is finite, then 2L is
said to be finitely generated.

If L contains a constant, then the intersection of all substructures of B is
not empty as it contains the B-interpretation of this constant. Thus B has a
smallest substructure (()). If L has no constants, we set (§)* = ()

Lemma 1.1.7. If A is generated by S, then every homomorphism h: 20 — B
is determined by its values on S.

PrOOF. If A': A — B is another homomorphism, then C = {b | h(b) =
h'(b)} is either empty or a substructure. If 4 and A’ coincide on S, then S is
a subset of C, and therefore C = 4. =

LeEMMA 1.1.8. Let h : A = ' be an isomorphism and B an extension of
2. Then there exists an extension B’ of A’ and an isomorphism g : B = B’
extending h.

ProoF. First extend the bijection 4: A — A’ to a bijection g: B — B’ and
use g to define an L-structure on B’. —

DEerINITION 1.1.9. Let (1, <) be a directed partial order. This means that for
alli,j € I thereexistsa k € I such thati < k and j < k. A family (2;)
of L-structures is called directed if

lﬁ]im,gﬂ,

icl

If I is linearly ordered, we call (%;), ., a chain. If, for example, a structure
20 is isomorphic to a substructure 2y of itself,

h() . Q[o :> 9[1.,
then Lemma 1.1.8 gives an extension

/’l] 29[1 :>9[2.
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Continuing in this way, we obtain a chain 2p C 2(; C 2, C --- and an
increasing sequence /; : A; = A, 41 of isomorphisms.

Lemma 1.1.10. Let (2;);.; be a directed family of L-structures. Then A =
Uics 4i is the universe of a (uniquely determined ) L-structure

A= .
iel
which is an extension of all 2;.

PrOOF. Let R be an n-ary relation symbol and a;.....a, € 4. As I is
directed, there exists k € I such that all a; are in 4;. We define (and this is
the only possibility)

R*ay.....a,) & R*(ay,....a,).

Constants and function symbols are treated similarly. -

A subset K of L is called a sublanguage. An L-structure becomes a K-
structure, the reduct, by simply forgetting the interpretations of the symbols
from L\ K:

A K = (4.(Z%)zex) -

Conversely we call 2 an expansion of 2l | K. Here are some examples:
Let 2 be an L-structure.

a) Let R be an n-ary relation on 4. We introduce a new relation symbol R
and we denote by

(A R)
the expansion of 2 to an L U {R }-structure in which R is interpreted by R.
b) For given elements aj, ..., a, we may introduce new constants a,,....,a,
and consider the L U {a,,...,a, }-structure
A ar,....a,).

c) Let B be a subset of 4. By considering every element of B as a new
constant, we obtain the new language

L(B)=LUB
and the L(B)-structure
Ap = (A.b)yep -

Note that Aut(2(p) is the group of automorphisms of 2 fixing B element-
wise. We denote this group by Aut(2(/B).

Similarly, if C is a set of new constants, we write L(C) for the language
LuC.
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Many-sorted structures. Without much effort, the concepts introduced here
can be extended to many-sorted languages and structures, which we shall need
to consider later on.

Let S be a set. which we call the set of sorts. An S-sorted language L is
given by a set of constants for each sort in S, and typed function and relation
symbols which carry the information about their arity and the sorts of their
domain and range. More precisely, for any tuple (s1,....s,)and (s1,....5,.¢)
there is a set of relation symbols and function symbols, respectively. An
S-sorted structure is a pair 2 = (4. (Z?%)zc.). where

A is a family (A4y)scs of non-empty sets.

Z% € Ay if Z is a constant of sort s € S,

Z: Ay, x --- x Ay, — A, if Z is a function symbol of type (s, ..., Sy. 1),
zy C Ag X - X Ay, if Z is a relation symbol of type (s1....,s,).

It should be clear how to define homomorphisms between many-sorted struc-
tures 2 and 2B: they are given by maps taking A, to B, for s € S and behaving
as before with respect to constants, function and relation symbols.

ExampPLE. Consider the two-sorted language Lpe,p, for permutation groups
with a sort x for the set and a sort g for the group. The constants and function
symbols for Lperm are those of Lgroup restricted to the sort g and an additional
function symbol ¢ of type (x. g, x). Thus, an Lpey-structure (X, G) is given
by a set X and an Lgroup-structure G together with a function X x G — X.

Exercise 1.1.1 (Direct products). Let 2, 2, be L-structures. Define an L-
structure 2(; x 2(, with universe 4; x A, such that the natural epimorphisms
7 QA x Ay — A; for i = 1, 2 satisfy the following universal property: given
any L-structure ® and homomorphisms ¢; : ® — 2;,i = 1,2 there is a
unique homomorphism y : © — 2; x A such that 7; oy = ;.71 = 1,2,
i.e., this is the product in the category of L-structures with homomorphisms.

EXERCISE 1.1.2. Let f: A — A be anembedding. Then there is an extension
2L C B and an extension of f to an automorphism g of 8. We can find B
as the union of the chain 4 C g=!'(4) C g7%(4) C --- . The pair (%B.g) is
uniquely determined by that property.

1.2. Language

Starting from the inventory of the languages defined in Section 1.1 we
now describe the grammar which allows us to build well-formed terms and
formulas which will again be interpreted in the according structures.

DEFINITION 1.2.1. An L-term is a word (sequence of symbols) built from
constants, the function symbols of L and the variables vy, vy, . .. according to
the following rules:
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1. Every variable v; and every constant ¢ is an L-term.
2. If f isan n-ary function symboland ¢, ..., ¢, are L-terms, then ft;...1,
is also an L-term.

The number of occurrences of function symbols in a term is called its
complexity. This will be used in induction arguments.

We often write f(¢1.....t,) instead of ft;...t, for better readability and
use the usual conventions for some particular function symbols. For example

(x+y)-(z+w)
stands for
Xy + zw

and (x o y)~! for ~1 o xy.
Let 20 be an L-structure and b = (by, b1, ...) a sequence of elements which
we consider as assignments to the variables vg, vy, .. .. If we replace in ¢ each

variable v; by «;, the term ¢ determines an element lm[l;] of 2 in an obvious
way:

DErNITION 1.2.2. For an L-term ¢, an L-structure 2 and an assignment b
we define the interpretation *[b] by
U?l [b] = bi
691[5] =c2
St b = SRR, ... t2]b)).
This (recursive) definition is possible because every term has a unique decom-
position into its constituents: if f¢;...7, = ft{...t,. thent; =¢],.... 1, =

1. This as well as the following lemma are easy to prove using induction on
the complexity of the terms involved.

LeEMMA 1.2.3. The interpretation tQ‘[l;] depends on b; only if v; occursint.

If the variables xi, ..., x, are pairwise distinct® and if no other variables
occur in ¢, we write

t=t(x1.....x).

According to the previous lemma, if bisan assignment for the variables which
assigns a; to x;, we can define

May.....a,] = 2[b].
Ift,....,t, areterms, we can substitute 7y, . . ., t, for the variables xy, . . ., x,,.
The resulting term is denoted by
t(t1, ... t).

3Remember that x; € {vg.vy....}.
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One easily proves:
LeEmMA 1.2.4 (Substitution Lemma).

((t, .. )2 [b) = 2 [1?[5],...,13‘[5]} . 4
If we expand 2 to the L(A)-structure 24, we get as a special case
tlay,....a,)* = Ma. ..., a,)
LemMmA 1.2.5. Let h: A — B be a homomorphism and t(x1, ..., x,) a term.
Then we have for all ay, . .., a, from A
Plh(ar).....h(a,)] = h (Mai.....a,]).
ProoF. Induction on the complexity of z. -

LemMA 1.2.6. Let S be a subset of the L-structure A. Then
() = {rMs1.....50] | t(x1.....xy) L-term. sy.....s, €S}.

Proor. We may assume that S is not empty or that L contains a con-
stant since otherwise both sides of the equation are empty. It follows from
Lemma 1.2.5 that the universe of a substructure is closed under interpreta-
tions of terms #*[—. ..., —]. Thus the right hand side is contained in (S)*.
For the converse we have to show that the right hand side is closed under the
operations f%. The assertion now follows using Remark 1.1.6. -

A constant termis aterm without variables. Asa special case of Lemma 1.2.6
we thus have
(@)™ = {¢* |  constant L-term} .
The previous lemma implies:
COROLLARY 1.2.7. [{(S)?| < max(|S|.|L|.No).

PROOF. There are at most max(|L|,Ry) many L-terms and for every term
¢ at most max(|S|. Ny) many assignments of elements of S to the variables
of t. -

We still need to define L-formulas. These are sequences of symbols which
are built from the symbols of L, the parentheses “(” and “)” as auxiliary
symbols and the following logical symbols:

s

variables V9. V1, . . .
equality symbol =
negation symbol -

conjunction symbol A
existential quantifier 3

DErINITION 1.2.8. L-formulas are

1. H=1 where 11, t, are L-terms,
2. Rty...t, where R is an n-ary relation symbol from L and ¢,....¢,
are L-terms,
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3.~y where  is an L-formula,
4. (w1 Awy) where y; and y, are L-formulas,
5. 3x w where y is an L-formula and x a variable.

Formulas of the form ¢#; = 1, or Rt ...t, are called atomic.

As with terms, we define the complexity of a formula as the number of
occurrences of =, 3 and A. This allows us to do induction on (the complexity
of) formulas.

We use the following abbreviations:

(w1 V w2) == (=y1 A —ya)
(w1 = y2) = ~(w1 A —y2)
(w1 < w2) = (w1 = w2) A (v = y1))
VX y =-3dx—y

for disjunction, implication, equivalence and universal quantifier.

Sometimes we write #; Rt, for Rt1t,, Ix; ... x, for Ix; ... Ix, and Vx; ... x,
for Vx; ...Vx,. To improve readability we might use superfluous parentheses.
On the other hand we might omit parentheses with an implicit understanding
of the binding strength of logical symbols: —, 3, and V bind more strongly
than A which in turn binds more strongly than V. Finally — and <> have the
least binding strength. For example —y; A w2 — w3 is understood to mean

((y1 Aya) = w3).
Given an L-structure 2 and an L-formula ¢(x;....x,) it should now be

clear what it means for ¢ to hold for b. Here is the formal definition.

DErINITION 1.2.9. Let 2 be an L-structure. For L-formulas ¢ and all as-
signments b we define the relation

A = p[b]
recursively over @:
U=ty = 1 [B] & 1[b] = 5[5
A= Rty ...ty [0] = R™ (z?‘[/?], o z,‘f‘[/?])
A b=~y [B] < A y [B]
A= (w1 Aya) [b] < A = wi[b] and 2 = w, [b]
A = Ixy [5] < there exists a € 4 such that A = w {E%} .

Here we use the notation

E% — (bov.. . bir.abipr) ifx =i

If A |= o[h] holds we say ¢ holds in 2 for b or b satisfies o (in ).
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For this definition to work one has to check that every formula has a
unique decomposition* into subformulas: if Rty ...t, = Rt]...t), then t; =

ti....ty =ty and (1 Aya) = (y] A ys) implies y1 =y and y> = y).
It should be clear that our abbreviations have the intended meaning, e.g.,
A = (w1 — wo)[b] if and only if (A k= yw[b] implies A = w[b]).
Whether ¢ holds in 2l for b depends only on the free variables of :

DEerINITION 1.2.10. The variable x occurs freely in the formula ¢ if it occurs
at a place which is not within the scope of a quantifier Ix. Otherwise its
occurrence is called bound. Here is the formal definition (recursive in ¢):

x freein t; = t, & x occurs in ¢y or in .
x free in Rty ...t, & x occurs in one of the ¢;.
x free in -y < x free in y.
x free in (y) A y1) < x free in y or x free in .
x free in 3y w < x # y and x free in w.

For example the variable vy does not occur freely in Yvo(Jvi R(vg, v1) A

P(v1)); v; occurs both freely and bound?.

Lemma 1.2.11. Suppose b and & agree on all variables which are free in .
Then

-

A E p[b] & A E p[c].
ProoF. By induction on the complexity of ¢. -
If we write a formula in the form ¢(x1, ..., x,). we mean:

e the x; are pairwise distinct,
e all free variables in ¢ are among {xy....,x,}.

If furthermore «a;. ..., a, are elements of the structure 2, we define

Q[ ':Qo[ale-'~7an]
by 2 E <p[5], where 5 is an assignment satisfying E(xi) = a;. Because of
Lemma 1.2.11 this is well defined.
Thus ¢(x1,....x,) defines an n-ary relation

() ={a | A | plal}
on A, the realisation set of ¢. Such realisation sets are called 0-definable
subsets of A", or 0-definable relations.
Let B be a subset of 4. A B-definable subset of 2 is a set of the form ¢ (2A)
for an L(B)-formula ¢(x). We also say that ¢ (and ¢(21)) are defined over

41t is precisely because of this uniqueness that we introduced brackets when defining formulas.
SHowever, we usually make sure that no variable occurs both freely and bound. This can be
done by renaming the free occurrence with an unused variable.
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B and that the set (1) is defined by . Often we don’t explicitly specify
a parameter set B and just talk about definable subsets. A 0-definable set
is definable over the empty set. We call two formulas equivalent if in every
structure they define the same set.

DEerINITION 1.2.12. A formula ¢ without free variables is called a sentence.
We write 2 |= ¢ if 2 = o[b] for some (all) b.

In that case 21 is called a model of ¢. We also say ¢ holds in 1. If ¥ is a set
of sentences, then 2 is a model of X if all sentences of X hold in 2[. We denote
this by

A,

Let ¢ = @(xy,....x,) and let #1, ..., t, be terms. The formula

is the formula obtained by first renaming all bound variables by variables
which do not occur in the #; and then replacing every free occurrence of x; by
t.

LemMMA 1.2.13 (Substitution lemma).

A p(tr,....1,)[0] = A @[D).....c205]).
ProoF. The proof is an easy induction on ¢. o

Also note this (trivial) special case:

Ag E=plar,....ay) = AE=plar.....a).

Henceforth we often suppress the assignment (and the subscript) and simply
write

AE=plar,....an).

Atomic formulas and their negations are called basic. Formulas without
quantifiers (or: quantifier-free formulas) are Boolean combinations of basic
formulas. i.e., they can be built from basic formulas by successively applying
—and A. The conjunction of formulas 7; is denoted by A\,_,, 7; and \/,_,, 7;
denotes their disjunction. By convention A, ;7 = \/,. 7 = m. Itis
convenient to allow the empty conjunction and the empty disjunction. For
that we introduce two new formulas: the formula T, which is always true, and
the formula |, which is always false. We define
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A formula is in negation normal form if it is built from basic formulas using
AV, 3.

Lemma 1.2.14. Every formula can be transformed into an equivalent formula
which is in negation normal form.

ProoF. Let ~ denote equivalence of formulas. We consider formulas which
are built using A, V, 3,V and - and move the negation symbols in front of
atomic formulas using

(e Ay) ~ (=p V-y)

(e V)~ (e A-y)
—3xp ~ Vx-p
“Vxp ~ Ix—p

DErmNITION 1.2.15. A formula in negation normal form which does not
contain any existential quantifier is called universal. Formulas in negation
normal form without universal quantifiers are called existential.

Clearly an isomorphism /4 : 20 — 5 preserves the validity of every formula:

A= plar,....ay] <= B Eolhlar),..., h(a,)]
Embeddings preserve the validity of existential formulas:

Lemma 1.2.16. Let h: A — B be an embedding. Then for all existential
Sformulas o(x1....,x,) and all ay, . .., a, € A we have

A= plar,....an] = BE plhlar),....h(a,)).

ProOF. By an easy induction on ¢: for basic formulas the assertion follows
from the definition of an embedding and Lemma 1.2.5. The inductive step is
trivial for the cases A and V. Let finally ¢(X) be Iy w(X, y). If A = ¢[a],
there exists an a € A such that 2 = w[a,a]. By induction we have B =
w[h(@),h(a)]. Thus B = ¢[h(a)]. -

Let 2l be an L-structure. The atomic diagram of 2 is
Diag(2) = {¢ basic L(4)-sentence | A4 = ¢ }.

the set of all basic sentences with parameters from 4 which hold in L.

LemMA 1.2.17.  The models of Diag(1) are precisely those structures
(B.1(a)),, for embeddings h: A — B.
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Proor. The structures (%, h(a))a o4 are models of the atomic diagram by
Lemma 1.2.16. For the converse note that a map / is an embedding if and
only if it preserves the validity of all formulas of the form

(=) x1 = x2

c = X

F (o xa) = X0

(=) R(x1.....x,). =

Many-sorted languages. In a many-sorted language with sorts in S, terms
and formulas are built with respect to the sorts. For each sort s € S we have
variables v, v}, ... from which we build the following terms of sort s.

Every variable v is an L-term of sort s.
Every constant ¢ of sort s is an L-term of sort s.

If 1" is a function symbol of type (s1,..., s, ) and ¢; is an L-term of sort
sifori =1,...,n, then ft...1,isan L-term of sort s.
We construct L-formulas as before with the following adjustments:
H==n where #;, t, are L-terms of the same sort,
Rt ... t, where R is a relation symbol from L of type (s1.....s,) and
t; is an L-term of sort s;,
dx w where y is an L-formula and x a variable (of some sort s).

It should be clear how to extend the definitions of this section to the many-
sorted situation and that the results presented here continue to hold without
change. In what follows we will not deal separately with many-sorted lan-
guages until we meet them again in Section 8.4.

EXERCISE 1.2.1. Let L be a language and P be a new n-ary relation symbol.
Let ¢ = @(P) be an L(P) = L U {P}-sentence and z(xj,...,x,) an L-
formula. Now replace every occurrence of P in ¢ by z. More precisely, every
subformula of the form Pt;...1, is replaced by n(¢;...1,). We denote the
resulting L-formula by ¢ (). Show that

2 = ¢(r) ifand only if (A, z(A)) E ¢(P).

Exercisk 1.2.2. Every quantifier-free formula is equivalent to a formula of

the form
AV =

i<m j<m;

VA

i<m j<m;

and to a formula of the form

where the 7;; are basic formulas. The first form is called the conjunctive normal
form; the second, the disjunctive normal form.
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ExEercisk 1.2.3. Every formula is equivalent to a formula in prenex normal
form:

01x1 ... OuXpp.
The Q; are quantifiers (3 or V) and ¢ is quantifier-free.

ExERrcISE 1.2.4 (Ultraproducts and Los’s Theorem). A filteronasetl isa
non-empty set F C B(I) which does not contain the empty set and is closed
under intersections and supersets, i.e., for 4, B € F, we have AN B € F and
if4e€ Fand A C C C I we have C € F. Afilter F is called an ultrafilter if
forevery A € Bwehave 4 € Forl\ A € F. (By Zorn’s Lemma, any filter
can be extended to an ultrafilter.)

For a family (2; | i € I) of L-structures and F an ultrafilter on / we define
the ultraproduct T1;c;2; / F as follows. On the Cartesian product IT;¢;2;, the
ultrafilter F defines an equivalence relation ~ x by

(ai)ier ~7 (bi)ier & {i €1 | a; =bi} € F.
On the set of equivalence classes (a;) 7 we define an L-structure IT;¢;21; /F.

II=2A; :( Ql,‘)

e For constants ¢ € L, put ¢ c™)r.

e For n-ary function symbols f € L put

172 (af)p (@) F) = (Y a). . af))F.
e For n-ary relation symbols R € L put
R ((aNp. ... (a")F) o {i eI |R¥%(al.....a")} € F.

i i
1. Show that the ultraproduct I1;;2; /F is well-defined.
2. Prove Los’s Theorem: for any L-formula ¢ we have

Hielmi/]:):SO((ail)]-'»---»(az'n>F) e{iel | 'ZSD(ailv---rain)} S

1.3. Theories

Having defined a language, we can now take a closer look at which formulas
hold in a given structure. Conversely, we can start with a set of sentences and
consider those structures in which they hold. In this way, these sentences serve
as a set of axioms for a theory.

DEerINITION 1.3.1. An L-theory T is a set of L-sentences.

A theory which has a model is a consistent theory. More generally, we call a
set T of L-formulas consistent if there is an L-structure 2 and an assignment
b such that A = cp[E] for all p € £. We say that X is consistent with T if T UZ
is consistent.

LEMMA 1.3.2. Let T be an L-theory and L' be an extension of L. Then T is
consistent as an L-theory if and only if T is consistent as a L'-theory.
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PrOOF. This follows from the (trivial) fact, that every L-structure is ex-
pandable to an L'-structure. -

ExampLE. To keep algebraic expressions readable we will write 0 and 1 for
the symbols 0 and 1 in the following examples. We will omit the dot for the
multiplication and brackets if they are implied by the order of operations rule.

AbG, the theory of abelian groups, has the axioms:
e Vx.y.z (x+y)+z=x+(y+2z)
o Vx 0+ x=x
e Vx (—x)+x=0
e Vx,yx+y=y+x.

Ring, the theory of commutative rings:
e AbG
o Vx.p,z (xy)z = x(yz)

o Vx lx =x

o Vx,y Xy = yx

e Vx,y.zx(y+z)=xy+xz.
Field, the theory of fields:

e Ring

e -0=1

e Vx(—x=0—TJyxy=1).

DEermNiTION 1.3.3. If a sentence ¢ holds in all models of 7', we say that ¢
follows from T (or that T proves ¢) and write®

TFE .

By Lemma 1.3.2 this relation is independent of the language. Sentences ¢
which follow from the empty theory ) are called valid. We denote this by + ¢.
The most important properties of + are:

Lemma 134, 1. IfTrHoandTF (o — w), then T - y.
2. If T+ (e, ..., ¢,) and the constants ¢, . .. . ¢, occur neither in T nor in
(X1, x). then T F¥x1 ... x,0(x1, . ... Xn).

PrOOF. We prove 2. Let L' = L\ {cy,....¢,}. If the L'-structure 2 is

a model of T and qy,....a, are arbitrary elements, then (2, ay,...,a,) E
p(cr,...,cy). That means 2 = Vx; ... x,0(x1,...,x,). Thus T = Vx;...x,
o(x1,...,x,). 1

We generalise this relation to theories S: we write 7' F S if all models of T
are models of S. S and T are called equivalent, S = T, if S and T have the
same models.

®Note that sometimes this relation is denoted by T’ }= ¢ to distinguish this notion from the
more syntactic notion of logical inference, see [57, section 2.6].
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DEerINITION 1.3.5. A consistent L-theory T is called complete if for all L-
sentences ¢

TkFe or TH —e.

This notion clearly depends on L. If T is complete and L’ is an extension
of L, then T will in general not be complete as an L’-theory.

DEerINITION 1.3.6. For a complete theory T we define
|T| = max(|L|,Np) :

|T'| is exactly the number of L—formulas. This will be explained in the proof
of Corollary 2.1.3.

The typical (and. as we will see below, only) example of a complete theory
is the theory of a structure

Th(2) = {¢ | A |= ¢}

LEMMA 1.3.7. A consistent theory is complete if and only if it is maximal
consistent, i.e., if it is equivalent to every consistent extension.

Proor. We call ¢ independent from T if neither ¢ nor —¢ follows from
T. So ¢ is independent from T exactly when T U {p} is a proper (i.e.,
not equivalent) consistent extension of 7. From this the lemma follows
directly. 4

DEerFINITION 1.3.8. Two L-structures 2 and B are called elementary equiva-
lent,

A =B,
if they have the same theory; that is, if for all L-sentences ¢
AEp—=BEo
Isomorphic structures are always elementarily equivalent. The converse
holds only for finite structures, see Exercise 1.3.3 and Theorem 2.3.1.

LemMaA 1.3.9. Let T be a consistent theory. Then the following are equivalent:

a) T is complete.
b) All models of T are elementarily equivalent.
c) There exists a structure A with T = Th(2().

PROOF. a) = ¢): Let A be a model of T. If ¢ holds in 2, then T I/ —¢ and
thus T ¢. So T = Th(2l) holds.

c) = b): If B |= T, then B = Th(2A) and therefore B = 2A. Note that = is
an equivalence relation.

b) = a): Let A be amodel of T. If  holds in 2, then ¢ holds in all models
of T,ie., T F . Otherwise, ~¢ holds in 2 and we have 7' F —¢. o
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From now on, when we fix a complete theory it is generally assumed to have
an infinite model. In many cases, the results will still be true for the complete
theory of a finite model, often for trivial reasons since in this case the model
is unique up to isomorphism (see Exercise 1.3.3).

A class of L-structures forms an elementary class if it is the class of models
of some L-theory T. By the previous examples, the class of all abelian
groups (commutative rings, fields, respectively) is an elementary class as is
the subclass of elementary abelian p-groups for some prime p. However,
the class of all finite abelian p-groups does not form an elementary class
since by Los’s Theorem elementary classes are closed under ultraproducts (see
Exercises 1.3.4,2.1.2 and 1.2.4).

EXERCISE 1.3.1. Write down the axioms for the theory DLO of dense linear
orders without endpoint in the language Loger of orders and the axioms for
the theory ACF of algebraically closed fields in Lg;ne. Is ACF complete?

Exercise 1.3.2. 1. For a prime number p, let Z,~ denote the p-Priifer
group. i.e.. the group of all p*-th roots of unity for all k € N. Show that
the groups Z}~ and Zj.. are not elementarily equivalent for m # n.

2. Show that Z" # Z™ in the language of groups if n # m.

ExERcIsE 1.3.3. Show that if 2 is a finite L-structure and 8 is elementarily
equivalent to 2, then they are isomorphic. (Show this first for finite L.)

ExEercisk 1.3.4. Use ultraproducts to show that the class of all finite groups
(all torsion groups, all nilpotent groups, respectively) does not form an ele-
mentary class.

ExErcIsk 1.3.5. Two structures 2 and 9B are partially isomorphic if there is
a non-empty set Z of isomorphisms between substructures of 2 and B with
the back-and-forth property:
1. Forevery f € Z and a € A there is an extension of f in Z with « in its
domain.
2. Forevery f € T and b € B there is an extension of f in Z with b in its
image.
Show that partially isomorphic structures are elementarily equivalent.



Chapter 2

ELEMENTARY EXTENSIONS AND COMPACTNESS

2.1. Elementary substructures

As in other fields of mathematics, we need to compare structures and con-
sider maps from one structure to another. For this to make sense we consider
a fixed language L. Maps and extensions are then required to respect this
language.

Let 2 and 5 be two L-structures. A map h: A — B is called elementary if
it preserves the validity of arbitrary formulas ¢(xy. ..., x,)!. More precisely,
forall a;,....a, € A we have:

A= plar,....an] <= B = plhlay),.... ha,)].

In particular, & preserves quantifier-free formulas and is therefore an embed-
ding. Hence £ is also called elementary embedding. We write

hogt =5 9B
The following lemma is clear.

LeMMA 2.1.1. The models of Th(,) are exactly the structures of the form
(B. h(a)),. , for elementary embeddings h : 2 = B, .

We call Th(2(,) the elementary diagram of 2.
A substructure 2( of B is called elementary if the inclusion map is elementary,
ie., if

AE=plar,....a) ]l <= B = pla;.....a,]

forall a;.....a, € A. In this case we write
A< B

and B is called an elementary extension of 2.

I'This only means that formulas which hold in 2 also hold in 8. But taking negations, the
converse follows.

17
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THEOREM 2.1.2 (Tarski’s Test). Let B be an L-structure and A a subset of
B. Then A is the universe of an elementary substructure if and only if every
L(A)-formula o(x) which is satisfiable in 5 can be satisfied by an element of A.

Proor. If 21 < 9B and B | Jxp(x), we also have 2 |= Ixp(x) and there
exists a € 4 such that 2 = ¢(a). Thus B = ¢(a).

Conversely, suppose that the condition of Tarski’s test is satisfied. First we
show that A4 is the universe of a substructure 2. The L(A)-formula x = x
is satisfiable in 98, so A4 is not empty. If f € L is an n-ary function symbol
(n>0)and ay.....a, is from A, we consider the formula

elx) = flai.....ay) = x.

Since ¢(x) is always satisfied by an element of A, it follows that A is closed
under f2.
Now we show, by induction on . that

Ay <= By

for all L(A)-sentences . This is clear for atomic sentences. The induction
steps for w = = and v = (1 A ) are trivial.

It remains to consider the case w = Jx(x). If y holds in 2, there exists
a € A such that 2 = p(a). The induction hypothesis yields B = ¢(a), thus
B = w. For the converse suppose y holds in 8. Then ¢(x) is satisfiable
in B and by Tarski’s test we find @ € A4 such that B = ¢(a). By induction
2 = ¢(a) and A | w holds. 8

We use Tarski’s Test to construct small elementary substructures.

COROLLARY 2.1.3. Suppose S is a subset of the L-structure B. Then B has
an elementary substructure 2 containing S and of cardinality at most

max(|S|. |L], R).

PrOOF. We construct 4 as the union of an ascending sequence Sy C S| C

- of subsets of B. We start with Sy = S. If S; is already defined, we choose
an element a, € B for every L(S;)-formula ¢ (x) which is satisfiable in 9B and
define S;. to be S; together with these a,,. It is clear that A4 is the universe of
an elementary substructure. It remains to prove the bound on the cardinality
of A.

An L-formula is a finite sequence of symbols from L, auxiliary symbols and
logical symbols. These are |L| 4+ Ry = max(|L|, Ry) many symbols and there-
fore there are exactly max(|L|, Ny) many L-formulas (see Corollary A.3.4).

Let k = max(|S].|L|,Np). There are x many L(S)-formulas: therefore
|S1] < k. Inductively it follows for every i that |S;| < «. Finally we have |4] <
k-No=kK. =

A directed family (21;), ., of structures is elementary if A; < 2; foralli < j.
The following lemma is mainly applied to elementary chains, hence its name.
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THEOREM 2.1.4 (Tarski’s Chain Lemma). The union of an elementary di-
rected family is an elementary extension of all its members.

PrOOE. Let 2 = |J,; (2;);c;- We prove by induction on ¢(X) that for all
ianda € ;

A = (@) <= A= p(a).

If ¢ is atomic, nothing is to be proved. If ¢ is a negation or a conjunction,
the claim follows directly from the induction hypothesis.

If o(x) = Ayw(x.y). then ¢(a) holds in A exactly if there exists b € A
with 2 = (@, b). As the family is directed, there always exists a j > i with
b € A;. By the induction hypothesis we have 2 = w(a@.b) <= 2, = y(a.b).
Thus ¢(@) holds in 2 exactly if it holds in an 2; (j > i). Now the claim
follows from 2f; < ;. N

ExERrCISE 2.1.1. Let A be an L-structure and (2;);¢; a chain of elementary

substructures of 2. Show that | J,; 4; is an elementary substructure of 2.

Exgercisk 2.1.2. Consider a class C of L-structures. Prove:

1. Let Th(C) = {p | A | ¢ forall A € C} be the theory of C. Then M
is a model of Th(C) if and only if 9 is elementarily equivalent to an
ultraproduct of elements of C.

2. Show that C is an elementary class if and only if C is closed under
ultraproducts and elementary equivalence.

3. Assume that C is a class of finite structures containing only finitely many
structures of size n for each n € w. Then the infinite models of Th(C)
are exactly the models of

Th,(C) = {p | 2 = ¢ for all but finitely many 2 € C}.

2.2. The Compactness Theorem

In this section we prove the Compactness Theorem, one of the fundamental
results in first-order logic. It states that a first-order theory has a model if
every finite part of it does. Its name is motivated by the results in Section 4.2
which associate to each theory a certain compact topological space.

We call a theory T finitely satisfiable if every finite subset of 7" is consistent.

THEOREM 2.2.1 (Compactness Theorem). Finitely satisfiable theories are
consistent.

Let L be a language and C a set of new constants. An L(C)-theory T’
is called a Henkin theory if for every L(C)-formula ¢ (x) there is a constant
¢ € C such that

Axp(x) — @(c) € T'.
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The elements of C are called Henkin constants of T'.

Let us call an L-theory T finitely complete if it is finitely satisfiable and if
every L-sentence ¢ satisfies ¢ € T or —p € T. This terminology is only
preliminary (and not standard): by the Compactness Theorem a theory is
equivalent to a finitely complete one if and only if it is complete.

The Compactness Theorem follows from the following two lemmas.

LEMMA 2.2.2. Every finitely satisfiable L-theory T can be extended to a
finitely complete Henkin theory T*.

Note that conversely the lemma follows directly from the Compactness
Theorem. Choose a model & of 7. Then Th(2(4) is a finitely complete
Henkin theory with A4 as a set of Henkin constants.

ProOF. We define an increasing sequence ) = Cy € C; C --- of new
constants by assigning to every L(C;)-formula ¢(x) a constant c,,,) and

Cit1 = {¢p() | ©(x) L(C;)-formula}.
Let C be the union of the C; and T the set of all Henkin axioms

Ixp(x) = pleg)

for L(C)-formulas ¢(x). It is easy to see that one can expand every L-
structure to a model of 7#. Hence T U T# is a finitely satisfiable Henkin
theory. Using the fact that the union of a chain of finitely satisfiable theories is
also finitely satisfiable, we can apply Zorn’s Lemma and get a maximal finitely
satisfiable L(C)-theory T* which contains T U T#. Asin Lemma 1.3.7 we
show that 7 is finitely complete: if neither ¢ nor —¢ belongs to T*, neither
T* U {p} nor T* U {—¢} would be finitely satisfiable. Hence there would be
a finite subset A of 7* which would be consistent neither with ¢ nor with —¢.
Then A itself would be inconsistent and 7* would not be finitely satisfiable.
This proves the lemma. -

LEmMmA 2.2.3. Every finitely complete Henkin theory T* has a model 2
(unique up to isomorphism) consisting of constants; i.e.,

(QL: a(:)cec ): T*
with A ={a. | c € C}.

ProoF. Let us first note that since 7* is finitely complete, every sentence
which follows from a finite subset of 7* belongs to 7*. Otherwise the negation
of that sentence would belong to 7*, but would also be inconsistent together
with a finite part of 7*.

We define for ¢, d € C

c~d<=c=deT".

As ¢ = ¢ is valid, and d = ¢ follows from ¢ = d, and ¢ = e follows from
¢ =d and d = e, we have that ~ is an equivalence relation. We denote the
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equivalence class of ¢ by a, and set
A={a.|ceC}.
We expand 4 to an L-structure 2[ by defining
R*ag,.....a.) <= R(ci.....c,) € T* (2.1)
fMag,.....a.) = aq < flci,....ch) =co € T* (2.2)
for relation symbols R and function symbols f (n > 0-ary) from L.
We have to show that this is well-defined. For (2.1) we have to show that
ey = dgy, ... d,, =dag,, R(cr.....c,) €T
implies R(dy.....d,) € T*. Butclearly R(d.....d,) holds in any structure
satisfying
cr=di,....co=d, Rlci,....cp).
Similarly for (2.2) we first notice that a,, = a4, follows from
Ay = Agys- s e, = dg,. f(C1,....cn) =co€T* fldi,....dy,) =dyeT".

For (2.2) we also have to show that for all ¢j,...,c, there exists ¢y with
flet,....cn) =co € T*. As T* is a Henkin theory, there exists ¢y with

Axflcro.ven) =x— fler,....ch) =co€T*.

Now the valid sentence 3x f (cy.....c,) = x belongsto T*,so0 f(c1.....¢,) =
¢o belongs to T*. This shows that everything is well defined.

Let 2A* be the L(C)-structure (A, a.).cc. We show by induction on the
complexity of ¢ that for every L(C)-sentence ¢

A =Ep<—=peT"
There are four cases:

a) ( isatomic. If ¢ has the form ¢ = d or R(c.. .., ¢,), the statement follows
from the construction of 20*. Other atomic sentences contain function
symbols f or constants (which we consider in this proof as 0-ary function
symbols) from L. We inductively reduce the number of such occurrences
and apply the previous case. Suppose ¢ contains a function symbol from
L. Then ¢ can be written as

P = l//(f(C],...,Cn))

for a function symbol f € L and an L(C)-formula w(x). Choose ¢
satisfying f(c1.....¢,) = ¢o € T*. By construction f(ci,...,¢,) = co
holdsin A*. Thus2* = ¢ <= A* = w(cp) andp € T* < y(cy) € T*.
From the induction hypothesis on the number of occurrences we have

2A* = wlco) <= w(co) € T*. This suffices.
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b) ¢ = —y. As T* is finitely complete, ¢ € T* < w ¢ T* holds and by

the induction hypothesis we have
WEep—=WAHy<—ypydl <= pecT"

c) ¢ = (w1 A wa). As T* contains all sentences which follow from a finite
subset of T*, ¢ belongs to T* if and only if | and v, belong to T*. Thus
WhEp—= Ay (i=12) <=y cT (i=12) < pecT

d) ¢ = Ixw(x). We have

A = p oA = y(c)forsomec € C &
w(c) e T*forsomec e C & o e T,

The second equivalence is the induction hypothesis and for the third we

argue as follows: if ¢ € T*, we choose ¢ satisfying ¢ — w(c) € T*. As

@ € T* we also have w(c) € T*. =

COROLLARY 2.2.4. We have T &+ ¢ if and only if A+ ¢ for a finite subset A

of T.

PrOOF. The formula ¢ follows from 7 if and only if TU{—¢} is inconsistent.

_{

COROLLARY 2.2.5. A set of formulas T(x1. ..., x,) is consistent with T if and
only if every finite subset of ¥ is consistent with T .

Proor. Introduce new constants ¢y, ...,c,. Then X is consistent with 7'

if and only if T U Z(cy....,c,) is consistent. Now apply the Compactness

Theorem. .

DEFINITION 2.2.6. Let 2 be an L-structure and B C 4. Then a € A realises
a set of L(B)-formulas X(x) (containing at most the free variable x), if a
satisfies all formulas from X(x). We write

A= Z(a).
We call X(x) finitely satisfiable in 2 if every finite subset of X is realised in .
LEMMA 2.2.7. The set X(x) is finitely satisfiable in 2 if and only if there is an
elementary extension of 2 in which £(x) is realised.

Proor. By Lemma 2.1.1, X is realised in an elementary extension of 2 if
and only if X is consistent with Th(24). So the lemma follows from the easy
observation that a finite set of L(A4)-formulas is consistent with Th(2( 4) if and
only if it is realised in . —

DEFINITION 2.2.8. Let 2 be an L-structure and B a subset of 4. A set p(x)
of L(B)-formulas is a type over B if p(x) is maximal finitely satisfiable in 2L.
We call B the domain of p. Let

denote the set of types over B.
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Every element a of 2 determines a type

tp(a/B) = tp*(a/B) = {p(x) | A = ¢(a), ¢ an L(B)-formula}.
So an element a realises the type p € S(B) exactly if p = tp(a/B). Note that
if 2" is an elementary extension of 2, then

S*(B) =S¥ (B) and tp¥ (a/B) = tp*(a/B).

We will use the notation tp(a) for tp(a/0).
Similarly, maximal finitely satisfiable sets of formulasin x;, ..., x, are called
n-types and

S.(B) = S}(B)

denotes the set of n-types over B. For an n-tuple @ from 2, there is an obvious
definition of tp®(@/B) € S*(B). Very much in the same way. we can define
the type tp(C/B) of an arbitrary set C over B. This will be convenient in later
chapters. In order to do this properly we allow free variables x,. indexed by
¢ € C and define

tp(C/B) = {p(x¢. ... x.,) | A E@ler,....cn). v an L(B)-formula}.

Many theorems which we will formulate for 1-types will hold, with the same
proofs, for n-types and often for types with infinitely many variables.

COROLLARY 2.2.9. Every structure 2 has an elementary extension B in which
all types over A are realised.

PROOF. We choose for every p € S(A4) a new constant ¢,. We have to find
a model of

Th(,) U U plcy).
pES(4)
It is easy to see that this theory is finitely satisfiable using that every p is finitely
satisfiable in 2(. The Compactness Theorem now shows that the model exists.
We give a second proof which only uses Lemma 2.2.7. Let (pa)a<; be an
enumeration of S(4), where 4 is an ordinal number (see Section A.2). Using
Theorem A.2.2, we construct an elementary chain

A=A <Ay <+ <Ag<--- (f<A)

such that each p,, is realised in A, 1.

Let us suppose that the elementary chain (2/,) is already constructed.

a’'<f
If 8 is a limit ordinal. we let 25 =, 2,.2 The longer chain (Aar)gr<p 1
elementary because of Lemma 2.1.4. If f = o + 1 we first note that p,, is also
finitely satisfiable in 2,. Therefore we can realise p, in a suitable elementary

extension g >~ 2A,. Then B = ; is the model we were looking for. =

2We call a chain (2, ) indexed by ordinal numbers continuous if g = Upe Y Aq for all limit
ordinals f.
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EXERCISE 2.2.1. Prove the Compactness Theorem using ultraproducts (see
Exercise 1.2.4).

EXERCISE 2.2.2. A class C of L-structure is finitely axiomatisable if it is the
class of models of a finite theory. Show that C is finitely axiomatisable if and
only if both C and its complement form an elementary class.

EXERCISE 2.2.3. Show that the class of connected graphs is not an elemen-
tary class. A graph (V,R) is a set V with a symmetric, irreflexive binary
relation. It is connected if for any x, y € V there is a sequence of elements
X0 =X,....x; = ysuchthat (x;_;.x;) € Rfori =1,...,n.

ExXErCISE 2.2.4. Let2A = (R.0. <., @), where f isa unary function symbol.
Callanelement x € 2A* > 2 infinitesimal if —% <x< %for all positive natural
numbers 7. Show that if £*(0) = 0, then f* is continuous in 0 if and only if
for any elementary extension 2* of 2 the map /2~ takes infinitesimal elements
to infinitesimal elements.

EXERCISE 2.2.5. Let T be an Lgjyg-theory containing Field. Show that:

1. If T has models of arbitrary large characteristic, then it has a model of
characteristic 0.
2. The theory of fields of characteristic 0 is not finitely axiomatisable.

2.3. The Lowenheim—Skolem Theorem

One of the consequences of the Compactness Theorem is the fact that a
first-order theory cannot pin down the size of an infinite structure. This is the
content of the following theorem.

THEOREM 2.3.1 (Lowenheim—Skolem). Let B be an L-structure, S a subset
of B and k an infinite cardinal.

1. If
max(|S|. |L]) <k < |B

s

then B has an elementary substructure of cardinality k containing S.
2. If B is infinite and

max(|B|, |L]) < &,
then B has an elementary extension of cardinality k.

PrOOF. 1: Choose a set S C S’ C B of cardinality x and apply Corol-
lary 2.1.3.

2: We first construct an elementary extension B’ of cardinality at least .
Choose a set C of new constants of cardinality . As ‘B is infinite, the theory

Th(Bp)U{~c=d|c.deC c#d}
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is finitely satisfiable (even in B: just interpret the finitely many new constants
in a finite subset by elements of B). By Lemma 2.1.1, any model (B, b.).cc
is an elementary extension of 8 with x many different elements (b..).

Finally we apply the first part of the theorem to B’ and S = B. -
Note that in Theorem 2.3.1(1) the assumption x > max(|S|, |L|) is certainly

necessary in general.

s

COROLLARY 2.3.2. A theory which has an infinite model has a model in every
cardinality k > max(|L|,N). 4
Thus, no theory with an infinite model can describe this model up to isomor-
phism. So the best we can hope for is a unique model for a given cardinality.

DEFINITION 2.3.3 (preliminary, see 2.3.5). Let x be an infinite cardinal. A
theory T is called k-categorical if all models of T of cardinality « are isomor-
phic.

THEOREM 2.3.4 (Vaught’s Test). A w-categorical theory T is complete if the
following conditions are satisfied.:

a) T is consistent,

b) T has no finite model,

c) |L| < &.

PrROOE. We have to show that all models 2 and B of T are elementarily
equivalent. As 2l and B are infinite, Th(2() and Th(3) have models 2/’ and
B’ of cardinality . By assumption 2’ and 9B’ are isomorphic, and it follows
that

A=A =B =B. =

ExampLES. 1. (Theorem of Cantor, see Exercise 1.3.1) The theory DLO
of dense linear orders without endpoints is ¥y-categorical and by Vaught’s
test complete. To see this let 2 and B be countable dense linear orders
without endpoints, and let 4 = {a; | i € w}, B={b; | i € w}. We
inductively define sequences (c;);<w. (d; )<, exhausting 4 and B, respec-
tively, and such that the assignment ¢; — d; is the required isomorphism.
Assume that (¢;)i<m. (di)i<m have been defined so that ¢; — d;.i < m
is an order isomorphism. If m = 2k, let ¢,, = a; where a; is the el-
ement with minimal index in {a; | i € @} not occurring in (¢;)i<m-
Since 93 is a dense linear order without endpoints, there is some element
dy € {b; | i € w} such that (¢;);<, and (d;);<y are order isomorphic.
If m = 2k + 1 we interchange the roles of 2l and 95.

2. For any prime p or p = 0, the theory ACF, of algebraically closed
fields of characteristic p is k-categorical for any x > ¥;. Any two
algebraically closed fields of the same characteristic and of cardinality
% > N have transcendence bases (over the algebraic closure of the prime
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field) of cardinality &, see Corollary A.3.4 and Section C.1. Any bijection
between these transcendence bases induces an isomorphism of the fields.
It follows that ACF, is complete.

Considering Theorem 2.3.4 we strengthen our definition.

DErINITION 2.3.5. Let « be an infinite cardinal. A theory T is called -
categorical if it is complete, | T'| < x and, up to isomorphism, has exactly one
model of cardinality «.

Exercise 2.3.1. 1. Two functions f,g : N — N are almost disjoint if
f(n) # g(n) for almost all n. Show that there are 2%0-many almost
disjoint functions from N to N. (Hint: For every real r choose a sequence of
rational numbers which converges to r.)

2. Let F be the set of all functions N — N. Show that (N, <. /') ;e has no
countable proper elementary extension.

3. Let Q be the ordered field of rational numbers. For every real r introduce
two predicates P,, R, for {g €e Q| g <r}and {g € Q| r < ¢q}. Show
that (Q. P,. O:)rer, has no countable proper elementary extension.

EXERCISE 2.3.2. 1. The theory of K-vector spaces Mod(K) (see p. 38) is
k-categorical for k > |K|.
2. Is ACF, Ry-categorical?

ExeRrcise 2.3.3. Show that an V3-sentence, which holds in all finite fields, is
true in all algebraically closed fields.



Chapter 3

QUANTIFIER ELIMINATION

3.1. Preservation theorems

In general, it can be difficult to tell which sentences belong to a given theory
or which extensions are consistent. Therefore it is helpful to know that in
certain theories one can restrict attention to sentences of a certain class, e.g.,
quantifier-free or, say, existential formulas. We consider a fixed language L
and first prove some separation results.

LemMa 3.1.1 (Separation Lemma). Let Ty and T, be two theories. Assume
H is a set of sentences which is closed under N\ and \ and contains T and 1| (true
and false). Then the following are equivalent:

a) There is a sentence ¢ € H which separates Ty from Ty. This means
T\ and T, - —ep.
b) Allmodels 2, of Ty can be separated from all models 2, of T, by a sentence
@ € H. This means

A E o and Ay = —p.

PROOF. a) = b): If ¢ separates T} from T>, it separates all models of T}
from all models of T,.

b) = a): For any model 2, of T; let Hy, be the set of all sentences from
H which are true in 2(;. b) implies that Hg, and 7> cannot have a common
model. By the Compactness Theorem there is a finite conjunction g, of
sentences from Hg, inconsistent with 75. Clearly,

T U{~pa | 21 F T}

is inconsistent since any model 2(; of T satisfies ¢g(,. Again by compactness
T implies a disjunction ¢ of finitely many of the ¢g,. This formula ¢ isin H
and separates 7' from T5. =

For structures 2, B and a map f: 4 — B preserving all formulas from a
set of formulas A, we use the notation

fZQ[—)A%.

27
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We also write
A =78
to express that all sentences from A true in 2 are also true in B.

Lemma 3.1.2. Let T be a theory, 2 a structure and A a set of formulas, closed
under existential quantification, conjunction and substitution of variables. Then
the following are equivalent:

a) All sentences ¢ € A which are true in 2 are consistent with T .

b) Thereisamodel B |= T and amap f: A —5 B.

PROOFE. b) = a): Assume f: A —5 B = T. If ¢ € Ais true in 2 it is also
true in B and therefore is consistent with 7.

a) = b): Consider Tha(2l,). the set of all sentences é(a). (5(¥) € A).
which are true in 2[4. The models (‘B, f(@)aeca) of this theory correspond to
maps f: 2 —4 B. This means that we have to find a model of 7 U Thy (2(,).
To show finite satisfiability it is enough to show that 7" U D is consistent for
every finite subset D of Tha(2,). Let §(@) be the conjunction of the elements
of D. Then 2 is a model of ¢ = 3x §(X), so by assumption T has a model
% which is also a model of . This means that there is a tuple 5 such that
(B.b) =6(a). o
Note that Lemma 3.1.2 applied to 7 = Th(8) shows that 2 =, B if and
only if there exists a map f and a structure 8’ = B such that f': 2 —, B’.

THEOREM 3.1.3. Let T\ and T, be two theories. Then the following are equiv-
alent:

a) There is a universal sentence which separates T from T».

b) No model of T, is a substructure of a model of T1.

PROOF. a) = b): Let ¢ be a universal sentence which separates 7' from T5.
Let 2A; be a model of T} and 2, a substructure of ;. Since 2l is a model of
©, then by Lemma 1.2.16 2, is also model of ¢. Therefore 2, cannot be a
model of 7.

b) = a): If T} and T, cannot be separated by a universal sentence, then they
have models 4; and A, which cannot be separated by a universal sentence.
This can be denoted by

Ay =3 Ay
Now Lemma 3.1.2 implies that 20, has an extension 2} = ;. Then 2] is
again a model of T contradicting b). .

DEFINITION 3.1.4. For any L-theory T, the formulas ¢ (X),  (X) are said to
be equivalent modulo T (or relative to T) if T - Vx(p(X) + w(%)).

COROLLARY 3.1.5. Let T be a theory.

1. Consider a formula ¢(x1,....x,). The following are equivalent:
a) o(x1.....x,) is. modulo T, equivalent to a universal formula.
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b) If A C Baremodelsof T and ay, .. ..a, € A, thenB = (ai.....a,)
implies A = o(ay, ..., a,).
2. We say that a theory which consists of universal sentences is universal.
Then T is equivalent to a universal theory if and only if all substructures
of models of T are again models of T .

PrOOF. 1): Assume b). We extend L by an n-tuple ¢ of new constants
¢1,...,cy, and consider the theory
Ty =TU{p()} and Tr=TU{-¢(c)}.

Then b) says that substructures of models of 7 cannot be models of T>. By
Theorem 3.1.3, T} and T can be separated by a universal L(¢)-sentence w (¢).
By Lemma 1.3.4(2), T} - w(¢) implies
T EVYX (p(X) = y(5))
and from T, F - (c) we see
T FVX (-p(¥) =~y (X))

2): It is clear that substructures of models of a universal theory are models
again. Now suppose that a theory 7 has this property. Let ¢ be an axiom
of T. If 2 is a substructure of ‘B, it is not possible for B to be a model of T
and for 2 to be a model of —¢ at the same time. By 3.1.3 there is a universal
sentence y with T + y and —p + —w. Hence all axioms of T follow from

Ty ={y | T+ v, v universal}. —
An V3-formula is of the form
VX1... X0

where y is existential (see p. 11). The following is clear.

LeMMA 3.1.6. Suppose ¢ is an ¥Y3-sentence, (A;)ic; is a directed family of
models of @ and B the union of the ;. Then ‘B is also a model of .

PRrOOF. Write
¢ =YX y(3).

where i is existential. For any @ € B there is an A4; containing a. Since
2A; | o, clearly w(@) holds in ;. As w(a) is existential it must also hold
in B. B

DEerINITION 3.1.7. We call a theory T inductive if the union of any directed
family of models of T is again a model.

THEOREM 3.1.8. Let T1 and T, be two theories. Then the following are equiv-
alent:

a) There is an V3-sentence which separates T from T5.
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b) No model of T, is the union of a chain (or of a directed family) of models
()f T:.

PROOF. a) = b): Assume ¢ is a V3-sentence which separates T from 7>,
(24,);¢r is a directed family of models of 7 and B the union of the 2/;. Since
the 2; are models of ¢, by Lemma 3.1.6 ‘B is also a model of ¢. Since B = ¢,
B cannot be a model of T5.

b) = a): Ifa) is not true, T} and T> have models which cannot be separated
by an V3-sentence. Since IV-formulas are equivalent to negated V3-formulas,
we have

%0 =gy 2.

By Lemma 3.1.2 there is a map
fio30 =y A°

with 2° = 2. We can assume that B° C 2° and f is the inclusion map. Then

Q[% =3 %%
Applying Lemma 3.1.2 again, we obtain an extension B} of 2% with B, =
89, ie., B0 < B

B0 C 0 C @l

\/
<

The same procedure applied to 2 and B! gives us two extensions 2! C B2
with 2! = 2l and B! < B2, This results in an infinite chain
PO C 0 C oyl C ot T2 C -
=< =< =<
with 2/ = 2 and B’ < Bt Let B be the union of the 2. Since B is also
the union of the elementary chain of the B’ it is an elementary extension of
80 and hence a model of 7>. But the 2’ are models of 7. so b) does not
hold. =

COROLLARY 3.1.9. Let T be a theory.

1. For each sentence @ the following are equivalent:
a) ¢ is, modulo T, equivalent to an V3-sentence.

b) If
Qlogg[lg...

and their union 8 are models of T, then ¢ holds in B if it is true in all
the 2A'.
2. T is inductive if and only if it can be axiomatised by V3-sentences.
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PrOOF. 1): Theorem 3.1.8 shows that Y3-formulas are preserved by unions
of chains. Hence a) = b). For the converse consider the theories

T]ZTU{QO} and TZZTU{—'QO}.

Part b) says that the union of a chain of models of T cannot be a model of
T>. By Theorem 3.1.8 we can separate 77 and 7> by an V3-sentence . Now
T+ wimplies T + ¢ — wand T, - -y implies T F —p — —wy.

2): Clearly V3-axiomatised theories are inductive. For the converse assume
that T is inductive and ¢ an axiom of 7. If 5 is a union of models of T, it
cannot be a model of —. By Theorem 3.1.8 there is an V3-sentence y with
T F w and —¢ - —y. Hence all axioms of T follow from

Tva={y | T+ y, wVY3-formula}. =

Exercisk 3.1.1. Let X be a topological space. Y; and Y, quasi-compact!
subsets, and H a set of clopen subsets. Then the following are equivalent:
a) There is a positive Boolean combination B of elements from H such that
YyCBand Y>,NB = 0.
b) For all y; € Y| and y, € Y, there is an H € H such that y; € H and

n¢H.
(This, in fact, is a generalisation of the Separation Lemma 3.1.1.)

3.2. Quantifier elimination

Having quantifier elimination in a reasonable language is a property which
makes a theory ‘tame’. In this section we will collect some criteria and
extensions of this concept. They will be applied in Section 3.3 to show that a
number of interesting theories have quantifier elimination in the appropriate
language.

DEerFINITION 3.2.1. A theory T has quantifier elimination if every L-formula
o(x1...., X,) in the theory is equivalent modulo T to some quantifier-free
formula p(x1....,x,).

For n = 0 this means that modulo 7' every sentence is equivalent to a
quantifier-free sentence. If L hasno constants, T and L are the only quantifier-
free sentences. Then T is either inconsistent or complete.

Note that it is easy to transform any theory 7 into a theory with quantifier
elimination if one is willing to expand the language: just enlarge L by adding
an n-place relation symbol R, for every L-formula ¢(x;.....x,) and T by
adding all axioms

VX1 X (R (X1, oo X)) 0 0(X1. 000 X)),

IThat is. compact but not necessarily Hausdorff.
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The resulting theory, the Morleyisation T™ of T, has quantifier elimination.
Many other properties of a theory are not affected by Morleyisation. So 7 is
complete if and only if 7™ is; similarly for k-categoricity and other properties
we will define in later chapters.

A prime structure of T is a structure which embeds into all models of T'.
The following is clear.

LeMMA 3.2.2. A consistent theory T with quantifier elimination which pos-
sesses a prime structure is complete. -

DEerFINITION 3.2.3. A simple existential formula has the form

p=3yp
for a quantifier-free formula p. If p is a conjunction of basic formulas, ¢ is
called primitive existential.

LemMmA 3.2.4. The theory T has quantifier elimination if and only if every
primitive existential formula is, modulo T, equivalent to a quantifier-free for-
mula.

PrOOF. We can write every simple existential formula in the form 3y \/,_, pi
for p; which are conjunctions of basic formulas. This shows that every sim-
ple existential formula is equivalent to a disjunction of primitive existential
formulas, namely to \/,_,(3y p;). We can therefore assume that every simple
existential formula is, modulo 7', equivalent to a quantifier-free formula.

We are now able to eliminate the quantifiers in arbitrary formulas in prenex
normal form (see Exercise 1.2.3)

O1x1 ... QuXup.

If 0, = 3, we choose a quantifier-free formula py which, modulo T, is
equivalent to 3x,, p. Then we proceed with the formula Qx; ... Q,_1x,_1po.
If 0, = V. we find a quantifier-free p; which is, modulo T, equivalent to
dx,,—p and proceed with Q1x1...Q,_1x,_17p1. =

The following theorem gives useful criteria for quantifier elimination.

THEOREM 3.2.5. For a theory T the following are equivalent:

a) T has quantifier elimination.

b) For all models M and N> of T with a common substructure 2 we have

1 _ a2
m, =M.

c) For all models M and > of T with a common substructure A and for

all primitive existential formulas p(x1, . ... x,) and parameters ay, .. .. a,

from A we have

M = olar.....a,) =M =plar.....a,).

If L has no constants, 2 is allowed to be the empty “structure”.
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PROOF. a) = b): Let ¢(@) be an L(A)-sentence which holdsin 9t!. Choose
a quantifier-free p(X) which is, modulo T, equivalent to ¢ (x). Then
m E p@ = Mm E p@
= A E pl@a =
M = p@ = M E e@).

b) = c¢): Clear.

c) = a): Let(x) be a primitive existential formula. In order to show that
¢(¥) is equivalent, modulo T, to a quantifier-free formula p(¥) we extend
L by an n-tuple ¢ of new constants cy,...,c,. We have to show that we can
separate T U {¢(¢)} and T U {—¢(¢)} by a quantifier free sentence p(c). We
apply the Separation Lemma. Let 9t! and 9 be two models of T with two
distinguished n-tuples @' and @*. Suppose that (!, @') and (M2, @) satisfy
the same quantifier-free L(c)-sentences. We have to show that

M @) =m E p@). (3.1)
Consider the substructures 2 = (@')™', generated by @'. If we can show that
there is an isomorphism
oAl = A
taking @' to @*. we may assume that A! = A*> = 2 and @' = @> = @. Then
(3.1) follows directly from c).

Every element of 2! has the form ™ [@'] for an L-term ¢(X), (see 1.2.6).
The isomorphism f to be constructed must satisfy

f(e™@) = .
We now define f by this equation, and we have to check that f is well defined
and injective. Assume

sMa'] = ™ [a'].
Then s(¢) = ¢(¢) holds in (91", @"). and by our assumption also in (M2, @),
which means

s @] = ™ [a?).
This shows that f is well defined. Swapping the two sides yields injectivity.

That f is surjective is clear. It remains to show that f commutes with the
interpretation of the relation symbols. Now

m' = R [@..... 2 @),

is equivalent to (M'.@') = R(#(?).....1,(¢)). which is equivalent to
(M2.@%) = R(t,(?).....1,(¢)). which in turn is equivalent to

M = RV [@) ... 20 [@]). -
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Note that part b) of Theorem 3.2.5 is saying that T is substructure complete:
i.e., for any model M = T and substructure A C 9 the theory T U Diag(2A)
is complete.

DEFINITION 3.2.6. We call T model complete if for all models ' and 9>
of T

m'comt = m <M
Note that 7" is model complete if and only if for any 9t = T the theory
T U Diag(90) is complete.
Clearly, by 3.2.5(b) applied to 2 = 91! all theories with quantifier elimina-
tion are model complete.

LemMa 3.2.7 (Robinson’s Test). Let T be a theory. Then the following are
equivalent:

a) T is model complete.
b) For allmodels ' C 92 of T and all existential sentences o from L(M")

M =M o
¢) Each formula is, modulo T, equivalent to a universal formula.

PROOF. a) = b) is trivial.

a) < c) follows from 3.1.5(1).

b) implies that every existential formula is, modulo T, equivalent to a
universal formula. As in the proof of 3.2.4 this implies c). -

If M' C 9 satisfies b), we call M existentially closed in M. We denote
this by

om! <, M.

DeriNITION 3.2.8. Let T be a theory. A theory T* is a model companion of
T if the following three conditions are satisfied.

a) Each model of T can be extended to a model of T*.
b) Each model of T* can be extended to a model of T.
¢) T*is model complete.

THEOREM 3.2.9. A theory T has, up to equivalence, at most one model com-
panion T*.

Proor. If T7 is another model companion of T, every model of T+ is
contained in a model of T* and conversely. Let 2(y be a model of 7F. Then
2o can be embedded in a model B of T*. In turn By is contained in a model
2y of TT. In this way we find two elementary chains, (2(;) and (B;), which
have a common union €. Then 2y < € and By < € implies Ay = B,. Thus
2o is a model of T*. Interchanging T* and T yields that every model of T*
isamodel of T™. o
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Digression: existentially closed structures and the Kaiser hull. Let 7 be an
L-theory. It follows from 3.1.2 that the models of Ty are the substructures of
models of T'. The conditions a) and b) in the definition of “model companion”
can therefore be expressed as

Ty=Ty3.
Hence the model companion of a theory 7" depends only on T'y.

DEFINITION 3.2.10. An L-structure 2 is called T-existentially closed (or T-
ec), if

a) 2 can be embedded in a model of T.
b) 2 is existentially closed in every extension which is a model of 7.

A structure 21 is T-ec exactly if it is T'y-ec. This is clear for condition a)
since every model B of Ty can be embedded in a model 99t of T'. For b) this
follows from the fact that A C 95 C 2t and A < DT implies A <; B.

LeMMA 3.2.11. Every model of a theory T can be embedded in a T-ec struc-
ture.

PrOOF. Let 2 be a model of Ty. We choose an enumeration (g )a<x Of
all existential L(A4)-sentences and construct an ascending chain (2, )a<s of
models of Tyv. We begin with 2{yp = 2(. Let 2, be constructed. If ¢, holds
in an extension of 2, which is a model of T, we let 2, ; be such a model.
Otherwise we set 2,11 = 2. For limit ordinals 4 we define 2/, to be the union
of all 2. (o < A). Note that 2; is again a model of Ty.

The structure A' = 2, has the following property: every existential L(4)-
sentence which holds in an extension of 2! that is a model of T holds in 2.
Now, in the same manner, we construct 22 from 2!, etc. The union 91 of the
chain A% C Y C A2 C - - is the desired T-ec structure. 4

The structure 9t constructed in the proof can be very big. On the other
hand, it is easily seen that every elementary substructure 91 of a T'-ec structure
M is again T-ec. To this end let 9t C 2A be a model of 7. Since My =3 Ay,
there is an embedding of 9t in an elementary extension B of 2l which is
the identity on N. Since 91 is existentially closed in 9B, it follows that 9 is
existentially closed in 98 and therefore also in 2I.

m/%ym
\ A
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Lemma 3.2.12 ([32]). Let T be a theory. Then there is a biggest inductive
theory T*H with Ty = TXH. We call TX*! the Kaiser hull of T.

PrOOF. Let T'! and 7 be two inductive theories with T, = T2 = Ty. We
have to show that (T' U T?)y = Ty. Let 9 be a model of T'. As in the proof
of 3.2.9 we extend 991 by a chain 2y C B, C A; C B; C --- of models of T!
and T2. The union of this chain is a model of 7' U T2. =

LemMA 3.2.13. The Kaiser hull T®H is the V3-part of the theory of all T -ec
structures.

PrROOF. Let T* be the V3-part of the theory of all T-ec structures. Since
T -ec structures are models of Ty , we have Ty C T7,. It follows from 3.2.11
that 7%, C Tv. Hence T™* is contained in the Kaiser hull.

It remains to show that every T'-ec structure 9t is a model of the Kaiser
hull. Choose a model 91 of T¥H which contains 9t. Then 9 <; 91. This
implies M =3 91 and therefore M = TKH. .

The previous lemma implies immediately that 7'-ec structures are models
of Tvg .

THEOREM 3.2.14. For any theory T the following are equivalent:

a) T has a model companion T*.
b) All models of T*Y are T-ec.
¢) The T-ec structures form an elementary class.

If T* exists, we have
T = TXM = theory of all T-ec structures.

PrROOF. a) = b): Let T* be the model companion of T. As a model
complete theory, 7* is inductive. So T* is contained in the Kaiser hull and
it suffices to show that every model 90t of T* is T-ec. Let 2 be a model of T’
which extends 9t. 2 can be embedded in a model 91 of T*. Now MM < N
implies M <; 2.

b) = c): By the last lemma all T-ec structures are models of 7%, Thus b)
implies that T -ec structures are exactly the models of 7XH.

c) = a): Assume that the T-ec structures are exactly the models of the
theory 7. By 3.2.11 we have T'y = TJ. Criterion 3.2.7 implies that 7 is
model complete. So T is the model companion of 7.

The last assertion of the theorem follows easily from the proof. .

Exercise 3.2.1. Let L be the language containing a unary function f and a
binary relation symbol R and consider the L-theory T = {VxVy(R(x,y) —
(R(x, f(»))}. Show the following

1. For any T- structure 9t and a,b € M with b ¢ {a. f™(a). (f™)*(a).
...} we have M = 3z(R(z,a) A —R(z.b)).
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2. Let M be a model of T and a an element of M such that {a, fm(a),
(f™)2(a),...} is infinite. Then in an elementary extension M’ there is
an element b with M = Vz(R(z,a) — R(z.b)).

3. The class of T-ec structures is not elementary, so 7" does not have a
model companion.

EXERCISE 3.2.2. Prove:

1. If T is inductive and has infinite models, then it has existentially closed
models in every cardinality x > |T|.

2. If T has an infinite model which is not existentially closed, it has such a
model in every cardinality k > |T|.

3. Lindstrom’s Theorem: Every inductive x-categorical theory is model
complete.

End of digression.

EXERCISE 3.2.3. A theory T with quantifier elimination is axiomatisable by
sentences of the form

VX1 ... X0

where y is primitive existential formula.

3.3. Examples

In this section we present a number of theories with quantifier elimination,
or at least elimination down to some well-understood formulas, among them
the theories of vector spaces and of algebraically, differentially, and real closed
fields. Since such theories are comparatively easy to understand, they form
a core inventory of the working model theorist. One notable omission is the
theory of valued fields. Their model theory can be found in [15] and in [48]
and [23].

3.3.1. Infinite sets. The models of the theory Infset of infinite sets are all
infinite sets without additional structure. The language Ly is empty. the
axioms are (forn =1,2,...)

e dxg...X,_1 /\i<j<n X =X
THEOREM 3.3.1. The theory Infset of infinite sets has quantifier elimination
and is complete.

Proor. Clear. -

3.3.2. Dense linear orderings.

THEOREM 3.3.2. DLO has quantifier elimination.

ProoF. Let A be a finite common substructure of the two models O; and
0>. We choose an ascending enumeration 4 = {a;, an}. Let 3y p(y) bea
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simple existential L(A4)-sentence, which is true in O; and assume O; = p(by).
We want to extend the order preserving map a; — «a; to an order preserving
map A U {b1} — O,. For this we have to find an image b, of b;. There are
four cases:

i) by € A. Weset by = by.

ii) by lies between a; and a;.;. We choose b, in O, with the same property.
iii) by is smaller than all elements of 4. We choose a b, € O, of the same

kind.
iv) b is bigger that all @;. Choose b; in the same manner.

This defines an isomorphism 4 U {b;} — 4 U {b,}, which shows that O, =
p(by). B
Since Lorder has no constants, we have another proof that DLO is complete.

3.3.3. Modules. Let R be a (possibly non-commutative) ring with 1. An
R-module

m = (Ma 0! +> ) r)I’GR

is an abelian group (M, 0, +, —) together with operations r: M — M for
every ring element r € R which satisfies certain axioms. We formulate the
axioms in the language Lyog(R) = Lapg U {r | ¥ € R}. The theory Mod(R)
of R-modules consists of

AbG

Vx,yr(x+y)=rx+ry

Vx (r +5)x = rx + sx

Vx (rs)x = r(sx)

Vx 1x =x

for all r,s € R. Then Infset U Mod(R) is the theory of all infinite R-modules.
We start with the case where the ring is a field K. Of course, a K-module is

just a vector space over K.

THEOREM 3.3.3. Let K be a field. Then the theory of all infinite K-vector
spaces has quantifier elimination and is complete.

ProoF. Let 4 be a common finitely generated substructure (i.e., a subspace)
of the two infinite K-vector spaces Vi and V,. Let 3y p(y) be a simple
existential L(A4)-sentence which holds in V;. Choose a b; from V; which
satisfies p(y). If by belongs to A, we are finished since then V, = p(by).
If not, we choose a b, € V5, \ A. Possibly we have to replace 7, by an
elementary extension. The vector spaces 4 + Kb, and A + Kb, are isomorphic
by an isomorphism which maps b; to b, and fixes 4 elementwise. Hence
V| p(bs).

The theory is complete since a quantifier-free sentence is true in a vector
space if and only if it is true in the zero-vector space. 4
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For arbitrary rings R, we only get a relative elimination result down to
positive primitive formulas.

DEFINITION 3.3.4. An equation is an Lyjoq(R)-formula y(X) of the form
FIX1 + Xy + -+ Xy = 0.
A positive primitive formula (pp-formula) is of the form

I A Ayn)

where the y; (X¥) are equations.

THEOREM 3.3.5. For every ring R and any R-module M. every Lyoq(R)-
Sformula is equivalent (modulo the theory of M) to a Boolean combination of
positive primitive formulas.

REmMARK 3.3.6. 1. We assume the class of positive primitive formulas to
be closed under A.
2. A pp-formula ¢(x;.....x,) defines a subgroup ¢ (M") of M":

M = ¢(0) and M = o(x) Ap(y) = o(x — p).
LemMa 3.3.7. Let ¢(x.y) be a pp-formula and a € M. Then (M. a) is
empty or a coset 0f<p(M, 0).
PROOFE. M = p(x.a) — (p(3.0) < o(x + y.a)). -

COROLLARY 3.3.8. Leta.b € M, p(x,y) app-formula. Then (in M) ¢(x,a)
and o (x. b) are equivalent or contradictory.

For the proof of Theorem 3.3.5 we need two further lemmas.

LemMma 3.3.9 (B. H. Neumann). Let H; denote subgroups of some abelian
group. If Hy + ap C U?:l H; + a; and Hy/(Hy N H;) is infinite for i > k. then
Hy+ ap C Uf:l H; + a;.

For a proof see Exercise 6.1.16. The following is an easy calculation.
LeEMMA 3.3.10. Let A;,i < k, be any sets. If Ay is finite, then Ay C Ui;l A;

if and only if
> 0 an )4

AC{1...k} ieA

=0.

ProoF oF THEOREM 3.3.5. Fix M. It is enough to show that if y(x, y) is in
M equivalent to a Boolean combination of pp-formulas, then so is Vxy. Since
pp-formulas are closed under conjunction, y is M -equivalent to a conjunction
of formulas ¢g(x,y) — @1(x,y) V-V @,(x,y) where the ¢;(x, y) are pp-
formulas.

We may assume that y itself is of this form. Let H; = ;(M.0), so the
©; (M, y) are empty or cosets of H;. (Think of y as being fixed in M.) Let
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Hy/(HoN H;) be finite fori = 1,...,k and infinite fori =k +1....,n.k > 0.
By Neumann’s Lemma we have

M =Vxy < Vx (eo(x.y) = @1 (x.y) V- Vgr(x.p)).

We apply Lemma 3.3.10 to the sets 4; = ¢;(M,y)/(Ho N --- N Hy): so
©(M.y) N;ea @i(M. y) is empty or consists of Ny cosets of Hy N --- N Hy
where

Np = ‘Hoﬂ (M Hi/(Hon -0 Hy)|.
ieA
Whence

M E=Vxy < Y (=1)ANy =0.
AeN

where

N ={ac ik} [ 3x(ele ) A \wilxn) f

i€eA .

3.3.4. Algebraically closed fields. As the next group of examples we con-
sider fields.

THEOREM 3.3.11 (Tarski). The theory ACF of algebraically closed fields has
quantifier elimination.

Proor. Let K; and K, be two algebraically closed fields and R a common
subring. Let 3y p(y) be a simple existential sentence with parameters in R
which holds in K. We have to show that 3y p(y) is also true in K;.

Let F; and F, be the quotient fields of R in K| and K;, respectively, and
let f: Fi — F, be an isomorphism which is the identity on R (see e.g., [35].
Ch.IL.4). Then f extends to anisomorphism g: G| — G, between the relative
algebraic closures G; of F; in K;, (i = 1,2) (see e.g.. [35], Ch. V.2). Choose
an element by of K which satisfies p(y).

K] KZ
G (‘bl)

G g -G,

Fi f ~F>

id
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There are two cases:

Case 1: b; € G,. Then by = g(b) satisfies the formula p(y) in K>.

Case 2: by € Gy. Then b is transcendental over G and the field extension
G1(by) is isomorphic to the rational function field G;(X). If K5 is a proper
extension of G,, we choose any element from K, \ G, for b,. Then g extends
to an isomorphism between Gi(b;) and G»(b,) which maps b; to b,. Hence
b, satisfies p(y) in K>. In case that K, = G, we take a proper elementary
extension K3 of K>. (Such a Kj exists by 2.3.1(2) since K is infinite.) Then
(for the same reason) 3y p(y) holds in K} and therefore in K. 4

COROLLARY 3.3.12. ACF is model complete. -

Obviously, ACF is not complete: for prime numbers p let
ACF, =ACFU{p-1=0}

be the theory of algebraically closed fields of characteristic p and

ACFy=ACFU{-n-1=0|n=12,...}
the theory of algebraically closed fields of characteristic 0. We use here the
notationn-1=14---+ 1.

W

n— times
COROLLARY 3.3.13. The theories ACF, and ACF( are complete.

Proor. This follows from Theorem 3.2.2 since the prime fields are prime
structures for these theories. —

COROLLARY 3.3.14 (Hilbert’s Nullstellensatz). Let K be a field. Then any
proper ideal I in K[X1,....X,] has a zero in the algebraic closure acl(K).

PrOOF. As a proper ideal, 7 is contained in a maximal ideal P. Then
L =K[X),...,X,]/P is an extension field of K in which the cosets of the X;
are a zero of 1. If I is generated by f%..... fx_ and

© zﬂxl...xn/\fi(xl,...,x,,) =0,
i<k
then ¢ holds in L and therefore in acl(L). We can assume that acl(K) lies in
acl(L). Since acl(K) < acl(L), we have that ¢ holds in acl(K). -

3.3.5. Real closed fields. The theory of real closed fields, RCF, will be dis-
cussed in Section B.1. It is axiomatised in the language Loring of ordered
rings.

THEOREM 3.3.15 (Tarski-Seidenberg). RCF has quantifier elimination and is
complete.

PrOOF. Let (K, <) and (K>, <) be two real closed field with a common
subring R. Consider an Loging(R)-sentence 3y p(y) (for a quantifier-free p)
which holds in (K|, <). We have to show 3y p(y) also holds in (K>, <).

We build first the quotient fields F; and F, of R in K; and K,. By B.1.1
there is an isomorphism f: (Fy, <) — (F>, <) which fixes R. The relative
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algebraic closure G; of F; in K; is a real closure of (F;, <), (i = 1,2). By B.1.5
f extends to an isomorphism g: (G, <) — (G,., <).

Let b; be an element of K; which satisfies p(y). There are two cases:

Case 1: b; € G;: Then b, = g(b) satisfies p(y) in K.

Case 2: b; ¢ G,: Then b is transcendental over G| and the field extension
G1(b) is isomorphic to the rational function field G;(X). Let Gf be the set of
all elements of G| which are smaller than b;. and G the set of all elements of
G which are larger than b;. Then all elements of Gf = g(Gf ) are smaller than
all elements of G5 = g(G}). Since fields are densely ordered, we find in an
elementary extension (K}, <) of (K. <) an element b, which lies between the
elements of Gf and the elements of Gj. Since b, isnotin G, itis transcendental
over G». Hence g extends to an isomorphism /: G1(b;) — G»(b>) which maps
by to bs.

In order to show that % is order preserving it suffices to show that 4 is
order preserving on G [b;] (Lemma B.1.1). Let p(b;) be an element of G,[b1].
Corollary B.1.8 gives us a decomposition

p(X) =e[[(x —a) JJ((X = ¢;)* +4d))
i<m j<n

with positive ;. The sign of p(b;) depends only on the signs of the factors
e.by —ay.....by — a,_,. The sign of h(p(b1)) depends in the same way on
the signs of g(¢), b — g(ag),....by — g(a,—1). But b, was chosen in such a
way that

b1 <a; & by <gla).

Hence p(b,) is positive if and only if 4(p (b)) is positive.
Finally we have

(K1.<) = p(b) = (Gi(b1).<) E p(b1) = (Ga(ba). <) = p(by) =
= (K<) EWp(y) = (K<) E3y py),

which proves quantifier elimination.
RCF is complete since the ordered field of the rationals is a prime structure.
%

COROLLARY 3.3.16 (Hilbert’s 17th Problem). Let (K.<) be a real closed
field. A polynomial f € K[X1.,...,X,] is a sum of squares

f=gl++si
of rational functions g; € K(X1, ..., X,) if and only if
flay,....ay) >0

forallay,....a, € K.
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Proor. Clearly a sum of squares cannot have negative values. For the
converse assume that f is not a sum of squares. Then, by Corollary B.1.3,
K(Xi....,X,) has an ordering in which f is negative. Since in K the positive
elements are squares, this ordering, which we denote also by <, extends the
ordering of K. Let (L. <) be the real closure of (K (Xj..... X,).<). In(L. <)
the sentence

Axt. .o x, f(x1.....x,) <0

is true. Hence it is also true in (K, <). 4

3.3.6. Separably closed fields. A field is separably closed if every non-
constant separable polynomial has a zero, or equivalently, if it has no proper
separable algebraic extension. Clearly, separably closed fields which are also
perfect are algebraically closed.

For any field K of characteristic p > 0, K? = {a” | a € K} is a subfield of
K. If the degree [K : K 7] is finite, it has the form p¢ and e is called the degree
of imperfection of K. If the degree [K : K”]is infinite, then we say that K has
infinite degree of imperfection. See also page 207.

For any natural number e we denote by SCF,. the theory of separably
closed fields with degree of imperfection e. By SCF, . we denote the theory
of separably closed closed field of characteristic p with infinite degree of
imperfection. We will prove below that SCF,, is complete. A proof of the
completeness of SCF, o can be found in [19].

To study SCF, . we consider an expansion of it: SCF,(¢i, - - - . ¢,). the theory
of separably closed fields of characteristic p in the language L(c,....c.) of
rings with constants ¢;.. .., ¢, for a distinguished finite p-basis. We show

PROPOSITION 3.3.17. SCF (¢, - . ¢.) is model complete.

For the proof we need the following lemma.

LemMa 3.3.18. Let K and L be extensions of F. Assume that K/F is sepa-
rable and that L is separably closed. Then K embeds over F in an elementary
extension of L.

Proor. Since L is infinite, it has arbitrarily large elementary extensions. So
we may assume that the transcendence degree tr. deg(L/F) of L over F is infi-
nite. Let K’ be a finitely generated subfield of K over F. By compactness it suf-
fices to show that all such K’/ F can be embedded into L/F. By Lemma B.3.12

K'/F has a transcendence basis xj. ..., x, so that K'/F(xj,...,x,) is sep-
arably algebraic. F(xi,...,x,)/F can be embedded into L/F. Since L is
separably closed this embedding extend to K'. -

PROOF OF PROPOSITION 3.3.17. Let (Eby,....b.) C (K.by,...,b,) be an
extension of models of SCF,,(cl, .-+ .,¢.). Since F and K have the same p-

basis, K is separable over F by Remark B.3.9. By Lemma 3.3.18, K embeds
over F' into an elementary extension of F, showing that F is existentially
closed in K. Now the claim follows by Robinson’s Test (Lemma 3.2.7). 4
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COROLLARY 3.3.19 (Ershov). SCF,, is complete.

Proor. Consider the polynomial ring R = F,[x,...,x.]. It is easy to
see that xj,....x, is a p-basis of R in the sense of Lemma B.3.11. The
same lemma implies that xj,...,x, is a p-basis of F = ]Fp(xl,...,xe)sep
(where L*P denotes the separable algebraic closure of the field L). So
(E xi.....x.) is a model of SCF,(¢c1.---.¢.). If (L.by.....b,) is another
model of SCFp(cl, .-+, c.), then by Lemma B.3.10 the b; are algebraically in-

dependent over F,, so we can embed (F. xi.....x,) into (L.by.....b.). This
embedding is elementary by Proposition 3.3.17, so L is elementarily equivalent
to F. -

Let K be a field with p-basis by, ...,b,. The A-functions 4,: K — K are
defined by

X = Ziv(x)"’b”,

where the v are multi-indices (v.....v,) with 0 < v; < p and b” denotes
by ---ble.

THEOREM 3.3.20 (Delon). SCF,(ci.- -+ . c.) has quantifier elimination in the

language L(cy. . ... Ce. Ay)vepe.
It can be shown that SCF,(ci.- - - .¢.) has quantifier elimination already in
the language L(4, )¢, without naming a p-basis.

PrOOF. Let K = (K, by.....b,) and £ = (L. by,....b.) each be models of
SCF,(c1.- - .ce) and let R be a common subring which contains the b; and
is closed under the A-functions of XC and £.2 Since R is closed under the
A-functions, the b; form a p-basis of R in the sense of Lemma B.3.11. Let F
be the separable closure of the quotient field of R. By Lemma B.3.11 the b;
also form a p-basis of F. So F is an elementary subfield of K and of L by
Proposition 3.3.17, and hence K and Ly are elementarily equivalent. Now
the claim follows from Theorem 3.2.5. -

3.3.7. Differentially closed fields. We next consider fields with a derivation
in the language of fields expanded by a function symbol d. Differential fields
are introduced and discussed in Section B.2.

DEerINITION 3.3.21. The theory of differentially closed fields, DCFy, is the

theory of differential fields (K. d) in characteristic 0 satisfying the following
property:
For f € K[xo,...,x;,]\K[x0,....Xp—1]and g € K[xo,...,xu_1], g # 0, there
is some a € K such that f(a.da.....d"a) =0and g(a.da.....d"'a) #0.
Clearly, models of DCF are algebraically closed.

THEOREM 3.3.22.

1. Any differential field can be extended to a model of DCFy.

2Note that the A-functions of K and £ agree automatically on R.
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2. DCFyq is complete and has quantifier elimination.

Proor. Let (K.d) be a differential field and f and g as in the definition.
We may assume that f is irreducible. Then f determines a field extension
F = K(t,....t,_1.b) where the ¢; are algebraically independent over K and

f(l(),...,lnfl,b) =0

(see Remark B.3.7). By Lemma B.2.2 and B.2.3 there is an extension of
the derivation to F with dt; = t;.; and dt,_; = b. For a = ty we have
fla.da.....d"a) = 0 and g(a.da.....d""'a) # 0. Let K, denote the
differential field that we obtain from K by doing this for all pairs f,g as
above with coefficients from K. Inductively, we define differential fields K; |
satisfying the required condition for polynomials with coefficients in K;. Their
union | J;_,, K; is a model of DCFo.

Since the rational numbers with trivial derivation are a prime structure for
DCFq. by Lemma 3.2.2 it suffices for part 2 to prove quantifier elimination. For
this, let K be a differential field with two extensions F} and F> which are models
of DCFy. Let a be an element of F} and let K{a} = K (a.da.d?a....) be the
differential field generated by K and a. We have to show that K{«a} can be em-
bedded over K into an elementary extension of F,. We distinguish two cases.

1. The derivatives a. da, d?a, . .. are algebraically independent over K : since
F, is a model of DCFy, there is an element 5 in some elementary extension
such that g(a.da,....d""'a) # 0 for all n and all g € K[xp.....x,_1]\0.
The isomorphism from K {a} to K{b} defined by d'a + d'b is the required
embedding.

2. Let d"a be algebraic over K (a.da.....d" 'a) and n minimal: choose
an irreducible f € K[x.....x,] such that f(a.da,....d"a) = 0 (see Re-
mark B.3.7). We may find some b with f(b,db,....d"b) =0and g(b,ba,...,
d"'b) #0forallg € K[xo....,x,_1]\ 0in an elementary extension of F,.
The field isomorphism from K; = K(a.....d"a) to K» = K(b,...,d"b)
fixing K and taking d’a to d'b takes the derivation of F; restricted to
K(a.....d" 'a) to the derivation of F, restricted to K (b.....d"~'b). The
uniqueness part of Lemma B.2.3 implies that K; and K, are closed under
the respective derivations, and that K; and K, are isomorphic over K as
differential fields. =

ExErcIsk 3.3.1. Let Graph be the theory of graphs. The theory RG of the
random graph is the extension of Graph by the following axiom scheme:

VX0 .. Xm—1 )1 ...ynl(/\—'x,- =y;—
i#]

Elz(/\ ZRX;) A (/\ —zRy; N —z ;yj)>

i<m j<n
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Show that RG has quantifier elimination and is complete. Show also that RG
is the model companion of Graph.

EXERrcISE 3.3.2. Inmodels of ACF, RCF and DCFy, the model-theoretic alge-
braic closure of a set 4 coincides with the algebraic closure of the (differential)
field generated by A.

EXERCISE 3.3.3. Show that the following is true in any algebraically closed
field K: every injective polynomial map of a definable subset of K" in itself is
surjective.

In fact, more is true: use Exercise 6.1.14 to show that the previous statement
holds for every injective definable map.



Chapter 4

COUNTABLE MODELS

4.1. The omitting types theorem

As we have seen in Corollary 2.2.9. it is not hard to realise a given type or
in fact any number of them. But as Sacks [50] pointed out, it needs a model
theorist to avoid realizing a given type.

DEerFINITION 4.1.1. Let T be an L-theory and Z(x) a set of L-formulas. A
model 2 of T not realizing X(x) is said to omit (x). A formula ¢ (x) isolates
2(x) if

a) o(x) is consistent with 7.

b) T FVx (¢(x) = o(x)) forall ¢(x) in Z(x).

A set of formulas is often called a partial type. This explains the name of
the following theorem.

TueOREM 4.1.2 (Omitting Types). If T is countable' and consistent and if
X(x) is not isolated in T, then T has a model which omits £(x).

If X(x) is isolated by ¢(x) and 2 is a model of T, then Z(x) is realised in 2
by all realisations of ¢ (x). Therefore the converse of the theorem is true for
complete theories T: if X(x) is isolated in 7', then it is realised in every model
of T.

ProoF. We choose a countable set C of new constants and extend 7" to a
theory T* with the following properties:

a) T* is a Henkin theory: for all L(C)-formulas w(x) there exists a constant
c € CwithIxw(x) = w(c) € T*.
b) Forallc € C thereisao(x) € (x) with —o(c) € T*.
We construct 7* inductively as the union of an ascending chain
r=ToCcT)C--

of consistent extensions of T by finitely many axioms from L(C), in each step
making an instance of a) or b) true.

TAn L-theory is countable if L is at most countable.

47
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Enumerate C = {¢; | i < w} and let {w;(x) | i < w} be an enumeration of
the L(C)-formulas.

Assume that T»; is already constructed. Choose some ¢ € C which does
not occur in T5; U{w;(x)} and set Th; 11 = To; U{3x w;(x) — w;(c)}. Clearly
T5;,1 is consistent.

Up to equivalence T»; 1 has the form TU{d(¢;.¢)} foran L-formulad(x,y)
and a tuple ¢ € C which does not contain ¢;. Since 37 J(x, ¥) does not isolate
Y(x), for some ¢ € X the formula 3yJ(x, 7) A —o(x) is consistent with T'.
Thus, T2 = Trit1 U {—a(c;)} consistent.

Take a model (A, a.).cc of T*. Since T* is a Henkin theory, Tarski’s
Test 2.1.2 shows that A = {a. | ¢ € C} is the universe of an elementary
substructure 2 (see Lemma 2.2.3). By property b), £(x) is omitted in A. -

COROLLARY 4.1.3. Let T be countable and consistent and let
Zo(xl, . ,x,,o), Zl(xl, . ,an), N

be a sequence of partial types. If all ¥; are not isolated, then T has a model
which omits all %;.

PrOOF. Generalise the proof of the Omitting Types Theorem. —{

ExErcCIsE 4.1.1. Prove Corollary 4.1.3.

4.2. The space of types

We now endow the set of types of a given theory with a topology. The Com-
pactness Theorem 2.2.1 then translates into the statement that this topology
is compact, whence its name.

Fix a theory T. An n-type is a maximal set of formulas p (xi,..., x,)
consistent with 7. We denote by S, (T) the set of all n-types of 7. We also
write S(T') for $;(T).2

If B is a subset of an L-structure 2(, we recover S,%‘(B) (see p. 22) as
S, (Th(2)). In particular, if T is complete and 2l is any model of T, we have
S*(0) = S(T).

For any L-formula ¢ (x1, ..., X,). let [¢] denote the set of all types contain-
ing ¢.

LEmMMaA 4.2.1.

1. [p] = [w] if and only if p and v are equivalent modulo T .

2. The sets [p] are closed under Boolean operations. In fact [p] N [w] =
([Z;P Ayl [plU Lyl = [e vVl Su(T)\ [¢] = [-¢]. Su(T) = [T] and
=[1]. =

284(T') can be considered as the set of all complete extensions of 7', up to equivalence.
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Proor. For the first part just notice that if ¢ and w are not equivalent
modulo 7', then ¢ A =y or —¢ A y is consistent with 7" and hence [¢] # [y].
The rest is clear. -

It follows that the collection of sets of the form [¢] is closed under finite
intersections and includes S, (T'). So these sets form a basis of a topology on
SH(T).

LeMMA 4.2.2. The space S,(T) is O-dimensional and compact.

ProOF. Being 0-dimensional means having a basis of clopen sets. Our basic
open sets are clopen since their complements are also basic open.

If p and ¢ are two different types, there is a formula ¢ contained in p but
not in ¢. It follows that [¢] and [—¢] are open sets which separate p and g¢.
This shows that S,,(7") is HausdorfT.

To show compactness consider a family [¢;]. (i € I), with the finite inter-
section property. This means that all ¢;, A --- A g;, are consistent with 7. So,
by Corollary 2.2.5, {¢; | i € I'} is consistent with T and can be extended to a
type p. which then belongs to all [¢;]. -

LemMma 4.2.3. All clopen subsets of S, (T') have the form [p].
Proor. It follows from Exercise 3.1.1 that we can separate any two disjoint
closed subsets of S, (T") by a basic open set. -
REMARK. The Stone duality theorem asserts that the map
X — {C | C clopen subset of X'}

yields an equivalence between the category of 0-dimensional compact spaces
and the category of Boolean algebras. The inverse map assigns to every
Boolean algebra B its Stone space S(B), the set of all ultrafilters (see Exer-
cise 1.2.4) of B. For more on Boolean algebras see [21].

DEerFINITION 4.2.4. A map f from a subset of a structure 2 to a structure
B is elementary if it preserves the truth of formulas; i.e., f : 49 — B is
elementary if for every formula ¢(x1,. .., x,) and @ € Ay we have

AR p@) = BEo(f(@).

Note that the empty map is elementary if and only if 2l and 95 are elementarily
equivalent. An elementary embedding of 2 is an elementary map which is
defined on all of 4.

Lemma 4.2.5. Let A and B be L-structures, Ay and By subsets of A and B,
respectively. Any elementary map Ay — By induces a continuous surjective map
Su(Bo) — S, (Ao).

Proor. If ¢(x) € S, (By), we define
S(f)g) ={p(x1.....xp.a@) | @ € Ao, p(x1.....x,. f(@)) € q}.



50 4. COUNTABLE MODELS

It is easy to see that S( /') defines a map from S,,(By) to S,,(4o). Moreover it is
surjective since {¢@(x1.....x,. /(@) | ¢(x1,....x,, a) € p} is finitely satisfi-
able for all p € S,(A4y). And S(f) is continuous since [p(x1. ..., x,. f(@))]is
the preimage of [p(x;.....x,.a)] under S(f). =

There are two main cases:
e An elementary bijection f: A9 — By defines a homeomorphism
S.(Ag) — S,(By). We write f(p) for the image of p.
o If 2k = B and Ay C By, the inclusion map induces the restriction®
S, (By) — S, (A4y). We write g | Ay for the restriction of ¢ to 4y. We call
q an extension of ¢ [ A.
We leave the following lemma as an exercise (see Exercise 4.2.1).

LEMMA 4.2.6. A type p is isolated in T if and only if p is an isolated point in
S.(T). In fact, ¢ isolates p if and only if [p] = {p}. That is, [¢] is an atom in
the Boolean algebra of clopen subsets of S, (T).

We call a formula ¢ (x) complete if
{w(@) | TEVE (p(F) = w(¥))}

is a type. We have shown:
COROLLARY 4.2.7. A formula isolates a type if and only if it is complete.

ExErcIsE 4.2.1. Show that a type p is isolated if and only if it is isolated as
an element in the Stone space.

ExXERCISE 4.2.2. a) Closed subsets of S,(7T") have the form {p € S,(T) |
Y C p}. where X is any set of formulas.
b) Let T be countable and consistent. Then any meagre* subset X of S,,(T)
can be omitted, i.e., there is model which omits all p € X.

EXERCISE 4.2.3. Consider the space S,,(T) of all complete types in variables
V0. V1. . ... Note that S,,(7") is again a compact space and therefore not meagre
by Baire’s theorem.

1. Show that {tp(ao. @z, ...) | the a; enumerate a model of 7'} is comeagre
in S, (T).

2. Use this to give a purely topological proof the Omitting Types Theorem
(4.1.3).

ExercisE4.2.4. Let L C L', T an L-theory, T’/ an L'-theoryand T C T".
Show that there is a natural continuous map S,(7’) — S,(T). This map is
surjective if and only if 7//T is a conservative extension, i.e., if 7/ and T
prove the same L-sentences.

3<pestriction of parameters”.
4A subset of a topological space is nowhere dense if its closure has no interior. A countable
union of nowhere dense sets is meagre.
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EXERCISE 4.2.5. Let B be a subset of 2. Show that the restriction® map
S,n(B) — S, (B) is open, continuous and surjective. Let a be an n-tuple in
A. Show that the fibre over tp(a/B) is canonically homeomorphic to S, (aB).

EXERCISE 4.2.6. A theory T has quantifier elimination if and only if every
type is implied by its quantifier-free part.

Exercise 4.2.7. Consider the structure 9 = (Q. <). Determine all types in
S1(Q). Which of these types are realised in R? Which extensions does a type
over Q have to a type over R?

4.3. Ny-categorical theories

In this section, we consider theories with a unique countable model (up to
isomorphism, of course). These theories can be characterised by the fact that
they have only finite many n-types for each n, see Exercise 4.3.3. We show the
following equivalent statement.

THEOREM 4.3.1 (Ryll-Nardzewski). Let T be a countable complete theory.
Then T is No-categorical if and only if for every n there are only finitely many
Sformulas o (x1, . ...x,) up to equivalence relative to T.

The proof will make use of the following notion.

DEerFINITION 4.3.2. An L-structure 2 is w-saturated if all types over finite
subsets of A4 are realised in 2.

The types in the definition are meant to be 1-types. On the other hand, it
is not hard to see that an w-saturated structure realises all n-types over finite
sets (see Exercise 4.3.9), for all n > 1. The following lemma is a generalisation
of the Ry-categoricity of DLO. The proof is essentially the same, see p. 25.

LeEMMA 4.3.3. Two elementarily equivalent, countable and w-saturated struc-
tures are isomorphic.

PrOOF. Suppose 2 and B are as in the lemma. We choose enumerations
A = {ap.ay,...} and B = {by.b;,...}. Then we construct an ascending
sequence fo C f1 C --- of finite elementary maps

fitAi = B

between finite subsets of 2 and . We will choose the f; in such a way that A4
is the union of the 4; and B the union of the B;. The union of the f; is then
the desired isomorphism between 2 and 5.

The empty map fo = 0 is elementary since 2 and B are elementarily
equivalent. Assume that f; is already constructed. There are two cases:

S<restriction of variables”.
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i =2n: We will extend f; to 4,11 = A4; U {a, }.Consider the type
p<x) = tp(an/Ai)-

Since f; is elementary, f;(p)(x)isin ‘B a type over B;. Since B is w-saturated,
there is a realisation b’ of this type. So fora € 4;

AL plap.a) = B0 [i(a)).

This shows that f;,(a,) = b’ defines an elementary extension of f.

i = 2n 4+ 1: We exchange 2 and 93: since 2l is w-saturated, we find an
elementary map f;, with image B; | = B; U {b,}. =

PrOOF OF THEOREM 4.3.1. Assume that there are only finitely many ¢ (x,
....Xx,) relative to T for every n. By Lemma 4.3.3 it suffices to show that all
models of T are w-saturated. Let 9t be a model of 7 and 4 an n-element
subset. If there are only NV many formulas, up to equivalence, in the variables
X1....,X,11. there are, up to equivalence in 9, at most N many L(A)-formulas
@ (x). Thus, each type p(x) € S(A4) is isolated (with respect to Th(9t,)) by
a “smallest” formula ¢,(x). Each element of M which realises ¢,(x) also
realises p(x). so 91 is w-saturated.

Conversely, if there are infinitely many ¢ (x1, . ... x,) modulo T for some x,
then — as the type space S, (T) is compact — there must be some non-isolated
type p. By the Omitting Types Theorem (4.1.2) there is a countable model
of T in which this type is not realised. On the other hand, there also exists a
countable model of T realizing this type. So T is not ¥j-categorical. o

REMARK 4.3.4. The proof shows that a countable complete theory with
infinite models is Wy-categorical if and only if all countable models are w-
saturated.

In Theorem 5.2.11 this characterisation will be extended to theories cate-
gorical in uncountable cardinalities.

REMARK 4.3.5. The proof of Lemma 4.3.3 also shows that w-saturated mod-
els are w-homogeneous in the following sense.

DEFINITION 4.3.6. An L-structure 91 is w-homogeneous if for every elemen-
tary map fo defined on a finite subset 4 of M and for any a € M there is
some b € M such that

S =rou{{a.b)}

is elementary.
Note that f = fo U {{(a,b)} is elementary if and only if b realises
Soltp(a/A)).

COROLLARY 4.3.7. Let U be a structure and ay, . . ., a, elements of A. Then
Th(A) is No-categorical if and only if Th(, a1, . ... a,) is No-categorical.
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ExampLES. The following theories are Ny-categorical:

o Infset, the theory of infinite sets.

e For every finite field F,,, the theory of infinite F,-vector spaces. (Indeed.
this theory is categorical in all infinite cardinals. This follows directly
from the fact that vector spaces over the same field and of the same
dimension are isomorphic.)

e The theory RG of the random graph (see Exercise 3.3.1): this follows
from Theorem 4.3.1 since RG has quantifier elimination and for any »
there are only finitely many graphs on # elements.

e The theory DLO of dense linear orders without endpoints. This follows
from Theorem 4.3.1 since DLO has quantifier elimination: for every n
there are only finitely many (say N,) ways to order n (not necessarily
distinct) elements. For n = 2 for example there are the three possibilities
a; < ap, a; = ap and a, < a;. Each of these possibilities corresponds to
a complete formula y(x1,....x,). Hence there are, up to equivalence,
exactly 2V many formulas o (x;.....x,).

Next we study the existence of countable w-saturated structures.

DEFINITION 4.3.8. A theory T is small if S,,(T') are at most countable for all

A countable theory with at most countably many non-isomorphic at most
countable models is always small. The converse is not true.

LemMA 4.3.9. A countable® complete theory is small if and only if it has a
countable w-saturated model.

Proor. If T has a finite model 2, 7" is small and 2( is w-saturated. So we
may assume that 7" has infinite models.

If all types can be realised in a single countable model, there can be at most
countably many types.

If conversely all S,,1(T) are at most countable, then over any n-element
subset of a model of T there are at most countably many types. We construct
an elementary chain

Ap <Ay < -

of models of T'. For 2y we take any countable model. If %; is already con-
structed, we use Corollary 2.2.9 and Theorem 2.3.1.1 to construct a countable
model ;| in such a way that all types over finite subsets of 4; are realised in
;1. This can be done since there are only countable many such types. The
union 2 = | J;,, 2; is countable and w-saturated since every type over a finite
subset B of 2l is realised in ;| if B C A4;. =

5The statement is true even for uncountable L.
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THEOREM 4.3.10 (Vaught). A countable complete theory cannot have exactly
two countable models.

PrOOF. We can assume that 7 is small and not Rj-categorical. We will show
that T has at least three non-isomorphic countable models. First, 7' has an
w-saturated countable model 2 and there is a non-isolated type p(X), which
can be omitted in a countable model B. Let p(X) be realised in A by @. Since
Th(2l, @) is not Ry-categorical, Th(2(, @) has a countable model (¢, ¢) which is
not w-saturated. Then € is not w-saturated and therefore not isomorphic to
2. But € realises p(x) and is therefore not isomorphic to 8. o

Exercise 4.3.5 shows that for any n # 2, n < w, there is a countable complete
theory with exactly n countable models. Vaught's Conjecture states that if a
complete countable theory has fewer than continuum many countable non-
isomorphic models, the number of countable models is at most countable
(see [49] for a survey on what is currently known).

Exercise 4.3.1. 1. If T is Wy-categorical, then in any model 91 the alge-
braic closure of a finite set is finite (see Definition p. 79). In particular,
M is locally finite, i.e., any substructure generated by a finite subset is
finite. (In many-sorted structures we mean that in each sort the trace of
the algebraic closure is finite.)

2. There is no Ry-categorical theory of fields, i.e.. if 7" is a complete Lin,-
theory containing Field, then T is not Ry-categorical.

EXERCISE 4.3.2. A theory T is small exactly if 7" has at most countably many
completions, each of which is small.

EXERCISE 4.3.3. Show that T is Ny-categorical if and only if S,,(T") is finite
for all n.

EXERCISE 4.3.4. Write down a theory with exactly two countable models.

ExERCISE 4.3.5. Show that for every n > 2 there is a countable complete
theory with exactly n countable models. (Consider (Q, <, Py, ..., P,_s.co. c1.
...), where the P; form a partition of Q into dense subsets and the ¢; are an
increasing sequence of elements of Py.)

EXERCISE 4.3.6. Give an example of an uncountable complete theory with
exactly one countable model which does not satisfy the conclusion of Theo-
rem 4.3.1.

EXERCISE 4.3.7. Suppose 991 is countable and Ry-categorical. Show that if
X C M" is invariant under all automorphisms of 91, then X is definable.

ExeRCISE 4.3.8. Let 9t be a structure and assume that for some n only
finitely many n-types are realised in 9. Then any structure elementarily
equivalent to 9t satisfies exactly the same n-types.
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ExErcCIsE 4.3.9. If 2 is w-saturated, all n-types over finite sets are realised.
More generally prove the following: If 2 is k-saturated i.e., if all 1-types over
sets of cardinality less than x are realised in 2(, then the same is true for all
n-types. See also Exercise 6.1.6.

EXERCISE 4.3.10. Show:

1. The theory of (R, 0, +) has exactly two 1-types but Xy many 2-types.
2. The theory of (R, 0, +, <) has exactly three 1-types but 2™ many 2-types.

ExErcIsE 4.3.11. Show that all models of an Ny-categorical theory are par-
tially isomorphic.

EXERCISE 4.3.12. Show that two countable partially isomorphic structures
are isomorphic.

EXERCISE 4.3.13. Let 2 be w-saturated. Show that 95 is partially isomorphic
to 2 if and only if B is w-saturated and elementarily equivalent to 2.

4.4. The amalgamation method

In this section we will present one of the main methods for constructing new
and interesting examples of first order structures. It goes back to Fraissé, but
has more recently been modified by Hrushovski [28]. We here focus mainly on
the Ny-categorical examples and return to the fancier version in Section 10.4.

DEFINITION 4.4.1. For any language L. the skeleton’ K of an L-structure
M is the class of all finitely-generated L-structures which are isomorphic to a
substructure of 9. We say that an L-structure 9 is C-saturated if its skeleton
is IC and if for all 2, ®B in K and all embeddings f: 2l — M and f: A — B
there is an embedding g1 : B — M with [y = g1 o f.

THEOREM 4.4.2. Let L be a countable language. Any two countable K-
saturated structures are isomorphic.

ProoF. Let 9 and 9t be countable L-structures with the same skeleton £,
and assume that 2t and 91 are -saturated. As in the proof of Lemma 4.3.3
we construct an isomorphism between 9t and 9% as the union of an ascending
sequence of isomorphisms between finitely-generated substructures of M and
N. This can be done because if f|: 2 — 91 is an embedding of a finitely-
generated substructure 24 of 9t into 91, and « is an element of 91, then
by K-saturation f| can be extended to an embedding g;: 2/ — O where
2" = (4a)™. Now interchange the roles of 9 and N. =

REMARK 4.4.3. The proof shows that any countable K-saturated structure
M is ultrahomogeneous 1i.e., any isomorphism between finitely generated sub-
structures extends to an automorphism of 9.

"This is also called the age of M.
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THEOREM 4.4.4. Let L be a countable language and IKC a countable class of
finitely-generated L-structures. There is a countable K-saturated L-structure
M if and only if
a) (Heredity) If o belongs to K. then all elements of the skeleton of 2y also
belong to K.

b) (Joint Embedding) For B, B, € K there are some ® € K and embeddings
gi %,‘ — 9.

c) (Amalgamation) If 2A.B¢.B; € K and f;: A — B;, (i = 0.1) are em-
beddings, there is some ® € K and two embeddings g;: B; — O such that

\ /

In this case, M is unique up to lsomorphzsm and is called the Fraissé limit
of K.

Proor. Let K be the skeleton of a countable KC-saturated structure 1.
Clearly, K has the Hereditary Property. To see that X has the Amalgamation
Property let 2, Bg, B1. fo and [ be as in ¢). We may assume that By C I
and f is the inclusion map. Furthermore we can assume 20 C 93, and that
/1 1s the inclusion map. Now the embedding g;: B; — 9 is the extension
of the isomorphism fo: A — fo(2) to B and satisfies fo = g1 o /1. For ®
we choose a finitely-generated substructure of 9t which contains B and the
image of g;. For go: B¢ — @ take the inclusion map. The Joint Embedding
Property is proved similarly.

For the converse assume that K has properties a), b), and ¢). Choose an
enumeration (B;);¢,, of all isomorphism types in K. We construct 91 as the
union of an ascending chain

My C---CM

of elements of /. Suppose that 9; is already constructed. If i = 2n is even,
we choose 901, ;1 as the top of a diagram

P
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where we can assume that g is the inclusion map. If i = 2n + 1 is odd, let 2
and B from K and two embeddings f: 2l — 9; and f1: A — B be given.
We construct 901, | using the diagram

ra
A

To ensure that 91 is KC-saturated we have in the odd steps to make the right
choice of 2, 9B, fy and f. Assume that we have 2, 6 € K and embeddings
fo: A — Mand f1: A — B. For large j the image of f( will be contained
in 9M;. During the construction of the the 91;, in order to guarantee the
K-saturation of 91, we have to ensure that eventually, for some odd i > j, the
embeddings fo: A — M; and f: A — B were used in the construction of
;1 1. This can be done since for each j there are —up to isomorphism —at most
countably many possibilities. Thus there exists an embedding g;: 6 — ;1
with fo = g1 o f1.

Clearly, K is the skeleton of M1: the finitely-generated substructures of 0t are
the substructures of the 91;. Since the 21; belong to L, their finitely-generated
substructures also belong to K. On the other hand each 93, is isomorphic to
a substructure of My, 1.

Uniqueness follows from Theorem 4.4.2 -

For finite relational languages L, any non-empty finite subset is itself a
(finitely-generated) substructure. For such languages, the construction yields
Ny-categorical structures. We now take a closer look at ¥y-categorical theories
with quantifier elimination in a finite relational language.

REMARK 4.4.5. A complete theory 7 in a finite relational language with
quantifier elimination is ¥y-categorical. So all its models are w-homogeneous
by Remarks 4.3.4 and 4.3.5.

ProoOF. For every n, there is only a finite number of non-equivalent quanti-

fier-free formulas p(x1, ..., x,). If T has quantifier elimination, this number
is also the number of all formulas @(x1....,x,) modulo T and so T is No-
categorical by Theorem 4.3.1. |

Clearly, if a theory has quantifier elimination, any isomorphism between
substructures is elementary. For relational languages we can say more.

LEMMA 4.4.6. Let T be a complete theory in a finite relational language and
M an infinite model of T'. The following are equivalent:
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a) T has quantifier elimination.

b) Any isomorphism between finite substructures is elementary.

¢) The domain of any isomorphism between finite substructures can be extended
to any further element.

PROOF. a) = b) is clear.
b) = a): If any isomorphism between finite substructures of 91 is elemen-
tary, all n-tuples @ which satisfy in 9t the same quantifier-free type

tpgr(@) = {p(X) | M |= p(@), p(X) quantifier-free}

satisfy the same simple existential formulas. We will show from this that
every simple existential formula ¢ (x1.....x,) = 3y p(x1...., x,.y) is, mod-
ulo T, equivalent to a quantifier-free formula. Let r{(X)....,7_;(¥) be the
quantifier-free types of all n-tuples in 9 which satisfy ¢(X). Let p;(X) be
equivalent to the conjunction of all formulas from r;(X). Then

T V% (p(x) ¢ \/ pi().
i<k
a) = c): The theory T is Ng-categorical and hence all models are w-homo-
geneous. Since any isomorphism between finite substructures is elementary
by the equivalence of a) and b) the claim follows.
c) = b): If the domain of any finite isomorphism can be extended to any
further element, it is easy to see that every finite isomorphismis elementary.

We have thus established the following.

THEOREM 4.4.7. Let L be a finite relational language and K a class of finite
L-structures. If the Fraissé limit of KC exists, its theory is RXo-categorical and has
quantifier elimination.

ExaMmpLE. The class of finite linear orders obviously has the Amalgamation
Property. Their Fraissé limit is the dense linear order without endpoints.

EXERCISE 4.4.1. Show that two K-saturated structures are partially isomor-
phic.

EXERCISE 4.4.2. Prove Remark 4.4.3.

EXERCISE 4.4.3. Let K be the class of finite graphs. Show that its Fraissé
limit is the countable random graph. This yields another proof that the theory
of the random graph has quantifier elimination.

4.5. Prime models

Some, but not all, theories have models which are smallest in the sense that
they elementarily embed into any other model of the theory. For countable
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complete theories these are the models realizing only the ‘necessary’ types. If
they exist, they are unique and w-homogeneous.

In this section — unless explicitly stated otherwise — we let T be a countable
complete theory with infinite models.

DEerINITION 4.5.1. Let T be a countable theory with infinite models, not
necessarily complete.

1. We call 4y a prime model of T if 2, can be elementarily embedded into
all models of 7.

2. A structure 2 is called atomic if all n-tuples @ of elements of 2 are atomic.
This means that the types tp(a) are isolated in S>(f).

Prime models need not exist, see the example on p. 60. By Corollary 4.2.7,
a tuple @ is atomic if and only if it satisfies a complete formula. For the
terminology see Lemma 4.2.6.

Since T has countable models, prime models must be countable and since
non-isolated types can be omitted in suitable models by Theorem 4.1.2, only
isolated types can be realised in prime models. Thus, one direction of the
following theorem is clear.

THEOREM 4.5.2. A model of T is prime if and only if it is countable and
atomic.

PROOF. As just noted, a prime model has to be countable and atomic. For
the converse let M1y be a countable and atomic model of T and 9t any model
of T. We construct an elementary embedding of 9, to 9 as a union of an
ascending sequence of elementary maps

f:A— B

between finite subsets 4 of My and B of M. We start with the empty map,
which is elementary since 9%, and 9t are elementarily equivalent.

It is enough to show that every f can be extended to any given 4 U {a}.
Let p(x) be the type of a over 4 and f(p) the image of p under f (see
Lemma 4.2.5). We will show that f(p) has a realisation » € M. Then
f U{{a,b)} is an elementary extension of f.

Let @ be a tuple which enumerates the elements of 4 and ¢ (x.X) an L-
formula which isolates the type of aa. Then p is isolated by ¢(x, @): clearly
o(x.a@) € tp(a/a) and if p(x, @) € tp(a/a). we have p(x, y) € tp(a,a@). This
implies My = Vx, y (p(x,y) = p(x.y)) and M | Vx (p(x.@) — p(x.a)).
Thus f(p) is isolated by ¢ (x, f(@)) and, since ¢ (x. f(@)) can be realised in
M. so can be f(p). -

THEOREM 4.5.3. All prime models of T are isomorphic.

Proor. Let 9 and M be two prime models. Since prime models are
atomic, elementary maps between finite subsets of 9%, and 9t} can be extended
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to all finite extensions. Since 9y and M are countable, it follows exactly as
in the proof of Lemma 4.3.3 that 9 and 91}, are isomorphic. -

The previous proof also shows the following.
COROLLARY 4.5.4. Prime models are w-homogeneous.
Proor. Let M be prime and @ any tuple of elements from M. By Theo-

rem 4.5.2, (M, @) is a prime model of its theory. The claim follows now from
Theorem 4.5.3. =

DErINITION 4.5.5. The isolated types are dense in T if every consistent L-
formula w(xi....,x,) belongs to an isolated type p(xi.....x,) € S,(T).

REMARK 4.5.6. By Corollary 4.2.7 this definition is equivalent to asking
that every consistent L-formula w(x;....,x,) contains a complete formula
o(x1,...,x,):

T FYX (p(X) = w(x)).

THEOREM 4.5.7. T has a prime model if and only if the isolated types are
dense.

PROOF. Suppose T has a prime model 9t (so 9 is atomic by Theorem
4.5.2). Since consistent formulas y (X) are realised in all models of T', y/(X) is
realised by an atomic tuple @ and y(X) belongs to the isolated type tp(a@).

For the other direction notice that a structure 9%, is atomic if and only if
for all n the set

(X1, x0) = {e(x1. ..o x0) | (X1, ..., x,) complete}

is not realised in 2Mty. Hence, by Corollary 4.1.3, it is enough to show that the
%, are not isolated in 7. This is the case if and only if for every consistent
w(x1....,x,) thereisacomplete formula ¢ (x1,....x,) with T ¥ Vx (v (X) —
—p(X)). Since ¢ (X) is complete, this is equivalent to T - VX (¢ (X) — w(X)).
We conclude that %, is not isolated if and only if the isolated n-types are
dense. o

Notice that the last part shows in fact the equivalence directly. (Because if T,
is isolated for some 7, then it is realised in every model and no atomic model
can exist.)

ExaMmPLE. Let L be the language having a unary predicate P, for every finite
0-1-sequence s € <®2. The axioms of Tree say that the P, s € <“2, form a
binary decomposition of the universe:

Vx Pg(x)

Ix Py(x)

Vx ((Pso(x) V Pyi(x)) ¢ Py(x))

Vx =(Pso(x) A Psi(x)).

Tree is complete and has quantifier elimination. There are no complete for-
mulas and no prime model.
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DEFINITION 4.5.8. A family of formulas ¢, (X), s € <“2, is a binary tree if
for all s € <®2 the following holds:

a) TV ((p0(F) V s1(F)) = (%))

b) T VX —(p50(X) Apa(X)).

THEOREM 4.5.9. Let T be a complete theory.

1. If T is small, it has no binary tree of consistent L-formulas. If T is
countable, the converse holds as well.

2. If T has no binary tree of consistent L-formulas, the isolated types are
dense.

PrOOF. 1. Let (¢(x1.....x,)) be a binary tree of consistent formulas.

Then, for all # € 2, the set

{es(x)|s Cn}
is consistent and therefore is contained in some type p,(¥) € S,(T). The
py(X) are all different showing that 7" is not small. We leave the converse as
Exercise 4.5.1.

2. 1If the isolated types are not dense, there is a consistent ¢ (x1.....x,)
which does not contain a complete formula. Call such a formula perfect.
Since perfect formulas are not complete, they can be decomposed into disjoint®
consistent formulas, which again have to be perfect. This allows us to construct
a binary tree of perfect formulas. -

EXERCISE 4.5.1. Countable theories without a binary tree of consistent for-
mulas are small.

ExXErCISE 4.5.2. Show that isolated types being dense is equivalent to iso-
lated types being (topologically) dense in the Stone space S, (7).

EXERCISE 4.5.3. Let T be the theory of (R, <, Q) where Q is a predicate for
the rational numbers. Does T have a prime model?

8We call two formulas disjoint if their conjunction is not consistent with 7.






Chapter 5

N -CATEGORICAL THEORIES

We have already seen examples of Ny-categorical theories (e.g., the theory of
dense linear orderings without endpoints) and of theories categorical in all
infinite x (e.g.., the theory of infinite dimensional vector spaces over finite
fields) and all uncountably infinite » (e.g., the theory of algebraically closed
fields of fixed characteristic).

The aim of this chapter is to understand the structure of 8, -categorical theo-
ries and to prove, in Corollary 5.8.2, Morley’s theorem that a countable theory
categorical in some uncountable cardinality is categorical in all uncountable
cardinalities (but not necessarily countably categorical).

As in the case of Wj-categorical theories, we will see that the number of
complete types in an R;-categorical theory is rather small (the theory is w-
stable) albeit not always finite. We will define a geometry associated to a
strongly minimal set whose dimension determines the isomorphism type of a
model of such a theory. This then implies Morley’s theorem.

5.1. Indiscernibles

In this section we begin with a few facts about ‘indiscernible’ elements. We
will see that structures generated by them realise only few types.

DEerINITION 5.1.1. Let I be a linear order and 2( an L-structure. A family
(a;)ics of elements' of A4 is called a sequence of indiscernibles if for all L-
formulas ¢(x;,....x,)and alli; < --- <i,and j; <--- < j, from I

2 ': (p(ail""’ai»z) A ‘P(a.il""’a.in)'

If two of the a; are equal, all ¢; are the same. Therefore it is often assumed
that the a; are distinct.

Sometimes sequences of indiscernibles are also called order indiscernible to
distinguish them from totally indiscernible sequences in which the ordering of
the index set does not matter. However, in stable theories (see Section 5.2 and

Tor, more generally, of tuples of elements, all of the same length.

63
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Chapter 8), these notions coincide. So if nothing else is said, indiscernible
elements will always be order indiscernible in the sense just defined.

DEFINITION 5.1.2. Let I be an infinite linear order and Z = (a;);cs a se-
quence of k-tuples in 9, 4 C M. The Ehrenfeucht—Mostowski type EM(Z/A)
of Z over A is the set of L(A)-formulas ¢ (x1,. .., x,) with O = p(a;,,....a;)
foralliy<---<iyel.n<w.

LemMA 5.1.3 (The Standard Lemma). Let I and J be two infinite linear or-
ders and T = (a;);c; a sequence of elements of a structure M. Then there
is a structure M = 9N with an indiscernible sequence (b;),c; realizing the
Ehrenfeucht—Mostowski type EM(Z) of T.

COROLLARY 5.1.4. Assume that T has an infinite model. Then, for any linear
order I, T has a model with a sequence (a;);c; of distinct indiscernibles. =

For the proof of the Standard Lemma we need Ramsey’s Theorem. Let
[A]" denote the set of all n-clement subsets of A.

THEOREM 5.1.5 (Ramsey). Let A be infinite and n € w. Partition the set of
n-element subsets [A]" into subsets C\, ..., Ci. Then there is an infinite subset
of A whose n-element subsets all belong to the same subset C;.

Proor. Thinking of the partition as a colouring on [4]", we are looking
for an infinite subset B of A such that [B]" is monochromatic. We prove the
theorem by induction on n. For n = 1, the statement is evident from the
pigeonhole principle. Assuming the theorem is true for n, we now prove it
for n + 1. Let ayp € A. Then any colouring of [4]"*! induces a colouring
of the n-element subsets of 4° = A4 \ {ap}: just colour x € [A']" by the
colour of {ay} Ux € [4]"*!. By the induction hypothesis, there exists an
infinite monochromatic subset B of 4’ in the induced colouring. Thus, all
the (n + 1)-element subsets of 4 consisting of ay and n elements of B; have
the same colour. Now pick any a; € B;. By the same argument we obtain an
infinite subset B; of B} with the same properties. Inductively, we thus construct
an infinite sequence 4 = By D By D B, D -+, and elements a; € B; \ By
such that the colour of each (n + 1)-element subset {;(g). @;(1). - - . . @;(,) } With
i(0) < i(1) < --- < i(n) depends only on the value of i(0). Again by the
pigeonhole principle there are infinitely many values of i(0) for which this
colour will be the same. These a; () then yield the desired monochromatic
set. #

PrOOF OF LEMMA 5.1.3. Choose a set C of new constants with an ordering
isomorphic to J. Consider the theories

T’ = {p(e) | ¢(¥) € EM(T)} and
T" = {4(@) & p(d) | 2. d € C}.
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Here the ¢ (%) are L-formulas and ¢, d tuples in increasing order. We have to
show that T U T’ U T" is consistent. It is enough to show that

Teon =T U{p@) e T |t e ClU{p(@) < ¢(d) | ¢(X) €A, t.d € Gy}

is consistent for finite sets Cy and A. We can assume that the elements of A
are formulas with free variables xi, ..., x, and that all tuples ¢ and d have the
same length n.

For notational simplicity we assume that all a; are different. So we may
consider 4 = {a; | i € I'} asan ordered set. We define an equivalence relation
on [4]" by

a~b o ME (@) < o) forall p(xy.....x,) €A

where @, b are tuples in increasing order. Since this equivalence relation has at
most 2/4] many classes, by Ramsey’s Theorem there is an infinite subset B of
A with all n-element subsets in the same equivalence class. We interpret the
constants ¢ € Cy by elements b, in B ordered in the same way as the ¢. Then
(M. b.)cec, is a model of T¢, a. -

LEMMA 5.1.6. Assume L is countable. If the L-structure I is generated by
a well-ordered sequence (a;) of indiscernibles, then 9N realises only countably
many types over every countable subset of M .

ProoF. If 4 = {a; | i € I}, then every element b of M has the form
b = t(a). where ¢ is an L-term and @ is a tuple from A.

Consider a countable subset S of M. Write

S ={"@") | ncw}.

Let Ay = {a; | i € Ip} be the (countable) set of elements of 4 which occur
in the @”. Then every type tp(b/S) is determined by tp(b/A4y) since every
L(S)-formula

e(x.(a™)....)
can be replaced by the L(A4p)-formula ¢(x, 2, (a™),...).

Now the type of b = t(a) over Ay depends only on #(X) (countably many
possibilities) and the type tp(@/4o). Write @ = a: for a tuple 7 from 7. Since
the a; are indiscernible, the type depends only on the quantifier-free type
tpyr(i/1o) in the structure (1, <). This type again depends on tpgs(i) (finitely
many possibilities) and on the types p(x) = tpqe(i/Iy) of the elements i of i.
There are three kinds of such types:

1. i is bigger than all elements of .

2. i1s an element iy of I,.

3. For some iy € Iy, i is smaller than iy but bigger than all elements of

{jel|j<ip}
There is only one type in the first case, in the other cases the type is determined
by ip. This results in countably many possibilities for each component of i.



66 5. Nj-CATEGORICAL THEORIES

DEFINITION 5.1.7. Let L be a language. A Skolem theory Skolem(L) is a
theory in a bigger language Lgyoiem With the following properties:

a) Skolem(L) has quantifier elimination.

b) Skolem(L) is universal.

¢) Every L-structure can be expanded to a model of Skolem(L).
) |LSkolem| < maX(IL| NO)

THEOREM 5.1.8. Every language L has a Skolem theory.
ProoF. We define an ascending sequence of languages

L=LyCL CL,C--,

by introducing for every quantifier-free L;-formula ¢ (xi,...,x,,y) a new n-
place Skolem function® f, and defining L, as the union of L; and the set of
these function symbols. The language Lgiolem 1S the union of all L;. We now
define the Skolem theory as

Skolem = {W (Fre(x.y) = (X fo(x ‘ »(x.¥) q.f. Lskolem- formula}

#

COROLLARY 5.1.9. Let T be a countable theory with an infinite model and let
K be an infinite cardinal. Then T has a model of cardinality k which realises
only countably many types over every countable subset.

ProoF. Consider the theory T* = T U Skolem(L). Then T* is countable,
has an infinite model and quantifier elimination.

Cram. T* is equivalent to a universal theory.

Proor oF CraiM. Modulo Skolem(L) every axiom ¢ of T is equivalent
to a quantifier-free Lgioem-sentence ¢*. Therefore 7* is equivalent to the
universal theory {¢* | ¢ € T} U Skolem(L). -

Let I be a well-ordering of cardinality « and 91" a model of T* with
indiscernibles (a;);cr. The claim implies that the substructure 901* generated
by the a; is a model of T* and 91" has cardinality «. Since T* has quantifier
elimination, 9* is an elementary substructure of 9* and (a;) is indiscernible
in 9*. By Lemma 5.1.6, there are only countably many types over every
countable set realised in 21*. The same is then true for the reduct 9 =
o> | L. -

ExXERCISE 5.1.1. A sequence of elements in (Q, <) is indiscernible if and only
if it is either constant, strictly increasing or strictly decreasing.

EXERCISE 5.1.2. Prove Ramsey’s Theorem 5.1.5 by induction on # similarly
to the proof of C.3.2 using a non-principal ultrafilter on A. (For ultrafilters
see Exercise 1.2.4. An ultrafilter is non-principal if it contains no finite sets.)

2Ifn =0, f, is a constant.
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5.2. w-stable theories

In this section we fix a complete theory T with infinite models.

In the previous section we saw that we may add indiscernible elements to a
model without changing the number of realised types. We will now use this
to show that X;-categorical theories have a small number of types, i.e., they
are w-stable. Conversely, with few types it is easier to be saturated and since
saturated structures are unique we find the connection to categorical theories.

DEFINITION 5.2.1. Let s be an infinite cardinal. We say T is k-stable if in
each model of T, over every set of parameters of size at most «, and for each
n, there are at most k many n-types, i.e.,

4| <& = [Su(4)] < k.

Note that if T is x-stable, then —up to logical equivalence — we have | T'| < k&,
see Exercise 5.2.6.

Lemma 5.2.2. T is k-stable if and only if T is k-stable for 1-types, i.e.,
A <k = |S(4)] <k

ProOF. Assume that 7' is x-stable for 1-types. We show that T is k-stable
for n-types by induction on n. Let A be a subset of the model 9t and
|4] < k. We may assume that all types over A are realised in 9t. Consider
the restriction map 7 : S,(4) — S;(4). By assumption the image S;(A4) has
cardinality at most k. Every p € S;(4) has the form tp(a/A4) for somea € M.
By Exercise 4.2.5 the fibre 7~!(p) is in bijection with S,_;(a4) and so has
cardinality at most x by induction. This shows | S, (4)| < . -

EXAMPLE 5.2.3 (Algebraically closed fields). The theories ACF, for p a
prime or 0 are x-stable for all .

Note that by Theorem 5.2.6 below it would suffice to prove that the theories
ACF, are w-stable. The converse holds as well: any infinite w-stable field is in
fact algebraically closed (see [38]).

PROOE. Let K be a subfield of an algebraically closed field. By quantifier
elimination the type of an element ¢ over K is determined by the isomorphism
type of the extension K[a]/K. If a is transcendental over K, K[a] is isomor-
phic to the polynomial ring K[X]. If a is algebraic with minimal polynomial
f € K[X]. then K[a] is isomorphic to K[X]/(f). So there is one more 1-type
over K than there are irreducible polynomials. -

That ACF, is s-stable for n-types has a direct algebraic proof: the iso-
morphism type of K[ay,....a,]/K is determined by the vanishing ideal P
of aj....,a, (see Lemma B.3.6). By Hilbert’s Basis Theorem, P is finitely
generated. So, if K has cardinality «, the polynomial ring K[X7,.... X;] has
only x many ideals.
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THEOREM 5.2.4. A countable theory T which is categorical in an uncountable
cardinal k is w-stable 3.

PrOOF. Let 91 be a model and 4 C N countable with S(A4) uncountable.
Let (b;);cr be a sequence of ¥; many elements with pairwise distinct types
over A. (Note that we can assume that all types over A are realised in 91.) We
choose first an elementary substructure 9%, of cardinality 8; which contains
A and all b;. Then we choose an elementary extension 9t of 9, of cardinality
k. The model 91 is of cardinality x and realises uncountably many types over
the countable set 4. By Corollary 5.1.9, T has another model in which this is
not the case. So T cannot be k-categorical. o

DErFINITION 5.2.5. A countable theory 7' is totally transcendental if it has no
model 90t with a binary tree of consistent L(M )-formulas.

THEOREM 5.2.6. 1. w-stable theories are totally transcendental.
2. Totally transcendental theories are k-stable for all k > |T|.

It follows that a countable theory T is w-stable if and only if it is totally
transcendental.

Proor. 1. Let 9 be a model with a binary tree of consistent L(M)-
formulas with free variables among xi, ..., x,. The set 4 of parameters which
occur in the tree’s formulas is countable but S, (A4) has cardinality 2%. (see
Theorem 4.5.9).

2. Assume that there are more than xk many n-types over some set 4 of
cardinality . Let us call an L(A4)-formula ¢ (X) big if it belongs to more than
k many types over 4 and thin otherwise. By assumption the true formula is
big. If we can show that each big formula decomposes into two big formulas,
we can construct a binary tree of big formulas, which finishes the proof.

So assume that ¢ is big. Since each thin formula belongs to at most &
types and since there are at most x formulas, there are at most « types which
contain thin formulas. Therefore ¢ belongs to two distinct types p and ¢
which contain only big formulas. If we separate p and ¢ by w € p and
-y € ¢, we decompose ¢ into the big formulas ¢ A y and p A -y -

The proof and Lemma 5.2.2 show that T is totally transcendental if and
only if there is no binary tree of consistent formulas in one free variable. This
is clear for countable T'; the general case follows from Exercise 5.2.5.

The following definition generalises the notion of w-saturation.

DEerINITION 5.2.7. Let k be an infinite cardinal. An L-structure 2 is -
saturated if in 2L all types over sets of cardinality less than x are realised. An
infinite structure 2 is saturated if it is |2|-saturated.

3w-stable and Ry-stable are synonymous.
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Even though saturation requires only that 1-types are realised, as in the
w-saturated case this easily implies that all n-types are realised as well (see
Exercise 4.3.9).

Lemma 4.3.3 generalises to sets.

Lemma 5.2.8. Elementarily equivalent saturated structures of the same car-
dinality are isomorphic.

ProoF. Let 2 and 5 be elementarily equivalent saturated structures each
of cardinality k. We choose enumerations (g )a<x and (by)a<x of A and
B and construct an increasing sequence of elementary maps f,: A, — B,.
Assume that the f are constructed for all # < .. The union of the f is an
elementary map f}: A% — B;. The construction will imply that 4’ and B}
have cardinality at most |a/|, which is smaller than «.

We write & = A + n (as in p. 187) and distinguish two cases:

n = 2i: In this case we consider p(x) = tp(a;,;/A%). Realise 1} (p) by
b € B and define

Jo=SaU{{aiib)}

n = 2i 4+ 1: Similarly. We find an extension

Ja=faU{(abi)}.

Then | J,,.,, fa is the desired isomorphism between 2 and B. =

LemMma 5.2.9. If T is k-stable, then for all regular 1. < k there is a model of
cardinality k which is A-saturated.

ProoF. By Exercise 5.2.6 we may assume that | 7| < . Consider a model
M of cardinality x. Since S(M,,) has cardinality x, Corollary 2.2.9 and the
Lowenheim—Skolem Theorem give an elementary extension of cardinality «
in which all types over 201 are realised. So we can construct a continuous
elementary chain

My <My - <My <+ (a <),

of models of T with cardinality & such that all p € S(M,) are realised in
My1. Let M be the union of this chain. Then 9 is A-saturated. In fact, if
|A| < Zandif a € A is contained in M, then A = |J,. , () is an initial
segment of A of smaller cardinality than 4. So A has an upper bound x < 4.
It follows that A C M, and all types over A are realised in 90T, 1. N

REMARK 5.2.10. If T is x-stable for a regular cardinal . the previous lemma
yields a saturated model of cardinality k. Harnik [22] showed that this holds
in fact for arbitrary . See also Corollary 6.1.3 for more general constructions.

THEOREM 5.2.11. A countable theory T is k-categorical if and only if all
models of cardinality k are saturated.
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Proor. If all models of cardinality « are saturated, it follows from Lemma
5.2.8 that T is k-categorical.

Assume, for the converse, that T is k-categorical. For k = ¥ the theorem
follows from (the proof of) Theorem 4.3.1. So we may assume that x is
uncountable. Then T is totally transcendental by Theorems 5.2.4 and 5.2.6
and therefore k-stable by Theorem 5.2.6.

By Lemma 5.2.9, all models of 7" of cardinality « are u™-saturated for all
U < k. l.e., k-saturated. =

ExERCISE 5.2.1. Use Exercise 8.2.8 to show that a theory with an infinite
definable linear ordering (like DLO and RCF) cannot be x-stable for any .

EXERCISE 5.2.2. Show that the theory of an equivalence relation with two
infinite classes has quantifier elimination and is w-stable. Is it N;-categorical?

EXERCISE 5.2.3. Let L be at most countable, 2y, 2l;,... a sequence of L-
structures and F a non-principal ultrafilter on w. Show that J],_ ;/F is
N;-saturated. If we assume the Continuum Hypothesis, this implies that if
and B are two countable and elementarily equivalent L-structures, the two
ultrapowers 2(” /F and B® /F are isomorphic.

Shelah has shown in [52] that for any two elementarily equivalent structures
there is a set I and an ultrafilter 7 on I such that 2/ /F and B!/F are
isomorphic.

EXERCISE 5.2.4. If2lis k-saturated, then all definable subsets are either finite
or have cardinality at least .

EXERCISE 5.2.5. If T is an L-theory and K is a sublanguage of L, the reduct
T | K is the set of all K—sentences which follow from 7'. Show that T is
totally transcendental if and only if 7 | K is w-stable for all at most countable
KCL.

EXERCISE 5.2.6. If T is k-stable, then essentially (i.e., up to logical equiva-
lence) |T| < k.

5.3. Prime extensions

As with prime models, prime extensions are the smallest ones in the sense
of elementary embeddings. We will see here (and in Sections 9.2 and 9.3) that
prime extensions, if they exist, share a number of important properties with
prime models.

DEFINITION 5.3.1. Let 9t be amodel of 7 and 4 C M.

1. 9 is a prime extension of A (or prime over A) if every elementary map
A — M extends to an elementary map 9t — 9.
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m

N
id 4

A
2. B C M is constructible over A if B has an enumeration
B ={by | a< i},
where each b, is atomic over 4 U B,,. with B, = {b, | u < a}.

So M is a prime extension of A if and only if M, is a prime model of
Th(My).

Notice the following.

LEmMMA 5.3.2. If a model M is constructible over A, then M is prime over A.

PrOOF. Let (m4)q<; an enumeration of M, such that each m, is atomic
over AU M,. Let f: A — 91 be an elementary map. We define inductively an
increasing sequence of elementary maps fo : A U M, — 9 with fo = f.
Assume that f is defined for all § < «. The union of these f is an
elementary map f/,: 4 U M, — N. Since p(x) = tp(a./4 U M,,) is isolated,
fL(p) € S(fL(4U M,)) is also isolated and has a realisation b in 91. We set
fo= 12U {{aa.b)}.

Finally, the union of all f, (o < A) is an elementary embedding 9t —
N. B

We will see below that in totally transcendental theories prime extensions
are atomic.

THEOREM 5.3.3. If T is totally transcendental, every subset of a model of T
has a constructible prime extension.

We will see in Section 9.2 that in totally transcendental theories, prime
extensions are unique up to isomorphism (see Theorem 4.5.3).
For the proof we need the following lemma which generalises Theorem 4.5.7.

LeEMMA 5.3.4. If T is totally transcendental, the isolated types are dense over
every subset of any model.

Proor. Consider a subset 4 of a model 9. Then Th(9t,) has no binary
tree of consistent formulas. By Theorem 4.5.9, the isolated types in Th(1,)
are dense. -

We can now prove Theorem 5.3.3.

Proor. By Lemma 5.3.2 it suffices to construct an elementary substructure
My < M which contains 4 and is constructible over 4. An application of
Zorn’s Lemma gives us a maximal construction (aq)e<;, Which cannot be
prolonged by an element a, € M \ 4. Clearly A4 is contained in A;. We show
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that A4, is the universe of an elementary substructure 9%, using Tarski’s Test.
So assume that ¢(x) is an L(A4,)-formula and 9 = 3x ¢(x). Since isolated
types over 4, are dense by Lemma 5.3.4, there is an isolated p(x) € S(4,)
containing ¢(x). Let b be a realisation of p(x) in 9. We can prolong our
construction by a; = b; thus b € A4; by maximality and ¢(x) is realised
in AA. =

To prove that in totally transcendental theories prime extensions are atomic,
we need the following.

LEMMA 5.3.5. Let a and b be two finite tuples of elements of a structure IN.
Then tp(ab) is atomic if and only if tp(a/b) and tp(b) are atomic.

Proor. First assume that ¢(x, y) isolates tp(a. b). As in the proof of The-
orem 4.5.2, ¢(x,b) isolates tp(a/b) and we claim that Ix (x, ) isolates
p(y) = tp(b): we have Ix p(x.y) € p(y) and if 6(y) € p(y), then

M = Vx,p (plx,y) = a(y)).

Hence M = Vy (Ixp(x, y) — a(y)).

Now, conversely, assume that p(x, b) isolates tp(a/b) and that o (y) isolates
p(y) = tp(b). Then p(x,y) A a(y) isolates tp(a.b). For, clearly, we have
p(x.y) Aa(y) € tp(a,b). If, on the other hand, ¢(x,y) € tp(a.b), then
@(x,b) belongs to tp(a/b) and

M = x (p(x.b) = @(x.b)).
Hence

Vx (p(x.y) = o(x.p)) € p(y)
and it follows that

M=y (a(y) = Vx (p(x,y) = @(x.»))).

Thus M |= Vo, y (p(x. y) Aa(py) = e(x. p)). n
COROLLARY 5.3.6. Constructible extensions are atomic.

Proor. Let 91, be a constructible extension of A4 and let @ be a tuple from
M,. We have to show that @ is atomic over 4. We can clearly assume that
the elements of @ are pairwise distinct and do not belong to 4. We can also
permute the elements of @ so that

a=ay,b

for some tuple b € A4,. Let ¢(x.¢) be an L(4,)-formula which is complete
over A, and satisfied by a,. Then a, is also atomic over 4 U {bc}. Using
induction, we know that b¢ is atomic over 4. By Lemma 5.3.5 applied
to (M) 4. anbc is atomic over A, which implies that @ = a,b is atomic
over A. #

COROLLARY 5.3.7. If T is totally transcendental, prime extensions are atomic.
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PrOOF. Let 9t be a model of T and A C M. Since A has at least one
constructible extension 91, and since all prime extensions of 4 are contained
in 9y*. all prime extensions are atomic. =

A structure 9 is called a minimal extension of the subset 4 if M has no
proper elementary substructure which contains 4.

LemMA 5.3.8. Let 9 be amodel of T and A C M. If A has a prime extension
and a minimal extension, they are isomorphic over A, i.e., there is an isomorphism
fixing A elementwise.

PROOE. A prime extension embeds elementarily in the minimal extension.
This embedding must be surjective by minimality. -

ExEercisk 5.3.1. For Theorem 5.3.3 we used only that isolated types are
dense in all S;(A4). Prove for arbitrary T that this implies that the isolated
types are dense in all S,,(4).

ExERrcISE 5.3.2. For every countable T the following are equivalent (see
Theorem 4.5.7):

a) Every parameter set has a prime extension. (We say that T has prime
extensions.)

b) Over every countable parameter set the isolated types are dense.

c) Over every parameter set the isolated types are dense.

ExXERrcISE 5.3.3. Lemma 5.3.5 follows from Exercise 4.2.5 and the following
observation: let 7: X — Y be a continuous open map between topological
spaces. Then a point x € X is isolated if and only if 7(x) is isolated in ¥ and
x isisolated in 7~ ! (z(x)).

5.4. Lachlan’s Theorem

Using the fact (established in Section 5.2) that uncountably categorical
theories are totally transcendental, we will prove the downward direction
of Morley’s theorem. We use Lachlan’s result that, in totally transcendental
theories, models have arbitrary large elementary extensions realizing few types.

THEOREM 5.4.1 (Lachlan). ([2] Lemma 10) Let T be totally transcendental
and M an uncountable model of T. Then N has arbitrarily large elementary
extensions which omit every countable set of L(M )-formulas that is omitted
in M.

Proor. For the proof, we call an L(M )-formula ¢ (x) large if its realisation
set (M) is uncountable. Since there is no infinite binary tree of large formulas,

4More precisely, they are isomorphic over A to elementary substructures of 9.



74 5. Nj-CATEGORICAL THEORIES

there exists a minimal large formula ¢o(x). This means that for every L(M )-
formula w(x) either o(x) A w(x) or ¢o(x) A ~w(x) is at most countable.
Now it is easy to see that

p(x) ={y(x) | po(x) A y(x) large}

is a type in S(M).

Clearly p(x) contains no formula of the form x = « fora € M, so p(x)
is not realised in M. On the other hand, every countable subset I1(x) of
p(x) is realised in 9 since (M) \ w (M) is at most countable for every
w(x) € II(x), the elements of (M) which do not belong to the union of
these sets realise IT(x).

Let a be a realisation of p(x) in a (proper) elementary extension 9. By
Theorem 5.3.3 we can assume that 91 is atomic over M U {a}.

Fix b € N. We have to show that every countable subset () of tp(b/M)
is realised in M.

Let y(x. y) bean L(M )-formula such that y (a. y) isolates ¢(y) = tp(b/M U
{a}). If b realises an L(M )-formulaa(y), we have M = Vy (x(a. y) — a(¥)).
Hence the formula

o"(x) =Yy (x(x.y) = a(y))

belongs to p(x). Note that 3y y(x, y) belongs also to p(x).
Choose an element ¢’ € M which satisfies

{o*(x) o € ZyU {3y x(x.»)}

and choose b’ € M with M |= y(a’,b’). Since o*(a’) is true in M, o (b’) is
true in 9. So b’ realises X(y).

We have shown that 9t has a proper elementary extension which realises no
new countable set of L(M )-formulas. By iteration we obtain arbitrarily long
chains of elementary extensions with the same property. o

The corollary is the downwards part of Morley’s Theorem, p. 63.

COROLLARY 5.4.2. A countable theory which is k-categorical for some un-
countable k, is N-categorical.

ProOOF. Let T be x-categorical and assume that 7" is not N;-categorical.
Then T has a model 9 of cardinality X; which is not saturated. So there
is a type p over a countable subset of M which is not realised in 9i. By
Theorems 5.2.4 and 5.2.6 T is totally transcendental. Theorem 5.4.1 gives an
elementary extension 91 of 9t of cardinality x which omits all countable sets
of formulas which are omitted in 99t. Thus also p is omitted. Since 91 is not
saturated, T is not k-categorical, a contradiction. =

EXERCISE 5.4.1. Proveinasimilar way: if a countable theory T is k-categori-
cal for some uncountable &, it is A-categorical for every uncountable 1 < k.
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5.5. Vaughtian pairs

A crucial fact about uncountably categorical theories is the absence of
definable sets whose size is independent of the size of the model in which they
live (captured in the notion of a Vaughtian pair). In fact, in an uncountably
categorical theory each model is prime over any infinite definable subset.
This will allow us in Section 5.7 to attach a dimension to the models of an
uncountably categorical theory. In this section, T is a countable complete
theory with infinite models.

DErFINITION 5.5.1. We say that T has a Vaughtian pair if there are two models
M < N and an L(M)-formula ¢(x) such that

a) M AN,

b) ©(9M) is infinite,

c) @(M) = p(N).
If ¢ (x) does not contain parameters, we say that 7 has a Vaughtian pair for
p(x).

REMARK. Notice that T does not have a Vaughtian pair if and only if every
model 91 is a minimal extension of ¢(9M) U A for any formula ¢(x) with
parameters in A C M which defines an infinite set in 9.

Let 91 be a model of 7" where ¢(N) is infinite but has smaller cardinality
than . The Lowenheim—Skolem Theorem yields an elementary substructure
M of M which contains ¢ (1) and has the same cardinality as ¢ (91). Then
M < Nis a Vaughtian pair for ¢ (x). The next theorem shows that a converse
of this observation is also true.

THEOREM 5.5.2 (Vaught’s Two-cardinal Theorem). If T has a Vaughtian
pair. it has a model M of cardinality Ny with ¢ (ON) countable for some formula
o(x) € L(M).

For the proof of Theorem 5.5.2 we need the following.

LEMMA 5.5.3. Let T be complete, countable, and with infinite models.

1. Every countable model of T has a countable w-homogeneous elementary
extension.

2. The union of an elementary chain of w-homogeneous models is w-homo-
geneous.

3. Two w-homogeneous countable models of T realizing the same n-types for
all n < w are isomorphic.

Proor. 1. Let 9% be a countable model of 7. We realise the countably
many types

{f(tp(a/A)) | a. A C My, A finite, f: A — M, elementary}
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in a countable elementary extension 9t;. By iterating this process we obtain
an elementary chain

My < My <.

whose union is w-homogeneous.

2. Clear.

3. Suppose 2l and B are w-homogeneous, countable and realise the
same n-types. We show that we can extend any finite elementary map
fidar.....a;} — {b1.....b;}: a; — bj toany a € A\ A;. Realise the
type tp(ai.....a;.a) by some tuple b’ = b{,....b! | in B. Using the w-
homogeneity of B we may extend the finite partial isomorphism g = {(b}.5;) |
1 < j <i}by(b,.b)forsomeb € B. Then fi11 = f; U{(a.b)} is the
required extension. Reversing the roles of B and 4 we construct the desired
isomorphism. -

PrOOF. (of Theorem 5.5.2) Suppose that the Vaughtian pair is witnessed
(in certain models) by some formula ¢(x). For simplicity we assume that
©(x) does not contain parameters (see Exercise 5.5.4). Let P be a new unary
predicate. It is easy to find an L(P)-theory Typ whose models (91, M) consist
of a model D of T and a subset M defined by the new predicate P which is
the universe of an elementary substructure 91 which together with 91 forms a
Vaughtian pair for ¢ (x). The Lowenheim—Skolem Theorem applied to Typ
yields a Vaughtian pair 9ty < N for ¢ (x) with My, Ny countable.

We first construct an elementary chain

(Mo, My) < (M. My) < -
of countable Vaughtian pairs, with the aim that both components of the union
pair
(M M)

are w-homogeneous and realise the same n-types. If (N;, M;) is given, we
first choose a countable elementary extension (9, M’) such that 9t realises
all n-types which are realised in 9%;. Then we choose as in the proof of
Lemma 5.5.3(1) a countable elementary extension (97;,1. M;.1) of (D, M)
for which 91,1 and 90;,; are w-homogeneous.

It follows from Lemma 5.5.3(3) that 90t and 91 are isomorphic.

Next we construct a continuous elementary chain

M <M < <M< (@< )

with (et M) = (N, M) for all a. We start with 90 = 9. If <M=
is constructed, we choose an isomorphism 91 — 91 and extend it to an
isomorphism 9 — 9M**! (see Lemma 1.1.8). For a countable limit ordinal
. M* is the union of the M* (o < 1). So M* is isomorphic to M by
Lemma 5.5.3(2) and 5.5.3(3).
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Finally we set

m=J me.
a<wg
Since the 9 are growing, M has cardinality 8; while p(IM) = (M) =
©(9MP) is countable. .

COROLLARY 5.5.4. If T is categorical in an uncountable cardinality, it does
not have a Vaughtian pair.

PrOOF. If T has a Vaughtian pair, then by Theorem 5.5.2 it has a model Ot
of cardinality R; such that for some ¢(x) € L(M) the set p(90) is countable.
On the other hand, if T is categorical in an uncountable cardinal, it is N;-
categorical by Corollary 5.4.2 and by Theorem 5.2.11, all models of T of
cardinality N are saturated. In particular, each formula is either satisfied by
a finite number or by X; many elements, a contradiction. =

COROLLARY 5.5.5. Let T be categorical in an uncountable cardinal, M a
model, and ¢ (M) infinite and definable over A C M. Then O is — the unique —
prime extension of AU @ (IMN).

Proor. By Corollary 5.5.4, T does not have a Vaughtian pair, so 9 is
minimal over AU (90). If 91is a prime extension over 4 U (9), which exists
by Theorem 5.3.3, 9 is isomorphic to M over 4 U p(9) by Lemma 5.3.8.

DEFINITION 5.5.6. We say that T eliminates the quantifier 3°°x, there are
infinitely many x. if for every L-formula ¢ (x, ) there is a finite bound n,, such
that in all models 9t of T" and for all parameters @ € M,

@M. @)
is either infinite or has or at most 7, elements.

REMARK. This means that for all ¢ (x,7) there is a w(7) such that in all
models 91 of T and for alla € M

M = I°x p(x,a) <= M= w(a).
We denote this by
T EVy(3%x o(x.7) < w(7)).

PRrROOF. If n,, exists, we can use y(7) = 37" x ¢(x.7) (there are more than
n, many x such that p(x, y)). If, conversely, y () is a formula which is implied
by 3%°x ¢(x,¥), a compactness argument shows that there must be a bound
n, such that

THFxp(x.7) — w(@). -

LemmMA 5.5.7. A theory T without Vaughtian pair eliminates the quantifier
3*x.
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PrOOF. Let P be a new unary predicate and ¢y, .. ..c, new constants. Let
T* be the theory of all LU { P, ¢cy,....c,}-structures

where 91 is a model of 7', N the universe of a proper elementary substructure,
ai.....a, elements of N and ¢(9. @) C N. Suppose that the bound n, does
not exist. Then, for any n, there is a model 91 of T and @ € N such that
(91, @) is finite, but has more than n elements. Let 9t be a proper elementary
extension of 91. Then (M, @) = (M. @) and the pair (9N, N, @) is a model
of T*. This shows that the theory

T U{F"xpx0)|n=12...}
is finitely satisfiable. A model of this theory gives a Vaughtian pair for 7. -

ExErcisE 5.5.1. If T is totally transcendental and has a Vaughtian pair
for ¢(x), then it has, for all uncountable . a model of cardinality & with
countable ¢ (91). Prove Corollary 5.5.4 from this. (Use Theorem 5.4.1.)

EXERCISE 5.5.2. Show directly (without using Lemma 5.2.9) that a theory
T which is categorical in some uncountable cardinality, has a model 9t of
cardinality 8 in which each L(M )-formula is either satisfied by a finite number
or by N; many elements.

EXERCISE 5.5.3. Show that the theory RG of the random graph has a Vaugh-
tian pair.

EXERCISE 5.5.4. Let T be a theory, 91 a model of 7" and @ C M a finite
tuple of parameters. Let ¢(X) be the type of @ in 9. Then for new constants
¢. the L(¢)-theory

T(q) = Th(M. @) = T U {p(0)] () € ¢(X)}

is complete. Show that T is A-stable (or without Vaughtian pair etc.) if and
only if T'(g) is. For countable languages, this implies that T is categorical in
some uncountable cardinal if and only if T'(g) is.

EXERCISE 5.5.5. If T eliminates 3°°, then 7T eliminates for every n the quan-

L2}

tifier “there are infinitely many n-tuples xi, ..., x,”.

EXERCISE 5.5.6. Assume that 7" eliminates the quantifier 3°°. Then for every
formula ¢(x;....,x,.7) there is a formula #(7) such that in all models 9t of
T a tuple b satisfies 0 if and only if 9t has an elementary extension 90t with
elements ai.....a, € M'\ M such that W = p(ai.....a,.b).

ExErcIsE 5.5.7. Let T} and T, be two model complete theories in disjoint
languages L; and L,. Assume that both theories eliminate 3°°. Then T U T,
has a model companion.
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5.6. Algebraic formulas

Formulas defining a finite set are called algebraic. In this section we collect
a few facts and a bit of terminology around this concept which will be crucial
in the following sections.

DEFINITION 5.6.1. Let 9 be a structure and A4 a subset of M. A formula
o(x) € L(A) is called algebraic if (9N) is finite. An element a € M is
algebraic over A if it realises an algebraic L(A)-formula. We call an element
algebraicifit is algebraic over the empty set. The algebraic closure of A, acl(A4),
is the set of all elements of 9t algebraic over 4, and A4 is called algebraically
closed if it equals its algebraic closure.

REMARK. Note that the algebraic closure of 4 does not grow in elementary
extensions of 9t because an L(A)-formula which defines a finite set in 90
defines the same set in every elementary extension. As a special case we have
that elementary substructures are algebraically closed.

It is easy to see that
|acl(4)| < max(|T|. |4]) (5.1)

(see Theorem 2.3.1).

In algebraically closed fields, an element « is algebraic over A precisely if a
is algebraic (in the field-theoretical sense) over the field generated by 4. This
follows easily from quantifier elimination in ACF.

We call a type p(x) € S(A) algebraic if (and only if) p contains an algebraic
formula. Any algebraic type p is isolated by an algebraic formula ¢(x) €
L(A), namely by any ¢ € p having the minimal number of solutions in ).
This number is called the degree deg(p) of p. As isolated types are realised in
every model, the algebraic types over A are exactly those of the form tp(a/A4)
where a is algebraic over 4. The degree of a over A deg(a/A) is the degree of
tp(a/A4).

LEMMA 5.6.2. Let p € S(A) be non-algebraic and A C B. Then p has a
non-algebraic extension g € S(B).

PrOOF. The extension ¢o(x) = p(x) U {-w(x) | w(x) algebraic L(B)-
formula} is finitely satisfiable. For otherwise there are p(x) € p(x) and
algebraic L(B)-formulas yq(x),..., w,(x) with

M Vx (p(x) = yi(x) Vo Vpa(x).
But then ¢(x) and hence p(x) is algebraic. So we can take for ¢ any type
containing ¢. -

REMARK 5.6.3. Since algebraic types are isolated by algebraic formulas, an
easy compactness argument shows that a type p € S(4) is algebraicif and only

if p has only finitely many realisations (namely deg(p) many) in all elementary
extensions of 9.
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LEMMA 5.6.4. Let O and N be two structures and f: A — B an elemen-
tary bijection between two subsets. Then f extends to an elementary bijection
between acl(A) and acl(B).

Proor. Letg: A’ — B’ a maximal extension of f to two subsets of acl(A4)
and acl(B). Let a be an element of acl(4). Since a is algebraic over A’, a is
atomic over A’. We can therefore realise the type g(tp(a/4’)) in 91 — by an
element b € acl(B) — and obtain an extension g U {(a.b)} of g. It follows
that @ € A’. So g is defined on the whole of acl(4). Interchanging 4 and B
shows that g is surjective. (See Lemma 6.1.9 for an alternative proof.) o

The algebraic closure operation will be used to study models of N;-categori-
cal theories in further detail.

DEFINITION 5.6.5. A pregeometry® (or matroid) (X.cl) is a set X with a
closure operator cl: B(X) — P(X). where P denotes the power set, such
thatforall4 C X and a,b € X:

a) (REFLEXIVITY) A C cl(4).

b) (FINITE CHARACTER) cl(A4) is the union of all cl(A4’), where the A’ range
over all finite subsets of 4.

c) (TransITIVITY) cl(cl(A4)) = cl(4).

d) (EXCHANGE) a € cl(4b) \ cl(4) = b € cl(A4a).

A set A is called closed (or cl-closed) if 4 = cl(A4). Note that the closure
cl(A) of A is the smallest cl-closed set containing 4. So a pregeometry is given
by the system of cl-closed subsets.

The operator cl(4) = 4 forall A C X is a trivial example of a pregeometry.
The three standard examples from algebra are vector spaces with the linear
closure operator, for a field K with prime field F, the relative algebraic closure
cl(4) = F(A4)*2NK .° and for a field K of characteristic p, the p-closure given
by cl(4) = K?(A) (see Remark C.1.1).

LEMMA 5.6.6. If X is the universe of a structure, acl satisfies REFLEXIVITY,
FINITE CHARACTER and TRANSITIVITY.

ProoF. RErFLEXIVITY and FINITE CHARACTER are clear. For TRANSITIVITY
assume that ¢ is algebraic over by,....b, and the b; are algebraic over A.
We have to show that ¢ is algebraic over A. Choose an algebraic formula
o(x,b1....,b,) satisfied by ¢ and algebraic L(A)-formulas ;(y) satisfied by
the b;. Let w(x.by.....b,) be satisfied by exactly k elements. Then the
L(A)-formula

Iyt (@) A A () AT 20z 1) A (X1 )

is algebraic and realised by c. —<

SPregeometries were introduced by van der Waerden (1930) and Whitney (1934).
61212 denotes the algebraic closure of the field L.
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EXERCISE 5.6.1. If 4 C M and 9 is |A4|"-saturated, then p € S(4) is
algebraic if and only if p(M ) is finite.

EXERCISE 5.6.2 (P. M. Neumann). Let 4, B be subsets of 9t and (co. ...,
¢n) a sequence of elements which are not algebraic over 4. If M is |4 U B|"-
saturated, the type tp(co. . .., c,/A4) has a realisation which is disjoint from B.
(Hint: Use induction on n. Distinguish between whether or not ¢; is algebraic over
Acy, for some i < n.)

5.7. Strongly minimal sets

Strongly minimal theories defined below turn out to be uncountably cate-
gorical: the isomorphism type of the model is determined by the dimension
of an associated geometry. While this appears to be a very special case of such
theories, we will see in the next section that we can always essentially reduce
to this situation.

Throughout this section we fix a complete theory T with infinite models. For
Corollary 5.7.9 we have to assume 7 countable.

DEFINITION 5.7.1. Let 9 be a model of 7" and ¢ () a non-algebraic L(M)-

formula.

1. The set (M) is called minimal in 9 if for all L(M )-formulas w(X) the
intersection ¢ (M) A w () is either finite or cofinite in ¢ ().

2. The formula (X) is strongly minimal if o(X) defines a minimal set in
all elementary extensions of 9i. In this case, we also call the definable
set ¢ (9) strongly minimal. A non-algebraic type containing a strongly
minimal formula is called strongly minimal.

3. A theory T is strongly minimal if the formula x = x is strongly minimal.

Clearly, strong minimality is preserved under definable bijections; i.e., if
A and B are definable subsets of 9%, 9t defined by ¢ and . respectively.
such that there is a definable bijection between 4 and B, then if ¢ is strongly
minimal so is .

ExamprLes. 1. The following theories are strongly minimal, which is eas-
ily seen in each case using quantifier elimination.

e Infset, the theory of infinite sets. The sets which are definable over a
parameter set 4 in a model M are the finite subsets S of 4 and their
complements M \ S.

e For a field K. the theory of infinite K-vector spaces. The sets
definable over a set 4 are the finite subsets of the subspace spanned
by A and their complements.

o The theories ACF, of algebraically closed fields of fixed character-
istic. The definable sets of any model K are Boolean combinations
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of zero-sets

{ac K| f(a) =0}

of polynomials /' (X) € K[X]. Zero-sets are finite or, if / = 0, all
of K.

2. If K is a model ACF,, for any a,b € K, the formula ax; +b = x;
defining an affine line A4 in K is strongly minimal as there is a definable
bijection between A and K.

3. For any strongly minimal formula ¢ (x1., . ... x,). the induced theory T | ¢
is strongly minimal. Here, for any model 90t of T, the induced theory
is the theory of (901) with the structure given by all intersections of
0-definable subsets of M with ¢ (9)™ for all m € w. This theory
depends only on 7" and ¢, not on 9.

Whether (X, @) is strongly minimal depends only on the type of the pa-
rameter tuple @ and not on the actual model: observe that ¢ (X, @) is strongly
minimal if and only if for all L-formulas w(x, Z) the set

2, (2.2) = {F*x (p(x.a) A w(X.2)) A
FPrx (p(x.a) A~y (x.2) | k=1.2....}

cannot be realised in any elementary extension. This means that for all w (¥, Z)
there is a bound k,, such that

M= vz (9% (p(x.a) Ay(x.2)) vV IZHT (p(X.a) A~y (3.7))).

This is an elementary property of a, i.e., expressible by a first-order formula. So
it makes sense to call p(X, @) a strongly minimal formula without specifying
a model.

LEMMA 5.7.2. If M is w-saturated, or if T eliminates the quantifier 3°°, any
minimal formula is strongly minimal. If T is totally transcendental, every infinite
definable subset of " contains a minimal set p(IMN).

Proor. If 9 is w-saturated and (X, a) not strongly minimal, then for
some L-formula y (¥, Z) the set ,,(Z, @) is realised in 901, s0 ¢ is not minimal.

If on the other hand (X, @) is minimal and T eliminates the quantifier 3°°,
then for all L-formulas y (X, Z)

(3% (p(x.2) A (3.2) ATFF(0(X.7) Ay (X.2)))

is an elementary property of Z.

If o (901) does not contain a minimal set, one can construct from ¢, (X) a
binary tree of L(M )-formulas defining infinite subsets of 9)t. This contradicts
w-stability. =

From now on we will only consider strongly minimal formulas in one vari-
able. It should be clear how to extend everything to the more general context.
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LEMMA 5.7.3. The formula @(9M) is minimal if and only if there is a unique
non-algebraic type p € S(M) containing o (x).

ProOF. If ¢ (9) is minimal, then clearly
p={v | w(x) € L(M) such that ¢ A —y is algebraic}

is the unique non-algebraic type in S(M) containing it. If @(9M) is not
minimal, there is some L-formula y with both ¢ A  and ¢ A -y non-
algebraic. By Lemma 5.6.2 there are at least two non-algebraic types in S(M)
containing ¢. =

COROLLARY 5.7.4. A strongly minimal type p € S(A) has a unique non-
algebraic extension to all supersets B of A in elementary extensions of 9. Con-
sequently, the type of m realisations ay, . .., a, of pwitha; ¢ acl(ay ...a;_1A),
i =1....,m, is uniquely determined.

Proor. Existence of non-algebraic extensions follows from Lemma 5.6.2,
which also allows us to assume that B is a model. Uniqueness now follows
from Lemma 5.7.3 applied to any strongly minimal formula of p. The last
sentence follows by induction. -

THEOREM 5.7.5. If p(x) is a strongly minimal formula in 9% without param-
eters, the operation

cl: Pl (M) = Vlp(MN))
defined by

cl(4) = acl” (4) N (M)
is a pregeometry (o (9N). cl).

PrOOF. We have to verify EXCHANGE. For notational simplicity we assume
A =10. Let a € (M) be not algebraic over P and b € (M) not algebraic
over a. By Corollary 5.7.4, all such pairs a, b have the same type p(x, y). Let
A’ be an infinite set of non-algebraic elements realising ¢ (which exists in an
elementary extension of 9t) and 5’ non-algebraic over 4’. Since all &’ € A’
have the same type p(x,b’) over b, no a’ is algebraic over »’. Thus also a is
not algebraic over b. =

The same proof shows that algebraic closure defines a pregeometry on the
set of realizations of a minimal type, i.e., a non-algebraic type p € S;(4)
having a unique non-algebraic extension to all supersets B of 4 in elementary
extensions of 9. Here is an example to show that a minimal type need not be
strongly minimal.

Let T be the theory of 9 = (M. P;);<., in which the P; form a proper
descending sequence of subsets. The type p = {x € P; | i < w} € S$;(0) is
minimal. If all P;,; are coinfinite in P;, then p does not contain a minimal
formula and is not strongly minimal.
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In pregeometries there is a natural notion of independence and dimension
(see Definition C.1.2), soin light of Theorem 5.7.5 we may define the following.

If o (x) is strongly minimal without parameters, the p-dimension of a model
M of T is the dimension of the pregeometry (¢ (M), cl)

dim,, (9).

If 91 is the model of a strongly minimal theory, we just write dim(901).

If (x) is defined over 49 C M, the closure operator of the pregeometry
p(My,) is given by

cl(4) = acl™ (4yU 4) N (M)
and
dimy, (M /Ap) = dim,, (M 4,)
is called the p-dimension of 9t over Ay.

LEMMA 5.7.6. Let o(x) be defined over Ay and strongly minimal, and let
M and N be models containing Ay. Then there exists an Ag-elementary map
between o (M) and ¢ (N) if and only if M and N have the same p-dimension
over Ay.

PROOF. An Ag-elementary map between ¢ (91) and (M) maps bases to
bases, so one direction is clear.

For the other direction we use Corollary 5.7.4: if ¢(9) and (1) have
the same dimension over 4y, let U and V' be bases of (1) and ¢ (N).
respectively, and let f: U — V be a bijection. By Corollary 5.7.4, f is
Ap-elementary and by Lemma 5.6.4 f extends to an elementary bijection
g: acl(4pU) — acl(4oV). Thus, g | ¢(9M) is an Ag-elementary map from
@ (M) to (N). n

We now turn to showing that strongly minimal theories are categorical in all
uncountable cardinals. For reference we first note the following special cases
of the preceding lemmas.

COROLLARY 5.7.7. 1. A theory T is strongly minimal if and only if over
every parameter set there is exactly one non-algebraic type.

2. In models of a strongly minimal theory the algebraic closure defines a
pregeometry.

3. Bijections between independent subsets of models of a strongly minimal
theory are elementary. In particular, the type of n independent elements is
uniquely determined. o

If T is strongly minimal, by the preceding we have
[S(4)] < Jacl(4)] + 1.
Strongly minimal theories are therefore A-stable for all A > |T'|. Also there can

be no binary tree of finite or cofinite sets. So by the remark after the proof of
Theorem 5.2.6 T is totally transcendental. If ¢ (90) is cofinite and 9T a proper
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elementary extension of 90, then ¢(MN) is a proper extension of ¢ (M). Thus
strongly minimal theories have no Vaughtian pairs.

THEOREM 5.7.8. Let T be strongly minimal. Models of T are uniquely de-
termined by their dimensions. The set of possible dimensions is an end segment
of the cardinals. A model 9N is w-saturated if and only if dim(9MT) > Ny. All
models are w-homogeneous.

PrOOF. Let My, M be models of the same dimension, and let By, B; be
bases for 91, and 9, respectively. Then any bijection f: By — Bj is an
elementary map by Corollary 5.7.7, which extends to an isomorphism of the
algebraic closures 91, and 21, by Lemma 5.6.4.

The next claim implies that the possible dimensions form an end segment
of the cardinals.

Cram. Every infinite algebraically closed subset S of M is the universe of an
elementary substructure.

ProoF oF Cram. By Theorem 2.1.2 it suffices to show that every consistent
L(S)-formula ¢(x) can be realised in S. If ¢ (9N) is finite, all realisations are
algebraic over S and belong therefore to S. If ¢ (9M) is cofinite, ¢ (M) meets
all infinite sets.

Let A be a finite subset of Mt and p the non-algebraic type in S(4). Thus, p
is realised in 901 exactly if M # acl(4), i.e., if and only if dim(90%) > dim(4).
Since all algebraic types over 4 are always realised in 91, this shows that 9t is
w-saturated if and only if 991 has infinite dimension. -

It remains to show that all models are w-homogeneous. Let f: 4 — B be
an elementary bijection between two finite subsets of M. By Lemma 5.6.4,
f extends to an elementary bijection between acl(4) and acl(B). If a €
M \ acl(4). then p = tp(a/A) is the unique non-algebraic type over 4 and
f(p) is the unique non-algebraic type over B. Since dim(4) = dim(B), the
argument in the previous paragraph shows that f (p) is realised in 921. o

COROLLARY 5.7.9. If T is countable and strongly minimal, it is categorical in
all uncountable cardinalities.

PrOOF. Let 9, and M, be two models of cardinality x > 8. Choose two
bases By and B, of 9% and 91, respectively. By p. 79, equation (5.1), B; and
B, both have cardinality . Then any bijection f: By — B, is an elementary
map by Corollary 5.7.7, which extends to an isomorphism of the algebraic
closures M| and M, by Lemma 5.6.4. =

EXERCISE 5.7.1. If 90t is minimal and w-saturated, then Th(90) is strongly
minimal.

EXERCISE 5.7.2. Show that the theory of an infinite set equipped with a
bijection without finite cycles is strongly minimal and that the associated
geometry is trivial.
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EXERCISE 5.7.3. Show directly that strongly minimal theories eliminate 3°°
(without using Corollaries 5.5.4 and 5.7.9.)

EXERCISE 5.7.4. A type is minimal if and only if its set of realisations in
any model is minimal (i.e., has no infinite and coinfinite relatively definable
subsets).

EXERCISE 5.7.5. Show that acl defines a pregeometry on u(9) if x(9M) is
minimal. In fact the following is true: if b € u(9M), a € acl(4b), b ¢ acl(A4a).
then a € acl(A4). Furthermore we have deg(a/A4) = deg(a/Ab).

5.8. The Baldwin—Lachlan Theorem

In this section, we present the characterisation of uncountably categorical
theories due to Baldwin and Lachlan [2]. Since this characterisation is in-
dependent of the uncountable cardinal, it implies Morley’s Theorem. The
crucial point is the existence of a strongly minimal formula ¢ in a totally
transcendental theory. By Corollary 5.5.5, each model 9t is prime over the
set of realisations ¢ (91) whose dimension determines the isomorphism type
of the model.

THEOREM 5.8.1 (Baldwin—Lachlan). Let x be an uncountable cardinal. A
countable theory T is k-categorical if and only if T is w-stable and has no
Vaughtian pairs.

Proor. If T is categorical in some uncountable cardinal, then 7 is w-stable
by Theorem 5.2.4 and has no Vaughtian pair by Corollary 5.5.4.

For the other direction we first obtain a strongly minimal formula: since
T is totally transcendental, it has a prime model 9. (This follows from
Theorems 4.5.7 and 4.5.9 or from Theorem 5.3.3.) Let ¢(x) be a minimal
formula in L(M,). which exists by Lemma 5.7.2. Since T has no Vaughtian
pairs, 3% can be eliminated by Lemma 5.5.7 and hence ¢(x) is strongly
minimal by Lemma 5.7.2.

Let 9,9 be models of cardinality x. We may assume that 9%, is
an elementary submodel of both 9t and 9,. Since 7" has no Vaugh-
tian pair, 90; is a minimal extension of My U @(9;), i = 1,2. Therefore,
©(91;) has cardinality x and hence (since & is uncountable) we conclude that
dim,, (9, /M) = k = dim,(9M>/Mp). By Lemma 5.7.6 there exists an M-
elementary map from o (90g) to ¢ (911 ), which by Lemma 5.3.8 extends to an
isomorphism from 9, to Ny. =

COROLLARY 5.8.2 (Morley). Let  be an uncountable cardinal. Then T is
Ni-categorical if and only if T is k-categorical.

Notice that the proof of Theorem 5.8.1 shows in fact the following.
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COROLLARY 5.8.3. Suppose T is Wi-categorical, My, My are models of T,
a; € My and o(x, a;) strongly minimal, i = 1,2, with tp(a,) = tp(az). If My
and M, have the same respective p-dimension, then they are isomorphic.

For uncountable models, the p-dimension equals the cardinality of the
model, so clearly does not depend on the realisation of tp(a;). We will show
in Section 6.3 that the converse to Corollary 5.8.3 holds also for countable
models, i.c.. if p(x,aq) is strongly minimal, then the ¢-dimension of M is
the same for all a realizing tp(ap). Thus, also the countable models of an
uncountably categorical theory are in one-to-one correspondence with the
possible p-dimensions.






Chapter 6

MORLEY RANK

In this chapter we collect a number of further results about totally transcen-
dental theories, in particular we will introduce Morley rank. We then finish
the analysis of the countable models of uncountably categorical theories.

For convenience, we first introduce the ‘monster model’ (for arbitrary the-
ories), a very large, very saturated. very homogeneous model. From now on,
all models we consider will be elementary submodels of this monster model.

Furthermore, we often simplify the notation by assuming that we are work-
ing in a many-sorted structure where for each n € w we have an extra sort for
n-tuples of elements. While we are then working in a many-sorted language in
which we have to specify the sorts for all variables involved in a formula, this
allows us to treat n-tuples exactly like 1-tuples, i.e., elements. We emphasise
that this is purely a notational convention. In Section 8.4 we will show how
to systematically extend a structure by introducing new sorts in a big way
without changing those properties of the theories we are interested in.

6.1. Saturated models and the monster

The importance of saturated structures was already visible in Section 5.2
where we showed that saturated structures of fixed cardinality are unique up to
isomorphism. Saturated structures need not exist (think about why not), but
by considering special models instead, we can preserve many of the important
properties — and prove their existence.

DErFINITION 6.1.1. A structure 9t of cardinality & > w is special if 91 is the
union of an elementary chain 9%, where 4 runs over all cardinals less than &
and each 90; is A" -saturated.

We call (9;) a specialising chain.

REMARK. Saturated structures are special. If |97 is regular, the converse is
true.

LEMMA 6.1.2. Let 1 be an infinite cardinal > |L|. Then every L-structure 9t
of cardinality 2* has a A" -saturated elementary extension of cardinality 2*.

&9
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ProoF. Every set of cardinality 2* has 2* many subsets of cardinality at
most A. This allows us to construct a continuous elementary chain

M=My <My -+ <My <+ (@< i)

of structures of cardinality 2* such that all p € S(4), for 4 C M, |4| < 4.
are realised in 9, ;. The union of this chain has the desired properties.

COROLLARY 6.1.3. Let k > |L| be an uncountable cardinal. Assume that
I<k = 2"<k (6.1)

Then every infinite L-structure I of cardinality smaller than k has a special
extension of cardinality k.

Let « be a limit ordinal. Then for any cardinal u, k = 3, (u) satisfies (6.1)
and we have cf(k) = cf(a) (see p. 190).
The following is a generalisation of Lemma 5.2.8

THEOREM 6.1.4. Two elementarily equivalent special structures of the same
cardinality are isomorphic.

ProoF. The proof is a refined version of the proof of Lemma 5.2.8. Let A
and B be two elementarily equivalent special structures of cardinality x with
specialising chains (2(;) and (98,). respectively. The well-ordering defined in
the proof of Lemma A.3.7 can be used to find enumerations (a,)q<. and
(bo)a<w of A and B such that a, € Ao and b, € Bj,. We construct an
increasing sequence of elementary maps f¢: 4% — B such that for all «
which are zero or limit ordinals we have an.; € 4**% b,; € B®**+! and
also |Aa‘S‘Oz,AaQA‘Q‘,|BO‘|S|O,’,BQ§B‘Q‘. =

DEFINITION 6.1.5. A structure 9t is

o r-universal if every structure of cardinality < « which is elementarily
equivalent to 99t can be elementarily embedded into 91.

o k-homogeneous if for every subset A of M of cardinality smaller than &
and for every a € M, every elementary map 4 — M can be extended to
an elementary map A U {a} — M.

o strongly k-homogeneous if for every subset A of M of cardinality less than
K, every elementary map 4 — M can be extended to an automorphism
of M.

THEOREM 6.1.6. Special structures of cardinality k are k*-universal and
strongly cf (k)-homogeneous.

PrROOF. Let 90 be a special structure of cardinality x. The ' -universality
of 901 can be proved in the same way as Theorem 6.1.4. Let 4 be a subset of
M of cardinality less than cf(x) and let /: 4 — M an elementary map. Fix
a specialising sequence (901;). For A sufficiently large, 901, contains 4. The



6.1. SATURATED MODELS AND THE MONSTER 91

sequence

M* o (Dﬁba)aEAa lfj*o g }V
E Oy a)aeas 1A < o

is then a specialising sequence of (M, a),c 4. For the same reason (M, f(a)) e
is special. By Theorem 6.1.4 these two structures are isomorphic under an
automorphism of 2t which extends f'. -

The monster model. Let 7" be a complete theory with infinite models. For
convenience, we would like to work in a very large saturated structure, large
enough so that any model of 7" can be considered as an elementary substruc-
ture. If T is totally transcendental, by Remark 5.2.10 we can choose such
a monster model as a saturated model of cardinality x where « is a regular
cardinal greater than all the models we ever consider otherwise. Using Exer-
cise 8.2.7, this also works for stable theories and regular x with <! = «. For
any infinite 2, & = (A171)* has this property.

In order to construct the monster model € for an arbitrary theory T we
will work in BGC (Bernays-Godel + Global Choice). This is a conservative
extension of ZFC (see Appendix A) which adds classes to ZFC. Then being
a model of T is interpreted as being the union of an elementary chain of
(set-size) models of T'. The universe of our monster model € will be a proper
class.

THEOREM 6.1.7 (BGC). There is a class-size model € of T such that all types
over all subsets of C are realised in €. Moreover € is uniquely determined up to
isomorphism.

Proor. Global choice allows us to construct a long continuous elementary
chain (M, )scon of models of T such that all types over M,, are realised in
M, 1. Let € be the union of this chain. The uniqueness is proved as in
Lemma 5.2.8. -

We call € the monster model of T. Note that Global Choice implies that €
can be well-ordered.
COROLLARY 6.1.8.

o C is k-saturated for all cardinals k.

o Any model of T is elementarily embeddable in €

o Any elementary bijection between two subsets of € can be extended to an
automorphism of €. -

We say that two elements are conjugate over some parameter set A4 if there
is an automorphism of € fixing 4 elementwise and taking one to the other.
Note that a,b € € are conjugate over A if and only if they have the same
type over A. We call types p € S(A4).q € S(B) conjugate over D if there
is an automorphism f of € fixing D and taking A to B and such that ¢ =
{p(x.f(a)) | p(x.a) € p}. Note that strictly speaking Aut(€) is not an
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object in Bernays—Godel Set theory but we will nevertheless use this term as a
way of talking about automorphisms.

Readers who mistrust set theory can fix a regular cardinal y bigger than the
cardinality of all models and parameter sets they want to consider. For € they
may then use a special model of cardinality x = 3,(Ny). This is " -universal
and strongly y-homogeneous.

We will use the following convention throughout the rest of this book:

o Any model of T is an elementary substructure of €. We identify models
with their universes and denote them by M, N, ... .

e Parameter sets A, B, ... are subsets of .

e Formulas ¢(x) with parameters define a subclass F = ¢(€) of €. Two
formulas are equivalent if they define the same class.

o We write = ¢ for € |= ¢.

e A set of formulas with parameters from € is consistent if it is realised
inC.

o If 7(x) and o (x) are partial types we write 7 - ¢ for 7(€) C ¢ ().

o A global type is a type p over €; we denote this by p € S(€).

This convention changes the flavour of quite a number of proofs. As an
example look at the following

LEMMA 6.1.9. An elementary bijection f: A — B extends to an elementary
bijection between acl(A) and acl(B).

Proor. Extend f to an automorphism f” of ¢. Clearly f’ maps acl(A4) to
acl(B). .
This implies Lemma 5.6.4 and the second claim in the proof of Theorem 5.7.6.
Note that by the remark on p. 79 for any model M and any 4 C M the
algebraic closure of A4 in the sense of M equals the algebraic closure in the
sense of €.

Lemma 6.1.10. Let D be a definable class and A a set of parameters. Then
the following are equivalent:

a) D is definable over A.
b) D is invariant under all automorphisms of € which fix A pointwise.

ProoF. Let D be defined by ¢, defined over B O A. Consider the maps
¢ 5 S(B) = S(4).

where 7(c) = tp(c/B) and 7 is the restriction map. Let Y be the image of D
in S(A4). Since Y = xn[p]. Y is closed.

Assume that D is invariant under all automorphisms of ¢ which fix 4
pointwise. Since elements which have the same type over 4 are conjugate by
an automorphism of €, this means that D-membership depends only on the
type over Aie. D = (nt)~1(Y).
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This implies that [¢] = 7' (Y), or S(4) \ Y = n[—-¢]. hence S(4) \ Y is
also closed and we conclude that Y is clopen. By Lemma 4.2.3 Y = [y] for
some L(A)-formula w. This y defines D. =
The same proof shows that the same is true for definable relations R C €":
namely, R is A-definable if and only if it is invariant under all @ € Aut(€/A4).

DEFINITION 6.1.11. The definable closure dcl(A) of A is the set of elements
¢ for which there is an L(A)-formula ¢(x) such that ¢ is the unique element
satisfying . Elements or tuples ¢ and b are said to be interdefinable if
a € dcl(h) and b € dcl(a).

COROLLARY 6.1.12. 1. a € dcl(A4) if and only if a has only one conjugate
over A.
2. a € acl(A) if and only if a has finitely many conjugates over A.
PROOF. 1.isclear, since a € dcl(A4) means that {a} is A-definable. 2. follows
from Remark 5.6.3, since the realisations of tp(a/A4) are exactly the conjugates
of a over A. -

EXERCISE 6.1.1. Finite structures are saturated.
EXERCISE 6.1.2. acl(4) is the intersection of all models which contain 4.

EXERCISE 6.1.3. Prove Robinson’s Joint Consistency Lemma: extend the
complete L-theory T to an L;-theory 77 and an L,-theory 7 such that
L = LiNL,. If Ty and T, are both consistent, show that 7' U T is consistent.

EXERCISE 6.1.4. Prove Beth’s Interpolation Theorem: if = p; — ¢, for
L;-sentences (;, there is an L = L N Ly-sentence 0 such that - ¢; — 0 and
FO— ©2.

EXERCISE 6.1.5. A class C of L-structures is a PCa-class if there is an ex-
tension L’ of L and an L’-theory T" such that C consists of all reducts to L of
models of 7’. Show that a PC,-class is elementary if and only if it is closed
under elementary substructures.

EXERCISE 6.1.6. If M is k-saturated, then over every set of cardinality
smaller than x every type in k many variables is realised in M.

EXERCISE 6.1.7. Let k be an infinite cardinal, not smaller than the cardinal-
ity of L and M an L-structure. Show that the following are equivalent

a) M is k-saturated
b) M is kT -universal and xk-homogeneous

If max(|L]. Rg) < & this is also equivalent to
c) M is k-universal and x-homogeneous.

EXERCISE 6.1.8. Let k be a an uncountable regular cardinal > |L|. We use
the notation 2<* for sup,_, 2*. Show that
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1. Every L-structure 9 of cardinality 2<% has a x-saturated elementary
extension of cardinality 2<%,

2. Assume that 1 < k implies 2* < k. Then every L-structure 9t of
cardinality x has a saturated elementary extension of cardinality &.

ExXERCISE 6.1.9. Let B, (N) be the set of all finite subsets of N. Show that
the theory of (B, (N), C) has a saturated model of cardinality & if and only if
k is regular and A < x implies 2* < k.

EXERCISE 6.1.10. A type-definable class is the class of all realisations of
a set of formulas. Show that a type-definable class is invariant under all
automorphisms of € which fix 4 pointwise if and only if it can be defined by a
set of L(A)-formulas. (Use Exercise 4.2.2(a) and the proof of Lemma 6.1.10.)

EXERCISE 6.1.11. Let 4 be contained in B. Show that the following are
equivalent:

1. B Cdcl(4).

2. Every type over 4 extends uniquely to B.

EXERCISE 6.1.12.

1. b is in the definable closure of « if and only if there is a 0-definable class
D containing a and a 0-definable map D — ¢ which maps a to b.

2. a and b are interdefinable if and only if ¢« and b are contained in 0-
definable classes D and E and there is a 0-definable bijection between D
and E which maps a to b.

EXERCISE 6.1.13. Let K be a model of ACFy, ACF, for p > 0, of RCF or
of DCFy and let 4 be a (differential) subfield of K. Prove that the definable
closure of 4 is

1. (ACFy) 4 itself,

2. (ACF)) the perfect hull (see Definition B.3.8) of 4,

3. (RCF) the relative algebraic closure of A4.

4. (DCFy) A itself.

EXERCISE 6.1.14. Use Exercise 6.1.13 to show the following:

1. Let K be a model of ACFy and f: K" — K a definable function. Then
K" can be decomposed into a finite number of definable subsets X; such
that, on each X;. f is given by a rational function.

2. The same is true for models of ACF,. p > 0. But on each X;. f is of the
form A7~ ", for some rational function /.

3. In models of DCFy, f is given on each X; by a differential rational
function.

EXERCISE 6.1.15 (P. Neumann). Let X be an infinite set, G < Sym(X), and
B C X finite. Suppose that the orbit of each of the elements ¢, ....c, € X
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under G is infinite. Then there is some g € G with g(¢;) ¢ Bfori =0,...,n.

(Hint: Proceed as in Exercise 5.6.2. In fact, Exercise 5.6.2 follows from this by
compactness.)

EXERCISE 6.1.16 (B. Neumann). Let G be a group (not necessarily abelian),
and H,, ..., H,, subgroups of infinite index. Show that G is not a finite
union of cosets of the H; (but see Exercise 6.1.17, which is easy). Deduce
Lemma 3.3.9 from this.

EXERCISE 6.1.17 (B. & P. Neumann). Deduce Exercise 6.1.15 from 6.1.16
and conversely.

6.2. Morley rank

The Morley rank is a rather natural notion of dimension on the formulas
of a theory T or, equivalently, on the definable subsets of the monster model,
defined inductively very much like the dimension of algebraic sets. It is ordinal
valued for all consistent formulas if and only if 7 is totally transcendental. In
this section, we let T be a complete (possibly uncountable) theory.

We now define the Morley rank MR for formulas ¢(x) with parameters in
the monster model. We remind the reader that by the conventions introduced
at the beginning of this chapter, a variable or element in the many-sorted
language described there may refer to an n-tuple of the original single sort.
We begin by defining the relation MR ¢ > a by induction on the ordinal .!

MR >0 if o is consistent;

MR ¢ > B+ 1 if there is an infinite family (¢;(x) | i < @) of formulas
(in the same variable x) which imply ¢, are pairwise
inconsistent and such that MR ¢; > f for all i;

MR ¢ > 4 (for a limit ordinal /) if MR ¢ > g for all f < A.

DEerINITION 6.2.1. To define MR ¢ we distinguish three cases

1. If there is no a with MR ¢ > «a, we put MR ¢ = —oc.

2. MR ¢ > o for all a, we put MR ¢ = oc.

3. Otherwise, by the definition of MR ¢ > / for limit ordinals 4, there is a
maximal a with MR ¢ > a. and we set MR ¢ = max{a | MR ¢ > a}.

It is easy to see by induction on « that the relation MR ¢ > « implies the
relation MR ¢ > f for f < a. It follows from this that indeed the Morley
rank of ¢ is at least o if and only if the relation MR ¢ > « holds.?

ISee the set-theoretic caveat before Exercise 6.2.1.
2Here, of course —oo is considered as being smaller and co as being bigger than all ordinals.
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Note that

MRy = -0 < ¢ isinconsistent
MR =0 & is consistent and algebraic.

If a formula has ordinal-valued Morley rank, we also say that this formula
has Morley rank.> The Morley rank MR(T') of T is the Morley rank of
the formula x = x. The Morley rank of a formula ¢ (x, a) only depends on
o (x. y) and the type of @. It follows that if a formula has Morley rank, then it
is less than (2/71)*. We will see in Exercise 6.2.5 that in fact all ordinal ranks
are smaller that |T'|".

ReMARK. Clearly, if ¢ implies y, then MR ¢ < MR y. It is also clear
from the definition that if ¢ has rank a < oo, then for every f < « thereis a
formula y which implies ¢ and has rank £.

ExaMPLE 6.2.2. In Infset the formula x; = a has Morley rank 0. If con-
sidered as a formula in two variables, (x|, x;) = x; = a, it has Morley
rank 1.

The next lemma expresses the fact that the formulas of rank less than «
form an ideal in the Boolean algebra of equivalence classes of formulas.

LEMMA 6.2.3.
MR (¢ V ) = max(MR ¢, MR y).

PrOOF. By the previous remark, we have MR (Vi) > max(MR ¢, MR ).
For the other inequality we show by induction on « that

MR(¢ V w) > a + 1 implies max(MR ¢, MR ) > o + 1.

Let MR(p V w) > a + 1. Then there is an infinite family of formulas (¢;)
that imply ¢ V ., are pairwise inconsistent and such that MR ¢; > «. By the
induction hypothesis, for each i we have MR (¢; A@) > aor MR (p; Ay) > a.
If the first case holds for infinitely many i, then MR ¢ > a + 1. Otherwise
MRy > a+ 1. !

We call ¢ and y a-equivalent,

P ~a VY,

if their symmetric difference ¢ A w has rank less than «. By our previous
considerations it is clear that a-equivalence is in fact an equivalence relation.

We call a formula ¢ a-strongly minimal if it has rank « and for any formula
w implying ¢ either w or ¢ A —y, has rank less than «, (equivalently, if every
w C ¢ is a-equivalent to @ or to ¢). In particular, ¢ is 0-strongly minimal if
and only if ¢ is realised by a single element and ¢ is 1-strongly minimal if and
only if ¢ is strongly minimal.

3Note that having Morley rank is a nontrivial property of a formula (see Theorem 6.2.7).
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LemMA 6.2.4. Each formula ¢ of rank ow < oo is equivalent to a disjunction
of finitely many pairwise disjoint a-strongly minimal formulas ¢y, ..., o4, the
a-strongly minimal components (or just components) of . The components
are uniquely determined up to a-equivalence.

PROOE. Suppose ¢ is a formula of rank a without such a decomposition.
Then ¢ can be written as the disjoint disjunction of a formula ¢; of rank o and
another formula y of rank a not having such a decomposition. Inductively
there are formulas ¢ = g, @1, ... of rank & and w1, 5. ... so that ¢; is the
disjoint union of ¢;,; and w;,;. But then the rank of ¢ would be greater
than a.

To see the uniqueness of this decomposition, let i be an a-strongly minimal
formula implying ¢ and let ¢, . . ., ¢, be the a-strongly minimal components.
Then w can be decomposed into the formulas y A ¢;, one of which must be
a-equivalent to w. So up to a-equivalence the components of ¢ are exactly
the a-strongly minimal formulas implying ¢. -

DErINITION 6.2.5. For a formula ¢ of Morley rank a < oo, the Morley
degree MD(¢p) is the number of its a-strongly minimal components.

The Morley degree is not defined for inconsistent formulas or formulas not
having Morley rank. The Morley degree of a consistent algebraic formula
is the number of its realisations. Strongly minimal formulas are exactly the
formulas of Morley rank and Morley degree 1. As with strongly minimal
formulas it is easy to see that Morley rank and degree are preserved under
definable bijections.

Defining MD,, () as the Morley degree for formulas ¢ of rank «, as 0 for
formulas of smaller rank and as oo for formulas ¢ of higher rank, we obtain
the following.

LEMMA 6.2.6. If o is the disjoint union of w, and w,, then
MDQ(QD) = MDa(l//l) + MDQ(V/Z)' -

THEOREM 6.2.7. The theory T is totally transcendental if and only if each
formula has Morley rank.

PrOOF. Since there are not arbitrarily large ordinal Morley ranks, each
formula ¢(x) without Morley rank can be decomposed into two disjoint
formulas without Morley rank, yielding a binary tree of consistent formulas
in the free variable x.

For the other direction let (¢, (x) | s € <*2) be a binary tree of consistent
formulas. Then none of the ¢, has Morley rank. Otherwise there is a o, whose
ordinal rank « is minimal and (among the formulas of rank o) of minimal
degree. Then both ¢, and ¢, have rank a and therefore smaller degree than
©, a contradiction. -
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A group is said to have the the descending chain condition (dcc) on definable
subgroups, if there is no infinite properly descending chain Hy D H; D H; D
- of definable subgroups.

REMARK 6.2.8. A totally transcendental group has the descending chain
condition on definable subgroups.

Proor. If H is a definable proper subgroup of a totally transcendental
group G, then either the Morley rank or the Morley degree of H must be
smaller than that of G since any coset of H has the same Morley rank and
degree as H. Therefore the claim follows from the fact that the ordinals are
well-ordered. o

The previous remark is a crucial tool in the theory of totally transcenden-
tal groups. For example, it immediately implies that (Z, +) is not totally
transcendental.

COROLLARY 6.2.9. The theory of separably closed fields of degree of imper-
fection e > 0 is not totally transcendental.

Proor. The subfields K > K? > K” > K? 5 --- form an infinite
definable chain of properly descending (additive) subgroups. In fact we will
see later that the proof shows that that separably closed fields are not even
superstable (see Exercise 8.6.10.) =

DEFINITION 6.2.10. The Morley rank MR (p) of a type p is the minimal rank
of any formula in p. If MR(p) is an ordinal o, then its Morley degree MD(p)
is the minimal degree of a formula of p having rank a. If p = tp(a/A4) we
also write MR (a/A4) and MD(a/A).

Algebraic types have Morley rank 0 and
MD(p) = deg(p).

Strongly minimal types are exactly the types of Morley rank and Morley
degree 1.

Let p € S(A) have Morley rank o and Morley degree d. Then by definition
there is some ¢ € p of rank o and degree d. Clearly, ¢ is uniquely determined
up to a-equivalence since for all y we have MR (¢ A —y) < « if and only if
w € p. Thus, p is uniquely determined by ¢:

p={w(x)|w L(A)-formula, MR(p A —~y) < a}. (6.2)

Obviously, a-equivalent formulas determine the same type (see Lemma 5.7.3).
Thus ¢ € L(A) belongs to a unique type of rank « if and only if ¢ is
a-minimal over 4: i.e., if ¢ has rank « and cannot be decomposed as the
union of two L(A4)-formulas of rank «.
LEMMA 6.2.11. Let ¢ be a consistent L(A)-formula.

1. MR ¢ = max{MR(p) | ¢ € p € S(4)}.
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2. Let MR ¢ = a.. Then
MDg = (MD(p) | ¢ € p € S(4). MR(p) = a).

PROOF. 1: IfMR ¢ = oo, then {p}U{—y | w L(4)-formula, MR y < oo}
is consistent. Any type over 4 containing this set of formulas has rank oco.

If MR ¢ = «, there is a decomposition of ¢ in L(A)-formulas 1, .... .
a-minimal over 4. (Note that k is bounded by MD ¢.) By (6.2), the ¢;
determine types p; of rank .

2: The p; are exactly the types of rank a containing . Furthermore,

MD ¢; = MD(p;). a
COROLLARY 6.2.12. If p € S(A) has Morley rank and A C B, then

MD(p) = (MD(q) | p C ¢ € S(B), MR(p) = MR(q)) 4

COROLLARY 6.2.13. Let p € S(A) have Morley rank and A C B. Then
p € S(A) has at least one and at most MD( p) many extensions to B of the same
rank. -

We will later show that extensions of the same Morley rank are a special
case of the non-forking extensions studied in Chapters 7 and 8. For types with
Morley rank those of the same Morley rank are exactly the non-forking ones.

Caveat: Set-theoretically we defined the Morley rank as a function which
maps each « to a class of formulas. In Bernays—-Gaodel set theory one cannot
in general define functions from ordinals to classes by a recursion scheme. The
more conscientious reader should therefore use a different definition: for each
set A define the relation MR 4(¢) > o using only formulas with parameters
from A4, and put MR ¢ > o if MR 4(¢) > o for some (sufficiently large) A4.
The following exercise shows that if ¢ is defined over an w-saturated model
M, we have MR p = MR, .

EXERCISE 6.2.1. Let ¢ be a formula with parameters in the w-saturated
model M. If MR ¢ > «. show that there is an infinite family of formulas
with parameters in M which each imply ¢, are pairwise inconsistent and have
Morley rank > «.

EXERCISE 6.2.2. Let ¢ be a formula of Morley rank a < oo and o, 1. . ..
an infinite sequence of formulas. Assume that there is a number k such that
the conjunction any k of the y; has Morley rank smaller than «. Then
MR(p A y;) < « for almost all ;.

EXERCISE 6.2.3. Show that a totally transcendental group G has a connected
component, i.e., a smallest definable subgroup G° of finite index. Show also
that any finite normal subgroup of G lies in the centre of G°.
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EXERCISE 6.2.4. If T is totally transcendental, then all types over w-satura-
ted models have Morley degree 1. (We will see in Corollary 8.5.12 that this is
true without assuming w-saturation.)

EXERCISE 6.2.5 (Lachlan). If a type p has Morley rank, then MR(p) <
|T|*. Hence, if T is totally transcendental, we have MR(T') < |T'|*.

EXERCISE 6.2.6. For a topological space X we define recursively on ordinals
X0 = X, Xt := X\ {x | xisolated in X*} and X* := (N, _, X~ if 1 is
a limit ordinal. The Cantor-Bendixson rank of x € X is equal to a if « is
maximal with x € X%,

Show that on S(¢) the Morley rank equals the Cantor-Bendixson rank.
Note that S(€) is not even a class. So, for this exercise we have to ignore
set-theoretic subtleties.

EXERrcISE 6.2.7. Call a function R which associates to every non-empty
definable class an ordinal dimensional if R(p V v) = max(R(p). R(w)). A
function R : S(€) — On is continuous if {p | R(p) > a} is closed for every
a. Show that

R(p) =max{R(p) | ¢ € p}
R(p) =min{R(¢) | ¢ € p}
defines a bijection between dimensional R and continuous functions R.

EXERCISE 6.2.8. If p is a type over acl(4), then p and p | 4 have the same
Morley rank.

6.3. Countable models of N;-categorical theories

Uncountable models of X;-categorical theories are determined up to iso-
morphism by their cardinality. Section 5.8 showed that this cardinality co-
incides with the dimension of a strongly minimal formula. We here extend
this analysis in order to classify also the countable models of N;-categorical
theories and show in Theorem 6.3.7 that for each possible dimension there is
a unique model of the theory.

Throughout this section we fix a countable W\-categorical theory T. For
models M < N of T and ¢(x) € L(M) a strongly minimal formula, we write
dim,, (N/M ) for the ¢-dimension of N over M.

THEOREM 6.3.1. Let T be a countable Ny-categorical theory, M < N be
models of T, A C M and p(x) € L(A) a strongly minimal formula.

1. If by.....b, € @(N) are independent over M and N is prime over M U
{b1,....b,}, then

dimy,(N/M) = n, and
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2. dim, (N) = dim, (M) + dim,, (N/M).
Proor. For ease of notation we assume 4 = (.
1: Letc € o(N). We want to show that c is algebraic over M U{b,....b,}.

Assume the contrary. Then p(x) = tp(c/M U{by.....b,})is strongly minimal
and is axiomatised by

{o(x)}U{-pi(x) |i €T}

where the ¢; range over all algebraic formulas defined over M U {b;....,b,}.
Since (M) is infinite, any finite subset of p(x) is realised by an element of
M . Thus, p(x) is not isolated. But all elements of the prime extension N are
atomic over M U {b,...,b,} by Corollary 5.3.7, a contradiction.

2: This follows from Remark C.1.8, if we can show that a basis of ¢ (V)
over (M) is also a basis of ¢(N) over M. So the proof is complete once we
have established the following lemma. -

LemMA 6.3.2. Let T be w-stable, M < N models of T . p(x) be strongly min-
imal and b; € (N ). If the b; are independent over ¢ (M ), they are independent
over M.

PROOF. Assume that by, ..., b, are algebraically independent over ¢ (M)
but dependent over « € M. Put b = by ...b,. An argument as in the proof
of Theorem 5.5.2 shows that we may assume that M is w-saturated. Let p

be the type of b over M. We choose a sequence 50,51, ... in (M) such
that 521 is an n-tuple of elements algebraically independent over 50 .. .52171

and b2+! realises p | ab’ .. b Let g be the type of a over the set B of
elements of (b"). Since the sequence (b') is indiscernible, every permutation
n of w defines a type n(q) over B. If {i | n(2i) even} # {i | n/(2i) even}, we
have n(q) # n'(q). So there are uncountably many types over B and T is not
w-stable. =

The previous lemma holds for arbitrary theories. This uses the fact that
¢(x) is stable in the sense of Exercise 8.3.5 and that by symmetry there are
few types over parameter sets contained in ¢ (€) (see Definition 8.2.1).

COROLLARY 6.3.3. The dimension
dim(N/M) = dim,(N/M)

of N over M does not depend on : it is the maximal length of an elementary
chain

M=NyZN Z---ZN,=N
between M and N .

ProOE. This follows from the previous theorem since 7" has no Vaughtian
pairs. 4
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For the remainder of this section, we let My denote the prime model of T. We
also fix a strongly minimal formula o(x.ao) € L(My) and put po(x) = tp(ay).

Note that the type po(x) of @y is isolated by Theorem 4.5.2, hence realised
in every model of 7. For any model M and realisation @ of py in M, let
dim,,(, 7 (M) denote the ¢ (x. @)-dimension of M over @. To simplify notation
we assume that @ is some element ag rather than a tuple.

Since M) is w-homogeneous by Corollary 4.5.4, the dimension

my = dimgo(x,a) (M())

does not depend on the realisation a of py in M. We will show in Lemma 6.3.6
that the same is true for any model of T'.

LEMMA 6.3.4. A countable model M is saturated if and only if its o(x.a)-
dimension is w. Hence in this case, the dimension is independent of the realisation
of po(x) in M. In particular, T is R-categorical if and only if my = w.

ProOF. In a saturated model the ¢ (x, @)-dimension is infinite. Since there
exists a unique countable saturated model by Lemmas 5.2.8 and 5.2.9, the first
claim follows. This obviously does not depend on the realisation of p;. The
last sentence now follows from Theorem 5.2.11. o

We need the following observation.

LEMMA 6.3.5. If M is prime over a finite set and my < . then dimy,(, ,) (M)
is finite.

PROOF. Suppose M is prime over the finite set C. Let B bea basis of (M, a)
over M. Since M is the minimal prime extension of MyU B, C is atomic over
My U B. Thus there exists a finite subset By of B such that C is contained in
the prime extension N of My U By. As M is prime over Ca, it suffices to show
that dim,, (V) is finite and this follows by Theorem 6.3.1 from

dimtp(an)(N) =my + |BO| . B

The crucial lemma and promised converse to Corollary 5.8.3 is the following.

LEMMA 6.3.6. The dimension dim, ,) (M ) does not depend on the realisation
aof poin M.

ProoF. The lemma is clear if M is uncountable and also if M is countable
with infinite ¢-dimension by Lemma 6.3.4. Therefore we may assume that M
has finite p-dimension, which implies that m is finite.

For the proof we now introduce the following notion: let ¢; and a, realise
po. Choose a model N of finite ¢-dimension containing a; and a;, which
exists by Lemma 6.3.5, and put

diff(al, az) = dim (N) — dimgo(x.az)(N)'

This definition does not depend on the model N: if N’ < N is prime over
ay, ay, then by Theorem 6.3.1 we have fori = 1,2

dimq;(x.,a,)(N) = dim¢,(x_al_)(N/) + dim(N/N'),

p(x.a)
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SO
diff(al, az) = dlmw(

Clearly we have

)(N/) — dimgo(x‘uz)(N/)'

X.d|

diff (a1, az) = diff(ay, ay) + diff (a2, a3).

This implies that diff (a;. a») only depends on tp(aj, a;). We will show that
diff(a;. a;) = 0 for all realisations of po. This implies that dim,,(, ,,)(M) =
dimy,(y 4,) (M) for all models M which contain a; and a,.

For the proof choose an infinite sequence a;, as, ... with

tp(a;. ai1) = tplar. a)
for all 7.

Now we use the fact that Rj-categorical theories are w-stable, so the type
po has Morley rank and an extension ¢y to {a;,az, ...} of the same rank.
Let b be a realisation of ¢gg. Then, by Corollary 6.2.13, there are at most
MD( py) many different types of the form tp(ba;). So let i < j be such that
tp(ba;) = tp(bay).

Then diff(a;, ) = — diff(b. a;) and

(j — 1) diff (a1, a2) = diff(a;. a;) = diff (a;. b) + diff(b.a;) = 0.
implying diff (a;, a») = 0. 4
Thanks to the previous lemma we obtain a complete account of the models of
an uncountably categorical theory.

THEOREM 6.3.7 (Baldwin—Lachlan). If T is uncountably categorical, then for
any cardinal m > my there is a uniqgue model M of T with dimw(w)(M ) = m.
These models are pairwise non-isomorphic.

PrOOE. If m = my + f, choose M prime over My U {b; | i < S} where
the b; € (€, ag) are independent over My. Uniqueness follows from Corol-
lary 5.8.3 and non-isomorphism from Lemma 6.3.6. -

ExErcIsk 6.3.1. All models of an N;-categorical theory are w-homogene-
ous.

EXERCISE 6.3.2. Let T be strongly minimal and m be the dimension of the
prime model. Show that m is the smallest number 7 such S, 1(T) is infinite.

6.4. Computation of Morley rank

In this section we show that the Morley rank agrees with the dimension of
the pregeometry on strongly minimal sets and give some examples of how to
compute it in w-stable fields. We start with some general computations and
continue to assume that 7 is a countable complete theory with infinite models.
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LemMA 6.4.1. If b is algebraic over aA, we have MR(b/A) < MR (a/A).

PrOOF. Let MR (a/A) = a. We prove MR(b/A) < a by induction on a.
Letd = MD(b/Aa). Choose an L(A)-formula ¢ (x, y) in tp(ab/A) such that
MR (3yp(x,y)) = aand |p(a’,€)| < d for all a’.

We show that the Morley rank of y(y) = 3x¢(x, y) is bounded by «. For
this consider an infinite family y;(€) of disjoint subclasses of y(€) defined
over some extension A’ of 4. Put w;(x) = 3y(p(x.y) A xi(y)). Since any
d + 1 of the y; have empty intersection, some ,(x) has Morley rank f < a.
Let b’ be any realisation of y;(y). Choose a’ such that = ¢ (a’,b’). Then b’
is algebraic over a’A and since a’ realises y; (x), we have MR (a’/A4’) < f. So
by induction we conclude MR(b/A") < B, which shows MR y; < . So y
does not contain an infinite family of disjoint formulas of Morley rank greater
orequal toa. So MR y < a. -

THEOREM 6.4.2. Let o(x) be a strongly minimal formula defined over B and
ai, ..., a, a sequence of realisations. Then

MR(ai,....a,/B) = dimy(ay.....a,/B).

PrROOF. By the lemma we may assume that ai,...,a, are independent
over B. Let ay,...,a, realise the L(B)-formula w(xi,....x,). By induc-
tion we have MR (a1, ay. ..., a,/Ba;) = n — 1. So the formula

Ta (X) = w(x1, ... x0) AX1 = ay

has rank at least » — 1. The infinitely many conjugates of y, over B are
disjoint and have rank n — 1 as well. This shows that MR w > n.

Let B’ D B be an extension of B. By Corollary 5.7.7 there is only one type
p € S,(B’) which is realised by an B’-independent sequence of elements of
©(€). So by induction, there is only one n-type of elements of ¢(€) of rank

> n. This implies that ¢ (x;) A - - A ¢(x,) has rank n. -
COROLLARY 6.4.3. Let o (x) be a strongly minimal formula and w(xy, . ... x,)

be defined over B such that y implies @ (x;) for all i. Then
MR y = max{dim,(a/B) | € = y(a)}. =

On strongly minimal sets, Morley rank is definable.

COROLLARY 6.4.4. For any strongly minimal formula ¢(x) and any formula
w(x1....,x,.7) which implies o(x;) for all i, we have that

{b| MR y(xy.....x,.b) =k}

is a definable class for every k.

Proor. We show that MR w(x;....,x,.b) > kisanelementary property of
b by induction on n. The case n = 1 follows from the fact that MR (x|, b) >
1 is equivalent to 3%°x w (x1,b). This is an elementary property of b since ¢
is strongly minimal (see the discussion on page 82). For the induction step
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we conclude from Corollary 6.4.3 that MR w(x;...., x,.b) > k if and only if
one of the following is true:

e there is an a; such that MR w(ay, x, . .., x,gb) >k,
e there is an a; which is is not algebraic over b such that

MR y(ai.x3.....x,.0) > k — 1.
The first part is an elementary property of b by induction. For the second part
note that by induction MR (a1, x5.....x,.b) > k — 1 can be expressed by

a formula 6(a;.b). The second condition is then equivalent to 3°x,6(x;.b).
_|

For algebraically closed fields, these considerations translate into the fol-
lowing statement.

COROLLARY 6.4.5. Let K be a subfield of a model of ACF , and let a be a tuple
of elements. Then the Morley rank of a over K equals the transcendence degree
of K(a) over K. 4

Note that by quantifier elimination definable sets in algebraically closed
fields are exactly the constructible sets in algebraic geometry. The previous
corollary expresses the important fact that for a definable set in an algebraically
closed field the Morley rank equals the dimension of its Zariski closure in the
sense of algebraic geometry (see e.g.. [51]).

We now turn to the theory of differentially closed fields of characteristic 0,
DCF,.

Let K C F be an extension of differential fields and ¢ an element of F.
The dimension of a over K is defined as the transcendence degree of K {a}
over K. There is a unique quantifier-free type over K of infinite dimension.

REMARK 6.4.6. If the dimension of a over K equals #, then the type of a
over K is determined by the d-minimal polynomial f of a over K: so f is
irreducible in K[xy....,x,]and f(a.....d"a) = 0 (see Remark B.3.7). -

COROLLARY 6.4.7. DCFq is w-stable. For a differential field K and elements
a we have

MR (a/K) < dim(a/K).
If a has infinite dimension, then the type of a over K has Morley rank «.

Proor. There are at most |K| many d-minimal polynomials over K, so at
most | K| many 1-types. Thus, DCFy is w-stable.

We may assume that K is Nj-saturated (otherwise we take a extension
of tp(a/K) to an Nj-saturated field with the same Morley rank. Then the
Morley rank stays the same and the dimension does not increase.) We show
MR (a/K) < dim(a/K) by induction on dim(a/K). If dim(a/K) = 0, then a
is algebraic over K and the Morley rank is 0. Let dim(a/K) = n and let f be
the minimal polynomial of @ over K. Apart from tp(a/K), all other types over
K containing f(x....,d"x) = 0 have dimension, and hence Morley rank. less
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than n. Since K is sufficiently saturated, this implies that the Morley rank of
tp(a/K) is at most n.

By the next remark there are types of rank n for every n. This implies that
there must be 1-types of rank > . Since there is only one type p., of infinite
dimension, it follows* that Poo has rank w. =

LemMA 6.4.8. If a.....d" 'a are algebraically independent over K and
d"a € K, then MR (a/K) = n.

Proor. We prove this by induction on n. Consider the formula ¢(x) =
(d"(x) = d"(a)). If the claim is true for n — 1, all formulas ¢;(x) =
(d"~'(x) = b) have rank n — 1. For all constants ¢ the @ u-1(,),.(x) are
contained in ¢ (x). So ¢(x) has rank n. All a’ which realise ¢ (x) have either
dimension at most n — 1 or have the same type as a over K. This shows that
a has Morley rank n over K. -

Dimension in pregeometries is additive, i.e., we have dim(ab/ B) =
dim(a/B) + dim(b/aB). This translates into additivity of Morley rank for
elements in the algebraic closure of strongly minimal sets.

PROPOSITION 6.4.9. Let ¢ be a strongly minimal formula defined over B and
a, b algebraic over ¢(€) U B. Then MR (ab/B) = MR (a/B) + MR (b/aB).

ProOOF. Assume B = () for notational simplicity. Then « is algebraic over
some finite set of elements of (€). We can split this set into a sequence f
of elements which are independent over a and a tuple @ which is algebraic
over fa. By taking non-forking extensions if necessary (see Corollary 6.2.13
and the discussion thereafter), we may assume that f is independent from ab.
Now @ and « are interalgebraic over f. In the same way we find tuples g and
b in (€) such F = fg is independent from ab and b is interalgebraic with b
over aF. The claim now follows from

MR(ab) = MR (ab/F)
= MR(ab/F) = MR(a/F) + MR (b/aF)
=MR(a/F) +MR(b/aF) = MR(a) + MR(b/a). 4
In fact, Exercise 6.4.6 shows that if F is any infinite B-independent subset

F of (€) then every element of acl(¢(€) U B) is interalgebraic over FB with
a tuple in (€).

ExERcISE 6.4.1. Let T be strongly minimal. Show that a finite tuple a is
geometrically independent from B over C (in the sense of a pregeometry, see
page 208 and Exercise C.1.1) if and only if MR (a/BC) = MR (a/C).

EXERCISE 6.4.2. Let be w a formula without parameters. Assume that
is almost strongly minimal, i.e., that there is a strongly minimal formula ¢
defined over some set B such that all elements of w(€) are algebraic over

4This is immediate if K is w-saturated, see Exercise 6.2.1.
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©(€) U B. Then for all a,b in y(€) and any set C we have MR (ab/C) =
MR(a/C) +MR(b/aC).

The following exercise shows that for arbitrary totally transcendental theo-
ries the Morley rank need not be additive.

ExXErCISE 6.4.3. Consider the following theory in a two-sorted language
having sorts 4 and B and a function f: B — A. Assume that sort 4 is
split into infinitely many infinite predicates 4y, A5, ... such that any ¢ € A4,
has exactly n preimages under f. Let a be a generic element of A4, i.e., an
element such that MR (a) is maximal, and choose f(b) = a. Show that
MR (ab) = MR(a) =2, MR(b/a) = 1.

EXERCISE 6.4.4. Let / : B — A be a definable map. Prove the following:

1. If 1 is surjective, then MR(A) < MR(B).

2. If f has finite fibres, then MR(B) < MR (A).

3. Let A have Morley rank o. Calla fibre ~!(a) genericif MR(a/C) = «
where C is a set of parameters over which A, B and f are defined. Now
assume that the rank of all fibres is bounded by > 0 and the rank of
the generic fibres is bounded by Seen. Prove’

MR(B> < ﬁ Co ﬁgen'

(Hint: Use induction on fn and a. The slightly weaker inequality MR(B) <
B - (o + 1) is due to Shelah ([54]. Thm. V 7.8) and Erimbetov [18].)

EXERCISE 6.4.5. A theory has the definable multiplicity property if for all
@(x,y), n and k the class {b | MRp(x,b) = n, MDp(x.b) = k} is
definable. Find an example of a theory 7" which has definable Morley rank
but not the definable multiplicity property.

EXERCISE 6.4.6. Let ¢ be a strongly minimal formula without parameters
and F an infinite independent subset of ¢ (€). Then every element of acl ¢ (¢)
is interalgebraic over F with a tuple in ¢(¢).

SWe use here ordinal addition and multiplication: o + f is the order type of a followed by f
and f - « is the order type of the lexicographical ordering of & x f.






Chapter 7

SIMPLE THEORIES

So far, we have mainly studied totally transcendental theories, a small subclass
of the class of stable theories, indeed the most stable ones. Before we turn to
stable theories in general, we consider simple (but possibly unstable) theories,
a generalisation which, after their first introduction by Shelah [56]. gained new
attention following the fundamental work of Kim and Pillay [34]. Interest in
simple theories increased with Hrushovski’s results on pseudo-finite fields,
see [29]. The presentation given here owes much to Casanovas, see [14].

7.1. Dividing and forking

We will characterise simple theories by the existence of a well-behaved no-
tion of independence, a relation on types satisfying certain properties. To this
end we here define forking and dividing. In the context of totally transcenden-
tal theories, these concepts correspond to type extensions of smaller Morley
rank. Throughout this section, we work in a countable complete theory T with
infinite models.

We begin with a reformulation of the Standard Lemma 5.1.3 on indis-
cernibles.

LemMa 7.1.1 (The Standard Lemma). Let A be a set of parameters, I an
infinite sequence of tuples and J a linear order. Then there is a sequence of
indiscernibles over A of order type J realizing EM(Z/A). -

DEFINITION 7.1.2. We say ¢(x, b) divides over A (with respect to k) if there
is a sequence (b;);., of realisations of tp(h/A4) such that (¢(x.b;))i<e is k-
inconsistent.! A set of formulas 7(x) divides over 4 if 7(x) implies some
@(x, b) which divides over A. There is no harm in allowing ¢ (x, y) to contain
parameters from A.

If ¢ (x, a) implies w(x. a’) and w(x, a’) divides over 4, then ¢ (x, a) divides
over A. Thus ¢ divides over 4 if and only if {¢} divides over 4. Also a set

LA family (¢; (x)) e is k-inconsistent if for every k-element subset K of I theset {¢; | i € K}
is inconsistent.

109
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7 divides over A if and only if a conjunction of formulas from z divides over
A. Note that it makes sense to say that 7(x) divides over 4 for X an infinite
sequence of variables as we may use dummy variables without changing the
meaning of dividing.

ExaMPLE. In the theory DLO, the formula b; < x < b, divides over the
empty set (for k = 2). The type p = {x > a | a € Q} does not divide over
the empty set for any k.

The following is easy to see.

REMARK 7.1.3. 1. Ifa & acl(A4), then tp(a/Aa) divides over 4.
2. If z(x) is consistent and defined over acl(A4), then n(x) does not divide
over A.

LEMMA 7.1.4. The set n(x.b) divides over A if and only if there is a sequence
(bi)i<w of indiscernibles over A with tp(bo/A) = tp(b/A) and \J._, n(x.b;)
inconsistent.

i<ow

We may replace w by any infinite linear order. Note also that » may be a
tuple of infinite length.

PrOOE. If (b;)i<e is @ sequence of indiscernibles over A with tp(by/4) =
tp(b/A4) and |J,_,, n(x. b;) inconsistent there is a conjunction ¢(x. b) of for-
mulas from 7(x, b) for which (x) = {¢(x.b;) | i < w} is inconsistent. So X
contains some k-element inconsistent subset. This implies that (¢ (x. 5;))i<e
is k-inconsistent.

Assume conversely that z(x, b) divides over 4. Then some finite conjunc-
tion ¢(x, b) of formulas from 7n(x, b) divides. Let (b;);<,, be a sequence of
realisations of tp(h/A4) such that (p(x,b;) | i < w) is k-inconsistent. We
may assume by Lemma 7.1.1 that (b;);,, is indiscernible over 4. Clearly,
U<, 7(x. b;) is inconsistent. =

COROLLARY 7.1.5. The following are equivalent:

1. tp(a/Ab) does not divide over A.

2. For any infinite sequence of A-indiscernibles T containing b, there exists
some a’ with tp(a’/Ab) = tp(a/Ab) and such that T is indiscernible over
Aa’.

3. For any infinite sequence of A-indiscernibles T containing b, there exists
T’ with tp(Z'/Ab) = tp(Z/Ab) and such that T' is indiscernible over Aa.

PROOF. 2) < 3): this is clear by considering appropriate automorphisms.
It is also easy to see that the conclusion of 2) and 3) is equivalent to:
(%) There exist a' and T' with tp(a’/Ab) = tp(a/Ab) and tp(Z'/Ab) =
tp(Z/Ab) such that T' is indiscernible over Aa’.

1) = (x): Let Z = (b;);c; be an infinite sequence of indiscernibles with
bi, = b. Let p(x.y) = tp(ab/4). Then |J;.; p(x.b;) is consistent by
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Lemma 7.1.4. Let a’ be a realisation. By Lemma 7.1.1, there is Z"” = (b!');¢s
indiscernible over 4a’ and realising EM(Z/Aa’). Since |= p(a’.b}!). there is
an automorphism a € Aut(¢/A4a’) taking b}/ to b. Put 7' = a(Z").

2) = 1): Let p(x,y) = tp(ab/A) and let (b;);<,, be a sequence of indis-
cernibles over A with tp(by/A4) = tp(b/A). We have to show that | J,_,, p(x.b;)
isconsistent. By assumption thereisa’ withtp(a’/4b) = tp(a/Ab) such thatZ
isindiscernible over Aa’. As|= p(a’.b). a’ isarealisation of J,_, p(x.b;). -

The next proposition states a transitivity property of dividing. See Corol-
lary 7.2.17. its proof and Exercise 7.2.5.

PROPOSITION 7.1.6. If tp(a/B) does not divide over A C B and tp(c/Ba)
does not divide over Aa, then tp(ac/B) does not divide over A.

PROOF. Let b € B be a finite tuple and Z an infinite sequence of A-
indiscernibles containing 5. If tp(a/B) does not divide over 4, there is some Z’
with tp(Z'/A4b) = tp(Z, Ab) and indiscernible over Aa. If tp(c¢/Ba) does not
divide over Aa, there is 7" with tp(Z” /Aab) = tp(Z'/Aab) and indiscernible
over Aac proving the claim. o

DEFINITION 7.1.7. The set of formulas n(x) forks over A4 if z(x) implies a
disjunction \/,_, ¢ (x) of formulas ¢, (x) each dividing over 4.

Thus, if 7(x) divides over A, it forks over 4. The converse need not be
true in general (see Exercise 7.1.6). By definition (and compactness). we
immediately see the following.

REeMARK 7.1.8 (Non-forking is closed). If p € S(B) forks over A, there is
some ¢(x) € p such that any type in S(B) containing ¢ (x) forks over 4.

CoROLLARY 7.1.9 (Finite character). If p € S(B) forks over A, there is a
finite subset By C B such that p | ABy forks over A. -

Lemma 7.1.10. If = is finitely satisfiable in A, then m does not fork over A.

Proor. If 7(x) implies the disjunction \/,_, ¢¢(x.b). then some ¢, has a
realisation ¢ in 4. If the b;, i < w, realise tp(b/A), then {p,(x.b;) | i < w} is
realised by a. So ¢y does not divide over 4. -

LeMMA 7.1.11. Let A C B and let & be a partial type over B. If & does not
fork over A, it can be extended to some p € S(B) which does not fork over A.

PrOOF. Let p(x) be a maximal set of L(B)-formulas containing 7z(x) which
does not fork over 4. Clearly, p is consistent. Let p(x) € L(B). If neither ¢
nor —¢ belongs to p, then both pU{p} and p U {—p} fork over 4, and hence
p forks over A. Thus p is complete. -

Exercist 7.1.1. If Z is an infinite sequence of indiscernibles over A4, then
there is a model M extending 4 over which Z is still indiscernible.
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ExERCISE 7.1.2. 1. Let o(x) be a formula over A with Morley rank and
let w(x) define a subclass of ¢(€). If w forks over A, it has smaller
Morley rank than ¢.

2. Let p be a type with Morley rank and ¢ an extension of p. If ¢ forks
over A, it has smaller Morley rank than p.

We will see in Exercise 8.5.5 that in both statements the converse is also

true.

Exercise 7.1.3. Let p be a type over themodel M and 4 C M. Assume that
M is |A|"-saturated. Show that p forks over A4 if and only if p divides over 4.

EXERCISE 7.1.4. A global type which is A-invariant, i.e., invariant under all
a € Aut(€/A4), does not fork over A.

EXERCISE 7.1.5. Let M be a k-saturated and strongly k-homogeneous mo-
del. If p € S(M) forks over a subset A of cardinality smaller than &, then p
has x many conjugates under Aut(M/A4).

ExXErCIsE 7.1.6. Define the cyclical order on Q by
cycla,b.c) & (a<b<c)vVib<c<a)V(c<a<b).
Show:

1. (Q.cyc) has quantifier elimination.

2. For a # b, cyc(a, x, b) divides over the empty set.

3. The unique type over the empty set forks (but of course does not divide)
over the empty set.

Exercist 7.1.7. Iftp(a/Ab) does not divide over 4 and ¢ (x, b) divides over
A with respect to k., then ¢ (x, b) divides over Aa with respect to k.

7.2. Simplicity

In this section, we define simple theories and the notion of forking indepen-
dence whose properties characterise such theories. By the absence of binary
trees of consistent formulas, totally transcendental theories are simple. We
will see in the next chapter that in fact all stable theories are simple. Recall that
by our convention (see page 89), variables x and y may belong to different
sorts representing n, and n,-tuples of elements, respectively. We continue to
denote by T a countable complete theory with infinite models.

DEerFINITION 7.2.1. 1. A formula ¢(x, y) has the tree property (with re-
spect to k) if there is a tree of parameters (a, | ) # s € <“w) such that:
a) Foralls € <®w, (p(x,ay) | i < w) is k-inconsistent.
b) Forallg € “w, {p(x,a;) |0 # s C o} is consistent.

2. Atheory T is simpleif there is no formula o (x, y) with the tree property.
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Clearly, for the notion of simplicity, it suffices to consider formulas ¢(x, y)
without parameters.

REmMARK 7.2.2. Tt is not hard to see that in totally transcendental theories
no formula has the tree property. This is immediate for £k = 2. The general
case follows from Exercise 6.2.2.

DEFINITION 7.2.3. Let A be a finite set of formulas ¢(x, y) without param-
eters. A A—k-dividing sequence over A is a sequence (p;(x,a;) | i < J) such
that:

Logi(x.y) € A

2. i(x. a;) divides over A U {a; | j < i} with respect to k:

3. {pi(x.a;) | i <} is consistent.

Lemma 7.2.4. 1. If @ has the tree property with respect to k, then for every
A and u there exists a p—k-dividing sequence over A of length u.

2. If no ¢ € A has the tree property with respect to k. there is no infinite
A—k-dividing sequence over ().

PrOOF. 1): Note first that we may assume that g is a limit ordinal. A
compactness argument shows that for every u and & there is a tree (a; | 0 #
s € ““g) such that all families (¢ (x, ay;) | i < k) are k-inconsistent and for all
o€’k {o(x.a;) | 0 #s C o} is consistent. If s is bigger than 2max(IT|4l.4),
we recursively construct a path ¢ such that for all s € o, infinitely many ay;
have the same type over A U {a, | t < s}. Now (p(x,api11) | i < u)isa
p—k-dividing sequence over A.

2): Suppose there is an infinite A-k-dividing sequence over (). If ¢ appears
infinitely many times in this sequence, there is an infinite ¢—k-dividing se-
quence (¢(x,a;) | i < ®). For each i we choose a sequence (a” | n < w) with
tp(al’/{a; | j < i}) = tpla;/{a; | j < i}) such that (p(x.a]') | n < ©) is
k-inconsistent. Then we find parameters b, showing that ¢ has the tree prop-

erty with respect to k as follows: assume s € "' and b = (bst1s. .. bgpi)
have been defined such that tp(ay.....a;—;) = tp(b). Choose a € Aut(€)
with a(ay. . ...a;—,) = b and put by :a(al‘-"m). 4

It is easy to see that in simple theories for every finite set A and all k there
exists a finite bound on the possible lengths of A—k-dividing sequences.
PropoSITION 7.2.5. Let T be a complete theory. The following are equivalent.
a) T is simple.
b) (Local Character) For all p € S,(B) there is some A C B with |A| < |T|
such that p does not divide over A.
c) There is some K such that for all models M and p € S, (M) there is some
A C M with |A| < & such that p does not divide over A.
PROOF. a) = b): If b) does not hold, there is a sequence (¢;(x.b;) | i <
|T|") of formulas from p(x) such that every ¢; (x. b;) divides over {b; | j < i}
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with respect to k;. There is an infinite subsequence for which all ¢; (x, y) equal
o(x,y) and all k; = k yielding a p—k-dividing sequence.

b) = c¢): Clear.

c) = a): If ¢ has the tree property, there are p—k-dividing sequences
(p(x,b;) | i < k). Itis easy to construct an ascending sequence of models
M;. (i < k™) suchthath; € M, for j < iand ¢(x. b;) divides over M;. Extend
the set of ¢(x. b;) to some type p(x) € S(M) where M = |J,_,.. M;. Then p
divides over each M;. =

COROLLARY 7.2.6. Let T be simple and p € S(A). Then p does not fork
over A.

PROOFE. Suppose p forks over 4. so p implies some disjunction \/,_, ¢;(x. b)
of formulas all of which divide over 4 with respect to k. Put A = {¢;(x, ) |
l<d}.

We will show by induction that for all n there is a A—k-dividing sequence
over A of length n. This contradicts the remark after Lemma 7.2.4. We will
assume also that the dividing sequence is consistent with p(x).

Suppose that (y;(x, a;) | i < n) is a A~k-dividing sequence over A4, consis-
tent with p(x). By Exercise 7.2.4 we can replace b with a conjugate b’ over 4
such that (w;(x.a;) | i < n) is a dividing sequence over 4b’. Now one of the
formulas ; (x,b’), say @o(x, b’), is consistent with p(x) U {y;(x.a;) | i < n}.
So wo(x.b’), wo(x.ap).....wn_1(x.a,_1) is a A~k-dividing sequence over A4
and consistent with p(x). -
Let p be a type over 4 and ¢ an extension of p. We call p a forking extension
if ¢ forks over 4.

CoRrOLLARY 7.2.7 (Existence). If T is simple. every type over A has a non-
forking extension to any B containing A.

Proor. This follows from Corollary 7.2.6 and Lemma 7.1.11. -

DErINITION 7.2.8. The set A4 is independent from B over C, written
A | B
C

if for every finite tuple @ from 4, the type tp(a/BC) does not fork over C.
If C is empty, we may omit it and write 4 | B.

This definition makes sense since forking of tp(a/BC) does not depend
on the enumeration of @ and since tp(a/BC) forks over C if the type of a
subsequence of @ forks over C. So this is the same as saying that tp(4/BC)
does not fork over C.

DEFINITION 7.2.9. Let I be a linear order. A sequence (a;);¢; is called

1. independent over Aifa; | {a;|j<i} foralli:
2. a Morley sequence over A if it is independent and indiscernible over A4;
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3. a Morley sequence in p(x) over A if it is a Morley sequence over A4
consisting of realisations of p.

ExampPLE 7.2.10. Let ¢ be a global type invariant over 4. Then any se-
quence (b;);c; where each b; realises ¢ | AU{b; | j < i} isa Morley sequence
over A.

ProoF. Let us call such sequences good. Clearly a subsequence of a good
sequence is good again. So for indiscernibility it suffices to show that all finite
good sequences by . . . b, and b, . . . b, have the same type over 4. Indeed, using
induction, we may assume that by ...b,_; and b]...b, _, have the same type
and so a(by...b,_1) =bj...b,_, for some o € Aut(€/A4). Then

Oz(tp(bn/Abo...bnfl)) = a(q [Abo...bnfl) =dq [Ab(/) ,/,71
= tp(b, /Aby ... b,_y).

*Yn—1
which proves our claim. Independence follows from Exercise 7.1.4. -

We call such a sequence (b;);c; a Morley sequence of q over A. Note that
our proof shows that the type of a Morley sequence of ¢ over A4 is uniquely
determined by its order type.

LemMma 7.2.11. If (a;)ier is independent over A and J < K are subsets of I,
then tp((ax )kex /A{a; | j € J}) does not divide over A.

ProoF. We may assume that K is finite. The claim now follows from
Proposition 7.1.6 by induction on |K]|. 4

LemMA 7.2.12 (Shelah). For all A there is some A such that for any linear
order I of cardinality / and any family (a;);c; there exists an A-indiscernible
sequence (b;) <, such that for all j, < --- < j, < o there is a sequence
i <o <iyinlwithtpla; ...a;/A) =tp(b; ...b; [A).

ProoF. We only need that / satisfies the following. Let t = sup,,_,, | S,(4)|.

1. cf(A) >t
2. Forall k < A and all n < w there is some ' < 4 with &' — (k)" (see
Definition C.3.1).

By Erdés-Rado (see Theorem C.3.2) we may take A = J,+.

We now construct a sequence of types pi(x;) C par(x1.x2) C --- with
pn € Su(A) such that for all K < / there is some I’ C I with |I’| = k such
that tp(a;, ...a;,) = p, foralliy < --- < i, from I'.

Then we can choose the (b; )<, as a realisation of | J,_,, pi.

If p,—1 has been constructed and we are given k < 4, we choose k' < 4
with s — (k)" and some I’ C [ with |I'| = &’ such that tp(a;, ... a;,_,/A) =
pu—y forall iy < -+ < i,_; from I’. Thus there are I”” C I’ and p? with
tp(aj, ...a;) = pf forall ij < --- < i, from I"”. Since cf(1) > 7, there is
some p, with p¥ = p, for cofinally many «. -
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The existence of a Ramsey cardinal k > 7 (see p. 210) would directly
imply that any sequence of order type x contains a countable indiscernible
subsequence (in fact even an indiscernible subsequence of size & ).

LemMA 7.2.13. If p € S(B) does not fork over A, there is an infinite Morley
sequence in p over A which is indiscernible over B. In particular, if T is simple,
for every p € S(A), there is an infinite Morley sequence in p over A.

PrROOF. Let ag be a realisation of p. By Lemma 7.1.11 there is a non-forking
extension p’ of p to Bay. Let a; be a realisation of p’. Continuing in this
way we obtain a sequence (a;);<; with a; | B (aj)j<; for arbitrary 1. By
Lemma 7.2.12 we obtain a sequence of length @ with the same property and
indiscernible over B. The last sentence is immediate by Corollary 7.2.6. -

PROPOSITION 7.2.14. Let T be simple and n(x, y) be a partial type over A.
Let (b;)i<c, be an infinite Morley sequence over A and | J;_,, n(x. b;) consistent.
Then nt(x, by) does not divide over A.

ProoF. By Lemma 7.1.1, for every linear order / there is a Morley se-
quence (b;);es intp(by/A) over A such that X(x) = |J;; n(x. b;) is consistent.
Choose I having the inverse order type of |T|". Let ¢ be a realisation of X.
By Proposition 7.2.5(b) there is some iy such that tp(c/4 U {b; | i € I}) does
not divide over 4 U {b; | i > ip}. This implies that tp(c/4 U {b; | i > ip})
does not divide over AU{b; | i > iy}. By Lemma 7.2.11, tp((b; | i > iy)/Ab;,)
does not divide over A. Hence tp(c (b; | i > iy)/Ab;,) does not divide over A
by Proposition 7.1.6. This implies that 7(x, b;,) does not divide over 4. -

PropoSITION 7.2.15. Let T be simple. Then n(x, b) divides over A if and only
if it forks over A.

PrOOF. By definition, if 7(x.b) divides over A4, it forks over A. For the
converse assume 7(x, b) does not divide over 4. Soif w(x.b) =\/,_, p:1(x.b)
is implied by n(x,b), it does not divide over 4. Let (b;);«, be a Morley
sequence in tp(b/A) over A, which exists since T is simple. So {w(x.b;) |
i € w} is consistent. By the pigeon-hole principle there must be some /
and some infinite / C w such that {¢;(x.b;) | i € I} is consistent. By
Proposition 7.2.14, ¢;(x, b) does not divide over 4. Hence n(x, b) does not
fork over A. B

PROPOSITION 7.2.16 (Symmetry). In simple theories, independence is sym-
metric.

PROOF. Assume 4 | . Band consider finite tuplesa € Aand b € B. Since
a | .b.Lemma7.2.13 gives an infinite Morley sequence (@i)i<ew in tp(a/Ch)
over C., indiscernible over Ch. Let p(x.y) = tp(ab/C). Then J,_, p(ai.y)
is consistent because it is realised by b. Thus, by Proposition 7.2.14, p(a. y)
does not divide over C. This proves b | . a. Since this holds for all a € 4.
b € B.itfollows B | .A by Finite Character. —
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COROLLARY 7.2.17 (Monotonicity and Transitivity). Let T be simple, B C
C C D. Thenwehave A | , D ifandonlyif A | ,Cand A | .D.

PrOOF. One direction of this equivalence, Monotonicity, holds for arbitrary
theories and follows easily from the definition. For Transitivity, the other
direction, note that by Proposition 7.2.15 we may read Proposition 7.1.6 after
replacing finite tuples by infinite ones as

A" BandC | B = (A" | B
A A4’ A

Swapping the left and the right hand sides, this is exactly the transitivity.
Hence the claim follows from Proposition 7.2.16. —

COROLLARY 7.2.18. That (a;);cy is independent over A does not depend on
the ordering of 1.

PROOF. Let i be an element of 7 and J, K two subsets such that J < i < K.
Write a; = {a; | j € J} and ax = {ax | k € K}. We have to show that
a; J/A ajax. Now by Lemma 7.2.11 we have ag \LA aya;. Monotonicity
yields ax | da, and by Symmetry we have ¢; | da, 9K The claim follows

now froma; | N and Transitivity. =

So we can define a family (a; | i € I) to be independent over A if it is
independent for some ordering of I. Clearly (a;);¢; is independent over A4 if
andonlyifa; | {a;|j# i} foralli. One callsa set B independent over 4
if b J/A(B \ {b}) forall b € B.

The following lemma is a generalisation of Proposition 7.2.14.

LEmMMA 7.2.19. Let T be simple and T be an infinite Morley sequence over A.
If T is indiscernible over Ac, then ¢ \LA 7.

ProoF. We may assume Z = (a;)i<,. Consider any o(x,aq.....d,_1)
€ tp(¢/AZ). Put b; = (aui,...,aniin—1). Then by Lemma 7.2.11 (b;)i<, is
again a Morley sequence over 4 and {o(x.b;) | i € w} is consistent since
realised by c. We see from Proposition 7.2.14 that ¢ (x, ao. . . ., @,—1) does not
fork over A. -

Exercise 7.2.1. If T is simple, there does not exist an ascending chain
(Pa)acr|+ of forking extensions. Hence, there do not exist an 4-independent
sequence (by)qc|r|+ and a finite tuple ¢ such that b, [ ¢ foralla.

ExeRrCISE 7.2.2 (Diamond Lemma). Assume T to be simple and p € S(A4).
Let ¢ be a non-forking extension of p and r any extension of p. Then there is
an A-conjugate r’ of r with a non-forking extension s which also extends ¢.
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We can choose 1’ in such a way that the domains of ' and ¢ are independent
over A.

ExeRrcisE 7.2.3. If T is simple and (a;);¢; is an A-independent sequence,
then

ay \J/ day
Aaxny
forall X, Y C I whereay = {a; | i € X}.

EXERCISE 7.2.4. If (x,b) divides over 4 and A C B, there is some A-
conjugate B’ of B such that ¢(x, b) divides over B’.

EXERCISE 7.2.5. If T is simple, then
ab | B<=a | B and b | B.
A A

Aa
EXERCISE 7.2.6. Assume that 7" simple and b;...5, | p C. Then the se-

quence by, ..., b, is independent over A if and only if it is independent over
AC.

Exercise 7.2.7. If T is simple and Aa | , C. thena € acl(ABC) implies
a € acl(AB).

EXERCISE 7.2.8. Use Proposition 7.1.6 to show that T is simple if no formula
©(x, y) for a single variable x has the tree property or, equivalently, if every
1-type does not divide over a set of cardinality at most |T'|.

7.3. The independence theorem

The core of this section is the characterisation of simple theories in terms
of a suitable notion of independence. This is due to Kim and Pillay and
will be applied to pseudo-finite fields in Section 7.5. We will later specialise
this characterisation to stable theories. Unless explicitly stated otherwise, we
assume throughout this section that T is a simple theory.

DEerINITION 7.3.1. For any set A we write nc4(a, b) if @ and b start an infinite
sequence of indiscernibles over 4.
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A formula 6(x, y) is called thick if there are no infinite antichains, i.e.,
sequences (¢;)i<, Where =0(c;.¢;) for all i < j < w. By compactness this
says that there is a bound & < @ on the length of finite antichains. See
Exercise 7.3.2 for an explanation of the terminology.

LemMa 7.3.2. (T arbitrary.) For any set A and n-tuples a, b the following
are equivalent:

a) ncy(a.b).
b) = 0(a.b) for all thick 6(x, y) defined over A.
In particular, nc4 is type-definable.

ProOF. Let p(x,y) = tp(ab/4). By 5.1.3, a) and b) start an infinite
sequence of indiscernibles if and only if there is a sequence (¢;);<, With |
plci.cj) fori < jifand onlyif forall ¢ € p the complement of (&) contains
arbitrarily long antichains, and so

¥ w(a,b) = wisnot thick. 4

COROLLARY 7.3.3. (T arbitrary.) If a and b have the same type over a model
M . there is some ¢ such that ncys(a, ¢) and ncys(c, b).

PrOOF. We have to show = 3z(¢(a, z) A ¢(z,b)) for every thick formula
@(x.y) € L(M). We may assume that ¢ is symmetric.”> Since M is a model.
there is a maximal antichain ay, . .., a;_ of ¢ in M. Thus for some i we have
E o(a, a;) and hence = (b, a;). -
In Exercise 8.1.2 below we give a different proof of the corollary, independent
of Lemma 7.3.2.

LEMMA 7.3.4. (T arbitrary.) Let (b;)i<., be indiscernible over A and (b;)1<i<e
indiscernible over Aagby. Then there is some ay such that nc4(aghy, aiby).

PrOOF. Choose a; with tp(a;b;bi41.../A) = tp(aobob: ... /A). Let ajby.
ajby, ... beasequence of indiscernibles realizing the EM-type of agby. a1 b;. . ..
over A. Since (b;)1<i<c is indiscernible over Aagby, we have

tp(aj,.bi. bi,.....b;, [A) = tp(a.bo.by.....by/A)
forall iy < -++ < i,. Sotp(af.bo.bi..../A) = tplag.bo.by..../A) and we
may assume that agbg, a1 by, ... is indiscernible over 4. —
Lemma 7.3.5. Let T be indiscernible over A and J an infinite initial segment

without last element. Then T \ J is a Morley sequence over AJ .
PrOOF. Let Z = (a;)ier and J = (a;);cs. It suffices to show a; \LAJ axy
forall i € I\ J and all finite X C I with X < i. But this follows from
Lemma 7.1.10 as tp(ay /A J a;) is finitely satisfiable in 4.7 -

PrOPOSITION 7.3.6. If @(x.a) does not fork over A and nc4(a.b), then
o(x,a) A p(x,b) does not fork over A.

2Thatis, = Vx, y (0(x.y) = 0(y. x)).
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PrOOF. Let 7 be an infinite sequence of indiscernibles over 4 containing a
and b. We extend Z by an infinite initial segment 7 without last element. Let
¢ be a realisation of ¢ (x, @) independent from Ja over A. By Corollary 7.1.5
we may assume Z to be indiscernible over 4.7 c.

It follows from Lemma 7.3.5 that Z is a Morley sequence over A.7. So
by Lemma 7.2.19 we have ¢ | | JI . Transitivity now implies ¢ | JZ and
hence the claim. -

LeMMA 7.3.7. Let ncy(b.b') and a J_/Ab b'. Then there is some a’ with
ncy(ab,a'd’).

PrOOF. Let (b;);<,, indiscernible over 4, b = by and b’ = b;. By Corol-
lary 7.1.5 we may assume (b;)<;<, to be indiscernible over Aab. The claim
now follows from Lemma 7.3.4. —

PRrOPOSITION 7.3.8. If p(x.a) A w(x.b) does not fork over A, nc4(b.b") and
a L b then neither does w(x.a) ANw(x,b’) fork over A.

PrOOF. By Lemma 7.3.7 there is some a’ such that nc4(ab, a’b’). Propo-
sition 7.3.6 implies that ¢ (x, a) A w(x,b) A (x.a’) A w(x.b") does not fork
over A. .

COROLLARY 7.3.9. Assume that ¢(x.a) N w(x,b) does not fork over A,
a L b'b and that b and b" have the same type over some model containing
A. Then o(x.a) A w(x,b') does not fork over A.

ProOF. By Corollary 7.3.3 thereis some ¢ such thatnc4 (b, ¢) and nc4(c, b’).
By replacing a, if necessary, by a realisation of a non-forking extension of
tp(a/Abb’) to Abb’c, which exists by Corollary 7.2.7, we may assume that
a | ,bb'c. Proposition 7.3.8 yields now first that ¢(x. a) A y(x. ¢) does not
fork over A and then that ¢(x. a) A w(x,b’) does not fork over A. =

COROLLARY 7.3.10. Leta LM b.a’ LM a,b’ LM b, = p(a’,a)\y(b'.b)
and assume that a' and b’ have the same type over M. Then ¢(x,a) A w(x.b)
does not fork over M .

ProOFE. Choose a” such that tp(a”a’/M) = tp(bb’ /M) and a” L e @bl
Then by Transitivity we have

a’ | aa'bb’.
M

It follows that the sequences a, a’. a” and a, b. a” are both independent over
A. This implies

a | aad” (7.1)
M
and
a | a'b (7.2)
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Since = w(a’,a”), (7.1) implies that ¢ (x, a) A w(x, a”) does not fork over
M. Sop(x,a)Ay(x,b)doesnot fork over M by (7.2) and Corollary 7.3.9.

TueoreM 7.3.11 (Independence Theorem). Suppose that b and ¢ have the
same type over the model M and suppose that

Bl C b | Bandc | C.
M M M

Then there exists some d with tp(d/B) = tp(b/B) and tp(d/C) = tp(c/C)
and such that
d | BC.
M

Proor. By Corollary 7.3.10, tp(b/B) U tp(c/C) does not fork over M. So
we find some d such thatd | BC. tp(d/B) = tp(b/B) and tp(d/C) =
tp(c/C). =

COROLLARY 7.3.12. Let B;.,i € I, be independent over M and let b; be such
that b; | v Bi all b; having the same type over M. Then there is some d with
tp(d/B;) = tp(b;/B;) for all i and

d | {Bi|i€el}.
M
ProoOE. Well-order I and show the existence of d by recursively constructing
pi = tp(d/{B; | i € I}). The details are left as an exercise. —|

THEOREM 7.3.13 (Kim-Pillay [34]). Let T be a complete theory and a JBA B
arelation between finite tuples a and sets A and B invariant under automorphisms
and having the following properties:

a) (MonotoNIcITY AND TRANSITIVITY) @ |2 BC if and only if a |° B and
a J_E)AB C.

b) (SYMMETRY) a \BA b3 if and only if' b \BA a.

¢) (FiNite CHARACTER) @ |0 B ifa [0 b for all finite tuples b € B.

d) (LocAL CHARACTER) There is a cardinal k, such that for all a and B there
exists By C B of cardinality less than  such that a |° a B

e) (EXISTENCE) For all a, A and C there is a’ such that tp(a’/A) = tp(a/A)
anda’ |° C.
f) (INDEPENDENCE OVER MODELS) Let M be a model. tp(a’ /M) = tp(b'/M)
and
al> bod | ab ° b
M M M
Then there is some ¢ such that tp(c/Ma) = tp(a’/Ma), tp(c/Mb) =
tp(b'/Mb) and ¢ |°, ab.
Then T is simple and |° = | .

3We here consider a tuple as a finite set.
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We have seen that in simple theories the relation | satisfies the properties
of the previous theorem (for k = |T'|T).

ProoOF. We may assume « to be a regular cardinal, otherwise just replace
by k™. Assume now a \LOA b. We will use Lemma 7.1.4 to show that tp(a/A4b)
does not divide over 4. So. let (b;);«, be a sequence of A-indiscernibles
starting with b = by.

CrLAM. We can find a model M containing A such that (b; )<, is indiscernible
over M and b; \BM{bj | j < i} foralli.

ProOF OF CLAIM. By Lemma 7.1.1 we can extend the sequence to (b;);<y.
Furthermore, it is easy to construct an ascending sequence of models 4 C
My € My C --- such that for all i < & all b;, (j < i) is contained in M;
and (b i)i<j<x is indiscernible over M;. By LocAL CHARACTER there is some
ip such that b, [° w10 [ io < j < x}. From the Indiscernibility it now

0

follows that b; \J/OM_ {b; | ip < j < i} foralli. We can take M = M;, and the
io

sequence b;,. bj41. .. .. =
Cram. We may assume a |9 b.
ProoF oF CLAIM. By EXISTENCE we may replace a by a’ with tp(a’/A4b) =
tp(a/A4b) and a’ |° » M and then apply MONOTONICITY AND TRANSITIVITY.
_{
We now find elements ¢ = ag, a;,... such that a; JBM{bj | j < i},
qi(x) = tplai1/M{b; | j < i}) = tpla;/M{b; | j < i}) and tp(a;b; /M) =
tp(ab/M): given ay, . .., a;, choose a’ with tp(a’b; 1 /M) = tp(ab/M ). Now
apply INDEPENDENCE OVER MODELS to

{bj|j<i}y® bi.ai |2 {bj|j<i}andd |° biy
M M M

to find a; ;.

This implies that (J,_, ¢i(x) is consistent and contains all p(x.b;) where
p(x,y) = tplab/M). By Lemma 7.1.4, tp(a/4b) does not divide over A.
Simplicity of 7" now follows from LocAL CHARACTER and Proposition 7.2.5.

It remains to show a |° b if tp(a/A4b) does not divide over 4. Using
EXISTENCE we construct for any A a sequence (b, );<, which is \JB A—independent
and for which tp(b;/4) = tp(b/A4). If this sequence is sufficiently long, the
same argument used for Lemma 7.2.13 (but now using MoNoTONICITY and
FINITE CHARACTER) yields an A-indiscernible sequence (b!);, which is | %
independent as well and satisfies tp(b//4) = tp(b/A) and b = bj. We now
apply Corollary 7.1.5 and obtain a’ such that tp(a’/4b) = tp(a/Ab) and so
that (b))« is indiscernible over Aa’. LocAL CHARACTER and MONOTONICITY
yield the existence of iy with

a 1 b
A{b!|i<io}
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Since
b, 10 {b] | i<io}
A
we get

a’ " b} andhencea |° b
4 A

from SyMMETRY and TRANSITIVITY using that tp(a’b] /A) = tp(a’bj/A)

tp(ab/A). 4
COROLLARY 7.3.14. The theory of the random graph is simple.
PrROOF. Define 4 JBB C by AN C C B and apply Theorem 7.3.13, a

Exercise 7.3.1. Let T be simple. Assume that the partial type 7(x, b) does
not fork over 4 and that 7 is an infinite sequence of indiscernibles over A
containing b. Show that there is a realisation ¢ of 7(x, b) such that ¢ | y T
and 7 is indiscernible over Ac.

EXERCISE 7.3.2. A symmetric formula is thick if and only if there is no
infinite anti-clique, i.e., a sequence (¢;);<,. where = =0 (x, y) foralli # j. This
explains the notation nc4. Prove the following, without using Lemma 7.3.2:

1. The conjunction of two thick formulas is thick.

2. If O(x. y) is thick, then 6~ (x, y) = 0(y, x) is thick.

3. Aformulais thick ifand only if it is implied by a symmetric thick formula.

ExXERrcISE 7.3.3. Let T be asimple theory and A4 a set of parameters. Assume
that there is an element b which is algebraic over 4 but not definable over A.
Then the Independence Theorem does not hold if in its formulation the model
M is replaced by 4.

ExERrcIsE 7.3.4. Fill in the details of the proof of Corollary 7.3.12.
ExERCISE 7.3.5. Prove directly from the axioms in Theorem 7.3.13 that
al’ Beal® 4B
4 4
EXERCISE 7.3.6. Let T be simple and p be a type over a model. Then p has

either exactly one non-forking extension to € (p is stationary) or arbitrarily
many.

7.4. Lascar strong types

In this section we will prove a version of the Independence Theorem 7.3.11
over arbitrary parameter sets 4. For this we have to strengthen the assumption
that » and ¢ have the same type over 4 to having the same Lascar strong type
over A. In what follows 7 is an arbitrary complete theory.
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DEFINITION 7.4.1. Let A be any set of parameters. The group Aut,(€/A4)
of Lascar strong automorphisms of € over A is the group generated by all
Aut(€/M) where the M are models containing 4. Two tuples a and b have
the same Lascar strong type over Aif a(a) = b for some o € Aut;(€/4). We
denote this by Lstp(a/A4) = Lstp(b/A).

It is easy to see that tuples @ and b have the same Lascar strong type over
A if and only if there is a sequence a = by, by, ..., b, = b such that for all for
all i < n, b; and b, have the same type over some model containing A.

LEMMA 7.4.2. Assume that T is simple. If p(x.a) N w(x,b) does not fork
over A, and if Lstp(b/A) = Lstp(b’/A) and a L 0'b. then plx,a) Ny(x.b")
does not fork over A.

Proor. Choose a sequence b = by, by, ...,b, = b’ such that for each i <
n, b; and b; | have the same type over some model containing 4. By the
properties of forking we may assume that ¢ | 4 boby ...b,. We thus always
havea | ) b;b; .1 and the claim follows by induction from Corollary 7.3.9. -

As in the previous proof we will repeatedly use EXisTENCE (Corollary 7.2.7)
to assume that we have realisations of types which are independent from other
sets. This is also crucial in the following lemma.

LEMMA 7.4.3. Assume T to be simple. For all a, A and B there is some a’
such that Lstp(a’/A) = Lstp(a/A) and a’ L, B

PrOOF. By EXISTENCE and SYMMETRY, we can choose a model M D A4 with
a | , M. By EXISTENCE again we can find a’ such that tp(a’/M) = tp(a/M)
anda’ | o B, so the claim now follows from Transitivity. =
A stronger statement will be proved in Exercise 7.4.4.

COROLLARY 7.4.4. Let Lstp(a/A) = Lstp(b/A). For all a’, B there exists b’
such that Lstp(aa’ /A) = Lstp(bb'/A) and b’ L., B

PrOOF. Choose bb” such that Lstp(aa’/4) = Lstp(bb”/A) and by the
Lemma there is some b’ such thatb’ | = Band Lstp(b” /Ab) = Lstp(b’/Ab).
It is easy to see that this implies Lstp(bb” /4) = Lstp(bb’/A). =

CoroLLARY 7.4.5. Leta | b.a" |  a.b" |  b. Lstp(a’/4) = Lstp(b'/
A)and = p(a’,a) ANw(b'.b). Then p(x.a) A w(x,b) does not fork over A.

ProOF. Choose a’”” by Corollary 7.4.4 such that Lstp(a”a’/A4) = Lstp(bb’/
A) and a” | 1o @bb’. Then proceed as in the proof of Corollary 7.3.10. but
use Lemma 7.4.2 instead of Corollary 7.3.9. o
This yields the following generalisation of Theorem 7.3.11.

THEOREM 7.4.6 (Independence Theorem). Let T be simple and suppose
Lstp(b/A) = Lstp(c/A4).

B | Cb | Bandc | C.
A A A
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Then there exists some d such that d |  BC. Lstp(d/B) = Lstp(b/B) and
Lstp(d/C) = Lstp(c¢/C).

ProoF. By Corollary 7.4.5, tp(b/B) U tp(c/C) does not fork over 4. So
we find some d such that d | , BC. tp(d/B) = tp(b/B) and tp(d/C) =
tp(c/C). The stronger claim about Lascar strong types is left as Exercise 7.4.3.

_|

COROLLARY 7.4.7. Assume T to be simple and let B;, i € I, be independent
over A and b; such that b; | L Bi with all b; having the same Lascar strong type
over A. Then there is some d such thatd | {B;|i € 1} and Lstp(d/B;) =
Lstp(b;/B;) for all i.

PrOOF. Assume the B; are models containing 4. The proof goes then as
the proof of Corollary 7.3.12. -

Lemma 7.4.8. Let T be simple. a | b and Lstp(a/A) = Lstp(b/A), there
is an infinite Morley sequence over A containing a and b.

Proor. Consider p(x,y) = tp(ab/A4). Starting from ay = a and a; = b
we recursively construct a long independent sequence (a;) of elements all
having the same Lascar type over A. If (a; | i < «) is given, the p(a;, y)
are realised by elements b; with b; |  a; and Lstp(b;/4) = Lstp(a/A4). By
Corollary 7.4.7 there is some a, with a, \J/A{a,' | i < al}. = plai,a,) for
all i < a and Lstp(a,/A4) = Lstp(a/A). If the sequence is sufficiently long,
then by Lemma 7.2.12 there is an A-indiscernible sequence (a!);<,, such that
E plal, a}) for all i < j and furthermore the sequence is independent over
A because all types (aj/A{a; | i < j}) appear in (a;). Since tp(ajay/4) =
tp(ba/A). we may assume a) = a and a] = b. =

COROLLARY 7.4.9. We have Lstp(a/A) = Lstp(b/A) if and only if nc’(a. b).
In particular, the equivalence relation EY(a,b) defined as Lstp(a/4) =
Lstp(b/A) is type-definable.

Proor. Choose ¢ withe | aband Lstp(c/A) = Lstp(a/A) = Lstp(b/A).
By Lemma 7.4.8, we have nc4(c. @) and nc4(c. b). Hence

EL(x.y) & 3z (ncy(x.z) Ancy(z.p))
and this is type-definable by Lemma 7.3.2. -

It is an open problem whether in simple theories Lascar strong types are the
same as strong types (see Exercise 8.4.9).

ExERCISE 7.4.1. Show that an automorphism of € is Lascar strong if and
only if it preserves the Lascar strong type of any tuple of length |T'|.

EXERCISE 7.4.2. Show that nc(a. b) implies nc,4)(a. b).

EXERCISE 7.4.3. Deduce Theorem 7.4.6 from the weaker version which
claims only the equalities tp(d/B) = tp(b/B) and tp(d/C) = tp(c/C).
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EXERCISE 7.4.4. Show that in arbitrary theories nc4(x, a) does not divide
over A. Use this to prove a stronger version of Lemma 7.4.3: Assume that T
is simple. For all a, A, B there is some a’ such that nc4(a,a’) and a’ J/A B.

EXERCISE 7.4.5. If nc4(a, b), there is some model M containing 4 such that
tp(a/M) = tp(b/M). Conclude that EY is the transitive closure of nc4.

EXERCISE 7.4.6. A relation R C €¢" x ¢" is called bounded if there are no
arbitrarily long antichains, i.e., sequences (¢, | a < k) with =R (cq. ) for all
o < B < k. Show that the intersection of a family R;, (i € I), of bounded
relations is again bounded.

EXERCISE 7.4.7. We call a relation A-invariant if it is invariant under all
automorphisms in Aut(€/4). Show that nc, is the smallest bounded A-
invariant relation.

EXERCISE 7.4.8. Show that EY is the smallest bounded A-invariant equiva-
lence relation.

7.5. Example: pseudo-finite fields

We now turn to an important example of simple theories, namely those of
pseudo-finite fields. A perfect field K is called pseudo-finite if it is pseudo-
algebraically closed, i.e., if every absolutely irreducible affine variety defined
over K has a K-rational point and if its absolute Galois group is Z. i.e., K
has a unique extension of degree n for each n > 1. Equivalently, a field is
pseudo-finite if it is elementarily equivalent to an infinite ultraproduct of finite
fields, see Exercise 7.5.2 or [1], Theorem 8. For background on pseudo-finite
fields and profinite groups see Section B.4.

ProposITION 7.5.1. Let Ly and L; be regular procyclic extensions of a field
K and let L, be pseudo-finite. Then L, can be regularly embedded over K into
an elementary extension of L.

Proor. By Lemma B.4.16, we may assume that N is a common regular
procyclic extension of the L;. As a regular procyclic extension of L, N
is 1-free (by Corollary B.4.14). Since L, is existentially closed in N (see
Lemma B.4.2), N is embeddable over L, into an elementary extension L}
of Ly. Let N’ denote the image of this embedding. By B.4.14, L,/N’ is
regular. o

THEOREM 7.5.2. Let L\ and L, be regular pseudo-finite extensions of K . Then
Ly and L, are elementarily equivalent over K .

PrOOF. By Proposition 7.5.1 we obtain an alternating elementary chain. Its
union is an elementary extension of both L; and L. =
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The absolute part Abs(L) of a field L is the relative algebraic closure in L of
its prime field. Since a perfect field L is a regular extension of Abs(L) (see
Proposition B.4.13) we obtain.

COROLLARY 7.5.3. The elementary theory of a pseudo-finite field L is deter-
mined by the isomorphism type of Abs(L). A field K algebraic over its prime
field is the absolute part of some pseudo-finite field if and only if it is procyclic.
(This is always true in finite characteristic.)

We now fix the complete theory of a pseudo-finite field and work in its
monster model €.

COROLLARY 7.5.4. Let K be a subfield of €, and a and b tuples of elements
&. Then a and b have the same type over K if and only if the relative algebraic
closures of K (a) and K (b) in € are isomorphic over K via some isomorphism
taking a to b.

PrOOF. Let A4 and B be the relative algebraic closures of K (a) and K (b).
respectively. If ¢ and b have the same type over K, then 4 and B are iso-
morphic in the required way by Lemma 5.6.4. Conversely, if 4 and B are
isomorphic over K by such an isomorphism, the claim follows immediately
from Theorem 7.5.2. o

THEOREM 7.5.5. In pseudo-finite fields, algebraic independence has all the
properties of forking listed in Theorem 7.3.13.

ProOOF. We keep working in €. All properties are clear except (EXISTENCE)
and (INDEPENDENCE OVER MODELS).

(EX1STENCE): Let K be a subfield of € and L and H two extensions of
K. We may assume that all three fields are relatively algebraically closed in
¢. By Lemma B.4.16, there is a procyclic extension C of H (not necessarily
contained in €) containing a copy L’ of L/K independent from H over K
and such that C/L’ is regular. By Proposition 7.5.1, C can be regularly over
H embedded into €. Let L” denote the image of L’ in €. Then L” and H are
independent over K and L” and L have the same type over K (see p. 23).

(INDEPENDENCE OVER MODELS): Let M be an elementary submodel of €
and let K and L be field extensions independent over M. Assume further that
we are given extensions K’ and L’ so that K and K’ as well as L and L’ are
independent over M and such that K’ and L’ have the same type over M.

We may assume that all these fields are relatively algebraically closed in
€. Then, if ¢ is a generator of G(€), the relative algebraic closures of KK’
and LL’ in ¢ are the fixed fields of ’ = ¢ | (KK')¥2 in (KK')¥2 and of
=0 | (LL")¥2, respectively.

We now take another field extension H/M (possibly outside €) isomorphic
to K'/M and L' /M and independent of KL over M. Then KK’ and KH, and
LI’ and LH, respectively, are isomorphic over M and the isomorphisms are
compatible with the given isomorphism between K’ and L’. We transport &’
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and 2’ to (KH )¢ and (L H )¢ via these isomorphism and call the transported
automorphisms k and A. Clearly k. A and u = o | (KL)¥2 agree on K2 and
L2, They also agree on H%2, since x | H¥2 and A | H€ are both the unique
extension of ¢ | M€ to G(H).

Since (KH )¢ and (LH )¢ are independent over H¥£_ it follows that x and
J. extend to an automorphism u’ of (KH )¥2(LH )2 which agrees with u on
K222 We will see in Corollary 8.1.8 that

((KH)"&(LH)") N (KL)"¢ = KL.
So u’ and x4 have a common extension to some automorphism of
(KH)alg(LH)alg(KL>alg

which again can be extended to some automorphism 7 of (KLH )2, Let C
be the fixed field of 7, so C is procyclic. The relative algebraic closures of
KL, KH and LH in C are isomorphic to the relative algebraic closures of
KL, KK’ and LL' in €. Let N be the relative algebraic closure of KL in €.
Then C is a regular extension of N. So, by Proposition 7.5.1 we find a regular
embedding of C into € over N. The image of H has the required properties.
Note that we did not make use of the fact that M is a model, but only that
M is 1-free and €/M is regular. —1

We have now proved

COROLLARY 7.5.6. Pseudo-finite fields are simple. Forking independence
agrees with algebraic independence.

Exercise 7.5.1. Let K be a procyclic field which is algebraic over its prime
field. Itis shownin [1] that K is the absolute part of an infinite ultraproduct of
finite fields. While the characteristic 0 case uses Cebotarev’s Density Theorem,
the proof of the characteristic p is an easy exercise.

ExErcisE 7.5.2. 1. Use the previous exercise to show that every pseudo-
finite field is elementarily equivalent to an infinite ultraproduct of finite
fields.

2. Show that pseudo-finite fields are exactly the infinite models of the theory
of all finite fields (see Exercise 2.1.2.)

EXERCISE 7.5.3. Show that in pseudo-finite fields every formula ¢(X) is
equivalent to a Boolean combination of formulas of the form 3y f (%, y) = 0,
where f(X,Y) is a polynomial over Z. (Hint: Use Lemma 3.1.1, Theorem 7.5.2
and Lemma B.3.13.)



Chapter 8

STABLE THEORIES

Recall from Section 5.2, that a theory is k-stable if there are only x-many
types over any parameter set of size . A theory is stable if it is k-stable for
some . This is equivalent to the definition given in Section 8.2: a theory
is stable if no formula has the order property; the equivalence will be proven
in Exercise 8.2.7. In order to apply the results of the previous chapter to
stable theories, we will eventually show that stable theories are simple and
then specialise the characterisation given in Theorem 7.3.13 to stable theories.
But before that we will introduce some of the classical notions of stability
theory, all essentially describing forking in stable theories.

8.1. Heirs and coheirs

In this section we fix an arbitrary complete theory T. For types over models
we here define some special extensions to supersets, viz. heirs, coheirs, and
definable type extensions. All these extensions have in common that they do
not add too much new information to the given type. For stable theories,
we will see in Section 8.3 that these extensions coincide with the non-forking
extension (and this is in fact unique).

DEFINITION 8.1.1. Let p be a type over a model M of T and ¢ € S(B) an
extension of pto B O M.

1. We call ¢ an heir of p if for every L(M )-formula ¢(x,y) such that
¢(x.b) € g for some b € B there is some m € m with o(x,m) € p.
2. We call g a coheir of p if ¢ is finitely satisfiable in M .

It is easy to see that tp(a/Mb) is an heir of tp(a/M ) if and only if tp(b/Ma)
is a coheir of tp(b/M).
The following observation is trivial, but used frequently.

REMARK 8.1.2. Suppose ¢ is an heir of p € S(M). If ¢(x.b) € ¢q and
= a(b), then there is some m € M with = a(m) and p(x,m) € p.

129
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LemMA 8.1.3. Let g € S(B) be a (co)heir of p € S(M) and C an extension
of B. Then q can be extended to a type r € S(C) which is again a (co)heir of p.

PRrROOF. Suppose ¢ is an heir of p. We have to show that

s(x) = q(x) U{p(x.c) | ¢ € C. p(x.7) € LIM),
o(x,m) e pforallme M}

is consistent. If there are formulas o (x.5). @1 (x.¢1)..... 0, (x.T,) € s(x)
with ¢ (x.b) € ¢(x) whose conjunction is inconsistent, then as M is a model
and ¢ is an heir of p there would be 2, 711, . .., m, € M with p(x,m) € p and
its conjunction with ¢ (x,711), ..., ¢, (x,m,) inconsistent. Since ¢;(x,71;) €
p. this is impossible. Any type r(x) € S(C) containing s(x) is then an heir of
p(x).

If ¢ is a coheir of p, let r be a maximal set of L(C)-formulas containing ¢
which is finitely satisfiable in M. Clearly, r is consistent. Let o(x) € L(C). If
neither ¢ nor —¢ belongs to r, then both r U{¢} and r U {—¢} are not finitely
satisfied in M and so neither is r (see the proof of Lemma 2.2.2). -

DEFINITION 8.1.4. A type p(X) € S,(B) is definable over C if the following

holds: for any L-formula ¢(X,¥) there is an L(C)-formula (¥) such that
forallb € B

@(x.b) € p ifand onlyif |= w(b).
We say p is definable if it is definable over its domain B.

We write y (7) as d, ¥¢ (¥, ¥) to indicate the dependence on p. (X, 7) and
the choice of the variable tuple X. (So d, has the syntax of a generalised
quantifier, see [59].) Thus, we have

¢(x.b) € p ifand only if |=d,Xp(X,b).
Note thatd, X¢(X.7) is also meaningful for formulas ¢ with parameters in B.

ExaMPLE. In strongly minimal theories all types p € S(A) are definable. To
see this fix ¢y € p of minimal Morley rank k and minimal degree and consider
a formula w(x, y) without parameters. The discussion on page 98 shows that
w(x,a) € pif and only if MR (po(x) A =y (x,a)) < k. By Corollary 6.4.4
this is an 4-definable property of a.

LeMMA 8.1.5. A definable type p € S(M) has a unique extension ¢ € S(B)
definable over M for any set B O M , namely

{o(x.b) | (x.¥7) €L, beB, €=d,xp(x.b)}.

and q is the only heir of p.
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PrOOF. The fact that the d, x(x.7) define a type is a first-order property
expressible in M and is hence true in any elementary extension of M. This
proves existence. On the other hand, if ¢ is a definable extension of p, then
d, xp(x.¥) and d, xp(x.7) agree on M and hence in all elementary exten-
sions, proving uniqueness. Clearly, ¢ is an heir of p. If ¢’ € S(B) is different
from ¢, then for some ¢(x,b) € ¢’ we have [£ d,xp(x,b). But there is no m
with o (x.m) A =d,xp(x.m) € p. so ¢ is not an heir of p. 4

Lemma 8.1.6. A global type which is a coheir of its restriction to a model M
is invariant over M .

ProoF. Let ¢ € S(€) be finitely satisfiable in M and o € Aut(¢/M).
Consider a formula ¢(x, ¢). Since ¢ and a(c) have the same type over M,
we have p(x, ¢) A ~p(x, a(c)) is not satisfiable in M. So ¢ (x,¢) € ¢ implies
o(x,alc)) €q. =

We conclude by exhibiting coheirs in strongly minimal theories.

ProposITION 8.1.7. Let T be strongly minimal, M amodel and B an extension
of M. Then tp(a/B) is an heir of tp(a/M) if and only if MR(a/B) =
MR (a/M).

Note that in strongly minimal theories MR (a/B) = MR (a/M) is equiva-
lent to @ and B being geometrically independent over M (see Exercise 6.4.1).
This is a symmetric notion, which implies that in strongly minimal theories
heirs and coheirs coincide. We will later see in Corollary 8.3.7 (see also
Corollary 8.5.11) that this is actually true for all stable theories. Note also
that this implies that in strongly minimal theories types over models have a
unique extension of the same Morley rank, i.e., they have Morley degree 1.

This is true in all totally transcendental theories (Corollary 8.5.12, see also
Corollary 8.5.4.)

PrROOFE. Let k be the Morley rank of p = tp(a/M). Choose a formula
po € p of same rank and degree as p. We saw in the Example on page 130
that the unique heir ¢ of p on B is given by

{w(x) L(B)-formula | MR (¢o(x) A ~w(x,a)) < k}.
On the other hand this set of formulas must be contained in all extensions of
p to B having rank k. So ¢ is also the unique extension of p of rank k. -

COROLLARY 8.1.8 (Hrushovski-Chatzidakis). Let K, L. H be algebraically
closed extensions of an algebraically closed field M . If H algebraically indepen-
dent from KL over M , then

((KH)"8(LH)") N (KL)"® = KL.
PrOOF. We work in the monster model €. Let ¢ be an element of the
left hand side. So there are tuples ¢ € (KH)¥¢ and b € (LH)™¢ such that

¢ € dcl(a, b), witnessed by, say, = o(a, b, c). Furthermore, there are tuples
a’ € K and h; € H such that a is algebraic over a’h; witnessed by, say,
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E oi1(a.a’, hy). Similarly, we find = (b, b’, hy) for b. By independence and
the heir property there are /{, 1 € M such that

= 3x.y ela,x.p) Noi(x,a’. hy) Aga(y, b h3).
Since K and L are algebraically closed, this implies ¢ € KL. o

ExEercisk 8.1.1. Let X be a compact topological space and F an ultrafilter
on I. Then every family (x;);c; has a unique F-limit, which is the unique x
such that {i € I | x; € N} belongs to F for every neighbourhood N of x.

Let 4 be an extension of the model M and p € M. Show that one can
construct all coheir extensions of p € S(M) to A4 as follows: choose an
ultrafilter 7 on M such that p is the F-limit of (tp(m/M))car. then the
F-limit of (tp(m/A))merr in S(A) is a coheir of p.

ExeRcisk 8.1.2. Use Example 7.2.10 and Lemma 8.1.6 to give an alternative
proof of Corollary 7.3.3.

EXERCISE 8.1.3. Show that a formula which is satisfiable in every model
extending 4 does not divide over 4.

EXERCISE 8.1.4. Let T be a complete theory, M an w-saturated model.

1. Let w(x) be a formula over M with Morley rank, and ¢ a formula
over arbitrary parameters with the same Morley rank and ¢(¢) C w/(€).
Show that ¢ is realized in M.

2. Let B an extension of M and MR (a/B) = MR (a/M) < co. Show that
tp(a/B) is a coheir of tp(a/M).

It will follow from Corollaries 8.3.7 and 8.5.11 that in totally transcendental
theories this is true for arbitrary M. In fact this holds for arbitrary theories,
see Exercise 8.5.5.

EXERCISE 8.1.5 (Hrushovski-Pillay). Let p(x) and ¢(y) be global types,
and suppose that p(x) is A-invariant. We define a global type p(x) ® ¢(y) by
setting (p ® ¢) | B = tp(ab/B) for any B O A where b realizes ¢(y) | B and
a realizes p | Bb. Show that p(x) ® ¢g(y) is well defined, and A-invariant if
both p(x) and ¢(y) are.

8.2. Stability

By analogy with simple theories we here define stable theories via (several
equivalent) properties of their formulas and note that this definition fits well
with the definition of x-stability given in Section 5.2.

In this section. let T be a complete (possibly uncountable) theory. For a
formula ¢(x, y) let S,(B) denote the set of all -types over B: these are
maximal consistent sets of formulas of the form ¢(x.b) or —¢(x, b) where
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b € B. Recall that the variables x and y may have different sorts representing
n, and n,-tuples of elements, respectively.

DEFINITION 8.2.1. Let ¢(x, y) be a formula in the language of T'.

1. The formula ¢ is stable if there is an infinite cardinal A such that
|S,(B)| < A whenever |B| < A. The theory T is stable if all its for-
mulas are stable.

2. The formula ¢ has the order property if there are elements «g, a;. ... and
b, by, ... such thatforalli, j € w

= ¢(a;.b;) ifand onlyif i < j.

3. The formula ¢(x, y) has the binary tree property if there is a binary tree
(by | s € <®2) of parameters such that for all ¢ € “2, the set

{‘Pa(m(xa ba[n) | n< CO}
is consistent. (We use the notation ¢° = —¢ and ¢! = ¢.)

It is important to note that 7' is stable if and only if it is x-stable for some &,
see Exercise 8.2.7.

REMARK 8.2.2. The notion of ¢(x, y) having the order property is symmet-
rical in x and y. This means that if ¢ (x, y) has the order property. then there
are elements ag, ai, ... and by, by, . .. such that = ¢(a;. b;)ifandonlyif j < i.

Proor. Apply Lemma 7.1.1 to Z = (a;b; )<, and J = (w., >). -
THEOREM 8.2.3. For a formula o(x. y) the following are equivalent:
o is stable.
| Sy (B)| < |B| for any infinite set B.

 does not have the order property.
 does not have the binary tree property.
PrOOF. a) = d): Let u be minimal such that 2 > A. Then the tree
I = <#2 has cardinality at most A. If ¢(x,y) has the binary tree property.
by compactness there are parameters by, (s € I), such that for all ¢ € #2,
4o = {97 @ (x.bs1a) | @ < u} is consistent. Complete every ¢, to a p-type
ps over B = {by | s € I}. Since the p, are pairwise different, we have
|B| < 4 < 2" <|S,(B).

d) = ¢): Choose a linear ordering of I = =“2 such that for all ¢ € “2 and
n<w

a)
b)
c)
d)

c<oln & oln)=1l.

If (x, y) has the order property, then by Lemma 7.1.1 one can find a; and b;
indexed by 7 such that

= ¢(a;.b;) ifand onlyif i < j.
Now the tree p(x.by).s € <®2, shows that ¢ has the binary tree property.
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¢) = b): Let B be an infinite set of parameters and |S,(B)| > |B|. For
any a the o-type of a over B is given by S, = {b € B" | ¢(a.b)}. Since
|B| = | B"| we may assume for simplicity that » = 1 and so S, C B. Applying
the Erdos—Makkai Theorem C.2.1 to B and S = {S, | ¢ € ¢}, we obtain
a sequence (b; | i < w) of elements of B and a sequence (g;);<, such that
either b € S, & j<iorb; €S, i< jforalli j. In the first case ¢
has the order property by definition. In the second case ¢(x, y) has the order
property by Remark 8.2.2.

b) = a): Clear. 4

If ¢ has the binary tree property witnessed, say, by (b, | s € <*2), then the
family

(10.3' = /\ ()O‘Y(n)(x'/bsfl’l): NS <w27
n<|s|
is a binary tree of consistent formulas. This shows that totally transcendental
theories are stable. We will see below (Corollary 8.3.6, also Exercise 8.2.11))
that stable theories are simple.

REMARK 8.2.4. By Example 8.6.6 and Exercise 8.2.7 the theory of any R-
module is stable (but not necessarily totally transcendental) providing a rich
class of examples for stable theories. Note that the theory of the random
graph is simple by Corollary 7.3.14 but not stable (see Exercise 8.2.3).

ExErCIsE 8.2.1. The theory T is unstable if and only if there is an L-formula
w(X.7) and elements @y, @;. . .., ordered by y: i.e., such that

Fy(@.a;)<—=i<j:
¥ may contain parameters.

ExXERCISE 8.2.2. A formula ¢(x, y) is said to have the independence property
(IP) if there are a;,i € w, such that for each 4 C w the set {p(x,a;) | i €
Ay U{~p(x,a;) | i & A} is consistent. Show that 7T is unstable if it contains
a formula with the independence property.

EXERCISE 8.2.3. Show that the theory of the random graph is not stable.

EXERCISE 8.2.4. A formula ¢(x, y) is said to have the strict order property
(SOP) if there is a sequence (a; )<, such that

EVrelaiy) = ¢la;.p) < i <]
The theory T has the strict order property if there is a formula in 7" with the
strict order property. Show that 7" has the SOP if and only if there is a partial

ordering with infinite chains definable in 7°4. (For the definition of 79 see
p. 140.)

EXERCISE 8.2.5. Show that a theory with SOP is not simple.
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EXERCISE 8.2.6. (Shelah) If T is unstable, either there is a formula having
the IP or a formula having the SOP.

ExEercisk 8.2.7. The following are equivalent:

a) T is stable.
b) T is A-stable for all 4 such that 217! = A.
c) T is A-stable for some /.

It follows from this and Lemma 5.2.2 that T is stable if and only if all ¢ (x, y)
for a single variable x are stable.

EXERrCISE 8.2.8. Show that for any infinite A there is a linear order of cardi-
nality greater than A with a dense subset of size A.

EXERCISE 8.2.9. Show that for all tuples of variables x, y the set of stable
formulas ¢ (x, y) is closed under Boolean combinations, i.e., conjunction (dis-
junction) and negation. Use this to show that the theory Tree, defined on page
60, is stable.

ExXERCISE 8.2.10. Fix an L-formula ¢(x,y). Let ® denote the class of
Boolean combinations of formulas of the form ¢ (x.b). Define the @-rank
R,, as the smallest function from formulas y(x) to {—co} UOn U {co} (here
On is the class of ordinals) such that

R,(y) >0 if v is consistent;
R,(y) > p+1 if there are infinitely many 6; € @ which are pairwise
inconsistent and such that R, (y A d;) > f for all i.
Prove:
1. R,(w) < ocoifand only if y(x) A p(x. y) is stable.
2. If Ry(w) < oo, then Ry, (y) < w.

ExEercisk 8.2.11. If ¢ has the tree property, it is unstable.
This shows that stable theories are simple. We will give a different proof in
Corollary 8.3.6.

8.3. Definable types

Definability of types turns out to be a crucial feature of stable theories. We
show here that in stable theories the extensions of a type over a model given
by its definition agree with the non-forking extensions (and with heirs and
coheirs). We continue to assume that T is a complete theory.

THEOREM 8.3.1. The formula ¢(x, y) is stable if and only if all -types are
definable.
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PROOF. Let A be a set of parameters of size > |T'|. If all p-types over
A are definable, there exists no more ¢-types over 4 than there are defining
formulas, i.e., at most | 4| many. So ¢ is stable.

For the converse assume that ¢ (x, y) is stable. Define for any formula 6 (x)
the degree D, () to be the largest n for which there is a finite tree (b, | s € <"2)
of parameters such that forevery g € "2 theset {0(x) JU{p"") (x.by;) | i < n}
is consistent. This is well defined since ¢ does not have the binary tree
property. Now, let p be a ¢-type over B. Let 6 be a conjunction of formulas
in p with n = D,(0) minimal. Then ¢(x,b) belongs to p if and only if

n=Dy(0(x) A ¢(x.b)). This shows that p is definable. =
COROLLARY 8.3.2. The theory T is stable if and only if all types are definable.
_{

Observe that the proof of Theorem 8.3.1 applies also to a proper class of
parameters. From this we obtain the following important corollary.

COROLLARY 8.3.3 (Separation of variables). Let T be stable and let F be a 0-
definable class. Then any definable subclass of " is definable using parameters
from .

PROOF. Let y(a, €) be a definable subclass of F. The type g = tp(a/F) is
definable over a subset of F by Corollary 8.3.2. Thus,

w(a.€) ={f eF" |E=d,xy(x. f)}. 4

If the property in the conclusion of Corollary 8.3.3 holds for a 0-definable
class IF (in a not necessarily stable theory T'), then F is called stably embedded.
For equivalent definitions see Exercise 10.1.5.

At first glance, the next lemma looks mysterious. In essence it states that
in stable theories heirs and coheirs coincide. We need it in the proof of
Corollary 8.5.3.

LemMA 8.3.4 (Harrington). Let T be stable and let p(x) and q(y) be global
types. Then for every formula o (x, y) with parameters

d, xp(x.y) € q(y) & dyye(x.y) € p(x).

PrOOF. Let p. g and ¢ be definable over A. We recursively define sequences
a;and b;,i € w: ifay,...,a,_1and by, . ...b,_; have been defined, let b, be a
realisation of ¢ | Aay,...,a,_; and a, a realisation of p [ Aby....,b,. Then
we have fori < j

Eplai.b;) & FEdyyelai.y) & dyye(x.y) € p(x)
and for j <
Ewlaib;) & Fd,xe(x.b;) < d,xe(x,p) €qy).

Since ¢ does not have the order property, the claim follows. o



8.3. DEFINABLE TYPES 137

LemMa 8.3.5. Let p € S(€) be a global type.

1. If p is definable over A, then p does not divide over A.
2. If T is stable and p does not divide over the model M, then p is definable
over M .

Note that for global types dividing and forking coincide (Exercise 7.1.3).

PrOOF. 1): Consider a formula ¢(x,m) € p and an infinite sequence of
indiscernibles m = mg, my,... over A. If p is definable over A4, all p(x, m;)
belong to p. So ¢(x, m) does not divide over 4 by Lemma 7.1.4.

2): Now assume that T is stable and p does not divide over the model M.
‘We will show that p is an heir of p [ M. By Corollary 8.3.2 and Lemma 8.1.5
this implies that p is definable over M. So assume that ¢ (x,b) € p, we want
to show that p(x,b’) € p for some b’ € M.

Let Z = (b;)i<wy be a Morley sequence of a global coheir extension of
tp(b/M ) over M starting with by = b (see Example 7.2.10 and Lemma 8.1.6).
Since tp(a/Mb) does not divide over M, Lemma 7.1.5 implies that we may
assume that 7 is indiscernible over Ma. So we have = o(a.b;) for all i.
By Corollary 8.3.2, the type ¢ = tp(a/M{b; | i < w}) is definable. As-
sume that the parameters of d, x¢(x.y) are in M{b.....b,_1}. Since
tp(by/M{by.....b,_1}) is a coheir of tp(b/M), and since = d, xp(x,by).
there is a b’ € M with = d, xp(x.b’). This implies = ¢(a.b’) and so
p(x.b') etpla/M) =p | M. n

COROLLARY 8.3.6. Stable theories are simple.

ProOOF. Let p be a type over a model M. Then p is definable over some
A C M of cardinality < |T'|. Let p’ be the global extension of p given by the
definition over A. By Lemma 8.3.5(1), p’ and hence also p does not divide
over A. Proposition 7.2.5 implies that T is simple. -

This implies in particular that forking and dividing coincide in stable theo-
ries (see Proposition 7.2.15).

COROLLARY 8.3.7. Let T be a stable theory. p a type over a model M and A
an extension of M. Then p has a unique extension q € S(A) with the following
equivalent properties:

a) q does not fork over M .
b) q is definable over M .
c) q is an heir of p.

d) q is a coheir of p.

ProOE. By Lemma 8.3.5, ¢ does not fork over M if and only if it is definable
over M. Since p is definable, we know by Lemma 8.1.5 that there is a unique
extension ¢ which is definable over M, and which is also the unique heir of p.

To prove the equivalence with d) we may assume that 4 = M U {a} for
a finite tuple a. Fix a realisation b of ¢. Then ¢ = tp(b/Ma) is a coheir of
p = tp(b/M) if and only if tp(a/Mb) is an heir and hence, by the first part of
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the proof, a non-forking extension of tp(a/M ). Now forking symmetry and
the first part of the proof imply the desired. -

ExERcISE 8.3.1. Find a theory T and a type p over the empty set such that
no definition of p defines a global type. (A definition which defines a global
type is called a good definition of p, see Theorem 8.5.1).

EXERCISE 8.3.2. Let T be an arbitrary complete theory and M be a model.
Consider the following four properties of a global type p:

(D) pis definable over M.
(C) pisacoheirof p | M.
(I) pis M-invariant.
(H) pisanheirof p | M.
Use the example 7" = DLO and M = Q to show that D—I, C—I, D—H are
the only logical relations between these notions.

EXERCISE 8.3.3. Let p(x) € S(€) be definable over B. Then, for any 7, the
map

Fieeccovn) =y o) | dpy xp €7}

defines a continuous section 7,,: S, (B) — S,+1(B). Show that this defines a
bijection between all types definable over B and all “coherent” families (7,,)
of continuous sections S, (B) — S,41(B).

ExXERCISE 8.3.4. Let (x) be a formula without parameters and let M be
a model of T. Show that ¢ (M) is stably embedded in M (i.c., every M-
definable relation of ¢ (M) is definable over (M )) if and only if for all »,
every p(xi,....x,) € S,(¢(M)) which contains ¢(x;) A --- A ¢(x,) has a
unique extension p’ € S, (M). If ¢ is (absolutely) stably embedded and p is
definable, show that p’ is definable over ¢ (M).

EXERcISE 8.3.5. Call a formula w(x) in one variable (though possibly rep-
resenting a tuple) stable if w(x) A ¢(x. y) is stable for all ¢ (x, y) according to
Definition 8.2.1. We call a type stable if it contains a stable formula. Prove:

1. Types with Morley rank are stable.
2. Stable types are definable.
3. Stable formulas are stably embedded.

EXERCISE 8.3.6. Let T bestable. and p € S(A). Show that p is definable over
C if p is finitely satisfiable in C. Furthermore for every ¢ (x, y), d, xp(x. y)
is a positive Boolean combination of formulas ¢(c. ). ¢ € C.

ExerciSE 8.3.7. If T is stable, then for any formula o(x,y). there is a
formula A(y. z) such that for every set 4 and every type p(x) over 4 there is
atuple b in A such that {a € 4 | p(x.a) € p(x)} ={a € 4 | Ala.b)}.
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EXERCISE 8.3.8. We call ¢ a weak heir of p € S(M ) if the heir property holds
for all p(x, y) without parameters. Show that in stable theories, weak heirs
are in fact heirs.

Exercist 8.3.9. In Corollary 8.3.7 prove the equivalence of ¢) and d) di-
rectly from Lemma 8.3.4.

ExEercisk 8.3.10. Show that in a stable theory a formula does not fork over
A if and only if it is realized in every model which contains A4.

8.4. Elimination of imaginaries and 7'°¢

This section is an excursion outside the realm of stable theories: for a
model M of an arbitrary complete theory T and any 0-definable equivalence
relation E (X, ¥) on n-tuples, we now consider the equivalence classes of M" / E
as elements of a new sort of so-called imaginary elements. Adding these
imaginaries makes many arguments more convenient. For certain theories,
these imaginaries are already coded in the original structure. However, if this
is not already the case, then adding imaginaries leads to a new theory 71
which does have this property so that we do not run into an infinite regression.

DEerFINITION 8.4.1. A finite tuple d C € is called a canonical parameter for
a definable class D in €” if d is fixed by the same automorphisms of € which
leave D invariant. A canonical base for a type p € S(€) is a set B which is
pointwise fixed by the same automorphisms which leave p invariant.

Lemma 6.1.10 implies that ID is definable over d, and by Corollary 6.1.12(1)
d is determined by D up to interdefinability. We writed = "D, ord = "¢ (x)7
if D = ¢(€). Note that the empty tuple is a canonical parameter for every
0-definable class.

DErFINITION 8.4.2. The theory T eliminates imaginaries if any class e¢/E of
a 0-definable equivalence relation E on €” has a canonical parameter d C €.

THEOREM 8.4.3. If T eliminates imaginaries, then the following hold.:

1. Every definable class D C €" has a canonical parameter c.
2. Every definable type p € S(€) has a canonical base.

PrOOF. Write D = (€, e). Define the equivalence relation E by

V1Ey; <= Vx o(x.y1) < o(x. 12)
and let d be a canonical parameter of ¢/E. Then d is a canonical parameter
of D.
If d,, is a definition of p. the set B = {"d, xp(x. y)7 | ¢(x.y) L-formula}
is a canonical base of p. =
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Lemma 8.4.4. Assume that T eliminates imaginaries. Let A be a set of
parameters and D a definable class. Then the following are equivalent:
a) D is acl(A)-definable.
b) D has only finitely many conjugates over A.
¢) D is the union of equivalence classes of an A-definable equivalence relation
with finitely many classes (a finite equivalence relation).

PrOOF. Let d be a canonical parameter of . Then D is definable over
acl(A) if and only if d belongs to acl(4). On the other hand D has as many
conjugates over 4 as d. So a) and b) are equivalent.

For the equivalence of b) and ¢), first notice that any class of an 4-definable
finite equivalence relation has only finitely many conjugates over 4, which
yields ¢) = b). For the converse, let D = Dy, ....ID, be the conjugates of I
over A. Consider the finite equivalence relation E(c, ¢’) defined by

¢ € D; if and only if ¢’ € D; for all i.

Clearly D is a union of E-classes. Also E is definable and since it is invariant
under all A-automorphisms of €, it is in fact definable over A.
Note that elimination of imaginaries was only used for b) = a). =

The previous results show why it is convenient to work in a theory eliminat-
ing imaginaries. It is easy to see that a theory eliminates imaginaries if every
0-definable equivalence relation arises from fibres of a 0-definable function.
While not all theories have this property (e.g.. the theory of an equivalence
relation with infinitely many infinite classes), we now show how to extend any
complete theory T to a theory 7% (in a corresponding language L°4) which
does.

Let E;(x1.X>), (i € I), be a list of all 0-definable equivalence relations on
n;-tuples. For any model M of T" we consider the many-sorted structure

M = (M. M" [E}),; .
which carries the home sort M and for every i the natural projection
;- M"Y — Mni/E,'.

The elements of the sorts S; = M" /E; are called imaginary elements, the
elements of the home sort are real elements.

The M form an elementary class axiomatised by the (complete) theory
T°1 which, in in the appropriate many-sorted language L%, is axiomatised by
the axioms of 7" and for each i € I by

Vydx mi(x) =y (y a variable of sort S;)
and

VX1 % (1 (X)) = 7i(%2) < Ei(X1.%2)).
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The algebraic (definable, respectively) closure of in M4 is denoted by acl®d
(dcl®d, respectively).

The first two statements of the following proposition explain why we con-
sider 7°9 as an inessential expansion of 7.

ProposSITION 8.4.5. 1. Elements of €1 are definable over € in a uniform
way.

2. The 0-definable relations on the home sort of C® are exactly the same as
those in €.

3. The theory T eliminates imaginaries,

PrOOF. 1: Every element of sort S; has the form 7;(@) for an n;-tuple @
from €.

2: We show that every L®-formula ¢ (X) with free variables from the home-
sort is equivalent to an L-formula ¢*(¥) by induction on the complexity of
@. If ¢ is atomic, it is either an L-formula or of the form 7;(¥;) = 7;(X>).
in which case we set ¢* = E;(%1.X;). We let * commute with negations,
conjunctions and quantification over home-sort variables. Finally, if y is a
variable of sort S;, we set

(Grw(x.9)" = p(E muE))"

3: We observe first that €4 is the monster model of 7¢9, i.e., that every type
p(y) over a set A4 is realized in €%, By Part 1 we may assume that 4 C €. If
y is of sort S;, the set £(X) = p(x;(¥)) is finitely satisfiable. By Part 2 ¥ is
equivalent to a set X* of L-formulas; this set has a realisation b, which gives
us a realisation 7;(b) of p.

It is now clear that x; (e) is a canonical parameter of the class ¢/E;. By the
proof of Theorem 8.4.3 this implies that every relation in €°? that is definable
with parameters from ¢ has a canonical parameter in €°4. On the other hand,

by Part 1, every definable relation in €*1 is definable in €. -

COROLLARY 8.4.6. The theory T eliminates imaginaries if and only if in T4
every imaginary is interdefinable with a real tuple.

ProOF. Since every automorphism of € extends (uniquely) to an automor-
phism of €9, a real tuple d is a canonical parameter of ¢/E; in the sense of
T if and only if it is a canonical parameter in the sense of 7°4. But this is
equivalent to d being interdefinable with 7; (e). -

The proof of the following criterion for elimination of imaginaries shows
how 71 can be used.

Lemma 8.4.7. The following are equivalent:

a) The theory T eliminates imaginaries and has at least two 0-definable ele-
ments.

b) Every O-definable equivalence relation on €" is the fibration of a 0-definable
function [ €" — €,
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PrROOF. b) = a): If E is the fibration of a 0-definable function f : ¢" — ¢™,
we have "e/E7 = f(e). To see that there are at least two 0-definable elements
look at the following equivalence relation on ¢2:

xix2 Eyiyr & (x1 = x2 3 y1 = »).

This has two classes, which are both 0-definable. If E is the fibration of a
0-definable 7: ¢2 — ¢, the two images of 7 are two different 0-definable
m-tuples.

a) = b): Let E be a 0-definable equivalence relation on €”. Every e¢/E is
interdefinable with an element of some power €. So by Exercise 6.1.12, ¢/ E
belongs to a 0-definable D C ¢”/E with a 0-definable injection f: D — €.
A compactness argument shows that we can cover ¢”"/E by finitely many
0-definable classes Dy, ..., D, with 0-definable injections f;: ; — €", We
may assume that the D; are pairwise disjoint, otherwise we replace D; by
D; \ (DyU---UD;_1). Now, using the two 0-definable elements, we can find,
for some big m, 0-definable injections g;: €™ — €™ with pairwise disjoint
images. The union of the g; f; is a 0-definable injection from €” /E into €™. A

Using parts 1 and 2 of the previous proposition, one can see that in general
all properties of T" which concern us here are preserved when going from 7 to
T¢4. Here are some examples.

Lemma 8.4.8. 1. The theory T is N-categorical if and only if T is W-
categorical.

2. T is A-stable if and only if T®9 is A-stable.

3. T is stable if and only if T*Y is stable.

ProoOF. Part 1 is clear.

For Part 2 let A be a set of parameters in 7° of cardinality A. This set
A is contained in the definable closure of some set B of cardinality 4 of the
home sort. For any p € S(B) we may first take the unique extension of p to
dcl®4(B) and then its restriction to A. This defines a surjection S(B) — S(4).
Notice that we now have to specify not only the number of variables but also
the sorts for the variables in the types.

If S'(A) consists of types of elements of the sort €"/E, S,(A4) denotes the
n-types of the home sort and 7 the projection €” — ¢”/E, then tp(h/A4)
tp(n(h)/A) defines a surjection S, (4) — S'(4). This shows that 7 is stable
if T is.

Of course Part 3 follows from 2. and Exercise 8.2.7. Still we give a direct
proof as an example of how to translate between T and T°9. Let (1, y2) be
a formula in 7°1 with the order property. If y; and y; belong to € /E; and
¢™ [ E,, respectively, there are tuples a@; of the home sort such that

= o(n1(ay),my(a,)) ifand only if i < j.
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By Proposition 8.4.5 the formula ¢ (7 (%), 72(X3)) is equivalent to some L-
formula w (X1, X,), which has the order property in T . -

For applications the following special cases are often useful.

DerNITION 8.4.9. 1. The theory T eliminates finite imaginaries if every
finite set of n-tuples has a canonical parameter.

2. T has weak elimination of imaginaries if for every imaginary e there is a
real tuple ¢ such that e € dcl®(c) and ¢ € acl(e).

LEMMA 8.4.10. The theory T eliminates imaginaries if and only if it has weak
elimination of imaginaries and eliminates finite imaginaries

PrOOE. This follows from the observation that 7' has weak elimination of
imaginaries if and only if every imaginary e is interdefinable with the canonical
parameter of a finite set of real n-tuples. Indeed, if e € dcl®d(c) and ¢ € acl(e),

and {ci...., ¢y} are the conjugates of ¢ over e, then e is interdefinable with
“{ci,...,em ). If conversely e is interdefinable with "{cy,..., ¢y}, then
ecdcl®(c;...cp)and ¢y ... cux € acl(e). 4

Lemma 8.4.11 (Lascar-Pillay). Let T be strongly minimal and acl(()) infinite.
Then T has weak elimination of imaginaries.

PROOFE. Let ¢ = ¢/E be an imaginary. It suffices to show that ¢/E contains
an element algebraic over e or, more generally, that every non-empty definable
X C ¢ contains an element of 4 = acl(" X 7). We proceed by induction on 7.
For n = 1 there are two cases: if X is finite, it is a subset of 4; if X is infinite,
almost all elements of acl(()) belong to X. If n > 1, consider the projection
Y of X to the first coordinate. Such a Y contains an element a of acl("Y ™),
which is a subset of 4. By induction the fibre X, contains an element b of
acl("X,™), which is also a subset of 4. So (a.b)isin X N 4. -

COROLLARY 8.4.12. The theory ACF, of algebraically closed fields of charac-
teristic p eliminates imaginaries.

PrOOF. By the preceding lemmas it suffices to show that every theory of
fields eliminates finite imaginaries. Let S = {co, ..., cx_1} be a set of n-tuples
¢; = (¢ij) j<n. Consider the polynomial

p(X.Yy,....Y, ) = H (X - ZCiAij)
i<k j<n
An automorphism leaves p fixed if and only if it permutes S. So the coefficients
of p serve as a canonical parameter of S. -

Lemma 8.4.13. A totally transcendental theory in which every global type has
a canonical base in € has weak elimination of imaginaries.

PrOOF. Let ¢ = ¢/E be an imaginary and a the Morley rank of the class
¢/E. Let p be a global type of Morley rank o which contains E(x,c¢). By
assumption p has a canonical base d C €. Since there are only finitely
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many such p, d is algebraic over e. Also e is definable from d since for an
automorphism « fixing p, ¢/E and ac/E cannot be disjoint, so they must be
equal. Clearly we may assume that d is a finite tuple (see also Exercises 8.4.1
and 8.4.7). 4

COROLLARY 8.4.14. DCFq eliminates imaginaries.

PrOOF. By quantifier elimination every global type p(x) is axiomatised by
its quantifier-free part p,,(x). which is equivalent to a union of ¢;(x. dx. .. ..

d’), i = 0.1,..., where the ¢;(xg....,x;) are quantifier-free pure field-
theoretic types. If C; is the canonical base of ¢; in the sense of ACFy, then
CoU Cy U--- is a canonical base of p. o

ExERcISE 8.4.1. Let D be a definable class. Assume that there is a set D
which is fixed by the same automorphisms which leave D invariant. Show that
D contains a canonical parameter of D.

EXERCISE 8.4.2. A theory T has weak elimination of imaginaries if and only
if for every definable class D there is a smallest algebraically closed set over
which D is definable.

EXERCISE 8.4.3. Use Exercise 8.4.2 to prove that the theories Infset and
DLO (not easy) have weak elimination of imaginaries. Show also that DLO
has elimination of imaginaries, but Infset does not.

EXERCISE 8.4.4. Show that all extensions of p € S(4) to acl(4) are conju-
gate over A. More generally this remains true for every normal extension B
of A. These are sets which are invariant under all o € Aut(€/4). Note that
normal extensions must be subsets of acl(4).

EXERCISE 8.4.5. An algebraic type over A4 has a good definition (see Exer-
cise 8.3.1 or p. 145) over B C A if and only if it is realised in dcl(B).

EXERCISE 8.4.6. Let d be a canonical parameter of D. Then d is 0-definable
in the L U { P}-structure (€, D).

ExEercisE 8.4.7. Let T be totally transcendental and p a global type.

1. Show that p has a finite canonical base in €*4.

2. If p has a canonical base D C €, then it has a finite base d C €.

EXERCISE 8.4.8. Show that Lemma 8.4.13 is true for stable theories. (Hint:
In the proof of 8.4.13 replace p by a suitable E(x, y)-type.)

ExXERCISE 8.4.9. Define the strong type of a over A4 as stp(a/4) = tp(a/
acl®d(A4)). Show that stp(a/A) is axiomatised by

{E(x.a) | E(x,y) A-definable finite equivalence relation}.

ExXERcIsE 8.4.10 (Poizat). Let T be a complete theory with elimination of
imaginaries. Consider the group G = Aut(acl(0))) of elementary permutations
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of acl(f). This G is a topological group if we use the stabilisers of finite sets as
a basis of neighbourhoods of 1. Show that there is a Galois correspondence
between the closed subgroups H of G and the definably closed subsets 4 of
acl(0).

8.5. Properties of forking in stable theories

Except in Theorem 8.5.10 we assume throughout this section that T is stable.
We now collect the crucial properties of forking in stable theories. As with
simple theories, we will see in Theorem 8.5.10 that these properties charac-
terise stable theories and forking. Since we already know that stable theories
are simple, some of these properties are immediate. For completeness and
reference we restate them in the context of stable theories.

Let p € S(B) be defined by L(B)-formulas d, x¢. We call the definition
good if it defines a global type (or, equivalently, if it defines a type over some
model containing B).

THEOREM 8.5.1. Let T be stable. A type p € S(B) does not fork over A C B
if and only if p has a good definition over acl®d(A4).

Proor. If p does not fork over A, p has a global extension p’ which does
not fork over A. Let M be any model which contains 4. By Lemma 8.3.5,
p’ is definable over M, so the canonical base of p’ belongs to M. By
Exercise 6.1.2 the canonical base belongs to acl®d(A4).

If conversely p has a good definition over acl®d(4), p does not fork over
acl®(A4) and therefore does not fork over 4. 4

DEFINITION 8.5.2. A type is stationary if and only if it has a unique non-
forking extension to any superset.

COROLLARY 8.5.3 (Uniqueness). If T is stable, any type over acl®d(A) is sta-
tionary.

If T eliminates imaginaries, this just says that any type over an algebraically
closed set is stationary.

PrOOF. Let A = acl®d(A4). Let p’ and p” two global non-forking extensions
of p € S(4). Consider any formula ¢(x.b), and let ¢(y) be a global non-
forking extension of tp(h/A4). By Theorem 8.5.1, p’, p” and ¢ are definable
over A. Now we apply Harrington’s Lemma 8.3.4:

p(x.b) € p' & dyxp(x,y) € g dgyp(y.x) ep
S dyxp(x.y) € g e p(x.b) e p”. .

COROLLARY 8.5.4. In a stable theory, types over models are stationary.
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Proor. This is immediate by the above proof since we can replace acl®d(A4)
everywhere by M. It follows also formally from Corollary 8.5.3 since M1 =
dcl®d(M) is an elementary substructure of €% and so algebraically closed.

For the remainder of this section we also assume that T eliminates imaginaries.
In view of 7T°4 (see Section 8.4) this is a harmless assumption.

As stable theories are simple we may first collect some of the properties of
forking established in Section 7.2.

We keep using

a | B

C

to express that tp(a/BC) does not fork over C.

THEOREM 8.5.5. If T is stable, forking independence has the following prop-
erties:

1. (Monotonicity and Transitivity) Let A C B C C and g € S(C). Then g
does not fork over A if and only if q does not fork over B and q | B does
not fork over A.

2. (Symmetry)a | b=b | ,a

3. (Finite Character) If p € S(B) forks over A, there is a finite subset By C B
such that p | ABy forks over A.

4. (Local Character) For p € S(A) there is some Ay C A of cardinality at
most |T| such that p does not fork over Ay

5. (Existence) Every type p € S(A) has a non-forking extension to any set
containing A.

6. (Algebraic Closure)

(a) p € S(acl(A)) does not fork over A.
(b) Iftp(a/Aa) does not fork over A, then a is algebraic over A.

Proor. This is contained in 7.2.17, 7.2.16,7.1.9, 7.2.5,7.2.7and 7.1.3.
The following properties do not hold in arbitrary simple theories.
THEOREM 8.5.6. Assume T is stable.

1. (Conjugacy) If A € M and M is strongly k-homogeneous for some
k> max(|T|.|A|). then all non-forking extensions of p € S(A) to M are
conjugate over A.

2. (Boundedness) Any p € S(A) has at most 2\7| non-forking extensions for
every B D A.

Proor. For Part 1 let ¢; and ¢, be non-forking extensions of p to M.
Any A-automorphism of M which takes ¢q; | acl(4) to g» | acl(4) (see
Exercise 8.4.4) takes ¢ to g». Since types over algebraically closed sets are
stationary by Corollary 8.5.3, the claim now follows.



8.5. PROPERTIES OF FORKING IN STABLE THEORIES 147

To prove Part 2 let 4 be a subset of A of cardinality at most | 7’| such that
p does not fork over Ay. Then p has at most as many non-forking extensions
as p | Ao has extensions to acl(A4y). 4

COROLLARY 8.5.7. Let T be stable and p € S(A). Then p is stationary if and
only if it has a good definition over A.

PrOOF. Assume first that p is stationary and let ¢ be the global non-forking
extension. So ¢ is definable and invariant under all automorphisms over
A, hence definable over 4 by Lemma 6.1.10. This shows that p has a good
definition over 4. For the converse assume that p has a good definition over A.
So p has a non-forking global extension p’, definable over 4 by 8.5.1. Since all
global non-forking extensions of p are conjugate over A, and p’ is fixed by all
automorphisms over A, p’ is the only global non-forking extension of p.

Let p € S(A) be a stationary type. The canonical base Cb(p) of p is the
canonical base of the non-forking global extension of p. We call p based on
B if p is parallel to some stationary type ¢ defined over B, i.e., if p and ¢ have
the same global non-forking extension (see Exercise 9.1.4). Note that parallel
types necessarily have the same free variables.

LemMA 8.5.8. A stationary type p € S(A) is based on B if and only if
Cb(p) C dcl(B). So p does not fork over B C A if and only if Cb(p) C acl(B).

Proor. Let r be the global non-forking extension of p and ¢ = r | B.
Assume that p is based on B. Then ¢ is stationary and r the unique non-
forking extension of ¢. By Corollary 8.5.7, ¢ has a good definition over B,
which also defines r. So r is definable over B, which means Cb(p) C dcl(B).

If, conversely. r is definable over B, we know by Theorem 8.5.1 that r does
not fork over B and that ¢ is stationary by Corollary 8.5.7.

The last statement follows from the easy fact that p does not fork over B if
and only if p is based on acl(B). -

For A C B let N(B/A) be the set of all types over B that do not fork over A.
By Remark 7.1.8, N(B/A) is closed in S(B). For future reference we record
the following useful fact.

THEOREM 8.5.9. (Open mapping) The restriction map n : N(B/A) — S(A)
is open.

PrOOF. It is easy to see that we may replace B by €. If n(q) = n(q’) for
some ¢, ¢’ € N(€/A4), then ¢ and ¢’ are conjugate. So if O is a (relative) open
subset of N(€/A4), then

0 =n"'(n(0)) = U{a(O) | o € Aut(€/A4)}
is again open. So
8(4)\ 7n(0) = =(N(€/4) \ 0’)

is closed since it is the image of a closed set. =
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THEOREM 8.5.10 (Characterisation of Forking). Let T be a complete theory
andn > 0. Then T is stable if and only if there is a special class of extensions
of n-types, which we denote by p T ¢, with the following properties.

a) (INVARIANCE) C is invariant under Aut(¢),

b) (LOCAL CHARACTER) There is a cardinal  such that for g € S,(C) there is
Co C C of cardinality at most k such that q | Cy C q.

c) (WEAK BOUNDEDNESS) For all p € S,,(A) there is a cardinal u such that p
has, for any B D A, at most u extensions q € S,(B) with p C q.

If T satisfies in addition

d) (ExiSTENCE) For all p € S,(A) and A C B, there is q € S,(B) such that
pLCyq,

e) (TRANSITIVITY) p C g C r implies p C r.,

f) (WEAK MoNoTONICITY) p C rand p C q C r implies p C q.

then C coincides with the non-forking relation.

ProOF. In a stable theory. non-forking extensions satisfy properties a), b)
and c¢) (and d) , e), f)) by Theorems 8.5.5 and 8.5.6.

Assume conversely that properties a), b) and c) hold. Then a) and c) allow
us to find a sufficiently large cardinal 4’ so that for all 4, of cardinality at
most x all n-types over Ay have at most ¢’ C-extensions to any superset.

Let A be a set of parameters. Then the number of n-types over 4 is bounded
by the product of the number of subsets 4, of 4 of cardinality at most &, times
a bound for the number of types p over Ay, times a bound for the number of
C-extensions of p € S, (A4g) to 4. So we have

1S, (A)] < |AF - 2max(=ITD .y

and it follows that 7 is A-stable if A* = 4 and 2 > max (27!, 4’). hence stable
by Exercise 8.2.7.

Now let T have the properties a) to f). Consider a type p € S,(4) with an
extension g € S, (B).

Assume first that p T ¢. Let u be the cardinal given BOUNDEDNESS applied
to p. By Exercise 7.1.5 there is an extension M of B such thateveryr € S,(M)
which forks over 4 has more than u conjugates over A. By EXISTENCE and
TRANSITIVITY ¢ has an extension r to M such that p C r. By INVARIANCE we
have p C #’ for all conjugates r’. So r has no more than u conjugates, which
implies that r does not fork over A and that ¢ is a non-forking extension of p.

Now assume that ¢ is a non-forking extension of p. Choose an extension
M of B which is sufficiently saturated in the sense of Theorem 8.5.6(1). Let
r € S, (M) be a non-forking extension of ¢ and r' € S, (M) such that p C r'.
By the above 1’ is a non-forking extension of p. So r and r’ are conjugate over
A. This implies p C r and p C ¢ by WEAK MONOTONICITY. -
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COROLLARY 8.5.11. Let T be totally transcendental, p € S(A) and q an
extension of p to some superset of A. Then q is a non-forking extension if and
only if MR(p) = MR(q). Hence p is stationary if and only if it has Morley
degree 1.

ProoOF. In a totally transcendental theory, extensions having the same Mor-
ley rank satisfy the conditions of Theorem 8.5.10 (see Section 6.2). =

The same is true for types with Morley rank in stable theories (see Exercise
8.5.5). It follows in particular that in totally transcendental theories for any
type p € S(A) there is a finite set 49 C A such that p does not fork over Ay.
Stable theories with this property are called superstable: see Section 8.6.

COROLLARY 8.5.12. Ina totally transcendental theory, types over models have
Morley degree 1.

Proor. This follows from Corollaries 8.5.4 and 8.5.11. =

COROLLARY 8.5.13. If T is strongly minimal, we have A | e if and only if
A and C are algebraically independent over B in the pregeometry sense, i.e., if
dim(a/B) = dim(a/BC) for all finite tuples a € A.

Proor. This follows from Theorem 6.4.2 and Corollary 8.5.11. B

COROLLARY 8.5.14. Let K C Fy, F, be differential fields contained in a model
of DCFg. Then Fy |, 2 if and only if F\ and F, are algebraically independent
over K.

ProoF. By Exercises 3.3.2 and 7.2.7, F| | B2 implies algebraic indepen-
dence. For the converse we may assume that K is algebraically closed. So
let F; and F, be algebraically independent over K. By the existence of non-
forking extensions choose a copy F’ of Fj satisfying the same type over K and
forking independent of F, over K. Then F' is algebraically independent of F,
over K. Since K is algebraically closed, F’ and F) satisfy the same type over
F, in the sense of field theory. Since F’, F; and F are d-closed and F’ and
F) are isomorphic as d-fields, we conclude that F’ and F} have the same type
over F,. Thus, F; \LK F. B

EXERCISE 8.5.1. Show that in ACF, the type of a finite tuple a over a field
K is stationary if and only if K (a) and K* are linearly disjoint over K.

We continue assuming that T eliminates imaginaries.

EXERCISE 8.5.2 (Finite Equivalence Relation Theorem). Let 4 C B and
let tp(a/B) # tp(b/B) be types which do not fork over 4. Then there is an
A-definable finite equivalence relation E with ¢1(x) U ¢2(y) - =E(x, y).

EXERCISE 8.5.3. If @ and b are independent realisations of the same type over
acl(A), then tp(a/A4b) is stationary. Hence the canonical base of tp(b/ acl(A4))
is contained in dcl(bA4).
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EXERCISE 8.5.4. Prove the following.

1. Let p € S(A) be stable and ¢ an extension of p. Then ¢ does not fork
over A if and only if ¢ has a good definition over acl(A4).
2. Stable types over algebraically closed sets are stationary.

EXERCISE 8.5.5.

1. Let T bestable, p € S(A) a type with Morley rank and ¢ an extension of
p to some superset of 4. Then ¢ is a non-forking extension if and only if
MR(p) = MR(g). It follows that a type with Morley rank is stationary
if and only if it has Morley degree 1.

2. Show that the same is true for an arbitrary theory 7.

EXERCISE 8.5.6. Assume that 7T is stable. For any p € S(A4) there is some
Ay C A of cardinality at most |T| such that p is the unique non-forking
extension of p | Ap to A. If p has Morley rank, A4y can be chosen as a finite
set.

EXERCISE 8.5.7 (Forking multiplicity). (T stable) Define the multiplicity of
a type p as the number mult(p) of its global non-forking extensions. Show:

1. If p is algebraic, mult(p) equals deg(p). the number of realisations of p.
(See page 79 and Remark 5.6.3.)

2. If T is countable, then mult(p) is either finite or 2%,

3. If p has Morley rank, show that mult(p) = MD(p).

EXERcCISE 8.5.8. Let G be a totally transcendental group. Show:

1. If @ and b are independent elements, then MR (a-5) > MR(a). Equality
holds if and only if @ - b and b are independent.

2. Assume that G is w-saturated. Then a € G is generic, i.e., MR(a) =
MR(G), ifand only if forall b € G

al b=ab b

It can be shown that all w-saturated stable groups contain generic elements,
i.e., elements satisfying property 2, see Poizat [46], or Wagner [61].

EXERCISE 8.5.9 (Group configuration). Let G be a totally transcendental
group, and let a;, ay, as € G be independent generic elements, i.e., elements
of maximal rank in Th(G). Put by = a; - a». b» = a; - a» - a3 and b3 =
ay - a3. We consider these six elements as the points of a geometry with “lines”
Ao = {al, b], az}, Al = {az, b3, 613}., Az = {Cl], bz, b3} and A3 = {bl, bz‘, 613}.
It is easy to see that every permutation of the four lines gives rise to an
automorphism of this geometry.
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aq as
\\b2//
b 1< \b3
Show:

1. Each point on a line is algebraic over the other two points on the line.
2. Any three non-collinear points are independent.

Any family of points a;.ay. as. by. by. by with these properties! is called a
group configuration. Hrushovski proved that whenever a totally transcendental
structure contains a group configuration, there is a group definable in this
structure whose Morley rank equals the Morley rank of any of the points. For
more details see Bouscaren [11], Wagner [61] or Pillay [44].

EXERCISE 8.5.10. Let 7' be an arbitrary complete theory, not necessarily
stable. For any set of parameters A the map S(acl(4)) — S(4) is open. (For
stable theories, this is just the Open Mapping Theorem.)

8.6. SU-rank and the stability spectrum

We saw that in totally transcendental theories forking is governed by the
Morley rank. The SU-rank, which we define here, generalises this to super-
stable theories. We use it to show that the stability spectrum of countable
theories is rather restrictive: there are only four possibilities for the class of
cardinals in which a countable theory is stable.

DEFINITION 8.6.1. Let T be a simple theory. We define SU(p) > « for a
type p by recursion on «:

SU(p) >0 for all types p:
SU(p) > B+ 1 if p has a forking extension ¢ with SU(q) > p:
SU(p) > 4 (for a limit ordinal A) if SU(p) > B forall 8 < A.

and the SU-rank SU(p) of p as the maximal « such that SU(p) > «. If there
is no maximum, we set SU(p) = oo.

LEmMMA 8.6.2. Assume T to be simple. Let p have ordinal valued SU-rank
and let q be an extension of p. Then q is a non-forking extension of p if and

It is easy to see that Part 2 can equivalently be replaced by: 2a Any two points on a line are
independent and 2b Any two lines are independent over their intersection.
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only if q has the same SU-rank as p. If p has SU-rank oo, then so does any
non-forking extension. -

PrOOF. Itis clear that the SU-rank of an extension cannot increase. So it is
enough to show for all « that SU(p) > « implies SU(g) > o whenever ¢ is a
non-forking extension of p € S(A4). The interesting case is where @ = 8 + 1
is a successor ordinal. Then p has a forking extension r with SU(r) > . By
the Diamond Lemma (Exercise 7.2.2) there is an A-conjugate »' of r with a
non-forking extension s which also extends ¢. By induction SU(s) > . But
s is a forking extension of ¢, so SU(q) > B. =

Since every type does not fork over some set of cardinality at most | T'|, there
are at most 2!7! different SU-ranks. Since they form an initial segment of the
ordinals, all ordinal ranks are smaller than (2/71)*. (Actually one can prove
that they are smaller than | 7|*.) It follows that every type of SU-rank oo has
a forking extension of SU-rank oc.

DErFINITION 8.6.3. A simple theory is supersimple if every type does not fork
over some finite subset of its domain. A stable, supersimple theory is called
superstable.

Note that totally transcendental theories are superstable.

LEMMA 8.6.4. The theory T is supersimple if and only if every type has SU-
rank < oo.

Proor. If SU(p) = oo, there is an infinite sequence p = py C p; C --- of
forking extensions of SU-rank oo. The union of the p; forks over every finite
subset of its domain. If p € S(A4) forks over every finite subset of A4, there is
an infinite sequence A9 C A4; C --- of finite subsets of 4 such that p [ 4;,;
forks over A4;. This shows that p | # has SU-rank co. 5

Let T be a complete theory. The stability spectrum Spec(T') of T is the class
of all infinite cardinals in which T is stable.

THEOREM 8.6.5. Let T be a countable complete theory. There are four cases:

1. T is totally transcendental. Then Spec(T) = {k | k > No}.

2. T is superstable but not totally transcendental. Then Spec(T) = {x | k >
2N},

3. T is stable but not superstable. Then Spec(T) = {k | k™ = k}.

4. T is unstable. Then Spec(T) is empty.

Note that these are really four different possibilities: it follows from The-
orem A.3.6 that k™ > g for all x with countable cofinality, e.g.. for all
K= :lw (,Lt)

Proofr. 1: This follows from Theorem 5.2.6.

2: Let T be superstable and | 4| = k. Since every type over 4 does not fork
over a finite subset of A, an upper bound for the size of S(A4) can be computed
as the product of
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e the number of finite subsets £ of A4,

e the number of types p € S(E).

e the number of non-forking extensions of p to 4.

So we have |S(A4)| < & - 2% . 2% = max(2™, k). If T is not totally transcen-
dental, the proof of Theorem 5.2.6 shows that 7" cannot be stable in cardinals
smaller than 2%,

3: If T is stable, then T is k-stable whenever k™ = x by Exercise 8.2.7. If
T is not superstable, the proof of Lemma 8.6.4 shows that there is a type p
over the empty set of infinite SU-rank with a forking extension p’ of infinite
SU-rank. Let ¢ be a non-forking global extension of p’ and let k > ¥,. By
Exercise 7.1.5 ¢ has « many different conjugates ¢,. (o < k). Choose Ay
of size k such that all p, = ¢, | Ao are different. By Lemma 8.6.2 the p,
have again infinite SU-rank. Continuing in this manner we get a sequence
Ay C Ay C --- of parameter sets and a tree of types pa,...a, € S(Ans1).
(n < w,0; < k). We may assume that all 4; have cardinality x. Each path
through this tree defines a type over 4 = |, 4,. So we have | S(4)| > KN,

4: Clear from the definition. -
The spectrum of uncountable theories is more difficult to describe, see [54,
Chapter I11].

EXAMPLE 8.6.6 (Modules). For any R-module M, the Lyjoq(R)-theory of
M is k-stable if K = !RI+Ro,

See [47] or [63] for more on the model theory of modules.

PROOF. Let B be a subset of some model N of Th(M), |B| < . Let Sy (B)

denote the set of all complete types over B which are realized in N. Every
type tp(a/B) is axiomatised by
tp*(a/B) =tp*(a/B) Utp™ (a/B).
where
tp"(a/B) = {¢(x.b) | ¢ pp-formula, b € B, N = ¢(a.b)}
and
tp~(a/B) = {—¢(x.b) | ¢ pp-formula, b € B, N = ~p(a,b)}.

Clearly, tp~ is determined by tp™.

By Corollary 3.3.8, tp™(a/B) contains — up to equivalence — at most one
formula ¢ (x, b) for any pp-formula ¢ (x, y). Hence tp™(a/B) is determined
by a partial map f from the set of pp-formulas to the set of finite tuples in B
in the sense that it is axiomatised by {¢(x, f(¢)) | ¢ pp-formula}. Hence we
have

|Sy(B)] < ([B] + Rg) KIT,

Thus 7 is k-stable in every x with k = ! RITN0, =
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EXAMPLE 8.6.7 (Separably closed fields). The theory SCF,, of separably
closed fields is stable for all & with k = &™-

PrOOF. Let L be a model of SCF, .. Fix a p-basis b1, ....b, and consider
the corresponding A-functions 4,. Now let K be a subfield of cardinality x. By
Theorem 3.3.20 every type p(a/K) is axiomatised by Boolean combinations
of equations 7(x) = 0 where the 7(x) are L(ci.....ce. Ay)vepe-terms with
parameters from K. To compute an upper bound for the number of types
over K we may assume that K contains the p-basis and is closed under the
J-functions. It is now easy to see that every #(x) is equivalent to a term
P23 (x). ... 45, (x)) where p(Xi....,Xy) € K[X1....,X] and the 4;, are
iterated A-functions:

217 == A'Vl...vm = AVI O---0 /:'V’”-

So. if A5. A5, ... is a list of all iterated A-functions, the type of a over K
is determined by the sequence of the quantifier-free L-types of the tuples
(A (@), .... A5 (a)) over K. By Example 5.2.3 for each n there are only s
many such types. So we we can bound the number of types over K by k™. -

EXERCISE 8.6.1. Show that the types of SU-rank 0 are exactly the algebraic
types. Show also that a type is minimal if and only if it is stationary and has
SU-rank 1.

EXERCISE 8.6.2. Let T be an arbitrary theory. Define the U-rank (or Lascar
rank) U(p) of a type p € S(A4) as its SU-rank, except for the clause

U(p) > B+ 1 iffor any & there is a set B O A to which p has at least
% many extensions ¢ with U(g) > B.

Show that in stable theories U-rank and SU-rank coincide.

ExERrcIsE 8.6.3. Use Exercise 7.2.5 to show that a simple theory is super-
simple if every 1-type has SU-rank < ooc.

EXERCISE 8.6.4. Show that in simple theories SU(p) < MR(p).
EXERCISE 8.6.5 (Lascar inequality). Let T be simple, SU(a/C) = a and
SU(b/aC) = B. Prove?
B+a<SU(ab/C) < BDa.
If @ and b are independent over C, we have SU(ab/C) = f & a.

EXERCISE 8.6.6. Let ¢o(x, y) be a formula without parameters and k natural
number. Define the rank D(p. ¢, k) by
D(p,p.k) > B+ 1 if p has an extension ¢ with D(g, ¢, k) > f and
which contains a formula ¢ (x, ) which divides
over the domain of p with respect to k.

2Qrdinal addition was defined in Exercise 6.4.4. The strong sum @ is the smallest function
On x On — On which is strictly monotonous in both arguments.
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Show for simple 7'
1. That D(p. ¢. k) is bounded by a natural number which depends only on
p and k.
2. Let ¢ be an extension of p. Then p is a non-forking extension of p if
and only if D(p. . k) = D(q. . k) for all ¢ and k.

EXERCISE 8.6.7. A countable theory is w-stable if and only if it is superstable,
small and if every type (over a finite set) has finite multiplicity.

EXERCISE 8.6.8 (Lachlan). Show that in an Ry-categorical theory there are
only finitely many strong 1-types over a finite set. Conclude that an Ng-
categorical superstable theory is w-stable.

Note that there are stable Ny-categorical theories which are not w-stable
(see [26]).

EXERCISE 8.6.9. Let T be a simple theory. Assume that there is a sequence
of definable equivalence relations £y C E; C --- such that every E;-class
contains infinitely many E; ,-classes. Show that T is not supersimple.

ExEercisk 8.6.10. Use Exercise 8.6.9 to show that a superstable group has
no infinite descending sequence of definable subgroups G = Gy > G| > G, >
G3 > --- each of infinite index in the previous one. Conclude from this that
SCF,. is not superstable if e > 0.

EXERCISE 8.6.11. Prove thatamodule M is totally transcendental if and only
if it has the dcc on pp-definable subgroups of M. A module M is superstable if
and only if there is no infinite descending sequence of pp-definable subgroups
each of which is of infinite index in its predecessor.






Chapter 9

PRIME EXTENSIONS

In this chapter we return to questions around the uniqueness of prime exten-
sions. We will now prove their uniqueness for totally transcendental theories
and for countable stable theories having prime extensions.

9.1. Indiscernibles in stable theories

We assume throughout this section that T is complete, stable and eliminates
imaginaries. Indiscernibles in stable theories are in fact indiscernible for every
ordering of the underlying set. More importantly, we show that they form a
Morley sequence in some appropriate stationary type.

A family 7 = (a;);e; of tuples is totally indiscernible over A, if

Qw:‘P(aiw--waik)<_>90(aj1=""ajk)

for all L(A)-formulas ¢ and sequences i1, . . .. ix. ji..... jix of pairwise distinct
indices.

LemMA 9.1.1. If T is stable, indiscernibles are totally indiscernible.

PrOOF. Assume that Z = (a;);¢; is indiscernible over A4, but not totally in-
discernible over 4. By Lemma 7.1.1 we may assume (1, <) = (Q. <). Because

any permutation on {1,....n} is a product of transpositions of neighbour-
ing elements, there are some L(A)-formula ¢(x.....x,), rational numbers
rp < ---<r,andsome j € Q such that
Eolay.....a.a,,,.....4,)
and
Eoe(an.....a ., .ar,.....4,).

The formula w(x, y) = ¢(ay,.....x. y.....qa,,) orders the elements (a, ), (r; <
r < rjy1). By Exercise 8.2.1. this contradicts stability. -

Let p € S(A) be a stationary type. Recall that a Morley sequence in p is
an A-indiscernible sequence of realisations of p independent over 4. Morley
sequences (aq )q<; are easy to construct as follows: choose a, realising the

157
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unique non-forking extension of p to 4 U {ag | f < a} (see Example 7.2.10).
Since any well-ordered Morley sequence arises in this way, Morley sequences
in p are uniquely determined by their order-type up to isomorphism over 4.

THEOREM 9.1.2. If T is stable, then any infinite sequence of indiscernibles over
A is a Morley sequence for some stationary type defined over some extension
of A.

PrOOF. LetZ = (a;);c; beindiscernible over A. Notice that for all formulas
@(x.b) the set

Jo={i € 1| |5 p(a;.b)}
is finite or cofinite in 7: otherwise for all J C I the set of formulas
plar3) |7 € T} U (e 3) |i ¢ J)
would be consistent. So there would be 2/ many o-types over Z. contradicting
stability of 7.
This shows that for every ¢ either J,, or I \ J, is bounded by some k,, (which

depends only on ).
The average type of T is a global type defined by

AV(T) = {¢(x,b) | b € €, |= ¢(a;.b) for all but finitely many i € I}.

By the preceding remarks, this is a complete type. Let I be an infinite subset
of I. Since ¢(x,b) € Av(Z) if and only if {i € Iy | = ¢(a;.b)} contains more
than k, many (and hence infinitely many) elements, Av(Z) is definable over
Ty. Hence Av(Z) does not fork over Z, and its restriction to Zg is stationary
(see Theorem 8.5.1 and Corollary 8.5.7.)

Itis easy to see that all a;, i € I\ Iy, realise the type

p=Av(T) | ALy.
As this is also true for all /; D Iy, we see that ¢;, i € I\ Iy, forms a Morley
sequence for p.

At the beginning of the proof we can now replace Z by an infinite set of
indiscernibles Z’ containing Z as a coinfinite subset which shows Z to be a
Morley sequence for p’ = Av(Z') | A(Z'\ ). .

Exercise 9.1.1. If p is stationary and ¢ a non-forking extension of p, then
any Morley sequence of ¢ is also a Morley sequence for p.

EXERCISE 9.1.2. Let p € S(A4) be stationary and Z a Morley sequence of p.
a) Let B D 4 and 7y C Z such that B J/AIO Z. Then T \ Zy is a Morley
sequence of the non-forking extension of p to B.
b) The type Av(Z) is the non-forking global extension of p.

EXERCISE 9.1.3. We call indiscernibles Zy and Z; parallel if there is some
infinite set J such that Zo.7 and Z,7 are indiscernible. Show that Zy and Z;
are parallel if and only if they have the same average type.
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EXERCISE 9.1.4. Show that two types are parallel if and only if two (or all)
of their infinite Morley sequences are parallel.

ExeRcISE 9.1.5. Show the converse of Lemma 9.1.1: if all indiscernibles
sequences are totally indiscernible, then 7 is stable.

9.2. Totally transcendental theories

Let T be atotally transcendental theory. We will prove the following theorem:
THEOREM 9.2.1 (Shelah [53]). Let T be totally transcendental.

1. A model M is a prime extension of A if and only if M is atomic over A
and does not contain an uncountable set of indiscernibles over A.
2. Prime extensions are unique.

We first aim to show that a constructible set does not contain an uncountable
set of indiscernibles.

LEMMA 9.2.2. Let T be indiscernible over A and B a countable set. Then T
contains a countable subset Ty such that T \ I is indiscernible over ABZ,.

ProOOF. By Theorem 9.1.2, 7 is a Morley sequence of some stationary types
over some extension 4’ of 4. Since T is totally transcendental, we only need
to extend A by finitely many elements (this follows using Exercise 8.5.6 and
Exercise 9.1.1). So we may assume A’ = 4. For every finite tuple b in B there
is some finite set Z such that b | AT, Z. In this way we find a countable set
7y with

BT, | T.

ATy
It now follows from Exercise 9.1.2 that 7 \ Z, is a Morley sequence over
ABI. B

We need a bit of set theory: a club D C w; is a closed and unbounded
subset where closed means that sup(a N D) € D forall a € w.

THEOREM 9.2.3 (Fodor). Let D C w; be a club and f : D — w1 a regressive
function, i.e., f(a) < a for all o € D. Then f is constant on an unbounded
subset of w;.

PRrROOF. Suppose not; then for each a € w,, the fibre D, = {x € D |
f(x) = a} is bounded. Construct a sequence oy < o < - -- of elements of
D as follows. Let g be arbitrary. If o, is constructed, choose for a1 an
upper bound of Uka” Dg. So we have for all y € D

? > a1 = f(7) >

For é = sup,,_,, a,. this implies f(d) > . A contradiction. —|
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Recall from Section 5.3 that a set B = {b, }a<, is @ construction over A if
all tp(bo /AB,) are isolated where as above B, = {bg | f < a}). A subset
C C B is called construction closed if for all b, € C the type tp(bo/AB,) is
isolated by some formula over A U (B, N C).

The following lemma holds for arbitrary 7.

LemMMA 9.2.4. Let B = {bo }a<yu be a construction over A.

1. Any union of construction closed sets is construction closed.
2. Any b € B is contained in a finite construction closed subset of B.
3. If C C B is construction closed, then B is constructible over AC.

Proor. The first part is clear. For the second part, let b = b, € B. Since
the type of b = by is isolated over 4. we can do induction on a. As {bg}p<, is
a construction over A4, tp(b, /A B, ) is isolated by some formula ¢ (x, ¢) where
¢ = bp ...bg, with f; < o. By induction, each bg, is contained in a finite
construction closed set C;. Thus C;U- - -U C, U{b,} is finite and construction
closed.

For Part 3 we assume 4 = () to simplify notation. We will show that the
type tp(bo/CB,) is isolated for all . This is clear if b, € C. So assume
b, ¢ C. From the assumption it is easy to see that C is isolated over B,
where the isolating formulas only contain parameters from B,.; N C C B,.

We thus have

tp(C/By) F tp(C/Boby).

If ¢(x) isolates the type tp(h,/B.). then ¢(x) also isolates the type
tp(bo/CB,). =

LEmMA 9.2.5. If B is constructible over A, then B does not contain an un-
countable set of indiscernibles over A.

Proor. We assume 4 = 0. Let Z = {c,}a<w, be indiscernible. By
Lemma 9.2.4 we can build a continuous sequence C, of countable construc-
tion closed subsets of B such that ¢, € C,.;. By Lemma 9.2.2 there is a club
D consisting of limit ordinals such that for all 6 € D the set {c, | @ > J}is
indiscernible over Cys. Each ¢; isisolated over Cs by a formula with parameters
from Gy with 0’ < 0. By Fodor’s Theorem there is some Jy such that for some
cofinal set of ds from D the parameters can be chosen in Cs,. Assume that
01 < &, are such elements. Then cs, and cs, have the same type over Cs,. But
this is impossible since

tp(cs,/ Cs,) = tp(cs,/ Csycs,)- -

Let M be amodel and A C M. We call a subset B of M normal in M over
A if for every element b € B all realisations of tp(h/A4) in M are contained
in B.
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LeEMMA 9.2.6. Let T be a (not necessarily totally transcendental) theory
which has prime extensions. If M is atomic over A and B is a normal sub-
set of M containing A, then M is atomic over B.

PROOF. Let ¢ be a tuple from M, so tp(c/A) is isolated. Since the isolated
types are dense over B by Theorem 4.5.7, there is some d € M atomic over
B and realizing the type tp(c/4). Let tp(d/B) be isolated by w(x,dy) for
some tuple dy € B. Since ¢ and d satisfy the same type over A4 there is some
co € M such that tp(cco/A) = tp(ddy/A). Then c satisfies y(x, ¢y) and as B
is normal, we have ¢ € B. It follows easily that w(x, ¢y) is complete over B
as well. =

PrOOF OF THEOREM 9.2.1(1). If M is a prime extension of A4, then M is
atomic over A by Corollary 5.3.7 and since M can be embedded over 4 into
some constructible prime extension, by Lemma 9.2.5 M does not contain an
uncountable set of indiscernibles over A.

For the converse assume again 4 = (), i.e., suppose M is atomic over )
without uncountable set of indiscernibles. In order to prove that M can be
embedded into any model N we enumerate all types over @ realised in M
as (pu)u<y and recursively extend the empty map to the normal sets C, =
Ua<y Pa(M). That this is possible follows from the following.

CrLAM. Let M be atomic over B, p € S(B) and B C C C M normal over B.
Then any elementary map C — N can be extended to C U p(M).

We proof the claim by induction on the Morley rank of p and note that the
claim is clear if p is algebraic.

Assume inductively that the claim is proved for all types of Morley rank less
than « (over arbitrary sets B). Then any given elementary map f : C — N
with B C C C M and C normal over B can be extended to C U {a € M |
MR(a/B) < a}.

Let now p € S(B) with MR(p) = a. Let {¢;}ic, be a maximal set
of realisations of p in M independent over B. By Exercise 9.2.1. {¢;}ic,
splits into a finite number of indiscernible sequences, which implies that u is
countable, and we can assume that 4 < @. Let B, = BU {cp,....¢;—1} and
C;=CU{a € M| MR(a/B;) < a}, so B= By. By maximality we have
p(M) C U, . Cio As M is atomic over B, it is also atomic over B; and since
C; is normal over B; even atomic over C;. If f has been extended to C;, we
may extend f to C; B;; by the atomicity. By the induction hypothesis applied
to B; 1 and C;B; there is an extension to C; .

The proof of 9.2.1(1) can easily be symmetrised to yield 9.2.1(2). 4

ExampLE (Shelah [55]). Let L contain a binary relation symbol E,, for every
ordinal & < w; and let T be the theory stating that each E, is an equivalence
relation such that E consists of only one class and for any a < f§ < w; each
E,-equivalence class is the union of infinitely many Eg-equivalence classes.
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Then T is complete, stable (but not totally transcendental) and admits quan-
tifier elimination. Every consistent L(A)-formula ¢(x) can be completed over
A. Therefore there exists a prime model M which is constructible over the
empty set.

In M any chain (K, )a<e, of Eq-equivalence classes has non-empty inter-
section: otherwise there would be a countable subset 4 of M and some limit
ordinal # < w; such that:

(i) A is construction closed (with respect to a fixed construction);

(ii) 4N Nyey Ka = 0
(i) ANK, #0foralla < 7.
By (i) M/A is atomic. Let ¢ € K,;: then tp(c/A) is isolated by some formula
o(x:@); by (ii) there exists some o < # such that 7 N K, = (. By (iii) there
issome d € AN K,; since a N K, = 0, it would imply |= ¢ (d; @), but this is
impossible as ¢ isolates tp(c/A4). Therefore we have ((Ka)a<w, 7 0.

Now let a € M and let N be the set of all b from M for which there is some
ordinal & < w; with = —aE,b. Then N is also a prime model, but M and N
are not isomorphic.

EXERCISE 9.2.1. Let T be totally transcendental, and Z be an independent
set of realisations of p € S(A4). Then Z can be decomposed into a finite
number 7, ... .Z, of indiscernible sets over A.

9.3. Countable stable theories

We assume throughout this section that T is countable and stable. For such T
we will show that prime extensions, if they exist, are unique. The main point
is Shelah’s result that in this situation subsets of constructible sets are again
constructible.

The proof of Theorem 9.2.1(1) showed that atomic extensions of 4 without
uncountable sets of indiscernibles are constructible and hence prime. The
uniqueness of such prime extensions then also follows directly from the fol-
lowing theorem which holds for arbitrary theories.

THEOREM 9.3.1 (Ressayre). Constructible prime extensions are unique.

Proor. It suffices to prove the theorem for constructible prime extensions
M and M’ over the empty set. Let fo: Eg — E{ be a maximal elementary
map between construction closed subsets Eg C M and E; C M'. If Ey # M.
there is some proper construction closed finite extension E; of Ey. Since
E| is atomic over Eq by Lemma 9.2.4(3) and Corollary 5.3.6 there is an
extension f: E; — E] of fo. Then E] need not be construction closed.
but there is a construction closed finite extension Ej of E|. Similarly there
exists a (not necessarily construction closed) set £, C M and some extension
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f1 to an isomorphism f,: E, — E}. Continuing in this way we obtain an
ascending chain of elementary isomorphisms f;: E; — E/. Then Eo, = J E;
and E._ := |J E/ are construction closed and f := |J f; is an elementary
isomorphism from E., to E._, contradicting the maximality of f. —

THEOREM 9.3.2 (Shelah [55]). If T is stable and countable, then any subset
of a set constructible over A is again constructible over A.

We immediately obtain the following corollary.

COROLLARY 9.3.3. If T is a countable stable theory with prime extensions
(see Exercise 5.3.2), then all prime extensions are unique.

For the proof of the theorem we need the following lemma.

LemMMA 9.3.4. Let T be countable and stable; if A and B are independent over
C and B’ is countable, then there is a countable subset C' of A with A and BB’
independent over CC’.

Proor. Using the properties of forking, we find a countable subset C’ C
:11 jv/lth ABIZC,‘ Lgee B then 4 |, . B'. and since 4 | .., B we hav:

cc :

PrOOF OF THEOREM 9.3.2. Let B be constructible over 4 and D a subset of
B. We may assume that B is infinite since finite sets are constructible. If £ isan
arbitrary construction closed subset of B and E’ C B a countable extension
of E (ie., E’ \ E is countable), then there is some countable construction
closed extension E” of E’. Similarly, for any £ with D | | (DAE) E and for

every countable extension E’ of E, there is a countable extension E” with
D \LA(DQE”) E" (Lemma 9.3.4).

Applying these closure procedures alternatingly countably many times, one
sees that for any construction closed subset E of B with

D | E
A(DNE)
and for any countable extension E’ of E there exists a construction closed
countable extension E” of E’ such that
D | E"
A(DNE")

In this way we obtain a continuous chain (C,)a<¢ of construction closed sets
with Co = 0. [, : Co = B. countable differences C,+1 \ C, and

D | C,.
A(DNC,)
For each a we can choose an w-enumeration of D N (Cyy1 \ C,). These
enumerations can be composed to an enumeration of D. In order to show that
this enumeration is a construction of D it suffices to show that every initial
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segment d of D N (Cyy1 \ Cy) is atomic over A(D N C,). This follows from
the Open Mapping Theorem (8.5.9) as d is atomic over AC,. -



Chapter 10

THE FINE STRUCTURE OF X;-CATEGORICAL
THEORIES

10.1. Internal types

By the results in Sections 5.8 and 6.3 we know that models of X;-categorical
theories are (minimal) prime extensions of strongly minimal sets. We will
see in the next section that in this case the prime extensions M of (M) are
obtained in a particularly simple way, namely as an iterated fibration where
each fibre is the epimorphic image of some (M )X. Unless stated otherwise,
we assume in this section that T is totally transcendental.

We need the concept of an internal type. We fix a 0-definable infinite subclass
F = o(€) of €.

DErFINITION 10.1.1. A partial type n(x) over the empty set is called F-
internal if for some set B, the class 7(€) is contained in dcl(FB).

Lemma 10.1.2. A4 partial type 7 is F-internal if and only if there is some finite
conjunction @ of formulas in © which is F-internal.

PrOOF. The complement of dcl(FB) can be defined by a partial type o (x).
So 7(€) C dcl(FB) if and only if 7 U ¢ is inconsistent and this is witnessed by
a finite part of =. B

ExaMPLE. Let G be a group. Let

M =(G.A)
be a two-sorted structure where A is a copy of G without the group structure.
Instead, the structure M contains the map
n:GxA— A

defined as n(g, @) = ga. Then M is prime over G and clearly the type p of an
element in 4 is G-internal, in fact, p(M) C dcl(G, a) for any a € 4. We will
see in Corollary 10.1.7 that this is the typical picture for internal types.

LemMa 10.1.3. 4 type p € S(A) is F-internal if and only if there is some set
of parameters B and some realisation e of p such that e € dcl(FB) ande | 4B

165
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Proor. If p(€) C dcl(FB), we just choose e as a realisation of p indepen-
dent of B over 4.

Conversely, given a realisation e of p and some b € B with e | ) b and
e € dcl(Fb). we choose a Morley sequence by, by, ... of tp(h/acl®(A4)) of
length |T'|". By Exercise 7.2.1 for each ¢’ € p(€) there is some i such that
e’ L ,bi. If pis stationary, then eb and e’b; realise the same type over 4 and
hence ¢’ € dcl(Fb;). So p(€) C dcl(FB) for B = {bg.by,...}. If pis not
stationary, then by the previous argument applied to each extension of p to
acl®d(A) these are all F-internal. By taking unions we obtain a set B such that
the realisations of all extensions of p to acl®d(A) are contained in dcl(FB). -

Lemma 10.1.4. A consistent formula o is F-internal if and only if there is a
definable surjection from some F" onto ().

PrOOF. If there is a B-definable surjection F” — ¢ (€), »(€) is contained
in dcl (FB). For the converse assume that ¢(¢) C dcl(FB). Then, by
Exercise 6.1.12, for every e € ¢(€) there is a B-definable class D, C F"*
and a B-definable map f.: D, — € such that e is in the image of f,. A
compactness argument shows that there is a finite number of definable classes
Dy.....D, C " and definable maps f;: D; — € such that ¢(¢) is contained
in the union of the f;(ID;). Fix a sequence of distinct elements a;.....a, € F
and an element b of p(€). Define f: F**! — ¢(&) by setting £ (X, y) = f:(X)
if y=a;and X € D; and f (X, y) = b for some b € p(€) otherwise. Then f
is a surjection from F"*! onto ¢(¢). -

Lemma 10.1.5. Let T be an arbitrary theory and F a stably embedded 0-

definable class. If a and b have the same type over F, they are conjugate under
an element of Aut(€/F).

PrROOF. We construct the automorphism as the union of a long ascending
sequence of elementary maps a: 4 UF — B UF which are the identity on
F. Assume that « is constructed and consider an element ¢ € €. Since F is
stably embedded, the type of ¢4 over F is definable over some subset C of IF.
Choose some d € € with tp(dB/C) = tp(cA/C). We can then extend « to
an elementary map o’: {c} UAUF — {d} U BUT. To see this assume that
El(c.a. f), wherea € Aand f € F. Then ¢(x, y, /) belongs to the type of
cA over F, so ¢(x,y. f) belongs also to the type of dB over F which shows

Feld.ala). f). 5

A groupoid is a (small) category in which all morphisms are invertible,
i.e., isomorphisms. A groupoid is connected if there are morphisms between
any two objects. A definable groupoid G is one whose objects are given by a
definable family (O;);<; of classes and whose morphisms by a definable family
(M;;)ijer of bijections O; — O;. We use the notation Homg(0;. O;) and
Autg(Oi) for M,'_j and M,',i.
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We denote by F®4 C €% the collection of those 0-definable equivalence
classes having representatives in [F.

TueoREM 10.1.6 (Hrushovski’s Binding Groupoid). Let T be totally tran-
scendental, E and F be 0-definable and assume that E is F-internal and non-
empty. Then E is an object of a 0-definable connected groupoid G with the
following properties:

a) E is not the only object in G. The objects other than E are subsets of T4,
b) Autg(E) = Aut(E/F).

The group Autg (E) is Zilber’s binding group (see also [46]).

Proor. By Lemma 10.1.4 there is a definable surjection from some power
F" to [E. This induces a bijection f: O — E for some definable class O of F*4,
Let f = f. be defined from a parameter ¢ and O = O, from a parameter d.
By Lemma 8.3.3 we can find d in F(M,) for an atomic model M, of 7. Since,
by Lemma 5.3.4, the isolated types are dense over any parameter set, we may
assume that the type of ¢ over F N M is isolated, say by a formula ¢ (x, a). It
is easy to see that o (x, a) isolates a type over F. By extending d if necessary
we may assume that d = a. Now let y/(y) isolate the type of d.

As objects of G we take E and the O, where e realises w(y) and we let
Homg(O,.E) be the set of all f., with ¢’ realising p(x,e). We claim that
Homg(O,.E) is a right coset of Aut(E/F), namely, if ¢’ realises ¢(x, ¢), we
have

Homg(O0,,E) = Aut(E/F) o f .

This follows easily from the fact that, by Lemma 10.1.5, the elements of
Homg (0., E) are of the form S a(cr) for some automorphism o € Aut(¢/F)
and from the formula

fa(c’) :aOfC"
‘We can now set

Homg(E, 0,) = {f~'| f € Homg(0,.E)}
Homg (E.E) = {f og™" | f.g € Homg(0..E)}
Homg(0,.0.) = {/ "' og | f € Homg(O,.E). g € Homg(O,.E)}.

Recall that a group G acts regularly on a set 4 if for all a, b € A there exists
aunique g € G with ga = b.

CoRrOLLARY 10.1.7 (Binding group). Let T be a totally transcendental the-
ory, E and F be 0-definable and assume that E is F-internal. Then the following
holds.

1. There is a definable group G C T4, the binding group, and a definable
class A on which G acts regularly and such that E C dcl(Fa) for all a € A.
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The group G, the class A, the group operation and the action of G on A
are definable with parameters from IF.

2. Aut(E/F) is a 0-definable permutation group, Aut(E/F) acts regularly on

A and is definably isomorphic to G.

ProOF. Let G be the groupoid of Theorem 10.1.6. Fix any object O, dif-
ferent from E. Set G = Autg(0,) and A = Homg(O,,E). Now replace
the definable bijections in G and A by their canonical parameters in order to
obtain elements of F*4 and €4 respectively. o

REMARK 10.1.8. Note that in the last corollary Aut(E/F) is infinite if E
acl®d(IF).

Exercisk 10.1.1. Let € be F-internal. Show that every model M is a mini-
mal extension of F(M).

ExERcISE 10.1.2. Let T, E and F be as in Theorem 10.1.6.

1. Show that there is a finite subset 4 of E such that E is contained in
dcl(FU A4).

2. Show that the converse of Remark 10.1.8 is also true: Aut(E/FF) is finite
if E is contained in acl(F).

ExERCISE 10.1.3. Prove that every element of dcl®d(F) is interdefinable with
an element of 1.

Exercise 10.1.4. Let T be arbitrary, F 0-definable and C a subset of F.
Show that tp(a/FF) is definable over C if and only if tp(a/C) + tp(a/F).

Exercisk 10.1.5 (Chatzidakis—Hrushovski, [17]). Let T be arbitrary and F
0-definable. Show that the following are equivalent:

a) T is stably embedded.

b) Every type tp(a/F) is definable over a subset C of F.

c¢) For every a there is a subset C of F such that tp(a/C) + tp(a/F).
d) Every automorphism of F extends to an automorphism of €.

10.2. Analysable types

Throughout this section we assume that T is a stable theory eliminating
imaginaries.

DErFINITION 10.2.1. Let F be a 0-definable class. A type p € S(0) is
called F-analysable if for every realisation a of p there is a sequence of tu-
ples ag. ..., a, = a in dcl(a) such that tp(a;/ag...a;—1) is F-internal for

TaeoOREM 10.2.2 (Hrushovski [27]). Let T be Ri-categorical and F a 0-def-
inable strongly minimal set. Then every type p € S(0) is F-analysable.
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We need some preparation in order to prove this theorem.

Tueorem 10.2.3. Let p € S(A) be a stationary type and T an infinite Morley
sequence for p. Then Cb(p) C dcl(Z).

ProoF. By Exercise 9.1.2(b) the average type Av(Z) is the non-forking exten-
sion of p to the monster model. The proof of Theorem 9.1.2 and Lemma 8.5.8
imply that Av(Z) is based on Z. =

DerINITION 10.2.4. 1. We call two types p. g € S(A4) almost orthogonal if
any realisation of p is independent over 4 from any realisation of ¢.

2. Two types over possibly different domains are orthogonal if all non-
forking extensions to any common domain are orthogonal.

3. A theory T is called unidimensional if all stationary non-algebraic types
are pairwise non-orthogonal.

Note that algebraic types are orthogonal to all types.

Let IF be a strongly minimal set. We call a type p € S(4) orthogonal to FF if
for every realisation b of p, any ¢ € F and any extension B of A over which F
is defined we have

bl B=bc
A B

If g is a type of Morley rank 1 containing F(x), this is equivalent to p being
orthogonal to g.

LemMA 10.2.5. Let T be Ny-categorical and F a strongly minimal set. Then
no non-algebraic type is orthogonal to IF.

PrOOF. Let IF be defined over 4 and suppose that p € S(A4) is orthogonal to
F. Choose a model M containing A4, a realisation b of p independent from M
over A, and amodel N prime over Mb. Then b is independent from F(N ) over
M. By Theorem 5.8.1, there is some ¢ € F(N) \ M. Let p(x,y) € L(M) so
that ¢ (x, b) isolates the type of ¢ over Mb. Then ¢ (x, b) cannot be realised in
F(M) and hence must be algebraic. So tp(c/Mb) and by symmetry tp(h/Mc)
fork over M, contradicting the choice of b. =

Proor oF THEOREM 10.2.2. By induction on & = MR(p). If o = 0, p is
algebraic and hence trivially internal (in any definable class). If o > 0, we
apply Lemma 10.2.5 and find a realisation » of p, some ¢ € F and some set
of parameters B such that b | B and b [ , c. By finite character of forking
we may assume that B is finite.

Let D be the canonical base of tp(c¢B/ acl(b)). As cB Lpb.buteB [ b.
we have b J/ D. Let (¢;B;) be an infinite Morley sequence for tp(¢B/D). By
Theorem 10.2.3, we have

D C dCl(CoBoClB1 . )
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It follows from » | B (and D C acl(b)) that we must have D | B and
hence D | BB .... Thisshows that the type of any tupled € D isF-internal
by Lemma 10.1.3. We choose a finite tuple d € D with b J d. Then we have
MR(b/d) < a. We may absorb the parameter d into the language and apply
the induction hypothesisto 7'(d) = TU{p(d) | ¢ € tp(d)} to find a sequence
bi,....b, = b such that b; € dcl(db) and the types tp(b; /db, ...b; ;) are F-
internal. Setting by = d. we would be done if we knew that d € dcl(b). For
this we replace d by the canonical parameter d’ of the finite set {d;,...,d;}
of conjugates of d over b. We have thus achieved d’ € dcl(h). Because
d’ € dcl(d; . ..dy) the type of d’ is F-internal and since d € acl(d’). we have
MR(b/d") < MR(b/d) < a. We can use this d’ to finish the proof. -

A complete theory is called almost strongly minimal if there is a strongly
minimal formula ¢ (possibly containing parameters) such that € is in the
algebraic closure of ¢(€) U 4 for some set 4 C €.

CoOROLLARY 10.2.6 (Zilber). Let T be an Xi-categorical theory. If there is no
infinite group definable in T4, then T is almost strongly minimal.

PrROOF. Let T be an X;-categorical theory and let IF be a 0-definable strongly
minimal set, possibly after adding parameters. If 7" is not almost strongly
minimal, we can use Theorem 10.2.2 to find a definable class E which is [F-
internal but not contained in acl®(FF). Then Aut(E/F) is an infinite definable
group by Corollary 10.1.7 and Remark 10.1.8. o

TueorEM 10.2.7 (Baldwin [3]). Any Ri-categorical theory has finite Morley
rank.
To prove Theorem 10.2.7 we need the following definition which allows us

to extend additivity of Morley rank beyond strongly minimal sets (see also
Proposition 6.4.9 and Exercise 6.4.3).

DermNiTION 10.2.8. Let f: B — A be a definable surjection. We say that
the fibres of [ have definable Morley rank if there is a finite bound for the
Morley rank of the fibres £ ~!'(a) and if for every definable B’ C B and every
k' the class {a € A | MR(f~!'(a) NB’) = k'} is definable.

REMARK 10.2.9. If B is a power of a strongly minimal set, the fibres of f
have definable Morley rank by Corollary 6.4.4. o

For the next statement remember that the Morley rank of the empty set is
defined as —oo.
Lemma 10.2.10. If the fibres of f: B — A have definable Morley rank and
MR (A) is finite, we have
MR (B) = max(MR(Ay) + k),

k<o

where Ay, = {a € A | MR(f~(a)) = k}.
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PrROOF. We leave it as an exercise (Exercise 10.2.1) to show that MR B >
MR Ay + k for all k. For the converse we may assume that all fibres have
Morley rank k and that A has Morley degree 1 and Morley rank . We show
MR B < f + k by induction on f.

Let B’ be an infinite family of disjoint definable subsets of B. We want to
show that one of the B’ has smaller Morley rank than f + k. Consider any
a € A. Then for some i the fibre f~'(a) N B’ must have rank smaller than
k. So the intersection of all Al = {a | MR(f~!(a) N B) = k} is empty.
which implies that one of the A} has smaller rank that . Induction yields

MRB < 8 + k. -
PrOOF OF THEOREM 10.2.7. It is enough to prove that every element a has
finite Morley rank over . Each a has an analysing sequence ay. ....a, = a

where all types tp(a; /ag . .. a; ) are F-internal. We prove by induction on n
that the tuple ay ... a, has finite Morley rank. By Lemma 6.4.1 this implies
that a, has finite Morley rank.

By the induction hypothesis, ay...a,_| is contained in a 0-definable set
A of finite Morley rank. Since tp(a,/aq...a,—1) is F-internal, a, is con-
tained in an (aq...a,_1)-definable set which is an image of some power of
F by a definable map. So we may assume that ay...a, belongs to a 0-
definable set B which projects onto A by the restriction map z: B — A
and such that the fibres 7~ !(a) are definable images of some power of F.
By Corollary 10.2.9 the fibres of n have definable Morley rank. If the rank
of the fibres is bounded by k. Lemma 10.2.10 bounds the rank of B by
MRA + k. -

We end this section with a different characterisation of R;-categorical the-
ories due to Erimbetov [18].

THEOREM 10.2.11. A countable theory T is X|-categorical if and only if it is
w-stable and unidimensional.

PrROOFE. Assume first that 7" is N-categorical. Let [F be strongly minimal,
defined over A, p and ¢ be two stationary types over 4. By Lemma 10.2.5
there is an extension A C B, realisations a, b, ci,¢; of p, ¢ and FF such that
al B.b | B.a/  ci.b L ,c. Thatmeansthate, € acl(aB))\acl(B)
and ¢, € acl(hB) \ acl(B). So ¢ and ¢, have the same type over B and we
may assume that ¢; = ¢;. Butthen¢; J e implies a J 2 b and p and ¢ are
not orthogonal.

For the converse assume that 7 is w-stable and unidimensional. The proof
of the Baldwin—Lachlan Theorem (5.8.1) shows that it is enough to prove that
there are no Vaughtian pairs M 2 N for strongly minimal formulas ¢(y)
defined over M. Let a be any element in N \ M and p(x) = tp(a/M). By
assumption there is an extension M’ of M and an element ¢ € ¢(€)\ M’ such
thata |, M'andc € acl(aM’). Leté(a, m’, y) be a formula which isolates
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the type of ¢ over aM’. Then the following sentences are true in M’

d, x3yo(x.m’. y)

d, xVy(©@(x.m’. y) = o(y))
Vyd,x—d(x.m'.y).

So we find an m € M for which the corresponding sentences are true in M.
This implies that there is a » € B such that N |= 6(a, m, b) and that all such
bliein p(N)\ M. So M Z N is not a Vaughtian pair for . -

Exercise 10.2.1. Let f: B — A definable and assume that all fibres have
Morley rank at least «. Then MR B > o + MR A.

Exercist 10.2.2. Two types p € S,,(4) and ¢ € S, (A) are weakly orthogo-
nal, if p(x) U ¢(y) axiomatises a complete type in S,,;,(4). Show

1. p and g are weakly orthogonal if and only if for any realisation « of p,
¢ has a unique extension to Aa.

2. In a simple theory two stationary types p and ¢ are weakly orthogonal
if and only if they are almost orthogonal.

EXERcIsE 10.2.3. Assume T simple and p and p’ two stationary parallel
types. Then p is orthogonal to a type ¢ if and only if p’ is.

EXERCISE 10.2.4. In a simple theory call a stationary, non-algebraic type
p € S(A) regular if it is orthogonal to every forking extension. Prove the
following
1. If T is stable, then also every type parallel to p is regular.
2. cl(B)={cepe)|B L , ¢} defines a pregeometry on p(€).
3. Dependence is transitive if the middle element realises a regular type: if
b {  ccl  dandcrealises p, then b f  d. It follows that non-
orthogonality is an equivalence relation on the class of regular types.

10.3. Locally modular strongly minimal sets

In this section, we let T denote a complete stable theory and ¢(x) a strongly
minimal formula without parameters.

We call ¢ modular if its pregeometry is modular in the sense of Defini-
tion C.1.9, i.e.. if for all relatively algebraically closed 4, B in ¢ (¢)

dim(4 U B) + dim(4 N B) = dim(4) + dim(B). (10.1)

We say T is locally modular if (10.1) holds whenever A N B contains an
element not in acl((}).
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Itiseasy to see that ¢ is modular if and only if any two relatively algebraically
closed subsets 4 and B of ¢ (€) are independent over their intersection:
A | B:
ANB
see Lemma C.1.10. In fact this holds for arbitrary sets B, not necessarily
contained in ¢ (€).
Lemma 10.3.1. If ¢ is modular, then
A | B
4ANB
for algebraically closed B and any A which is relatively algebraically closed in
©(Q).

PrOOF. Let C be the intersection of B and ¢ (€). Itis enough to show that 4
is independent from B over C. For this we may assume that B is the algebraic
closure of a finite set and the elements of 4 are algebraically independent over
C. We have to show that the elements of 4 remain algebraically independent
over B. Choose a B-independent sequence Ay, A1, ... of sets realising the
same type as A over B. For any i the intersection of acl(A4y...A4;) and
acl(A4,41) is contained in B. So by local modularity Ay ... A; and A;,; are
independent over C. This implies that the elements of 4g U A; U --- are
algebraically independent over C. By Exercise 9.1.2 for some i the elements
of A; U A;11 U --- are algebraically independent over B. Hence also the
elements of A are algebraically independent over B. -

DErFINITION 10.3.2. A formula w(x) without parameters is 1-based if
A4 | B
acled(A4) Nacled(B)
for all B and all subsets 4 of w(¢).
For a set B and a tuple a, the strong type stp(a/B) = tp(a/acl®d(B))

is stationary (see Exercises 8.4.9 and 8.5.4). We denote by Cb(a/B) the
canonical basis of stp(a/B). Note that Cb(a/B) is a subset of €%,

Lemma 10.3.3. A4 formula y is 1-based if and only if
Cb(a/B) C acl®(a)
Jor all sets B and finite tuples a in w(€).

ProoF. Let C be the intersection acl®(a) N acl®d(B). If T is 1-based, the
strong type of a over B does not fork over C. So by Lemma 8.5.8 Cb(a/B) is
contained in C C acl®(a). If conversely Cb(a/B) is contained in acl®(a), it
is also contained in C and a \LCb(a/B) Bimpliesa | . B. =

COROLLARY 10.3.4. 1. 1-basedness is preserved under adding and removing

parameters, i.e., y is 1-based if and only if v is 1-based in € 4 for any set
A of parameters.
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2. If w is 1-based and if every element of y'(€) is algebraic over w(C€), then

w'(€) is 1-based.

Proor. 1. If y is 1-based, then Cby(a/B) = Cb(a/AB) C acl®(a) C
acl®4(a). If conversely y is 1-based in €4 and a € yw(€) and B are given,
we may assume that @, B are independent from 4. We have then Cb(a/B) =
Cb(a/AB) = Cby(a/B) C acl®4(a). Since Cb(a/B) is also contained in
acl®d(B), we conclude Cb(a/B) C acl®(a).

2. First note that if ¢ is algebraic over «, then, for any set B, we have that
¢ and B are independent over Cb(a/B), hence Cb(c/B) C acl®® Cb(a/B).
Now let a’ be a finite tuple from y’(€) and B any set. Choose a tuple a; from
©(€) over which a’ is algebraic. If a; and a’ are interalgebraic, we are done.
Otherwise choose a; which realises the type of a; over a’ and is independent
from a; over a’. Then Cb(a’/B) C acl®®Cb(a;/B) N acl®9Cb(ay/B) C
acl®(a;) Nacl®(a,) C acl®d(a’). 4

THEOREM 10.3.5. Let T be totally transcendental and ¢ a strongly minimal
Jformula without parameters. Then the following are equivalent.
a) o is locally modular.
b) ¢ is 1-based.
c) Every family of plane curves in @ has dimension at most 1. This means that
for all B and elements a.b of ¢(€), if tp(ab/B) has Morley rank 1, then
Cb(ab/B) has Morley rank at most 1 over the empty set.

PrOOF. a) = b): If ¢ is locally modular, ¢ becomes modular if we add
a name for any element x € ¢(€) \ acl®d(P) to the language. If B and
a € ¢(€) are given, we choose x independent from aB (over the empty
set). It follows from Lemma 10.3.1 that ¢« and Bx are independent over
acl®d(ax) N acl®d(Bx). This implies Cb(a/Bx) C acl®d(ax). By the choice of
x we have Cb(a/Bx) = Cb(a/B) C acl®(B). Since x and B are independent
over a, we have acl®d(ax) N acl®d(B) C acl®(a). This implies Cb(a/B) C
acl®(a).

b) = ¢): Write d = Cb(ab/B). Then MR (ab/d) = 1. If the Morley rank
of d isnot zero, ab and d are dependent over the empty set. By the definition of
1-basedness and Lemma 10.3.3, we have d € acl®d(ab), and so MR (abd ) < 2.
Since MR (ab/d) = 1, we have MR (d) < 1 using Proposition 6.4.9.

c) = a): Let x be a non-algebraic element of ¢(¢). By Lemma C.1.11
we have to show the following: for all elements a,b and sets B in ¢(¢)
with MR (ab/x) = 2 and MR (ab/Bx) = 1, there is some ¢ € acl(Bx) such
that MR (ab/cx) = 1. We may assume that @ ¢ acl(Bx). Consider the
imaginary element d = Cb(ab/Bx). Since d is contained in acl®d(Bx), a
is not algebraic over d. Also, since x ¢ acl(ab) and d is algebraic over
ab by assumption, x is not algebraic over d. So a and x have the same
type over d and we can find an element ¢ such that xc¢ and ab have the
same type over d. Since b € acl(ad) and d € acl®d(ab) this implies ¢ €
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acl(xd) C acl(Bx) and d € acl®d(xc). So we have MR (ab/cx) = 1 as
required. -

By a theorem of Zilber any w-categorical strongly minimal theory is locally
modular (see [64]). On the other hand (see Exercise 4.3.1) we have the
following, which holds more generally for stable theories, see [43].

PropPoOSITION 10.3.6. A totally transcendental theory T which contains an
infinite definable field is not 1-based.

ProoF. Let K be an infinite definable set with a definable field structure.
We may assume that everything is definable over the empty set. Let a be the
Morley rank of K. We call an element x of K genericif MR (x) = a.. We note
first that if p = (x. y) is an element of the line g,, = {(x,») | ax +b = y}
which is not algebraic over a, b, then a, b € dcl Cb(p/a, b). This follows from
the fact that two lines intersect in at most one point. So it is enough to find
such p and g, with (a, b) not algebraic over p.

For this we choose four independent generic elements a, b, a’, b’ and let p =
(x, y) be the intersection of g, and g,/ ,-. Since x and b’ are interdefinable
over a. b, a’, we can conclude that x, a, b, a’ are generic and independent. So
p is not algebraic over a.b. Since y and b are interdefinable over x.a we
have that x, y. a. a’ are generic and independent. This implies that a. b is not
algebraic over p. -

The converse of the previous proposition for strongly minimal theories was
known as Zilber’s Conjecture. This Conjecture, namely that for any non-
locally modular strongly minimal theory 7 an infinite field is definable in 79,
was refuted by Hrushovski in [28]. A variant of his construction of a new
strongly minimal set will be given in the next section. However, Hrushovski
and Zilber proved in their fundamental work [30] that the Conjecture holds
for so-called Zariski structures.

10.4. Hrushovski’s examples

To end, we present a modification of Hrushovski’s ab initio example of a
new strongly minimal set [28]. This counterexample to Zilber’s Conjecture has
been the starting point of a whole new industry constructing new uncountably
categorical groups [7], fields [6], [8]. and geometries [5], [58]. The dimen-
sion function defined below also reappears in Zilber’s work around Shanuel’s
Conjecture [65].

Following Baldwin [5] (see also [58]). we construct an almost strongly
minimal projective plane as a modified Fraissé limit: instead of considering
structures with all their substructures we restrict the amalgamation to so-called
strong substructures and embeddings. This will allow us to keep control over
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the algebraic closure of sets so that the resulting structure is uncountably
categorical.

Recall that a projective plane is a point-line geometry such that any two lines
meet in a unique point, any two points determine a unique line through them
and there are four points no three of which are collinear. For convenience, we
consider a projective plane as a bipartite graph whose vertices are the points
and lines of the projective plane and in which the incidence between a point
and a line is represented by an edge, making this graph naturally bipartite. In
these terms a projective plane is a bipartite graph with the property that the
distance between any two vertices is at most 3, the smallest cycles in the graph
have length 6, and any element has at least 3 neighbours.

We fix a language L = {P, E} for bipartite graphs where P is a predicate
denoting the colouring and E denotes the edges. For a finite graph A4, let e(A4)
denote the number of edges in 4 and |A4| the number of vertices. We define
6(A) = 2|A4] — e(A4) and put 5(4/B) = 6(AB) — 6(B). Then § satisfies the
submodular law of dimension functions for pregeometries (see page 207):

6(AB) +6(ANB) <d(A4)+5(B)
or equivalently
6(A/B) <6(A/AN B).

We call a finite set B C M strongin M, B < M, if6(A/B) > 0 for all finite
A C M. It follows easily from submodularity that this is a transitive relation,
see Exercise 10.4.1.

Let K be the class of graphs M, bipartite with respect to P, not containing
any 4-cycles, and such that §(4) > 4 for any finite subgraph 4 of M with
|A4| > 3. Note that this implies §(4) > 2 for all finite 4 € K. Any finite subset
A of M is contained in a finite strong subset F' of M: we can choose F to be
any finite extension of A4 with §(F) minimal.

Given graphs 4 C M, N we denote by M ®4 N the trivial amalgamation
of M and N over A, obtained as the graph whose set of vertices is the disjoint
union (M \ 4) U (N \ 4) U A with incidence and predicate P induced by B
and C.

LemMMA 10.4.1. If A < N and 6(F) > 4 for all finite subgraphs F of M and
N with |F| > 3, the same is true for M ® 4 N. If M is finite, then M is strong
inM ®4N.

Proor. This follows from the fact that every finite ¥ C M ®,4 N has the
form M’ @4 N’ where M, A’, N’ are the intersection of F with M, A, N
respectively, and from the formula §(F) =5(M') +6(N'/A"). -

DeriNITION 10.4.2. We call a proper strong extension F over A minimal if
it cannot be split into two proper strong extensions 4 < C < F. Wecall a
minimal extension i-minimal if 6 (F/A4) = i. We use this terminology also for
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pairs (A4, B) of disjoint sets, which we call i-minimal — or we say that B is
i-minimal over 4 — if AB is an i-minimal extension of 4. A 0-minimal pair
(A, B) is called a simple pair if B is not 0-minimal over any proper subset of 4.

The following is easy to see.

REMARK 10.4.3. Let B be 0-minimal over 4 and A, the set of elements
of A which are connected to an element of B. Then (4y. B) is simple and
AUB =A4®y4, AoB.

Lemma 10.4.4. A proper strong extension A < F is minimal if and only if
6(C/A) > 6(F/A) for all C properly between A and F .

Proor. Let C be a set properly between 4 and F with ¢ = 6(C/4) <
0(F/A) minimal. Then F is a strong extension of C. =

COROLLARY 10.4.5. A minimal extension F of A is i-minimal for i = 0,1 or
2. The 1-minimal and 2-minimal extensions are of the form F = AU {b} where
b is connected to at most one element of A.

ProOF. Let F be an i-minimal extension of 4. Assume that B = F \ 4 has
more than one element and i > 0. Since §(h/4) < 2 for any b € B, by the
previous lemma we must have i = 1 and no element of B is connected with 4.
Thus 1 = 6(B). which is impossible for B € K. 4

We next fix a function u from simple pairs (4, B) into the natural numbers
satisfying the following properties:

1. u(A, B) depends only on the isomorphism type of (4, B).

2. u(A,B) >6(A).

We will be only interested in simple pairs (4, B) where 4B belongs to K. Note
that this implies A4 # 0 and hence u(A4, B) > 1.

For any graph N and any simple pair (4, B) with 4 C N wedefine y" (4, B)
to be the maximal number of pairwise disjoint graphs B’ C N such that B
and B’ are isomorphic over A4.

Let now K, be the subclass of K consisting of those N € K satisfying
7N (A.B) < u(A. B) for every simple pair (4, B) with 4 C N. Clearly K,
depends only on the values u(A4. B), where 4B belongs to K.

Lemma 10.4.6. Let N € K, contain two finite subgraphs A < F. If
0(F/A) =0, then N contains only finitely many copies of F over A.

ProOOF. It suffices to consider the case that F = 4 U B for B simple over
A. Assume that B has infinitely many copies over 4 in N. Consider a
finite extension C of 4 which is strong in N. There is a copy of B which
is not contained in C. It follows from minimality that B is disjoint from
C. So we can construct an infinite sequence of disjoint copies, contradicting
1N (A.B) < u(A. B). -

We need the following lemma:
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LEmMMA 10.4.7. Let M be in K, A afinite subgraph of M and (A. B) a simple
pair. If N = M @4 AB ¢ K, is witnessed by y™(A', B') > u(A'. B’). there
are two possibilities for (A', B'):

1. A" = A and B’ is an isomorphic copy of B over A.

2. a) A'is containedin AU B, but not a subset of A.

b) B contains an isomorphic copy of B’ over A’.

Proor. First consider the case 4" C M. Since M € C, there is some copy
B" of B’ over A’ which intersects B. If B” ¢ B, then A’ < A’ U(M NB") <
A’ U B” contradicting the minimality of B” over A’. So B” C B. Since
(4’, B") is simple, every element of A’ is connected with some element of B”
and so A" must be a subset of A. If B” were a proper subset of B, 0-minimality
of (4, B) would imply that 0 < §(B”/4) < d(B"/A’) which is not possible.
So B” = B, which implies 4 = A’ by simplicity of (4, B).

Next consider the case 4" € M, so A’ N B # (. Then since B’ is simple
over A’, no copy of B’ over A’ is contained in M \ 4. Now suppose that there
are k disjoint copies Bj...., B, of B’ over A’ contained in M and that the
disjoint copies B,’( PP B,Q 4 intersect both M and B. Since each B/ contains
vertices which are connected to vertices of A’ N B, it follows immediately that
(A" /M) <6(A' /M N A")—k <6(A") — k. Note that 5(M U 4’) < 5(4’)
since M U A’ is strong in 4’.

Since the B/ are 0-minimal over 4’, we have foreachi =k +1,....k + I

5(3{/MUA’UB,Q+IU~-~UB{_1) <0.

This implies
k+1
5( U B;/MUA’) )
i=k+1
Hence
k+1
0< 5( U B/ A’/M) <A M)—1<5(d) = (k+1).
i=k+1

Thus at most §(4’) many disjoint copies of B’ over 4’ are not contained in B,
leaving at least one copy of B’ over A’ inside B. Since each element of A’ is
connected to some element of this copy, we see that 4 must be contained in
A U B, finishing the proof. .

As in Section 4.4 we say that M € K, is K,-saturated if for all finite 4 < M
and strong extensions C of 4 with C € K, there is a strong embedding of
C into M fixing A4 elementwise. Since the empty graph belongs to K, and is
strongly embedded in every 4 € KC,, this implies that every finite 4 € K, is
strongly embeddable in M.
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THEOREM 10.4.8. The class ICE“ of finite elements of K, is closed under sub-
structures, and has the joint embedding and the amalgamation property with
respect to strong embeddings. There exists a countable KC,-saturated structure
M. which is unique up to isomorphism. This structure M, is a projective plane
with infinitely many points per line and infinitely lines through any point.

ProOF. Clearly, ICZ“ is closed under substructures. We will show that ICﬂ"
has the joint embedding and the amalgamation property with respect to strong
embeddings. Then exactly as in the proof of Theorem 4.4.4 we obtain a
countable KC,-saturated structure M,, which is unique up to isomorphism.
In particular, in M, any partial isomorphism f: 4 — A’ with 4.4’ < M,
extends to an automorphism of M. Since the empty graphisin K, and strong
in 4 € K,, it suffices to prove the amalgamation property. Let Cy. Cy, G, €
ICﬂ“, Cp < Cy, C,. We have to find some D € ICE“ which contains C; and C,
as strong subgraphs. We prove the amalgamation property by induction on
the cardinality of C; \ Cp.

Case 1: C; is not a minimal extension of Cy. Then there is a set C; < C;
which lies properly between Cy and C,. By the induction hypothesis we may
amalgamate C; with Cj over Cj to get D’, and then amalgamate D’ with C,
over C; to obtain D.

Case 2: (C, is a minimal extension of Cy,. We will show that either D =
C1 ®c, C belongs to K, or C; strongly contains a copy of C, over Cp.

By Corollary 10.4.5 there are three cases:

Case 2.i): G, is a 0-minimal extension of Cy. We assume D = C} ®¢, C> ¢
K, and show that C, contains a copy of C; of C,. Since 6(C;/Cy) = 0 this
then implies that Cj is strong in C;.

That D ¢ K, can have two reasons. First there might be a 4-cycle in D.
This cycle must consist of ag. a} in Cy. by € C \ Cp and b, € C; \ Cp such
that b; and b, are connected with both g and . But then minimality implies
that C; = Cy U {h,} and Cy U {b,} is a copy of C, over Cy. Note that b; and
b, must have the same colour.

The second reason might be that y?(4’.B’) > u(A’.B’) for a simple
pair (4’,B’). Let A be the set of elements in C, which are connected to
a vertex in B = (, \ Cy. Then (4. B) is a simple pair and we have D =
C; ®4 AB. We can now apply Lemma 10.4.7. The second case of the
Lemma cannot occur since then every copy B” of B’ over A’ in D must
intersect C, and, since C, is strong in D,, must be contained in C,. This
would imply that y©(4’, B’) = y4P(A’.B’). So the first case applies and
we have 4’ = A4 and B’ is a copy of B over A. All other copies B” of
B over A are contained in C; by simplicity. Since B’ is minimal over A4,
either B” must be a subset of Cy or a subset of C; C Cy. Since C; is in I,
there is a B” contained in C, \ Cy. Then Cy U B” is over Cy isomorphic to
Ci=Cy® 4 AB.
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Case 2.ii): G is a 1-minimal extension of C;. Then C; = Cy U {b} and
b is connected with a single a € Cy. We show that D = C) ®¢, Gy isin K.
Clearly, D does not contain more cycles than C;. So consider a simple pair
(4,B) in D. Since 4 < B and 6(B/A) = 0, b cannot be contained in B. If
b€ A then1 = y?(4.B) < u(A. B) as b is connected to a unique element
of D. So we have D € K.

Case 2.iii): C, is a 2-minimal extension of Cy. Then C; = Cy U {b} where
b is not connected with Cj. The same argument as in the last case shows that
D= ®c, Gy isin IC,u-

Using the fact that any partial isomorphism f: 4 — A" with 4. 4" < M,
extends to an automorphism of M), it is easy to see that M, is a projective
plane: since any two vertices of the same colour form a strong substructure
of M. for any two pairs of such vertices with the same colouring there is an
automorphism taking one pair to the other. Since there are pairs of vertices
of the same partition at distance 2 in the graph, the same is true for any such
pair. Thus any two points lie on a common line and any two lines intersect in a
point. Uniqueness is immediate since there are no 4-cycles. Similarly, for any
n € w the graph consisting of a vertex xq and neighbours xi. ... x, of xo (in
either colouring) lies in K, and is a strong extension of xy. It follows that in
M, every vertex has infinitely many neighbours. Translated into the language
of point-line geometries this says that there are infinitely many points per line
and infinitely many lines through any point. This of course already implies
the existence of four points in M, no three of which are collinear. But this
also follows from the fact that the corresponding graph, an 8-cycle of pairwise
distinct elements is contained in /C,,. .

We now turn to the model-theoretic properties of M.

THEOREM 10.4.9. Let T, be the theory (in the language of bipartite graphs)
axiomatising the class of models M such that:

1. Every vertex of M has infinitely many neighbours.
2. M e Ky
3. M ®4 AB & K, for each simple pair (4, B) with A C M.

Then T, = Th(M,).

PrOOF. Note first that this forms an elementary class whose theory 7, is
contained in Th(M,): clearly, Part 1 is a first-order property, which holds
in M, by Theorem 10.4.8. For each simple pair (4. B) we can express that
7M(A,B) < u(A.B), so Part 2 is first-order expressible and holds in M,
by construction. For Part 3 notice that if D = M ®4 AB ¢ K. then
by Lemma 10.4.7 to express the existence of a simple pair (4’, B’) with
2P (A'.B") > u(A’. B') one can restrict to pairs which are contained in 4 U B.
So this can be expressed in a first-order way. To see that this is true in M,
we argue as follows. Assume D € KC,. Then for every finite C < M, which
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contains A4, the graph C < C ®,4 AB belongs to I, and so M, contains a
copy of B over C. So we can construct in M, an infinite sequence of disjoint
copies of B over A. This is not possible.

Let M be amodel of T,. We have to show that M is elementarily equivalent
to M. Choose an w-saturated M’ = M. By (one direction of) the next claim
M’ is IC,-saturated. Asin Exercise 4.4.1 M’ and M, are partially isomorphic
and therefore elementarily equivalent.

CLamM. The structure M is an w-saturated model of T, if and only if it is
K -saturated.

PrOOF OF Cramm. Let M |= T, be w-saturated. To show that M is IC,-
saturated,let A < M and A < F ¢ ICE“. By induction we may assume that F
is a minimal extension of 4. There are three cases:

Case 1: F is a 0-minimal extension of 4. By condition 3 M ® 4 F does not
belong to K. Then by Claim 2 of the proof of Theorem 10.4.8 M contains a
strong copy of F over 4.

Case 2: F is a 1-minimal extension of 4. Then F = A4 U {b} where b is
connected to exactly one vertex a € 4. Since a is connected to infinitely many
b’ € M. there is such a b’ that is not algebraic over A. Then F’' = AU {b'} is
isomorphic to F and strong in M, since by Lemma 10.4.6 F’ is not contained
inany C C M withdé(C/A4) = 0.

Case 3: F is a 2-minimal extension of 4. Then F = A U {b} where b
is not connected to 4. By the previous case there are o’ and 5" such that
A< AU} < AU{b.b"} < M, b’ is connected with exactly one vertex
from A and b” is connected with 5" but not with 4. Then F' = AU {b"'} is
isomorphicto F and F < AU {b’.b"} implies F' < M.

Conversely, suppose M is IC,-saturated. Since M is partially isomorphic to
M, itis a model of T,. Choose an w-saturated M’ = M. Then by the above
M’ is K,-saturated. So M’ and M are partially isomorphic, which implies
that M is w-saturated by Exercise 4.3.13. -

DEFINITION 10.4.10 (Coordinatisation). Let IT = (P, £.Z) be a projective
plane, let £ € £ be a line and let a;, a3, a3 € P be non-collinear points outside
£. Let Dy denote the set of points on £. Then every element of I is in the
definable closure of D,U{ay, a,, a3 }: if the point x € P lies for example, not on
the line (a1, a»). let x1 and x,, respectively, denote the intersections of the lines
(x.a;) and (x.,ay) with £. Then x € dcl(ay. az, x1. X2). A similar argument
shows that also every line is definable from aj, a», a3 and two elements of £.
This process is called coordinatisation.

Let cl(B) = cly (B) be the smallest strong subgraph of M containing B
(see Exercise 10.4.1). We also define

d(A) =min{d(B) | A C BC M} =d(cl(A4)).
Similarly, we put d (4/B) = d(AB) — d(B).
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We will show that for any vertex a € M, the set D, of neighbours of a is
strongly minimal. To this end we start with the following easy lemma.

LemMa 10.4.11. Let M and M' be models of T,,. Then tuples a € M and
a’ € M' have the same type if and only if the map a — a’ extends to an
isomorphism of cl(a) to cl(a’). In particular, d(a) depends only on the type
of a. a

LemMA 10.4.12. Let M be a model of T,, and A a finite subset of M. Then a
is algebraic over A if and only if d(a/A4) = 0.

Proof. Clearly cl(4) is algebraic over A. If d(a/4) = 0, there is an
extension B of cl(4) with 6(B/cl(4)) = 0. By Lemma 10.4.6 B is algebraic
over cl(A).

For the converse we may assume that M is w-saturated. If d (a/A4) > 0, we
decompose the extension cl(4) < cl(Aa) into a series of minimal extensions
cl(d) = Fy < --- < F, = cl(4a). One extension F; < F,,; must be i-
minimal for i = 1,2. By the proof of Theorem 10.4.9, Fj,| has infinitely
many conjugates over F;. So cl(4a) and therefore also a are not algebraic
over 4. -

PRrOPOSITION 10.4.13. For any model M of T, and any a € M, the set D, is
strongly minimal.

PRrROOF. Let 4 be a strong finite subset of M which contains a and let b be
an element of D,. Then d(b/A4) is 0 or 1. If d(b/A) = 0, then b is algebraic
over A by the previous lemma. If d(b/A) = 1, then a is the only element
of A connected with . Thus A4b is also strong in M. So by Lemma 10.4.11
the type of b over A is uniquely determined. The claim now follows from
Lemma 5.7.3. —

Together with coordinatisation, the strong minimality of D, now implies
that 7, is almost strongly minimal.

THEOREM 10.4.14. The theory T, is almost strongly minimal, not 1-based and
of Morley rank 2. For finite sets A, F we have MR (F/A) = d(F/A).

ProOOF. By coordinatisation there is a line a and finite set A of parameters
such that every element is definable from A4 and two points of D,. Since D, is
strongly minimal, this implies that every element has rank at most 2.

To see that T, is not 1-based. let £ be a line of M. Since {£, p} is a strong
subset, the type of (£, p) is uniquely determined. It follows that p is not
algebraic over £, which implies £ € Cb(p/£). Also £ is not algebraic over p,
which implies that T, is not 1-based.

To compute the Morley rank of F over 4 we may assume that 4 < F < M,.
By Proposition 6.4.9 (see also Exercise 6.4.2) we know that Morley rank is
additive in T),. This shows that we may assume that F is a minimal exten-
sion of 4. If 6(F/A) = 0, F is algebraic over 4 by Lemma 10.4.12. If
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0(F/A) = 1, we have F = A U {b}, where b is connected with some ele-
ment of a € A. Then MR(F/A) = 1 by the proof of Proposition 10.4.13.
If 6(F/A4) = 2, the proof of Theorem 10.4.9 shows that F has a 0-minimal
extension F’ which can be reached from 4 by two 1-minimal extensions. So
MR(F/A) = MR(F'/A) = 2. -

To show that this indeed yields a counterexample to Zilber’s Conjecture, we
finish by showing that

PROPOSITION 10.4.15. There is no infinite group definable in T .

PROOF. Assume that there is group G of Morley rank # is definable in 7};".
To simplify notation we assume that G is definable without parameters. We
apply now Exercise 8.5.9 to obtain a group configuration:

The a; and b; have Morley rank n; each element of a triple forming a line in the
diagram is algebraic over the two other elements of this triple; any three non-
collinear elements are independent. We will show that such a configuration
cannot exist.

Choose finite closed sets 4; and B; in M such that a; € dcl®d(4;) and
b; € dcl®4(B;). We may assume that A4, is independent over a; from the
rest of the diagram and similarly for B;. We may also assume that all ranks
MR(4;/a;). MR(B; /b;) are the same, say k.

By additivity of Morley rank (Proposition 6.4.9; see also Exercise 6.4.2) we
have then that the Morley rank of all six points 4 ... Bj together is 3n + 6k.

Consider the four “lines” Eq = cl(A4;. By, 42)., E1 = cl(A4>, B3, A3), E» =
cl(A41, B>. B3) and E; = cl(By, By, A3) corresponding to the four lines of the
configuration. Since the union E of the E; has Morley rank 3n + 6k, we have
J6(E) > 3n + 6k. On the other hand, we can bound §(E) by the inequality
of Exercise 10.4.2. First we note that 6(E;) = 2n + 3k. Then for different
i, j wehave 6(E; N E;) = n + k. since we have e.g., 4, C E; N E; C acl(4,).
Similarly the intersection of three of the E; is contained in acl()) = 0. We
then have

O0(E) < 4(2n +3k) — 6(n + k) = 2n + 6k,

which is only possible if n = 0, so G is finite. |
We now have the promised counterexample to Zilber’s Conjecture.
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COROLLARY 10.4.16. Let T, be the induced theory of T, on the strongly
minimal set D, (after adding the parameter a to the language). Then T, is
strongly minimal, not locally modular and does not interpret an infinite field.

Proor. By Corollary 10.3.4 since 7, is almost strongly minimal over D,
and not 1-based, the strongly minimal set D,, itself cannot be locally modular.
Hence the induced theory T, is strongly minimal and not 1-based. If T, did
interpret an infinite field, then so would 7, which it doesn’t. =

ExERcISE 10.4.1. Let 4 and B be finite subgraphs of M and N an arbitrary
subgraph. Prove:
A<M = ANN <N
A<B<M = A<M
A B<M = ANB< M.

Assume that 6(B) > 0 for all B C M. Then for each A4 there is a smallest
finite subgraph cl(4) which contains A and is strong in M.

ExErcist 10.4.2. Prove the following generalisation of the submodular law:

5(A1U-~~UAk) < Z (—1)A|(5<m1‘1,)

PAAC{1.... k} icA

EXERCISE 10.4.3. Show that for any ¢ € Aut(M,,) acts 2-transitively on D,,:
for any two pairs of elements x; # x, and y; # y, in D,, there is some
g € Aut(B,) such that g(x;) = y; and g(x2) = y».

The following exercise shows directly that 7', is not w-categorical.

EXERCISE 10.4.4. Let M = M), and let 4 = {xo.....x12} be a 12-cycle
of pairwise different elements in M. (Such a set exists in every projec-
tive plane.) Show that acl(A4) is infinite. (Hint: For any k > 3. a 2k-cycle
(x0. X1, ..., Xak_1. Xax = Xo) is a 0-minimal extension of A if every x; has a unique
neighbour in 4. Show that such an extension of 4 is in K, by noting that for any
simple pair (C, D) any element of D has at least 2 neighbours in D.)



Appendix A

SET THEORY

In this appendix we collect some facts from set theory presented from the
naive point of view and refer the reader to [31] for more details. In order to
talk about classes as well as sets we begin with a brief axiomatic treatment.

A.1. Sets and classes

In modern mathematics, the underlying axioms are mostly taken to be ZFC,
i.e., the Zermelo-Fraenkel axioms (ZF) including the axiom of choice (AC)
(seee.g..[31, p. 3]). For the monster model we may work in Bernays—Godel set
theory (BG) which is formulated in a two-sorted language. one type of objects
being sets and the other type of objects being classes, with the element-relation
defined between sets and sets and between sets and classes only. Since the
axioms are less commonly known, we give them here following [31, p. 70]. We
use lower case letters as variables for sets and capital letters for classes. BG
has the following axioms.

1. (a) Extensionality: Sets containing the same elements are equal.
b) Empty set: The empty set exists.
(c) Pairing: For any sets a and b, {a, b} is a set. This means that there
is a set which has exactly the elements ¢ and b.
(d) Union: For every set a, the union Ja = {z|3y z € y € a} is a set.
(e) Power Set: For every set a, the power set P(a) = {y|y C a}isa
set.
(f) Infinity: There is an infinite set. This can be expressed by saying
that there is a set which contains the empty set and is closed under
the successor operation x U {x}.
2. (a) Class extensionality: Classes containing the same elements are

—~

equal.
(b) Comprehension: If o(x,y1.....¥m. Y1.....Y,) is a formula in
which only set-variables are quantified, and if by, ..., b,,, B;..... B,
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are sets and classes, respectively, then
{x|<p(x,b1, .. .,bm,B],...,Bn)}

is a class.
(c) Replacement: If a class F is a function, i.e., if for every set b there
is a unique set ¢ = F(b) such that (b, ¢) = {{b}, {b.c}} belongs to
F, then for every set a the image {F(z)|z € a} is a set.
3. Regularity: Every nonempty set has an €-minimal element.

For BGC we add:

5. Global Choice: There is a function F such that F(a) € a for every
nonempty set a.

The set-part of a model of BG is a model of ZF. Conversely, a model
M of ZF becomes a model of BG by taking the definable subsets of M
as classes. This shows that BG is a conservative extension of ZF: any set-
theoretical statement provable in BG is also provable in ZF. Similarly, BGC
is a conservative extension of ZFC, see [20]. For a historical discussion see
also [9].

A.2. Ordinals

DEerINITION A.2.1. A well-ordering of a class X is a linear ordering of X such
that any non-empty subclass of X contains a smallest element or, equivalently,
such that X does not contain infinite properly descending chains. If X is a
proper class rather than a set, we also ask that for all x € X theset {y|y < x}
of predecessors is a set.

The well-ordering of X is equivalent the following principle of transfinite
induction.
Let € be a subclass of X. Assume that whenever all elements less
than x are in &, then x itself belongs to E. Then £ = X.

Well-orderings can be used to define functions by recursion.

THEOREM A.2.2 (Recursion Theorem). Let G be a function which takes func-
tions defined on proper initial segments of a well-ordered set X as arguments.
Then there is a unique function F defined on X satisfying the recursion for-
mula

F(x)=G(F [ {rly<x})

ProoF. Itiseasy to see by induction that for all x there is a unique function
f'x defined on {y|y < x} and satisfying the recursion formula for all x’ < x.

Put F = cy fx- -
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DEFINITION A.2.3 (v. Neumann). An ordinal is a well-ordered set in which
every element equals its set of predecessors.

Note that the well-ordering of an ordinal is given by €, so we can identify an
ordinal with its set of elements. We denote the class of all ordinals by On.
Elements of ordinals are again ordinals, so we have

a={f€On|f<a}l.

PropPoOSITION A.2.4. 1. Every well-ordered set (x,<) is isomorphic to a
unique ordinal c.
2. On is a proper class, well-ordered by €.

We call o = otp(x, <) the order type of (x, <). For ordinals we write a < 8
foraef

PrOOF. 1) Define F on x recursively by F(y) = {F(z)|z < y}. The image
of F is an ordinal which is isomorphic to (x, <) via F. Note that F is the only
possible isomorphism between (x, <) and an ordinal.

2) Consider two different ordinals o and . We have to show that either
a € forf € a. Ifnot, x = a N f would be a proper initial segment of a and
f and therefore itself an element of o and f, which is impossible. The class
On is proper because otherwise it would itself be an ordinal. |

The proof shows also that every well-ordered proper class is isomorphic to
On.

For any ordinal « its successor is defined as @ U {a}: it is the smallest
ordinal greater than «. Starting from the smallest ordinal 0 = (), its successor
is 1 = {0}: then 2 = {0, 1} and so on, yielding the natural numbers. The order
type of the natural numbers is denoted by w = {0, 1, ... }; the next ordinal is
w+1={0,1,...,w}, et cetera.

By definition, a successor ordinal  contains a maximal element o (so f is
the successor of ) and we write f = o + 1. For natural numbers n, we put

at+n=a+1+---+1.
H/_/
n times

Ordinals greater than 0 which are not successor ordinals are called /imit or-
dinals. Whenever {«;|i € I} is a non-empty set of ordinals without biggest
element, sup;; o; is a limit ordinal. Any ordinal can be uniquely written as

A+ n,

with A = 0 or a limit ordinal.
We finish with a quick proof of the Well-ordering Theorem, which like
Zorn’s Lemma (see below) is equivalent to the Axiom of Choice, see [31, 5.1].

PRrOPOSITION A.2.5 (Well-ordering Theorem). Every set has a well-ordering.
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PrOOF. Let a be a set. Fix a set b which does not belong to a and define a
function F : On — a U {b} by the following recursion:

Fla) = some element in a \ {F(B)|f < a} if this set is not empty.
)b otherwise.

Then y = {a|F(a) # b} is an ordinal and F defines a bijection between y
and a. -

Zorn’s Lemma states that every partially ordered set in which every ordered
subset has an upper bound contains a maximal element. We omit its proof.

A.3. Cardinals

Two sets are said to have the same cardinality if there is a bijection between
them. By the well-ordering theorem any set x has the same cardinality as
some ordinal. We call the smallest such ordinal the cardinality |x| of x.

Ordinals occurring in this way are called cardinals. They are characterised
by the property that all smaller ordinals have smaller cardinality. All natural
numbers and w are cardinals. The cardinality of a finite set is a natural
number, a set of cardinality w is called countable.

ProposITION A.3.1. The class of all cardinals is a closed and unbounded
subclass of On.

Proor. Being closed in On means that the supremum sup; ., x; of a set of
cardinals is again a cardinal. This is easy to check. For the second part assume
that there is a largest cardinal x. Then every ordinal above x would be the
order type of a suitable well-ordering of . Since the well-orderings on « form
a set this would imply that On is a set. o

The isomorphism between On and the class of all infinite cardinals is de-
noted by a — R, which can be recursively defined by

w fa=0
N, = N} ifa=pF+1
SUpp., g if o is a limit ordinal
where k* denotes the smallest cardinal greater than &, the successor cardinal
of k. Positive cardinals which are not successor cardinals are limit cardinals.
Sums, products, and powers of cardinals are defined by disjoint union,
Cartesian power and sets of maps, respectively. Thus
X[+ |yl =lx Uyl (A.1)
X[ Iyl =lx x y| A2)
vl — x| (A.3)

—~

|x
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where we assume in (A.1) that x and y are disjoint. In (A.3), the set ”x
denotes the set of all functions from y to x.

It is easy to see that these operations satisfy the same rules as the corre-
sponding operations on the natural numbers, e.g., (n’t)” = k**. The fol-
lowing theorem shows that addition and multiplication are actually trivial for
infinite cardinals.

THEOREM A.3.2 (Cantor’s Theorem). 1. If k is infinite, then k - k = K.
2. 2% > k. .

PrROOF. The proof of Part 2 is a generalisation of the well-known proof that
there are uncountably many reals: if ( f4)a<sx i @ sequence of functions from
k to 2, find a function g : Kk — 2 such that g(a) # f.(a) forall @ < k. We
will prove Part 1 in Lemma A.3.7 below. !

CoRrROLLARY A.3.3. 1. If X is infinite, then k + A = max(k. ).

2. If k > 0 and /4 are infinite, then k - . = max(k, A).

3. If k is infinite, then k" = 2°.

Proor. Let u = max(k,A). Thenu <k + A< u+u<2-u<u-pu=pu,
andifk >0, then u < k- A< u-u=pn.

Finally,

25 < RF < (25)F = 2V = 0F, 4

COROLLARY A.3.4. The set
<oy U ny
n<w

of all finite sequences of elements of a non-empty set x has cardinality
max(|x/|, Vo).

Note that with this notation <®2 is the set of finite sequences in 0 and 1.

PROOE. Let « be the cardinality of all finite sequences in x. Clearly, |x| < &
and Xy < k. On the other hand
k=" Ixl" < (supl]") - Ro = max(|x]. No),

neN neN

because
1, ifjx]=1
sup |x|" = ¢ Ry, if2 < x| <Ny
nen x|, if R < |x]. .

The Continuum Hypothesis (CH) states that there is no cardinal strictly
between w and the cardinality of the continuum R, i.e.,

N, = 2%,
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The Generalised Continuum Hypothesis (GCH) states more generally that
k1 = 2% for all infinite &.

Both CH and GCH are independent of ZFC (assuming these axioms are
consistent, see e.g., [31] 14.32).
For every cardinal u the beth function is defined as

. ifa=0,
Do () = {22, ifa=p+1,
SUPj_, Jp(), if o is a limit ordinal.

For any linear order (X, <) we can easily construct a well-ordered cofinal
subset, i.e., a subset Y such that for any x € X there is some y € Y with
x < y.

DEFINITION A.3.5. The cofinality cf(X) is the smallest order type of a well
ordered cofinal subset of X.

Itis easy to see that cf (X) is a regular cardinal where an infinite cardinal  is
regular if cf (k) = k. Successor cardinals and  are regular. The existence of
weakly inaccessible cardinals, i.e., uncountable regular limit cardinals, cannot
be proven in ZFC.

The following is a generalisation of Theorem A.3.2(2), and has a similar
proof, see [31, 3.11].

THEOREM A.3.6. If k is an infinite cardinal, we have k") > k.
We conclude this section with a lemma which implies Theorem A.3.2(1).

LemMA A.3.7 (The Godel well-ordering, see [31, 3.5]). There is a bijection
On — On x On which induces a bijection k — Kk X k for all infinite cardinals .

Proor. Define

(@.p) <(a.p) & (max(a.p). a.p) <iex (max(a’,p’).a’. p')
where <jx 1s the lexicographical ordering on triples. Since this is a well-
ordering, there is a unique order-preserving bijection y: On x On — On. We
show by induction that y maps k X & to & for every infinite cardinal x, which in
turn implies k - K = k. Since the image of k X & is an initial segment, it suffices
to show that the set X, 4 of predecessors of (. f#) has smaller cardinality
than & for every o, f < k. We note first that X, s is contained in  x J with
6 = max(a, ) + 1. Since k is infinite, we have that the cardinality of ¢ is
smaller than . Hence by induction | X, 4| < |d] - [0] < k. -
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FIELDS

B.1. Ordered fields

Let R be an integral domain. A linear < ordering on R is compatible with
the ring structure if for all x, y,z € R

X<y—=-x+z<y+z
X<y ANO<z—oxz<yz

A field (K, <) together with a compatible ordering is an ordered field.

LemMa B.1.1. Let R be an integral domain and < a compatible ordering of
R. Then the ordering < can be uniquely extended to an ordering of the quotient
field of R.

Proor. Put £ >0« ab > 0. -

It is easy to see that in an ordered field sums of squares can never be
negative. In particular, 1,2,... are always positive and so the characteristic
of an ordered field is 0. A field K in which —1 is not a sum of squares is called
formally real.

LeEMMA B.1.2. A field has an ordering if and only if it is formally real.

PrOOF. A field with an ordering is formally real by the previous remark.
For the converse first notice that X[, the set of all sums of squares in K, is a
semi-positive cone, i.e., a set P such that

YOCP (B.1)
P+PCP (B.2)
P.-PCP (B.3)
—1¢P (B.4)

The first and third condition easily imply
1
xeP\0= T € P

Therefore, condition (B.4) is equivalent to P N (—P) = 0. It is also easy to
see that for all b, the set P + bP has all the properties of a semi-positive cone,
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except possibly (B.4). Condition (B.4) holds if and only if b = 0 or —b & P.
We now choose P as a maximal semi-positive cone. Then

x<y&y—-xecP
and we obtain a compatible ordering of K. 4

CoROLLARY B.1.3 (of the proof). Let K be a field of characteristic different
from?2 and let a be an element of K . There is an ordering of K making a negative
if and only if a is not the sum of squares.

Proor. If a ¢ 200, then X0 — ¢ - [0 is a semi-positive cone. -

DEFINITION B.1.4. An ordered field (R, <) is real closed if

a) every positive element is a square,
b) every polynomial of odd degree has a zero.

We call (R, <) a real closure of the subfield (K, <) if R is real closed and
algebraic over K.

The field of real numbers is real closed. Similarly, the field of real algebraic
numbers is a real closure of Q. More generally, any field which is relatively
algebraically closed in a real closed field is itself real closed.

THEOREM B.1.5. Every ordered field (K, <) has a real closure, and this is
uniquely determined up to isomorphism over K. -

PrOOF (SKETCH). Existence: Let K> be the semi-positive cone of (K, <)
and let L be a field extension of K. It is easy to see that the ordering of K can
be extended to L if and only if

P:{xlylz+"'+xizyy21|xiEKZOa yiEL}

is a semi-positive cone of L, i.e., if —1 ¢ P. Therefore we may apply Zorn’s
Lemma to obtain a maximal algebraic extension R of K with an ordering
extending the ordering of K. We claim that R is real closed.

Let r be a positive element of R and assume that r is not a square. Since the
ordering cannot be extended to L = R(+/r), there are r; € R>p and s;.7; € R
such that

-1 = Zri<si\/’7+ )%

Then —1 = > r;(s?r + ¢?). contradicting the fact that the right hand side
is positive. Thus every element of R is a square (and the ordering of R is
unique).

Let f € R[X] be a polynomial of minimal odd degree n without zero (in
R). Clearly, f is irreducible. Let o be a zero of f (in the algebraic closure
of R) and put L = R(«). Since L cannot be ordered, —1 is a sum of squares
in L. So there are polynomials g; € R[X] of degree less than #» such that f
divides 4 = 1+ Y g?. The leading coefficients of the g? are squares in R and
so cannot cancel out. Hence the degree of /4 is even and less than 2n. But
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then the polynomial 1/ ~! has odd degree less than n and no zero in R since
h does not have a zero. A contradiction.

Uniqueness: Let R and S be real closures of (K, <). It suffices to show that
R and S are isomorphic over K as fields. By (the easy characteristic 0 case
of) Lemma B.3.13 below it is enough to show that an irreducible polynomial
f € K[X]has azero in R if and only if it has one in S. This follows from the
next lemma which we prove at the end of the section. -

LemMA B.1.6 (J. 1. Sylvester). Let f be irreducible' in K[X] and (R.<) a
real closed extension of (K,<). The number of zeros of f in R equals the
signature of the trace form of the K -algebra K[X1/(f).

Note that a formally real field may have different orderings leading to
non-isomorphic real closures. However, in a real closed field the ordering is
uniquely determined by the field structure. Hence it makes sense to say that a
field is real closed without specifying its ordering.

The Fundamental Theorem of Algebra holds for arbitrary real closed fields:

THEOREM B.1.7. Let R be real closed. Then C = R(\/—1) is algebraically
closed.

ProoOF. Notice that all elements of C are squares: one square root of
a + by/—1 is given by

p) p) 2 2 _
va +2b +a n va +2b a\/_—l,

where we choose + according to the sign of b.

Let F be a finite extension of C. We claim that F = C. We may assume that
F is a Galois extension of R. Let G be a 2-Sylow subgroup of Aut(F/R) and L
the fixed field of G. Then the degree L/R is odd. The minimal polynomial of
a generating element of this extension has the same degree and is irreducible.
But since all irreducible polynomials over R of odd degree are linear, we have
L = R. Therefore G = Aut(F/R) and hence also H = Aut(F/C) are 2-
groups. Now 2-groups are soluble (even nilpotent). So if H is non-trivial, it
has a subgroup of index 2 and thus C has a field extension of degree 2; but this
is impossible since every element is a square. Hence H = land F = C.

COROLLARY B.1.8. If R is real closed, the only monic irreducible polynomials
are:

e Linear polynomials
X —a,
(a € R).
e Quadratic polynomials
(X —b)?+ec.
(b,c € R, ¢ >0).

1Tt suffices that f is non-constant and all zeros in acl(K) have multiplicity 1.
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ProoF. Since all non-constant polynomials f € R[X] have a zero in
R(y/—1). all irreducible polynomials must be linear or quadratic. Any monic
polynomial of degree 2 is of the form (X — b)? + ¢. It is reducible if and only
if it has a zero x in R if and only if ¢ < 0 (namely x = b £ /—¢). -

Finally we prove Sylvester’s Lemma (B.1.6). Let K be an ordered field, R a
real closure of K and f € K[X]irreducible. Consider the finite dimensional
K-algebra 4 = K[X]/(f). The trace Trx(a) of a € A is the trace of left
multiplication by a, considered as a vector space endomorphism. The trace
form is a symmetric bilinear form given by

(a, b)K = TrK(ab).

Let aj.. ... a, be a basis of A diagonalising (., ). i.e.. (a;.a;)x = 4;0;;. The
signature of such a form is defined as the number of positive 4; minus the
number of negative 4;. Sylvester’s Theorem (from linear algebra) states that
the signature is independent of the diagonalising basis. By tensoring 4 with
R, we obtain the R-algebra

Ar=A®R = R[X]/(f).

The basis gy, ..., a, is also a diagonalising R-basis for the trace form of A
with the same A; and hence the same signature as the trace form of 4. We
now split f in R[X]into irreducible polynomials gi,..., g,. Since f does not
have multiple zeros, the g; are pairwise distinct. By the Chinese Remainder
Theorem we have

RIX1/(f) = R[X]/(g1) x -+ x R[X]/(gm).

This shows that the trace form of R[X]/( /) is the direct sum of the trace forms
of the R[X]/(g:), and hence its signature is the sum of the corresponding
signatures. Sylvester’s Lemma follows once we show that the signature of the
trace form is equal to 1 for a linear polynomial, while the signature is 0 for an
irreducible polynomial of degree 2.

If g is linear, then R[X]/(g) = R. The trace form (x,y)r = xy has
signature 1. If g is irreducible of degree 2, then R[X]/(g) = R(v/—1) and
Trr(x 4+ yv/—1) = 2x. The trace form is diagonalised by the basis 1, v/—1.
With respect to this basis we have 4; = 2 and 1, = —2 and so its signature is
zero.

B.2. Differential fields

In this section, all rings considered have characteristic 0. Let R be a commu-
tative ring and S an R-module. (We mainly consider the case that S is a ring
containing R.) An additive map d: R — S is called a derivation if

d(rs) = (dr)s + r(ds).
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For any ring S the ring of dual numbers is defined as
[e]={a+be|abeS},

where ¢> = 0. The following is an easy observation.

LemMmA B.2.1. Let S be aring containing Randletn: S[e] — S; a+be — a.
Any derivation d : R — S defines a homomorphism

tg: R — S[el: r—r + (dr)e
inverting . Conversely, any such homomorphism arises from a derivation.

LEMMA B.2.2. Let S be aring containing the polynomial ring R’ = R[xi....,
Xp] and let d: R — S be a derivation. For any sequence sy, ..., s, of elements
of S there is a unique extension of d to a derivationd’: R' — S taking x; to s;
fori=1,....n

Proor. Extend t;: R — S[e] via ty(x;) = x; + s;¢ to a homomorphism
tg: R' — S|el. =

LeMMA B.2.3. Let R be a subring of the field K and let R’ be an intermediate
field algebraic over R. Then every derivation d: R — K can be uniquely
extended to R'.

Proor. It suffices to consider the following two cases:

1. R’ is the quotient field of R. If a is a unit, then a + be is a unit in K[e]
(with inverse a ' — ba—2¢.) Therefore, t; takes non-zero elements of R to
units in K[e] and thus can be uniquely extended to R’.

2. Ris a field and R’ = R[a] a simple algebraic extension. Let f(x)
be the minimal polynomial of @ over R. Then t; can be extended to R’ if
and only if (t; f)(x) has a zero of the form a + be in K[¢]. But (t; /)(x) =

f(x)+ (f7)(x). hence
(af N+ b6) = fla+ b0) 4 fta)e = (@b + (@) (B3)

10)
Since char(K) = 0, f is separable, so a J (a ) # 0 and d can be extended to R’
by
of
I _ ., gpd
@ =a— s (Lw) .

Let C = {¢ € K | dc = 0} denote the set of constants of K. Clearly, C is a
subring containing 1. The previous lemma implies that C is a subfield which
is relatively algebraically closed in K.

COROLLARY B.2.4. Let R be a subring of the field K. Any derivationd : R —
K can be extended to a derivation of K . -

REMARK B.2.5. Let (K.d) be a differential field and F a field extension
of K, a.b € F". Assume that the ideal of all f in K[x] with f(a) = 0 is
generated by /y. Then the following are equivalent:
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a) There is an extension of d to F with da = b.
b) Forall f € Iy we have
of

a(a)b + f4(a) = 0.

ProOF. It is clear that a) implies b) because

a( @) = Ltam + 1)

In order to show the converse we have to extend the homomorphism z;: K —
F[e] to K[a] in such a way that a is mapped to a + be. This is possible
if and only if (t;f)(a + be) = 0 for all f € Iy. By (B.5) this implies
%(a)b—&—fd(a)zo. -

Let (F, d) be a saturated model of DCFy and V' C F” an irreducible affine
variety (see [51, Chapter 1] for basic algebraic geometry). The torsor T (V) C
F?" is defined by the equations

0
F@ =0 and Ly 0 =0

X

for all f in the vanishing ideal of V' (see p. 199). Clearly (a.da) € T (V') for
alla e V.

Remark B.2.5 states that for any small subfield K over which V" is defined,
and any (ag. by) € T(V) such that ag € V is generic over K there is a pair
(a.da) € T (V) satisfying the same field-type over K as (a.b). This already
proves one direction of the following equivalence:

REMARK B.2.6. [41] An algebraically closed differential field (K,d) is a
model of DCFy if and only if for every irreducible affine variety V defined over
K and every regular section® s: ¥ — T (V) of the projection T(V) — V
there is some ¢ € V(K) with da = s(a).

PrROOF. We show that an algebraically closed differential field (K, d) with
this property is a model of the axioms of DCFy.

Let f and g be given with f irreducible. As in the proof of Theorem 3.3.22
we find a field extension F = K(a.....d"a) in which o, ....d" 'o are alge-
braically independent over K and f(c....,d"a) = 0. Let 8 be the inverse
ofgla..... d"fla)gf{”(a, ....d"a). Note that K[a. ....d"a. p] is closed un-
der d. Putting ¢ = (a.....d"a. B). let (c.dc) = s(c) for some tuple s of
polynomials in K[xy....,x,+1]. Then s defines a section V — T (V') where
V' C K"t is the variety defined by f = 0. By assumption there is some
(a.b) € V(K) with (a.b,da.db) = s(a.b). Hence f(a,....d"a) = 0 and
gla,....d"'a) #0. -

2A section of a surjection f: A — Bisamap g: B — A with fg = idg. A map between
affine varieties is called regular if it is given by polynomials.
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REMARK B.2.7 (Linear differential equations). Let K be a model of DCFy
and A4 an n x n-matrix with coefficients from K. The solution set of the system
of differential equations

dy = Ay (B.6)
is an n-dimensional C-vector space.

ProoF. Choose an n x n-matrix Y over an extension of K whose coefficients
are algebraically independent over K. Lemma B.2.2 shows that d can be
extended to K(Y) by dY = AY. Since K is existentially closed, there is a
regular matrix over K, which we again denote by Y, such that dY = AY. The
columns of Y are n linearly independent solutions of (B.6). Such a matrix
is called a fundamental system of the differential equation. We show that any
solution y is a C-linear combination of the columns of Y. Let z be a column
over K with y = Yz. Then

AYz =d(Yz) = (dY)z + Ydz = AYz + Ydz.
Hence Ydz = 0, so dz = 0, i.e., the elements of z are constants. B

REMARK B.2.8. Let K be a differential field and K’ an extension of K with
fields of constants C and C’, respectively. Then K and C’ are linearly disjoint
over C, i.e., any set of C-linearly independent elements of K remains linearly
independent over C’ (see Section B.3).

PROOF. Let ay.....a, be in K and linearly dependent over C’. Then the
columns of
ap e dy
day ... da,
B = . .
d'ay ... d"a,

are linearly dependent. Let m < n be maximal with

7N e am
day ... da,
Y = . .
d"ay ... d™Ma,
regular. We want to conclude that ay, ..., a,,4; is linearly dependent over C.

So we may assume # = m+1. Then the last row of B is a K -linear combination
of the first m + 1 rows. Thus for some m x m matrix A4 all columns of ¥ and
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are solutions of the differential equation dy = Ay. The proof of Remark B.2.7
shows that z is a C-linear combination of the columns of Y. —1

B.3. Separable and regular field extensions

DEerINITION B.3.1. Two rings R, S contained in a common field extension
are said to be linearly disjoint over a common subfield k if any set of k-linearly
independent elements of R remains linearly independent over S. Note that
then R is also linearly disjoint over K from the quotient field of S.

REMARK B.3.2. Itiseasy to see that this is equivalent to saying that the ring
generated by R and S is canonically isomorphic to the tensor product R ®; S.
So linear disjointness is a symmetric notion.

If S is a normal algebraic extension of K, so invariant under automorphisms
of K¥8 /K, then the linear disjointness of R and S over K does not depend on
the choice of a common extension of R and S (see Exercise 8.4.4 for a similar
phenomenon).

Recall that an algebraic field extension L over K is separable if every element
of L is a zero of a separable polynomial f € K[X] and Galois if L is normal
and separable over K.

Lemma B.3.3. If F and L are field extensions of K with L Galois over K,
then F and L are linearly disjoint over K if and only if FN L = K.

PrOOF. One direction is clear (see also the remark below). For the other
direction assume F N L = K. We may assume that L/K is finitely generated.
Since L/K is separable, there is a primitive element, say L = K (a). Let f be
the minimal polynomial of a over F. Since all roots of f belongto L, f isin
L[X] and therefore in K[X]. It follows that [K(a) : K] = [F(a) : F]land F

and L are linearly disjoint over K. -
That Ay, ..., h, are algebraically independent over L means that the mono-
mials in /4, ..., &, are linearly independent over L. This observation implies

that L and H are algebraically independent over K if they are linearly disjoint
over K. The converse holds if L/K is regular:

DErRINITION B.3.4. A field extension L over K is regular if L and K¢ are
linearly disjoint over K in some common extension.

LemmA B.3.5. If L is a regular extension of K and H/K is algebraically
independent from L/K , then L and H are linearly disjoint over K.

The reader may note that in the special case where H = K¢ this is just the
definition of regularity.

Proor. Let/; € L. h; € H. ) ,_, lih; = 0, but not all ; = 0. Since L and
H are independent over K¢, the type tp(L/K*¢H) is an heir of tp(L/K™)
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by Corollqrie_s 6.4.5 or 8.5.13. Thus, there is a non-trivial n-tup_le e K
such that / - 4" = 0. Since L/K is regular, there is a non-trivial A € K such
that / - »” = 0. This proves the claim. =

LeEMMA B.3.6. Let K be a field. There is a natural bijection between isomor-
phism types of field extensions K (ay. . ... a,) of K with n generators® and prime
ideals P in K[X,...,X,]. Regular extensions correspond to absolutely prime
ideals, i.e., ideals which generate a prime ideal in K alg[X Lrees Xnl

ProoF. We associate with L = K (ay. ..., a,) the vanishing ideal P = {f €
K[Xy.....X,] | f(ai,....a,) = 0}. Conversely if P is a prime ideal the
quotient field of K[X}, ..., X,]/P is an extension of K generated by the cosets
Ole, e ,X'”.

Let I be theideal generated by Pin K¥2[X..... X,]. Then K[a;.....a,]®k
K¥¢ and K*2[X,,.... X,]/I are isomorphic as K-algebras. Now L/K is

regular if and only if K[ai.....a,] ®x K¢ is an integral domain, which
means that 7 is prime. =
REMARK B.3.7. It is easy to see that the case tr.deg(ay,....a,) = n — 1

corresponds exactly to the case where P is a principal ideal, generated by
an irreducible polynomial f € K[X},...,X,]: this polynomial is uniquely
determined up to a constant factor. ([35, VII, Ex.26])

The perfect hull of a field K is the smallest perfect field containing it, so in

characteristic 0 equals K, and in characteristic p is the union of all K# =
{a € K¥ | g"" € K}.

DerNITION B.3.8. A field extension L over K is separable if, in some com-
mon extension, both L and the perfect hull of K are linearly disjoint over K.
This extends the definition in the algebraic case.

Again this does not depend on the choice of the common extension L and the
perfect hull of K. Note that regular extensions are separable.

Let K be a field of characteristic p > 0. For any subset 4 we call the field
K?(A) the p-closure of A. This defines a pregeometry on K (see Section C.1)
whose associated dimension is the degree of imperfection. A basis of K in the
sense of this pregeometry is called a p-basis. If b = (b; | i € I) is a p-basis of
K. then the products b* = [],., b;" defined for multi-indices v = (v; | i € I)
where 0 < v; < p and almost all v; equal to zero, form a linear basis of K
over K?. If the degree of imperfection of K is a finite number e, it follows

that [K : K?] = p°.

REMARK B.3.9. A field L is a separable extension of K if and only if L and
K? " are linearly disjoint over K. It follows that L/K is separable if and only
if a p-basis of K stays p-independent in L.

3By quantifier elimination this is just S, (K) in the theory of K2,
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Proor. Consider a sequence (a;) of elements of L which is linearly indepen-
dent over K. Then (a;) is independent over K r by assumption which implies
that (a?) is independent over K. Then (a!) is independent over K »~" imply-
ing that («;) is independent over K? . In this way one can show inductively
that (g;) is independent over K? " for all n. =

Lemma B.3.10. If by,....b, are p-independent in K. they are algebraically
independent over I .

ProOF. The by.....b,_; form a p-basis of F = F,(b,....b,_1). So K/F
is separable by Remark B.3.9. If an element ¢ € K is algebraic over F, it is
separably algebraic over F. So c is also separably algebraic over K? F, which
is only possible if ¢ belongs to K”F. Since b, does not belong to K?F, it
follows that b,, is not algebraic over F. !

LemMmA B.3.11. 1. Let R be an integral domain of characteristic p and let b
be a p-basis of R in the sense that every element of R is a unique R?-linear
combination of the b*. Then b is also a p-basis of the quotient field of R.

2. Let b be p-basis of K and L is a separable algebraic extension of K, then
b is also a p-basis of L.

ProOOF. 1): Let K be the quotient field of R. Clearly 4 is p-independent in
K. Since the elements of b are algebraic over K7, it follows that K”[b] is a
subfield of K which contains R = R?[b]. So K = K?[b].

2): We may assume that L/K is finite. Since L” and K are linearly disjoint
over K”, we have [L’K : K] = [L? : K?] = [L : K]. It follows that

L?’K = L. .
LemMA B.3.12. Thefield L = K(aj. . ...a,) is separable over K if and only if
there is a transcendence basisa’ C {ay. ..., a,} of L/K such that L is separably

algebraic over K (a').

ProoF. This follows from the fact that every irreducible polynomial in K[X]

is of the form f (X Pk) for some k > 0 and some separable polynomial f €
K[X]. o

LemMA B.3.13 (See [16, Théoréme 5.11]). Algebraic field extensions of K
are isomorphic over K if and only if the same polynomials in K[X] have a
zero in these extensions.

Proor. Consider two algebraic extensions L and L’ of K. A compactness
argument shows that L and L’ are isomorphic over K if and only if they
contain, up to isomorphism over K , the same finitely-generated subextensions.
The condition that the same polynomials in K[X] have zeros in L and L' is
equivalent to L and L’ having the same simple subextensions. So the lemma
is clear if L and L' are separable over K which means that in the general case
we may assume that K is infinite.
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By symmetry it is enough to show that every finite subextension F/K of
L/K has an isomorphic copy in L’/K, or in other words that F C «(L’) for
some o € Aut(K¥¢/K). By our assumption every a € F is contained in some
a(L'), so F is the union of all F, = a(L’) N F. There are only finitely many
different F,. To see this choose a finite normal extension N/K which contains
F. Then F, depends only on the restriction of @ to N. Since F and the F, are
vector spaces over the infinite field K, we can apply Neumann’s Lemma 3.3.9
and conclude that F' equals one of the F,. -

ExERCISE B.3.1. Show that elementary extensions are regular.

B.4. Pseudo-finite fields and profinite groups

DEerFINITION B.4.1. A field K is pseudo algebraically closed (PAC) if every
absolutely irreducible affine variety defined over K has a K-rational point.

See [51, Chapter 1] for basic algebraic geometry.

LEMMA B.4.2. Let K be a field. The following are equivalent:

a) K is PAC,

b) Let f(X1.....X,.T) € K[X}....,X,, T] be absolutely irreducible and of
degree greater than 1 in T and let g € K[X\,...,X,]. Then there exists
(a.b) € K" x K such that f(a.b) = 0and g(a) # 0.

c) K is existentially closed in every regular field extension.

PRrROOF. a) = b): Let € be an algebraically closed field containing K. The
zero set of f defines an absolutely irreducible variety X C ¢" x € over K.
Thentheset V = {(a.b.c) | f(a.b) =0, g(a)c = 1} isabsolutely irreducible
as well and defined over K.

b) = ¢): Let L/K be a finitely generated regular extension. Since regular
extensions are separable, by Lemma B.3.12 we find a transcendence basis a of
L/K such that L is separable algebraic over K (@). Then there is a b separable
algebraic over K (@) such that L = K(ay....,a,.b). Letnow ci.....c, be
elements of L satisfying certain equations over K.* We need ¢/ € K satisfying
the same equations. Write ¢; = % for polynomials /; (X, y) and g(x) over
K. By Remark B.3.7 the vanishing ideal of (@.b) over K is generated by
some f (X, y), which is absolutely irreducible since L/K is regular. There are
a@.b' € K such that f(@’.b') = 0 and g(a’) # 0. Hence the ¢/ = 720
satisfy all equations satisfied by the c;.

c) = a): Let V be an absolutely irreducible variety over K. If ¢ € V is an
element of € generic over K, then K(¢)/K is regular by Lemma B.3.6. -

COROLLARY B.4.3. “PAC” is an elementary property.

4As we are working in an infinite field. we don’t need inequalities.
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ProoF. Being absolutely irreducible is a quantifier-free property of the co-
efficients of £ (Xi,...,X,.T) because the theory of algebraically closed fields
has quantifier elimination. 4

DEFINITION B.4.4. A profinite group is a compact® topological group with a
neighbourhood basis for 1 consisting of subgroups.

Note that by compactness open subgroups are of finite index.
Profinite groups can be presented as inverse limits

lim;e;A;
.

of finite groups. with neighbourhood bases for the identity given by the inverse
images of the A;, see [62] for more details.

DEFINITION B.4.5. A profinite group is called procyclic if all finite (continu-
ous) quotients are cyclic.

LemMA B.4.6 (see [62]). Let G be a profinite group. The following are equiv-
alent:
a) G is procyclic:
b) G is an inverse limit of finite cyclic groups;
c) G is (topologically) generated by a single element a. i.e.. the group abstractly
generated by a is dense in G o

By a generator for a profinite group we always mean a topological generator,
i.e., an element generating a dense subgroup.

DEeriNITION B.4.7. We denote by Z the inverse limit of all Z /nZ, with respect
to the canonical projections.

LeMMA B.4.8. A profinite group G is procyclic if and only if for every n there
is at most one closed subgroup of index n. If G has exactly one closed subgroup
of index n for each n > 0, then G is isomorphic to Z.

Proor. It suffices to prove the lemma for finite G. So if G has order n,
we have to show that G is cyclic if and only if for each k dividing n there
is a unique subgroup of order k (hence of index n/k). If a is a generator
for G and H a subgroup of G of order k. then a"/* is a generator for H.,
proving uniqueness. For the other direction, note that by assumption any two
elements having the same order generate the same subgroup. Thus, if G has
an element of order k, then G contains exactly (k) such elements. The claim
now follows from the equality

n= Z (k).

k|n N

SNote that for us compact spaces are Hausdorff.
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Lemma B.4.9. Let G — H be an epimorphism of procyclic groups. Then any
generator of H lifts to a generator of G.

Proor. First we consider the case where G is finite. We may then assume
that G and H are p-groups. If H = 0. we choose any generator as the
preimage. If H # 0, any preimage of a generator of H is a generator of G.

If G is infinite, let /# be a generator of H. The finite case implies that for
every open normal subgroup 4 of G we find an inverse image of 4 which
generates G/A. The claim follows now by compactness. o

For a field K we write G(K) for its absolute Galois group Aut(K*¢/K).

DErFINITION B.4.10. A perfect field K is called procyclic if G(K) is procyclic,
and 1-free if G(K) = Z.

By Lemma B.4.8 a perfect field is procyclic (1-free, respectively) if and only
if it has at most one (exactly one, respectively) extension of degree n in K12
for every n. Thus, being procyclic or 1-free is an elementary property of K.

DEerINITION B.4.11. A perfect 1-free PAC-field is called pseudo-finite.

ReEmARK B.4.12. Being pseudo-finite is an elementary property. A theorem
of Lang and Weil (see [36]) on the number of points on varieties over finite
fields shows that infinite ultraproducts of finite fields are PAC and hence
pseudo-finite. Conversely, any pseudo-finite field is elementarily equivalent to
an ultraproduct of finite fields (see [1] and Exercise 7.5.1).

If L/K is regular, then clearly K is relatively algebraically closed in L. If K
is perfect, the converse holds as well:

PROPOSITION B.4.13. Let K be perfect and L/K a field extension. Then the
following are equivalent:
a) L/K regular;
b) K is relatively algebraically closed in L;
c) the natural map G(L) — G(K) is surjective.

Proor. Using Remark B.3.2 and the functoriality of tensor products, it is
easy to see that a) implies c¢) (even without K being perfect). Clearly, c)
implies b). To see that b) implies a) assume that K is relatively algebraically
closed in L. Since every finite extension between K and K¢ is generated by
a single element, it suffices to show for ¢ € K¢ that the minimal polynomial
f of a over L has coefficients in K. But this follows as the coefficients of f
can be expressed by conjugates of € K*2 N L over K. -
If L is perfect and N/L and L/K are regular extensions, then also N/K is
regular.

COROLLARY B.4.14. Let L/K be regular, L procyclic and K 1-free. Then L
is 1-free. If N/L is an extension of L such that N/K is regular, then N/L is
regular.
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PrOOE. If G(L) is procyclic and n: G(L) — Z = G(K) is surjective. then
n is an isomorphism. Let p: G(N) — G(L) be the natural map. If pr is
surjective, then so is p. =

Any profinite group G acts faithfully and with finite orbits on the set S
consisting of all left cosets of finite index subgroups. That point stabilisers are
open subgroups of G just says that the action is continuous with respect to the
discrete topology on S. We use this easy observation to prove the following:

Lemma B.4.15. Any procyclic field has a regular pseudo-finite field extension.

ProoF. Let K be a procyclic field. Let S be as in the previous remark for
G = Z. let L' = K(X,),es with the action of G on L' given by the action
of G on S and L be the fixed field of G. Then L’ is a Galois extension
of L with Galois group G and L’ (and L) are regular extensions of K by
Proposition B.4.13. Let ¢ € Aut(K¥¢L’'/L) be a common extension of a
generator of G(K) and a generator of 7 = Aut(L'/L). Extend ¢ to some
o' € Aut(L¥/L) and consider the fixed field L” of ¢’. Then G(L") is
generated by ¢’ and has Z as a homomorphic image, so L” is 1-free. Also L
is a regular extension of K by Proposition B.4.13. It is now easy to construct,
by a long chain, a regular procyclic extension N of L” which is existentially
closed in all regular procyclic extensions. This extension N is again regular
over K and 1-free.

We use the criterion given in Lemma B.4.2 to show that NV is PAC. Let N’ be
a regular extension of N. Let 7 € G(N’) be a lift of a generator of G(N) and
N the fixed field of 7 in N'*€. Then N” is a regular procyclic extension of
N. By construction, N is existentially closed in N”" and hence also in N/.

Procyclic fields have the amalgamation property for regular extensions:

Lemma B.4.16. If Ly, L, are regular procyclic extensions of a field K, there
is a common procyclic regular extension H of Ly and L, in which L| and L, are
linearly disjoint over K .

Proor. Let L; and L, be regular procyclic extensions of a field K (so K
is also procyclic). We may assume that the L; are algebraically independent
over K in some common field extension. Let ¢ be a (topological) generator
of G(K). By Lemma B.4.9. we can lift ¢ to generators o; of G(L;). By
Lemma B.3.5, L; and L, are linearly disjoint. As L"i‘lnglg is the quotient
field of the tensor product of L?lg and L;lg over K¥¢ the g; generate an
automorphism of L{¥L3"® which can be extended to an automorphism 7 of
(LiL,)"¢. The fixed field of 7 is procyclic with Galois group generated by t
and a regular extension of L; and L, by Proposition B.4.13. .

By Lemma B.4.15 this also implies that pseudo-finite fields have the amal-
gamation property for regular extensions.



Appendix C

COMBINATORICS

C.1. Pregeometries

In this section, we collect the necessary facts and notions about pregeome-
tries, existence of bases and hence a well-defined dimension, modularity laws
etc. First recall Definition 5.6.5.

DEFINITION. A pregeometry (X.cl) is a set X with a closure operator
cl: P(X) — P(X) such that forall 4 C X and a.b € X
a) (REFLEXIVITY) 4 C cl(4)
b) (FINITE CHARACTER) cl(A4) is the union of all cl(A4’), where the A’ range
over all finite subsets of A4.
c) (TraNSITIVITY) cl(cl(A4)) = cl(A4)
d) (EXCHANGE) a € cl(4b) \ cl(4) = b € cl(4a)

REMARK C.1.1. The following structures are pregeometries:

1. A vector space V' with the linear closure operator.
2. For a field K with prime field F, the relative algebraic closure cl(4) =
F(A)alg

3. The p-closure in a field K of characteristic p > 0, i.e., cl(4) = K?(4).

Proor. We prove EXCHANGE for algebraic dependence in a field K as an
example.! We may assume that A is a subfield of K. Let a.b be such that
a € A(b)¥ 2. So there is a non-zero polynomial F € A[X, Y]with F(a.b) = 0.
If we also assume that b ¢ A(a)¥, it follows that F(a, Y) = 0. This implies
ac A, -

A pregeometry in which points and the empty set are closed, i.e., in which
c'(0) =0 and cl'(x) = {x} forall x € X,
is called geometry. For any pregeometry (X, cl), there is an associated geom-
etry (X', cl’) obtained by setting X’ = X*/ ~, and cl'(4/ ~) = cl(4)*/ ~
where ~ is the equivalence relation on X* = X'\ cl(()) defined by cl(x) = cl(y).
For the p-closure see [10, § 13].
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Starting from a vector space V', the geometry obtained in this way is the asso-
ciated projective space P(¥V). The important properties of a pregeometry are
in fact mostly properties of the associated geometry.

DerINITION C.1.2. Let (X, cl) be pregeometry. A subset 4 of X is called

1. independent if a & cl(4 \ {a}) forall a € A:
2. a generating setif X = cl(A4);
3. a basis if A is an independent generating set.

LemMa C.1.3. Let (X.cl) be a pregeometry with generating set E. Any
independent subset of E can be extended to a basis contained in E. In particular
every pregeometry has a basis.

PROOF. Let B be an independent set. If x is any element in X \ cl(B),
B U {x} is again independent. To see this consider an arbitrary » € B. Then
b &cl(B\ {b}), whence b & cl(B \ {b} U {x}) by exchange.

This implies that for a maximal independent subset B of E, we have E C
cl(B) and therefore X = cl(B). =

DErFINITION C.1.4. Let (X, cl) be a pregeometry. Any subset S gives rise to
two new pregeometries, the restriction (S.cl%) and the relativisation (X, clg).
where

c3(4) =cl(4) N S.
Cls(A) = CI(A U S)

REMARK C.1.5. Let 4 be a basis of (S, cl®) and B a basis of (X, clg). Then
the (disjoint) union A4 U B is a basis of (X, cl).

Proor. Clearly A U B is a generating set. Since B is independent over S,
we have b & cls(B\ {b}) =cl(AUB\ {b}) forallb € B. Consider ana € A.
We have to show that a & cl(4’ U B), where A’ = A\ {a}. Asa & cl(4"), we
let B’ be a maximal subset of B with a & cl(4’ U B’). If B’ # B this would
imply that a € cl(4’U B’ U{b}) for any b € B\ B’ which would in turn imply
b € cl(4 U B'), a contradiction. -
We say A is a basis of S and B a basis over or relative to S.

LemMA C.1.6. All bases of a pregeometry have the same cardinality.

ProoOF. Let 4 be independent and B a generating subset of X. We show
that

4] < [B|.

Assume first that A is infinite. Then we extend A4 to a basis 4’. Choose for
every b € B a finite subset A, of A’ with b € cl(4;). Since the union of the
Ap is a generating set, we have 4" = | J, 5 45. This implies that B is infinite
and || < |4'| < |B].
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Now assume that A is finite. That |4| < |B| follows immediately from the
following exchange principle: Given any a € A \ B there is some b € B\ A
such that A’ = {b} U A \ {a} is independent. For, since a € cl(B). B cannot
be contained in cl(4 \ {a}). Choose b in B but not in cl(4 \ {a}). It follows
from the exchange property that A’ is independent. o

DEerFINITION C.1.7. The dimension dim(X) of a pregeometry (X, cl) is the
cardinality of a basis. For a subset S of X let dim(S) be the dimension of
(S.cl) and dim(X/S) the dimension of (X, clg).

By Remark C.1.5 we have
Lemma C.1.8. dim(X) = dim(S) + dim(X/S).
The dimensions in our three standard examples are:

e The dimension of a vector space.

e The transcendence degree of a field.

e The degree of imperfection of a field of finite characteristic (see [10, § 13,
Ex.1]).

Let (X, cl) be a pregeometry. For arbitrary subsets 4 and B one sees easily
that the submodular law holds:

dim(4 U B) + dim(4 N B) < dim(4) + dim(B).
One may hope for equality to hold if 4 and B are closed.
DErINITION C.1.9. We call a pregeometry (X, cl) modular, if
dim(4 U B) + dim(4 N B) = dim(4) + dim(B) (C.1)
for all cl-closed 4 and B.

The main examples are

e frivial pregeometries where cl(4 U B) = cl(4) U cl(B) for all 4. B.
e vector spaces with the linear closure operator.

Let K be a field of transcendence degree at least four over its prime field F'.
The following argument shows that the pregeometry of algebraic dependence
on K is not modular. Choose x. y, x’, ' € K algebraically independent over
F. From these elements we can compute «¢,b € K such that ax +b = y
and ax’ + b = y'. Since the elements x. x’, a, b generate the same subfield
as x, y, x’, y’, they are also algebraically independent. This implies that F (x)
and F(x') are isomorphic over F(a.b)"!, where the superscript cl denotes the
relative algebraic closure in K. This isomorphism maps y to y’ and therefore
we have

F(x,y)"NF(a.b) CF(x.»)"nF(x'".y)" = F.
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So K is not modular since
tr.deg F(x,y.a,b) +tr.degF =3+0
<2+ 2=tr.degF(x.y)+tr.deg F(a.b).

Let us call two sets 4 and B (geometrically) independent over C if all subsets
Ayg € A and By C B which are both independent over C are disjoint and their
union is again independent over C. The following is then easy to see.

LemMa C.1.10. For a pregeometry (X, cl) the following are equivalent:

1. (X.cl) is modular.
2. Any two closed A and B are independent over their intersection.
3. For any two closed sets A and B we have dim(A/B) = dim(4/4ANB). -

Considering the closed 1- and 2-dimensional subsets of a modular pre-
geometry (X, cl) as points and lines, respectively, these satisfy the Veblen—
Young Axioms of Projective Geometry provided any line contains at least
three points: namely, any two distinct points «. b lie on a unique line ab: and
for four distinct points a, b, ¢, d, if the lines ab and ¢d intersect, then so do a@c
and bd. If the dimension of X is at least 4, then by the fundamental theorem
of projective geometry, this is indeed isomorphic to the projective geometry
of a vector space over some skew field (see e.g., [13]. Thm. 1). The projective
planes in Section 10.4 are examples of projective geometries of dimension 3
which do not arise from vector spaces over skew fields. Note that by Exer-
cise C.1.4 a subset 4 of a modular geometry is closed if and only if for any
distinct a, b € A the line containing them is also contained in A4.

Lemma C.1.11. A pregeometry (X, cl) is modular if and only if for all a. b, B
withdim(ab) = 2, dim(ab/B) = 1, there is ¢ € cl(B) such that dim(ab/c) = 1.

ProoF. If (X, cl) is modular and a, b, B are as in the lemma, then ab and B
are dependent, but independent over the intersection of cl(ab) and cl(B). Let
¢ be an element of the intersection which is not in ¢l(()). Then dim(ab/c) = 1.

Assume that the property of the lemma holds. We show that the third
condition of Lemma C.1.10 is satisfied. For this we may assume that n =
dim(4/A4 N B) is finite and proceed by induction on n. The cases n = 0, 1
are trivial. So assume n > 2. Let ay,....a, be a basis of 4 over 4 N B.
We have to show that dim(a,...,a,/B) = n. By induction we know that
dim(a; ...a,_»/B) = n—2. Soitis enough to show that dim(a, _a,/B’) = 2
where B’ be the closure of {ay, ..., a,_,}UB. If not, by our assumption there
is ¢ € B’ such that dim(a,_1a,/c) = 1. 4

DEerINITION C.1.12. A pregeometry (X, cl) is locally modular if (C.1) holds
for all closed sets 4, B with dim(4 N B) > 0.

RemMARK C.1.13. Clearly, (X, cl) is locally modular if and only if for all
x € X \ cl(P) the relativised pregeometry (X, cl,) is modular. 4
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An affine subspace of a vector space V' is a coset of a subvector space. The
affine subspaces of V" define a locally modular geometry, which is not modular,
because of the existence of parallel lines. Note that in this example, points
have dimension 1, lines dimension 2, etc.

The arguments on page 207 show also that a field of transcendence degree
at least 5 is not locally modular. Just replace F by a subfield of transcendence
degree 1.

Exercist C.1.1. Consider a pregeometry (X, cl). Let 4 | o B be the re-
lation of 4 and B being independent over C and 4 |° cB the relation
cl(AC) Ncl(BC) = cl(C). Show the following:

1. |9 has the following properties as listed in Theorem 7.3.13: MoNoO-
TONICITY, TRANSITIVITY, SYMMETRY, FINITE CHARACTER and LocAL
CHARACTER.

2. |° has Weak MonoToNICITY (see Theorem 8.5.10), SYMMETRY, FINITE
CHARACTER and LOCAL CHARACTER. MONOTONICITY holds only if |* =
]9, ie., if X is modular.

Exgercise C.1.2. Prove that trivial pregeometries are modular.

Exercise C.1.3 (P. Kowalski). Let K be a field of characteristic p > 0 with
degree of imperfection at least 4. Prove that K with p-dependence is not
locally modular.

ExercisE C.1.4. (X, cl) is modular if and only if for all ¢ € cl(4 U B) there
are a € cl(A4) and b € cl(B) such that ¢ € cl(a, b).

ExERcISE C.1.5. The set of all closed subsets of a pregeometry forms a
lattice, where the infimum is intersection and the supremum of X and Y is
XUY =cl(XUY). Show that a pregeometry is modular if and only if the
lattice of closed sets is modular, i.e., if for all closed 4, B, C

ACC = AUu(BNnC)=(4AuB)nC.

Exercise C.1.6. Let (X.cl) be a pregeometry of uncountable dimension.
Suppose that for all closed B of countable dimension the automorphism group
Aut(X/B) acts transitively on X \ B. Then (X, cl) is locally modular if and
only if for all closed B of countable dimension and all a, b with dim(a, b) = 2
and dim(a,b/B) = 1, and for every ¢ € Aut(X/B) the two pairs (a,b) and
(6(a),a(b)) are not independent over (). Conclude that for any finite 4, X is
locally modular if and only if X is locally modular.
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C.2. The Erdos—Makkai Theorem

TueoreM C.2.1 (Erdés-Makkai). Let B be an infinite set and S a set of
subsets of B with |B| < |S|. Then there are sequences (b; | i < w) of elements
of B and (S; | i < w) of elements of S such that either

bieS;ej<i (C2)
or

bieS;jei<j (C3)
foralli,j € w.

ProOOF. Choose a subset S’ be a subset of S of the same cardinality as B
such that any two finite subsets of B which can be separated by an element
of S can be separated by an element of S’. The hypothesis implies that there
must be an element S* of S which is not a Boolean? combination of elements
of §'.

Assume that for some n, three sequences (b! | i < n)in S*, (b/' | i < n) in
B\ S*and (S; | i < n) in 8 have already been constructed. Since S* is not
a Boolean combination of Sy. ..., S,_;, there are b, € S* and b)) € B\ S*
such that for alli < n

b,/, SIYER=S b,/l/QS,'.

Choose S, as any set in S’ separating {b)....,b,} and {by..... b, }.

Now, an application of Ramsey’s theorem shows that we may assume that
either b), € S; or b, ¢ S; for all i < n. In the first case we set b; = b}’ and get
(C.2). in the second case we set b; = b/, | and get (C.3). 4

C.3. The Erdos—Rado Theorem

DerFINITION C.3.1. For cardinals , 4, u we write & — (1)}, (read as k arrows
A) to express the fact that for any function f: [k]" — u thereis some A C &
with |4| = 4, such that f is constant on [4]". In other words, every partition
of [k]" into u pieces has a homogeneous set of size 4.

With this notation Ramsey’s Theorem 5.1.5 states that
w — (o)} foralln k < .

In an analogous manner one can define a cardinal s to be a Ramsey cardinal
if K = (k)5*. In other words, if for any n a partition of [«]" into two classes
is given, there is a set of size x simultaneously homogeneous for all partitions.
A Ramsey cardinal  satisfies k — (k)5 for all y < & (see [33] 7.14). More

2t actually suffices to consider positive Boolean combinations.
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generally, an uncountable cardinal « is called weakly compact if it satisfies
k — (k)3. Such cardinals are weakly inaccessible and their existence cannot
be proven from ZFC.

TuEOREM C.3.2 (Erdés-Rado). I (u) — (u™)2t.

Proor. This follows from u* — (,u*)/ll and the following lemma.

Lemma C.3.3. If 6 — (ut)i. then (2°) — (u)nt!

PrOOF. We note first that the hypothesis implies u < k. Now let B be a set
of cardinality (2¢)* and f: [B]"*' — u be a colouring. If 4 is a subset of B,
we call a function p: [A]" — u a type over A. If b € B\ A, the type tp(b/A)
is the function which maps each n-element subset s of 4 to /(s U {b}). If
|4] < k. there are at most 2% many types over A. Thus an argument as in the
proof of Lemma 6.1.2 shows that there is some By C B of cardinality 2* such
that, for every 4 C By of cardinality at most k, every type over A which is
realised in B is already realised in B.

Fix an element b € B\ By. We can easily construct a sequence (@q )<+
in By such that every a, has the same type over {az | f < a} as b. By
assumption {a, | @ < '} contains a subset 4 of cardinality 4 such that
tp(h/A) is constant on [4]". Then f is constant on [4]"+!. -

_|






Appendix D

SOLUTIONS TO EXERCISES

Exercises whose results are used in the book have their solutions marked with
an asterisk.

Chapter 1. The basics

Exercise 1.2.3. We consider formulas which are built using —, A, 3,V and
we move the quantifiers outside using

—3xp ~ Vx—p

=Vxp ~ Ix—p
(o A3xy(x.7)) ~ 3z (o Aw(z.7))
(p AVxy (x. 7)) ~Vz (o Aw(2.7)).

In the last equivalence we replaced the bounded variable x by a variable z
which does not occur freely in ¢.

ExercisE 1.2.4. That I1;¢;2; /F is well defined is easy to see. L.os’s Theorem
is proved by induction on the complexity of ¢. The case of atomic formulas
is clear by construction. If ¢ is a conjunction, we use the fact that X €
FandY ¢ F & XNY € F. If pis a negation, we use X ¢ F <
I\NX e F. f X ={iel | = 3Iywa.y)} € F. choose for every
i € I someb; € A; suchthati € X = 2A; = w(a,.b;). Then by induction
e A /F = w((a;)r. (b)) r) and we have IT; ;2 /F = 3y w((@;) 7. y). The
converse is also easy.

Exercise 1.3.1. The theory DLO of dense linear orders without endpoints
is axiomatised in Loger by

o Vx -x <X

Vx,p.z (x<yAy<z—x<z)
Vx,y (x<yVx=pyVy<x)
Vx.z(x<z—=Jy(x<yAy<z))
Vxdy x <y

213
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e Vydx x < y.

The class of all algebraically closed fields can be axiomatised by the theory
ACF:

e Field (field axioms)
e Foralln > 0: Vxg...X,—1 3y Xo+ X1y + -+ x,_1" 4" =0.

Exercise 1.3.3. Let 2 and B be two elementarily equivalent L-structures.
It is easy to see that 2 and B are isomorphic if L is finite. Let L be arbitrary
and assume towards a contradiction that 2( and B are not isomorphic. Then
for every bijection f': A — B thereisa Z, € L which is not respected by f.
If Ly is the set of all the Z,, then & [ Lo and B | L, are not isomorphic,
contradicting our first observation. One should note that isomorphism follows
also from Exercise 6.1.1 and Lemma 4.3.3.

*ExercISE 1.3.5. Show by induction on the complexity of ¢ that for all
f € T and all a in the domain of f we have A = ¢(d) < B | o(f(a)).

Chapter 2. Elementary extensions and compactness

ExERrcISE 2.1.2. Hint for Part 1: We may assume that C = {%; | i € I}
is a set. If 90t is a model of 7', choose an ultrafilter 7 on I which contains
Fo={i €l |2 = p}forallp € Th(IM).

Exercise 2.2.1. Hint: Let T be a finitely satisfiable theory. Consider the
set 1 of all finite subsets of T. For every A € I choose a model 2. Find a
suitable ultrafilter 7 on 7 such that [],., %a/F is a model of T'.

ExXERCISE 2.3.1. Part 2. If e is a new element of an elementary extension
and if / and g are almost disjoint, then f (e) and g(e) are different.

3. Let 9 be a proper elementary extension. Show first that £ contains a
positive infinitesimal element e. Then show that for every r € R there is an
element ¢, such that P,(g,) and Q,(g, + e) are true in £.

EXERcISE 2.3.3. For every prime p, ACF, has a model which is the union
of a chain of finite fields.

Chapter 3. Quantifier elimination

*EXERCISE 3.1.1. We imitate the proof of Lemma 3.1.1. That a) implies b)
is clear. For the converse consider an element y; of Y; and #,, . the set of all
elements of H containing y;. Part b) implies that the intersection of the sets
in H,, is disjoint from Y,. So a finite intersection /), of elements of ,, is
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disjoint from Y>. The h,,, y1 € Y1, cover Yi. So Yi is contained in the union
H of finitely many of the 4,,. Hence H separates Y7 from Y>.

Exercise 3.2.3. Hint: For any simple existential formula write down the
equivalence to a quantifier-free formula. Show that this is equivalent to an
V3-sentence and that 7 is axiomatised by these.

Exercise 3.3.1. Like the proof of Theorem 3.3.2 with order-preserving
automorphisms replaced by edge-preserving ones.

*EXERCISE 3.3.2.  The cases ACF,RCF are easy. So we concentrate on
DCFqy. Clearly, the algebraic closure of the differential field generated by
A is contained in the model-theoretic algebraic closure. For the converse,
let Ky be an algebraically closed differential field and ay an element not in
Ko. If dim(ag/Ky) is infinite, then ao and all its derivatives have the same
type over Ky, so ap is not not model-theoretically algebraic over K,. If
dim(ag/Ko) = n > 0, consider the minimal polynomial f of ay over K. Let
K| be a d-closed extension of K containing ag. Then f remains irreducible
over K; and there is some ¢; whose minimal polynomial over K is /. Now
extend K to some field K, containing a; etc.. In this way we obtain an infinite
sequence of distinct elements having the same type over K as @, showing that
ay 1s not algebraic over K in the sense of model theory.

ExercisE 3.3.3. Let K be algebraically closed, X = {a | K = y(a.b)} a
definable subset of K" and suppose that f: X — X is given by an n-tuple of
polynomials f (x.b). We may assume that y(x, z) is quantifier-free. We want
to show that K satisfies

vy (Vx (p(x.p) = o(f(x.7).3)) A
VX, X (e ) Ap(X ) A f () = f(Xy) = x =X) —
v (p(x' ) = Bx(p(x.0) A f (x.7) = X)) ).

This is obviously true in finite fields (even in all finite Lging-structures) and
logically equivalent to an V3-sentence. So the claim follows from Exercise
2.3.3.

For the second part use Exercise 6.1.14 and proceed as before.

Chapter 4. Countable models

*“EXERCISE 4.2.1. The set [¢] is a singleton if and only if [¢] is non-empty
and cannot be divided into two non-empty clopen subsets [¢ Aw] and [ A—y].
This means that for all y either y or -y follows from ¢ modulo 7. So [¢] is
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a singleton if and only if ¢ generates the type

(o) = {w(® | TEVYX (p(x) = w(x)}

which of course must be the only element of [¢].

This shows that [¢] = {p} implies that ¢ isolates p. If, conversely, ¢
isolates p, this means that () is consistent with 7" and contains p. Since p is
a type, we have p = (p).

ExeRrcISE 4.2.2. a): The sets [] are a basis for the closed subsets of S, (7).
So the closed sets of S,(T’) are exactly the intersections ﬂwez[cp] ={p €
S/(T) | = C p}.

b): The set X is the union of a sequence of countable nowhere dense sets X;.
We may assume that the X; are closed, i.e., of the form {p € S,(T) | Z; C p}.
That X; has no interior means that X; is not isolated. The claim follows now
from Corollary 4.1.3.

ExEercIsE 4.2.3. Let X = {tp(ao, ay. ...) | the a; enumerate a model of T'}.
Consider for every formula (. y) the set X, = {p € S, | Gyp(d.y) —
¢(0,v;)) € p forsomei}. The X, are open and dense and X is the intersec-
tion of the X,,.

*EXERCISE 4.2.5. The homeomorphism from S,,(aB) to the fibre above
tp(a/B) is given by tp(c/aB) s tp(ca/B).

“EXERCISE 4.3.9. Assume that 2l is x-saturated, B a subset of 4 of smaller
cardinality than x and p(x. 7) a (n+1)-type over B. Leth € A be a realisation
of ¢(7) = p | y and a € A4 a realisation of p(x,b). Then (a. b) realises p.

*EXERCISE 4.3.13. If *B is w-saturated and elementarily equivalent to A,
then the set of all isomorphisms between finitely-generated substructures that
are elementary partial maps in the sense of 2l and B is non-empty, and has
the back-and-forth property.

Now assume that 2 and B are partially isomorphic via Z; they are elemen-
tarily equivalent by Exercise 1.3.5. Consider a finite subset By of ‘B and a
type p € S(By). There is an f € Z which contains By in its image. Choose a
realisation a of f~!(p) in 2 and an extension g € Z of f which is defined on
a. Then g(a) realises p.

*EXERCISE 4.4.1. If M and 9 are K-saturated, consider the set Z of all
isomorphisms between finitely-generated substructures of 9t and 2.

EXERCISE 4.5.1. Let n be such that S, (7") uncountable. Prove that there is a
consistent formula ¢ such that both [¢] and [—p] are uncountable. Inductively
we obtain a binary tree of consistent formulas; see proof of Theorem 5.2.6(2).
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Chapter 5. N;-categorical theories

Exercise 5.1.2. To ease notation we replace the partition by a function y :
[A]" — {1.....k}. Fix anon-principal ultrafilter i/ on 4. Foreachs € [A4]""!
choose ¢(s) such that {a € 4 | y(s U{a}) = ¢(s)} belongs to . Construct
a sequence ay, ay, . . . of distinct elements such that y(s U {a,}) = ¢(s) for all
s € {ao.....a,—1}]""'. Apply induction to ¢ restricted to [{ao. aj. ... }]" "'

ExXERCISE 5.2.1. Let T define a linear ordering of the universe. By Exer-
cise 8.2.8 there is a linear ordering J of bigger cardinality than x which has
a dense subset of cardinality k. A compactness argument shows that 7" has
a model with a subset B which is order-isomorphic to J. Let 4 be a dense
subset of B of cardinality x. Then all elements of B have different types over
Aandso|S(4)| > |B| > k.

EXERCISE 5.2.3. As an example consider formulas ¢°(x). ¢'(x).... with-
out parameters such that ¢”(x) implies ¢"*!(x). We have to show that
O = {¢" | n < w} isrealised in M = [],_, A;/F if each ¢” is realised in
M. For each n there is a B" € F such that, for all i € B", ¢" is realised in
2A;. We may assume that the B” are descending and have empty intersection
since IF is non-principal. Now for every i € B° let n be maximal with i € B".
Choose an element a; which realises ¢” in 2;. For i outside B chose a; € 2;
arbitrary. Then the class of (a;);<,, realises ® in 1.

*EXERCISE 5.2.5. If T is totally transcendental, each reduct is also totally
transcendental. The converse follows from the observation that a binary tree
contains only countably many formulas.

*EXERCISE 5.2.6. If T is k-stable, then | S, ()| < k. Choose for any two
n-types over the empty set a separating formula. Then any formula is logically
equivalent to a finite Boolean combination of these k-many formulas.

EXERCISE 5.3.2. a) = b): Let 4 be a countable subset of the model 9. A
prime extension of A is just a prime model of T, = Th(9,). So the claim
follows from Theorem 4.5.7.

b) = ¢): Assume that A4 is contained in the model 9t and that the isolated
types are not dense over 4. So there is a consistent L(A)-formula . which
does not contain a complete L(A)-formula. Add a predicate P for the set 4
and consider the L U { P}-structure (2, 4). Choose a countable elementary
substructure (9y, Ag) which contains the parameters of . Then ¢ does not
contain a complete L(A4g)-formula.

¢) = a): Like the proof of 5.3.3.

ExeRrcISE 5.5.4. Clearly, T(q) is complete A-stable if and only if T is. It is
also clear that if T'(¢) has a Vaughtian pair then so does T'. For the converse
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use a construction as in Theorem 5.5.2 to find a Vaughtian pair 9t < 91 such
that ¢ is realised in 1.

ExEeRrcISE 5.5.7. Hint: Use Exercise 5.5.6.

ExercisE 5.6.1. If p € S(A) is not algebraic, then all n-types
q(x1,....x,) = {x;.i = 1,....n, satisfies p and the x; are pairwise distinct}

are consistent and hence realised in 9t.

*EXERCISE 5.6.2. If ¢; € acl(4c,) for some i < n, let ay...a, realise
tp(co...cn/A) with ag...a,_1 ¢ acl(4B). Then a, ¢ B. If ¢; & acl(Ac,)
for all i < n, realise tp(c,/4) by some a, ¢ B and then tp(co...c,—1/Aay)
outside B.

EXERCISE 5.7.2. Prove that the theory eliminates quantifiers.

Chapter 6. Morley rank

*EXERCISE 6.1.2. Fix any model M which contains A. If b is not algebraic
over A, then b has a conjugate over 4 which does not belong to M. This
implies that M has a conjugate M’ over A which does not contain b.

Note that Exercise 5.6.2 implies that if C is any set without elements alge-
braic over A, there is a conjugate M’ of M which is disjoint from C.

Exercise 6.1.3. Choose special models 2(; of T; of the same cardinality
and observe that a reduct of a special model is again special.

EXERcISE 6.1.4. If 6 does not exist, the set 7’ of all L-sentences 6 such that
F ¢ — 0 or - =y, — 0 is consistent. Choose a complete L-theory T which
contains 7" and apply Exercise 6.1.3to T3 = {1} UT and T» = {—pr } U T".

EXERCISE 6.1.5.  We use the criterion of Exercise 2.1.2(2). Let C be the
class of all reducts of models of 7’ to L. It is easy to see that C is closed
under ultraproducts. If 2 belongs to C and ‘B is elementarily equivalent to
2, consider an expansion 2’ of [ to a model of T’. Now choose two special
elementary extensions 21’ < D', B < € of the same cardinality. Then ® = ¢
belongs to C.

EXERCISE 6.1.6. Let |4| < x and p = p(x;)i<x be a k-type over p. Denote
by p. the restriction of p to the variables (x;);«,. Construct a realisation
(a;)icx of p inductively: if (a;);<. realises p,. choose a, as a realisation of
Pa+1 ((ai)[<ou xa)'

EXERCISE 6.1.8. 1) Construct an elementary chain (90, )4, of structures
of cardinality 2<* such that all types over subsets of 9, of cardinality less
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than « are realised in 9,,;. This is possible because for regular « a set of
cardinality 2<* has at most 2<"-many subsets of cardinality less than «.
Part 2) follows from 1) since 2<% = k.

*EXERCISE 6.1.11. If B C dcl(A4). every formula with parameters in B is
equivalent to a formula with parametersin 4. So every type over 4 axiomatises
a type over B. This proves 1) = 2). For the converse show that b € dcl(A4) if
tp(b/A) has a unique extension to 4b.

*EXERCISE 6.1.12.  If p(a,b) is a formula witnessing b € dcl(a), let D
equal the class of elements x for which there is a unique y with ¢(x, y)
and let /: D — E denote the corresponding map, which we may assume
to be surjective. If furthermore a € dcl(b) is witnessed by w(y,x) and a
function g: E; — Dy, we get a 0-definable bijection {(x, y) € E x Dy|f (x) =
yand g(y) = x}.

Exercise 6.1.13. Use Exercise 3.3.2.

Exercise 6.1.14. Use Exercise 6.1.13 and compactness.

EXERCISE 6.1.16. By induction on n. We distinguish two cases. First
assume that for some i < 0, H, N H; has finite index in H,,. We can then cover
every coset of H, by finitely many cosets of H;. Since G is not a finite union of

cosets of Hy, ..., H,_;, we are done. Now assume that all H/ = H,, N H; have
infinite index in H,,. Assume towards a contradiction that G is a finite union
of cosets of the Hy. ..., H,. Since H, has infinite index in G, there must be

a coset of H, which is covered by a finite number of cosets of Hy, ..., H, 1.
This implies that H, is a finite union of cosets of the H/, i < n, which is
impossible by induction.

*EXERCISE 6.1.17. To see that Exercise 6.1.16 implies Exercise 6.1.15
consider the subgroups H; := G.,,i < n, each of infinite index in G. The
finitely many cosets a; H; with aj(c,-) € B,i < n, do not cover G, so there is
some g € G such that for all i < n we have g(¢;) ¢ B.

For the converse, let Hy,..., H, < G be subgroups of infinite index, and
consider the action of G on the disjoint union of the G/H; by left translation.
By Exercise 6.1.15, for any ay, ..., a, € G there is some g € G such that for
alli < n we have g(1- H;) ¢ a; H;, proving Exercise 6.1.16.

*EXEBRCISE 6.2.1. Let ¢(x, a) be defined from the parameter tuple a € M.
There is an infinite family (¢;(x.b;)) of pairwise inconsistent formulas of
Morley rank > o which imply ¢(x, a). Since M is w-saturated, there is a
sequence (@;) in M such that tp(a, ag. a1, ...) = tp(a. bg. b1, ...).

EXERCISE 6.2.2. Let I be the set of all 7 for which ¢ A w; has rank a.. The
hypothesis implies that all k-element subsets of I contain two indices 7. j such
that o Ay, o @ Ay;. So |I| < (k—1)MDe.
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ExerCISE 6.2.3. Let G° be the intersection of all definable subgroups of
finite index; it is definable by Remark 6.2.8. If N is a finite subgroup which is
normalised by G, the centraliser of N in G is a definable group of finite index
in G°.

EXERCISE 6.2.4. Let M be an w-saturated model and let p be a type over
M of Morley rank o and degree n, witnessed by ¢(x.7) € p. If n > 1, there
is a formula y (x, b) such that ¢ (x.77) A w(x, b) and ¢(x,717) A =y (x. b) both
have Morley rank a. Choose @ € M with tp(a/m) = tp(b/m). Then both
formulas ¢ (x,7) A w(x,a) and @(x,m) A ~w(x, @) have rank o and degree
less than n and one of these formulas belongs to p, contradicting the choice
of p(x,m).

EXERCISE 6.2.5. Assume that there is a formula ¢(x, b) of rank > |T|*.
Construct a binary tree of formulas (o, (x, 7,) | s € <2) below ¢ (x, b) so that
forall k and all < |T'|" there are parameters @, such that MR ¢ (x, @;) > «
for all s with |s| = k. Conclude that MR ¢ (x,b) = oo,

*EXERCISE 6.2.8. Leta beinacl(4) and a;.. ... a, the conjugates of a over
A. Then ¢(x.a) and (x.a;) A --- A @(x. a,) have the same Morley rank.

ExERrcISE 6.4.1. Ina pregeometry a finite set 4 is independent from B over
C if and only if dim(4/BC) = dim(4/C). Now use Theorem 6.4.2.

*EXERCISE 6.4.2.  Assume that ¢bC is independent from B and apply
Proposition 6.4.9.

EXERCISE 6.4.4. The first two inequalities follow easily from Lemma 6.4.1.
For the third inequality we may assume that A has Morley degree 1. We
distinguish two cases:

a) Peen > 0. Let D; be an infinite family of disjoint definable subclasses of
B defined over C' D C. Choose ¢ € A which has rank « over C’. For some
i the rank of f~!(a) N D; is bounded by some Been < Been- By induction we
have MR(DD;) < - & + ey < f8 - & + fgen.

b) feen = 0. Then A contains a definable subclass A" of rank a over which
all fibres are finite. By the second inequality we then have MR (f~!(4’)) <
a < B-a IfA" # A we have MR(A \ A’) = o/ < « and by induction
MR(fHA\A) < B/ +B< B a.

ExercISE 6.4.5. The language L contains a binary relation symbol £ and
unary predicate P! for all n and i < n, and T says that E is an equivalence
relation with infinite classes, the Pj, are infinite and disjoint and for each n the
union of PY U dots U P" is an E-equivalence class.
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Chapter 7. Simple theories

Exercise 7.1.3. If p forks over A, there is some ¢ (x, m) € p which implies
a conjunction \/,_, ¢ (x. b) of formulas which fork over 4. Choose a tuple b’
in M which realises the type of b over Am. The formulas ¢, (x, b’) fork over
A and one of them belongs to p.

*EXERCISE 7.1.4. Let ¢ be A-invariant. Use Lemma 7.1.4 to show that ¢
does not divide over 4: if z(x, b) belongs to ¢, then all the z(x, b;) also belong
to ¢. That ¢ does not fork over A4 follows from Exercise 7.1.3.

*EXERCISE 7.1.5. p contains a formula ¢ which divides over 4. So there
are k many o; € Aut(M/A) such that the system of all a;(¢) is k-inconsistent.
This implies that & many of the «;(p) must be distinct.

EXERCISE 7.1.6. The type p(x) forks over the empty set since it implies the
disjunction of cyc(0, x. 3) and cyc(2. x, 1).

*EXERCISE 7.1.7. This is just a variant of Proposition 7.1.6. Let Z = (b; |
i < w) be a sequence of A-indiscernibles containing » such that (¢(xb;) | i <
w) is k-inconsistent. Since tp(a/A4b) does not divide over 4, we can assume
that 7 is indiscernible over Aa.

EXERCISE 7.2.1. Let (pa)ac|r|+ be achain of types with p, € S(4,). Their
union {J, ¢ 7+ Pa does not fork over a subset A" of ¢ 7+ 4a of cardinality
at most | 7| by Proposition 7.2.5 (Local Character) and Proposition 7.2.15.
Since A4’ C A, for some sufficiently large o € |T'|*, from that value of the
index onwards the chain no longer forks. (Note that this property is just a
reformulation of Local Character for x = |T'|*.)

For the last sentence note that otherwise the types p, = tp(c/A4{bs | p <
a}) would contradict the first part.

*EXERCISE 7.2.2. Let ¢ = tp(b/B) and r = tp(¢/C). Find an A-automor-
phism which maps ¢ to » and C to C’ such that B \J/Ab C’. Then ¢ =
tp(b/C’)and s = tp(b/BC’) are asrequired: wehave B | b, which together
with B | C'yields B |  C’bfrom whichd | ., B.

Exercise 7.2.3. By monotonicity and symmetry it suffices to show that ay
and ay\ y are independent over 4. So we can assume that X and Y are disjoint
and, by finite character, that X and Y are finite. We proceed by induction
on|X UY| Letz € XU Y bemaximal. By symmetry we may assume that
z € Y. Then a; is independent from ayyy\(-}. The claim now follows from
the induction hypothesis and transitivity.

*EXERCISE 7.2.4.  This follows from the fact that if (b; | i < w) is indis-
cernible over A, there is an A-conjugate B’ of B such that (b; | i < w) is
indiscernible over B’'.
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Exercise 7.2.5. Up to symmetry this is only a reformulation of Mono-
tonicity and Transitivity.

ExXERCISE 7.2.6. For ease of notation we restrict to the following special
case: If bib; is independent from C. we have

bl\Lb2<:>b1J/b2
C

since by Corollary 7.2.18 both sides of this equivalence are equivalent to the
triple (by, by, C) being independent. (For the direction from right to left it
suffices in fact to assume that b; and b, are independent from C individually.)

*ExERCISE 7.2.7. The hypothesis impliesa | 5 C- Now the claim follows
from Remark 7.1.3.

ExEercise 7.3.1. Let Z be the sequence b = by, b;,.... Use Proposi-
tion 7.3.6 and induction on n to show that  J{z(x,b;) | i < 2"} does not fork
over A. So we find a realisation of | J{r(x.5;) | i < w} which is independent
from Z over 4. That one can choose ¢ in such a way that Z is indiscernible
over Ac follows from Lemma 5.1.3 and FINITE CHARACTER.

Exercise 7.3.2. 1. Let (¢; | i < w) be an antichain for 6; A 6,. Then
by Ramsey’s theorem there is an infinite A C w such that (¢; | i € A) is an
antichain for 6, or for 6,.

2. If 0~ (x. y) is not thick, it has, by compactness, antichains (¢; | i € I)
indexed by arbitrary linear orders 7. If I~ is the inverse order, (¢; | i € I7)
is an antichain for 6.

3. Consider 8 A 0™

Exercise 7.3.3. Choose an A-conjugate ¢ of b, different from b, and set
B=band C =c.

EXERCISE 7.3.5. Show thata |° 4 with Existence and use Monotonicity
and Transitivity.

EXERCISE 7.3.6. Let p € S(M) with two different non-forking extensions
to B D M. Let By, By,... be an M-independent family of conjugates of
B. Then on each B; there are two different extensions ¢°, ¢; of p. Now by
the independence theorem for any function ¢: w — 2 there is a non-forking

extension ¢¢ of p to |J,.,, Bi. which extends every each ¢*"".

Exercise 7.4.1.  If a € Aut(€) has the given property, choose a model
M of size |T| and f € Aut/(¢) with B | M = a | M. Then af~! €
Aut(€/M) C Aut,(€).

Exercise 7.4.2. If 0 is thick and defined over A4, the conjunction of the
A-conjugates of 0 is thick and defined over 4.
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EXERCISE 7.4.3. Extend B and C to models My and M such that
Mp J/A Mc. b \LA Mp and ¢ \LA M. Now it suffices to find some d such

thatd |  MpMc. tp(d/Mp) = tp(b/Mp) and tp(d/Mc) = tp(c/Mc).

EXERCISE 7.4.4. We have to show that for every thick 0(x, y) the formula
0(x. a) does does not divide over 4. Soleta = ay. aj. ... be indiscernible over
A. Then = 0(a;. a;) for all i, j. This shows that {0(x, a;) | i < w} is finitely
satisfiable. If 7" is simple and B is any set, choose a”” independent from B over
A such that nc4(a”, a). Finally choose a’ such that tp(a’/4a) = tp(a” /Aa)
anda’ | B.

Exercise 7.4.5. If 7 is an infinite sequence of indiscernibles over 4, then
7 is indiscernible over some model which contains A.

ExERrcISE 7.4.6. Use the Erdos—Rado Theorem C.3.2.

ExercisE 7.4.7. Let R be bounded and A-invariant and aq, a1, ... indis-
cernible over A. Show that R(a;.a;) foralli < j.

ExErcise 7.4.8. This follows from Exercise 7.4.7(c).

EXERCISE 7.5.1. If K is a subfield of F32, consider the set I = {i | F,i C
K}. If Fis an ultrafilter on / which contains {j € I | i|j} foralli € I, then
K is the absolute part of [], ., F,i /F.

Exercise 7.5.2. Use Corollary 7.5.3 and Remark B.4.12.

Chapter 8. Stable theories

EXERCISE 8.1.1. If ¢ is a coheir of p, the sets ¢ (M), ¢ € ¢ are non-empty
and closed under finite intersections. So there is an ultrafilter 7 on M which
contains all ¢ (M).

Exercise 8.1.2. Consider a Morley sequence of a global coheir extension
of tp(a/M) = tp(b/M ) over M.

Exercise 8.1.3. Use Exercise 7.1.1.

ExXErcISE 8.1.4.  We may assume that w has Morley degree 1 and do
induction on MR v = . If @« = f + 1. choose an infinite disjoint family of
M -definable classes y;(€) C w(€) of rank f = MR(w A —~p) < MR y. Then
MR (w; A @) = B for some i and y; A ¢ is realised in M by induction. If «
is a limit ordinal, choose some definable y’(€) C w(€) with MR(y A =) <
MR (y') < a and apply the induction hypothesis to w’ and v’ A ¢.

The second part follows from the first.
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EXERCISE 8.1.5. If b’ is another realisation of ¢(y) | B and a’ realises
p(x) | Bb' thereis a B-automorphism « taking b’ to b. If p(x) is A-invariant,
a(a’) realises tp(a/Bb) and so p(x) ® ¢(y) is well defined. The same proof
shows p(x) ® g(y) to be A-invariant if p, ¢ both are A-invariant.

“EXERCISE 8.2.1. If (¥.7) has the order property witnessed by a@o.aj. . ..
and by, by, ..., then the sequence @by, @by, ... is ordered by the formula
o' (x7,x'7") = ¢(x.7’). The converse is obvious.

Exercise 8.2.3. The formula xRy has the binary tree property.

EXERCISE 8.2.5. If o(x, y) has SOP, the formula w(x, y;.y2) = (3. x) A
—p (2. x) has the tree property with respect to k = 2.

EXERCISE 8.2.6. Hint: if T is unstable, there are a formula ¢(x, y) and
indiscernibles (a;b; | i € Q) with |= ¢(a;.b;) < i < j. If ¢ does not have
the independence property, there are finite disjoint subsets J, K of Q such that
Oyx(y) ={plai,y)|i € J}U{~p(a;,y) | i € K} is inconsistent. Not all of
J can be less than all elements of K. Choose J and K minimising the number
of inversions F = {(j,k) € J x K | k < j}. Choose (j.k) € F so that the
interval (k, j) does not contain any elements of J U K. Write J = Jo U {j}
and K = Ko U {k}. Then @, }.k,uq;3 () is consistent and the formula
(with parameters)

N\ Pok,(9) A =g (x. )
has the strict order property.

*EXERCISE 8.2.7. a) = b): A type p € S(A) is determined by the family of
all p,. the p-parts of p. Hence

1S(4)| < HlSw(A)| < H‘A| — |4,
® ®

Soif |4 = Aand ATl = ], then |[S(4)| < /.
b) = ¢): Clear.
c¢) = a): Follows directly from Theorem 8.2.3, a) =b).
The last assertion follows from Lemma 5.2.2.

ExerCISE 8.2.8. See the proof of 8.2.3, a) = d). Let 4 = {0.1.1}. We
embed / into “ 4 by extending sequences from I to a sequence of length ¢ with
constant value % We order I by the ordering induced from the lexicographic
ordering of #A4.

ExERCISE 8.2.9. If w(x,y) is a Boolean combination of ¢o(x,y) and
©1(x, y), show that the w-type of a tuple over B is determined by its g (x, y)-
type and its ¢ (x, y)-type. So we have | S,,(B)| < | Sy, (B)] - | Sy, (B)].
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Exercise 8.2.10. 1. Since Rg,(z//) = 00, as in Theorem 6.2.7, there is a
binary tree of consistent formulas of the form ¢ AJ, 6 € ®. Now we follow
the proof of Theorem 5.2.6 and conclude first that over some countable A
there are uncountable many @-types which contain . This implies then that
©(x, y) has the binary tree property. Again by the proof of 6.2.7 this implies
that R, (y) = oo.

2. If p < Ry(y). there is a formula ¢(x,a) such that w(x) A p(x.a)
and w(x) A ¢(x, a) have rank at least f. So if @ < R, (y). then ¢ would
have binary trees of arbitrary finite height and so would have the binary tree

property.

*ExERCISE 8.2.11. Assume that the tree property of ¢ is witnessed by the
parameters A = {a; | s € <“w}. If ¢ has the tree property with respect to
k = 2, it is easy to see that ¢ has the binary tree property.

For the general case we make use of Exercise 8.2.10: if ¢ is stable, all -
ranks are less than w. It follows that there is a sequence ¢ € “w such that
the p-ranks of the formulas A\, _,_, ¢(x. ag;) are strictly decreasing, which is
impossible. -

ExeRrcISE 8.3.1. Let T be the theory of an equivalence relations with three
infinite classes. There is only one 1-type over the empty set, and this does not
have a good definition.

Exercise 8.3.2. Six of the eight possible cases are realised by 1-types. For
the cases (=D, C, I, =H), (=D, =C, 1, H) use 2-types and for the case (—D.,
-C, I, =H) a 3-type.

Exercise 8.3.3. Letz, : S,(B) — S,.1(B) be a continuous section. For
any n-tuple ¢ if 7, maps tp(c/B) to p(x,y). then p. = p(x.c) is a type
over ¢cB. Continuity implies that for every ¢(x, y) there is a B—formula
w(y) such that for all ¢ we have p(x.c¢) € p. < [ w(c). The following
coherence condition ensures that p = (J,ce pe is consistent. For any map
sl ....m} — {1.....n} let s* : S,(B) — S,,(B) and s* : S,,1(B) —
S,.+1(B) be the associated natural restriction maps. Then coherence means
Ty 087 =s*om,.

ExERCISE 8.3.4. Consider the Boolean algebra of all M -definable subsets
of ¢(M)" and the subalgebra of ¢ (M )-definable subsets. The two algebras
coincide if and only if they have the same Stone spaces (see p. 49). For the
second part note that —if ¢ (€) has a least two elements — then for every y(x, y)
there is a formula y(x, z) such that every class y(x, b) which is a subclass of
()" has the form y (&, ¢) for some ¢ € p(&).

Exercise 8.3.5. 1. Prove that formulas with Morley rank are stable. The
proof that totally transcendental theories are stable on page 134 is similar.
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2. Tt is enough to find d, x ¢(x. y) for stable ¢(x,y). Use the proof of
Theorem 8.3.1.
3. Use the proof of Corollary 8.3.3 and Remark 8.2.2.

Exercise 8.3.6. The proof follows the pattern of the proof of the Erdds—
Makkai Theorem C.2.1. Assume that B* = {b € B | ¢(x,b) € p} isnot a
positive Boolean combination of sets of the form {b € B | ¢(c,b)}.c € C.
Construct three sequences (b | i < n) in B*, (b)' | i < n) in B\ B* and
(¢; | i< n)in C such that forall i < n

E e, b)) == ela. b))

and foralli <n
= o(ea.b)) and | —p(c,.b]).

Exercise 8.3.7. Show first that there is a finite sequence Ay, ..., A, such
that every o-type is definable by an instance of one of the A;. (Otherwise the
L U{P, c}-theory stating that in a model of T the ¢-part of the type of ¢ over
P is not definable would be consistent.)

Exercise 8.3.8. Hint: If ¢ is a weak heir of p. then D,(¢) = D, (p) where
D, (p) is defined as the minimum of D,(0) for € p. The argument in
Theorem 8.3.1 now shows that ¢ is definable over M .

EXERCISE 8.3.9. Let p be the global extension of tp(a/M ) which is definable
over M. By Lemma 8.1.5 tp(a/Mb) is an heir of tp(a/M) if and only if
tp(a/Mb) C q.i.e. ifand only if p(x.b) € tp(a/Mb) < = d, xp(x.b). Soif
q is the global M -definable extension of tp(h/M ), we have that tp(a/Mb) is an
heir of tp(a/M) if and only if p(x.b) € tp(a/Mb) < = d, xp(x.y) € q(»).
Lemma 8.3.4 implies now that tp(a/Mb) is an heir of tp(a/M) if and only if
tp(b/Ma) is an heir of tp(b/M ).

Exercise 8.3.10. One direction follows from Exercise 8.1.3. For the other
direction assume that ¢ does not fork over 4. Then ¢ is contained in a global
type p which does not fork over A. Apply Corollary 8.3.7.

Exercise 8.4.1. I is definable from some some tuple d € D. Any such d
is a canonical parameter for .

ExerciSE 8.4.2. Let e be an imaginary and A4 the smallest algebraically
closed set in the home sort over which e is definable. Then e is definable
from a finite tuple @ € A. Since every automorphism which fixes e leaves A4
invariant, all elements of 4 are algebraic over e.

For the converse let a € acl(e) be a real tuple over which e is definable. Then
A = acl(a) is the smallest algebraically closed set over which e is definable.
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ExercISE 8.4.3. Infset and DLO have the following property: if A, B are
finite sets and if the tuples ¢ and b have the same type over A N B, then there
is a sequence a = ay, by, . .., a,, b, = b such that a; and b; have the same type
over A and b; and a;| have the same type over B. This implies that for every
definable class D there is a smallest set over which DD is definable.

Infset does not eliminate imaginaries since no finite set with at least two
elements has a canonical parameter.

*EXERCISE 8.4.4. Let ¢g; and ¢, be extensions of p to B. Choose realisations
ai, ap of q1, ¢, respectively. There is an a € Aut(€/A4) taking a; to a,. Since
a(B) = B, we have a(q) = ¢.

ExerciSE 8.4.5. Let p € S(A) be algebraic. If p is realised by b € dcl(B).
then d, xp(x.7) = ¢(b.7) is a good definition of p over B. Conversely, if ¢
is an extension of p to M. then ¢ is realised by some b in M and d, x(x = y)
defines the set {b}. So if ¢ is definable over B, then b € dcl(B).

EXERCISE 8.4.6. Let d be a canonical parameter of D = ¢(¢, d). If d’ has
the same type as d, we have

pE.d)=D = d' =d.

By compactness this is true for all d’ which satisfy some w(x) € tp(d).
Consider the L U {P}-formula 0(x, P) = w(x) AVy (¢(y.x) > P()).

*ExercISE 8.4.7. 1. Let ¢(x,a) € p have the same Morley rank as p and
be of degree 1. Then "d, ¢(x, )7 is a canonical base of p.
2. Use Part 1 and Exercise 8.4.1.

*EXERCISE 8.4.9. If stp(a/A) # stp(b/A) there is an acl(A)-definable class
D = p(x,a) with = ¢(a, @) and £ ¢(b,@). By Lemma 8.4.4, D is the union
of equivalence classes of an 4-definable finite equivalence relation Ez, proving
the claim.

EXERCISE 8.4.10. The correspondence is given by H = Stab(4) and
A = Fix(H). That A = Fix(Stab(4)) for definably closed A follows from
Corollary 6.1.12(1). To see that H = Stab(Fix(H)) for closed subgroups H,
we have to show that every g € Stab(Fix(H)) agrees on every finite tuple b
with some element 4 of H. To this end let @ be a canonical parameter of
the finite set Hb. Then @ is fixed by H and therefore also fixed under g. So
g(Hb) = Hb, which implies that gh = hb for some h € H.

Exercise 8.5.1. Show that the two conditions are equivalent to each of the
following

1. tp(a/K) has a unique extension to K*P;
2. K(a)NK*® = K.
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Exercise 8.5.2. Let P be the set of all strong types over 4 which are
consistent with p, and Q be the set of all strong types which are consistent
with ¢. Both P and Q are closed subsets of S(acl®¥(4)) and are disjoint since
strong types are stationary. So they can be separated by a formula ¢ (x) over
acl®d(4). By Lemma 8.4.4, ¢(€) is a union of classes of a finite A-definable
equivalence relation E(x, y).

Exercise 8.5.4. Use the second part of Exercise 8.3.5. The first claim can
now be proved like Theorem 8.5.1.

The second claim is proved like Corollary 8.5.3, but we must be more careful
and use the p-rank introduced in Exercise 8.2.10. We call the minimal p-rank
of a formula in a type p the p-rank of p. Let A = acl®d(4), p € S(4) a
stable type and p’ and p” two non-forking global extensions. Then p’ and p”
are definable over 4. We want to show that p(x.b) € p’ & ¢(x.b) € p”.
We may assume that ¢(x, y) is stable (containing parameters from 4). Let
q(y) be a global extension of tp(h/A) which has the same ¢~ -rank, where
w(x.y)~ = ¢(y.x). Since there are only finitely many possibilities for the
p-part of ¢, the p-part is definable over 4. Now the claim follows from an
adapted version of Lemma 8.3.4.

We still have to show that p has a non-forking global extension, i.e., an
extension which is definable over 4. Choose for every stable ¢(x, y) a global
extension of p with the same p-rank. By the above the ¢-part p¥ of this
extension is definable over 4 and as such is uniquely determined. It remains
to show that the union of all p¥ is consistent. Consider a finite sequence
©1(x.).....0.(x,y) of stable formulas. Choose a stable formula ¢(x, y. z)
such that every instance ¢;(x, b) has the form ¢(x, b, ¢) for some choice of c.
Then p¥ contains all p¥ fori =1,...,n.

*EXERCISE 8.5.5. 1. Argue as in the second part of the proof of Theorem
8.5.10. Replace p C g by MR(p) = MR(q).

2. By the first part of Exercise 8.3.5 p is stable. Let ¢ be a global extension
of p. If MR(p) = MR(q), then ¢ has only finitely many conjugates over
A. Since ¢ is definable, this implies that ¢ is definable over acl*d(4). So by
Exercise 8.5.4, ¢ does not fork over 4. Now assume that ¢ does not fork over
A. Using Exercise 6.2.8 we see that we can assume that 4 = acl®d(4). Let ¢’
be an extension of p with the same Morley rank. Then ¢’ does not fork over
A. So by Exercise 8.5.4 ¢ = ¢’.

*EXERCISE 8.5.6. Choose 41 C A of cardinality at most |T'| over which p
does not fork. Let (p’) be the non-forking extensions of p | 4; to 4. For
each L-formula ¢ (y,y) there are only finitely many different p;. Hence there
is a finite subset 4, of 4 such that for all i

(pi fA¢)¢ = (p rAgo)w - p; = Pey-
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Now put 49 = 4, U Uw A,.
If p has Morley rank, choose ¢ € p having the same Morley rank and
degree as p. Any set A containing the parameters of ¢ does the job.

ExeRrciseE 8.5.7. 1: Easy.

2: Exercise 8.5.6 shows that it is enough to consider types p over a countable
set A. The multiplicity is the number of extensions of p to acl(4). These
extensions form a separable compact space. By Exercise 8.4.4, either all or
none of them are isolated. In the first case the space is finite; in the second, it
has cardinality 2%,

3: Use Exercise 8.5.5.

EXERCISE 8.5.8. 1) Both @ and a - b are interalgebraic over b. This implies
MR (a) = MR(a/b) = MR(a - b/b) < MR(a - b). If MR(a) = MR(a - b),
we have MR (a - b/b) = MR (a - b) and a - b and b are independent.

2) Let b be independent from a. If a is generic, MR (a - b) cannot be bigger
than MR (a), so a - b and b are independent by part 1). For the converse we
choose b generic. Part 1) (with sides reversed) implies that a - b is also generic.
If @ - b and b are independent, it follows that MR (a) = MR (a - b) and «a is
generic.

Exercise 8.5.9. For 1) notice that each line A; consists of two elements
and their product.

For 2) note that by Exercise 8.5.8. if a. b, ¢ are independent generics, then
a,b,b - ¢ are again independent generics. If one applies this rule repeatedly
starting with a;, a», a3, one obtains every non-collinear triple of our diagram.

ExERrcISE 8.6.1. It follows from Remark 7.1.3 and Symmetry that a type
is algebraic if and only if it has no forking extensions. A type has SU-rank 1
if and only if the algebraic and the forking extensions coincide. So a type is
minimal if and only if it has SU-rank 1 and has only one non-forking extension
to every set of parameters.

ExEeRrcisE 8.6.2. Use Exercise 7.1.5.
ExEercisE 8.6.4. This follows from Exercise 7.1.2.

ExERrcISE 8.6.5. This follows easily from Exercise 7.2.5. Prove by induction
on « and y

SU(a/C) > a = SU(ab/C) > SU(b/aC) + «
SU(ab/C) >y = SU(b/aC) & SU(a/C) > y.
EXERCISE 8.6.6. The first claim follows from Lemma 7.2.4(2) and the re-

mark thereafter. The second claim is easily proved using the Diamond Lemma
(Exercise 7.2.2) and Exercise 7.1.7.
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Exercise 8.6.7. Totally transcendental theories are superstable by Corol-
lary 8.5.11. It follows also that the multiplicity of a type over arbitrary sets is
finite, namely equal to its Morley degree. If T is superstable, one can compute
an upper bound for the number of types over a set A of cardinality  as in the
proof of Theorem 8.6.5(2). If T is small, there are only countably many types
over a finite set E. If we know also that all p € S(E) have finite multiplicity,
we have | S(4)| < k- Vo - Ny = k.

EXERCISE 8.6.9. We can assume that all £; are 0-definable. Choose a
sequence ag, ay,... such that = E;(a;,a;,1) and "a;/E;" is not algebraic
over ag...a;—1. Let b be an element in the intersection of all ¢;/E;, A =
{ao,a....} and p = tp(b/A). Then for all i we have b im, “ l’_ai/Ei—' by

Remark 7.1.3. This shows that p forks over each finite subset of 4.

EXERCISE 8.6.10. Define E;(x, y) as xy~le G;. For any imperfect field K
of finite characteristic p set G; = K?'. x — y € K

Exercise 8.6.11. Half of the claim follows from Remark 6.2.8 and Exer-
cise 8.6.10. Assume that M has the dcc on pp-definable subgroups. Then
for every element a and every set B of parameters the positive type tp*(a/B)
contains a smallest element o(x,b). So there are at most max(|7T|.|A4])
many types over A. This shows that M | Ry is w-stable for every countable
subring, so M is totally transcendental (see Exercise 5.2.5). Now assume
that there is no infinite sequence of pp-subgroups with infinite index in each
other. Then tp*(a/B) contains a formula ¢o(x,bg) such that tp*(a/B) is
axiomatised by formulas ¢ (x, b) where ¢ (M, 0) is a subgroup of finite index
in (M, 0). There are max(|T|.|A|) many possibilities for ¢o(x, by) and for
each ¢(x, y) finitely many possibilities. So the number of types over A4 is
bounded by max(2!71,|A4|) and M must be superstable. Indeed. the proof of
Theorem 8.6.5(3) shows that otherwise for every & there would be a set 4 of
cardinality x with | S(4)| > &™.

Chapter 9. Prime extensions

*EXERCISE 9.1.1. Let p € S(A4) and ¢ a non-forking extension to B. LetZ
be a Morley sequence of ¢, so Z is independent over B. Since every element
of 7 is independent from B over A, it follows that Z is independent over A as
well (see Exercise 7.2.6), hence a Morley sequence of p.

*EXERCISE 9.1.2. a): Since T \ 7y is independent from B over A, it is
independent over B. The elements of Z realise the non-forking extension of p
to B.

b): Let B D A4 and ¢ the non-forking extension of p. We extend Z to a very
long sequence Z’ indiscernible over A. Then 7’ is still a Morley sequence of p.
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If we choose Zy C I’ with |Zy| < |T'| + |B| and B \LAIO 7', then ' \ Zy is an
infinite Morley sequence of ¢ having the same average type as Z, so g C Av(Z).

Exercise 9.1.3. IfZy and Z; are parallel, hence Zy 7 and Z, 7 indiscernible,
then

AV(Zy) = AV(ZT) = AV(T1.T) = Av(]y).

If conversely p = Av(Zy) = Av(Z;). note that by the proof of Theorem 9.1.2
there are sets By and B; over which p does not fork and such that Z; and Z;
are Morley sequences of the stationary types p | By and p | B;. Let 7 be a
Morley sequence of p [ ByZyBiZ;. Then ZyJ and Z, 7 are Morley sequences
of p | Byand p | By, respectively.

*EXERCISE 9.1.4.  Let p and ¢ be stationary types with infinite Morley
sequences Z and 7. Then the average types Av(Z) and Av(.7) are the global
non-forking extensions of p and ¢, respectively. Now p and ¢ are parallel if
and only if AvZ = Av 7, i.e., if and only if Z and 7 are parallel.

*EXBRCISE 9.2.1. Let p1...., p, be the extensions of p to acl®d(4) and let
Z; be the elements of Z which realise p;.

Chapter 10. The fine structure of N;-categorical theories

Exercise 10.1.2. To prove Part 1 either use Remark 6.2.8 to obtain a finite
subset of E which has trivial stabiliser in Aut(E/F) or apply Corollary 8.3.3.

ExercISE 10.1.1. Let N be an elementary submodel which contains F(M ).
By Lemma 10.1.4 there is a definable surjection f : F* — €. Write f(x) =
g(x, a) for a 0-definable function g and a parameter tuple a. Since N is an ele-
mentary substructure, we may assume thata € N. Then M = g(F"(M).a) =
g(F*(N),a) = N.

Exercise 10.1.3. If d is in dcl®(F), the set {d } is definable over F. The
proof of Theorem 8.4.3 shows that {d } has a canonical parameter in F¢4.

Exercise 10.1.5. a) = b) was implicitly proved in Lemma 10.1.5.

b) = a): This is the proof of Corollary 8.3.3.

b) < ¢): This is Exercise 10.1.4.

b) = d): Same as the proof of Lemma 10.1.5.

d) = a): Assume that ¢(a.F) is not definable with parameters from F.
Let a; be an enumeration of €. Construct a sequence ; of partial automor-
phisms of F so that the domain of ¢, contains some f with = ¢(a, f) &

= _“P(ai=90i(f>)-
*BExeRCISE 10.2.1. Use induction on MR(A).
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Exercise 10.2.3. Show first that if p, r are two types over 4 and A’ is an
extension of A4, then p and ¢ are almost orthogonal if any two non-forking
extensions of p and ¢ to A’ are almost orthogonal. This implies that ¢ is
orthogonal to p if and only if ¢ is orthogonal to all non-forking extensions of
ptoA.

ExErcISE 10.2.4. 1. Let p € S(A4) be stationary and p’ € S(4’) be a
regular non-forking extension. We want to show that p is orthogonal to every
forking extension ¢ € S(B). For this we may assume that B = acl®d(B) so
that ¢ is stationary. By the Diamond Lemma ¢ has a non-forking extension
¢’ which extends an A-conjugate of p’. So p’ and ¢’ are orthogonal and by
Exercise 10.2.3 so are p and ¢.

2. Let us check the four properties in Definition 5.6.5: 4 C cl(A4) is true
since p is non-algebraic. FINITE CHARACTER follows from the finite character
of forking, EXCHANGE from forking symmetry. Regularity is used only for
TraANSITIVITY.  Show the following: assume that C [/  d and that for all
¢ € C all extensions of tp(c/4B) are orthogonal to tp(d/4). Then B /. d.

3. We assume A4 = () to simplify notation. Assume b J c¢. c J d and
b | d. Choose an d-independent sequence (baca)aq”» of realisations of
tp(bc/d). Since b, | d. it follows that each ¢, is independent from B =
{bp | B < a}. Since all ¢z are dependent from B, we conclude by regularity
that ¢, is independent from {c | § < a} over A. So (¢q)a<|r|+ is independent.
But we have ¢, [ d for all o, contradicting Exercise 7.2.1.

*EXERCISE 10.4.1. If A < M and C is a finite subset of N which contains
AN N wehave 6(AC/A) <5(C/ANN). This proves 4 < N.

Assume 4 < B < M. Consider a finite extension C of A. Then BNC < C.
This implies 6(4) < J(B N C) < J(C) and therefore 4 < C.

The last implication follows directly from the first two.

For the last part of the exercise chose a finite extension B of 4 with minimal
S(B). Then B is strong in M. So we may take for cl(4) the intersection of all
finite extensions of A which are strong in M.

*EXERCISE 10.4.2. Let E(A) denote the set of edges of 4. If
X=E(A41 U Ud) \ (E(A41) U UE(A4)).
we have
S(A1 U UAg) =2|A1U--UAdg| — |[E(A)U---UE(A4r)| — | X]|.
Now apply Lemma 3.3.10.

ExercisE 10.4.3. This follows because any path (x;. a. x,) is strong in M,,.
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Appendices

ExercisE B.3.1. Let L be an elementary extension of K. Show first that if
S is an integral domain which contains K, then L ® S is again an integral
domain. So L ®g K2 is an integral domain.

Exercise C.1.1. 1. SYMMETRYy is clear from the definition. For the other
properties show first that a finite set 4 is independent from B over C if and only
if dim(4/BC) = dim(4/C). This implies MONOTONICITY and TRANSITIVITY.
FNITE CHARACTER and LocAL CHARACTER follow from the fact that for finite
A and any D there is a finite Dy C D such that dim(4/D) = dim(A4/ D).

2. SYMMETRY, FINITE CHARACTER and WEAK MONOTONICITY are clear. If
A is finite and D is any set, let Dy be a basis of cl(4) N D. So Dy is finite
and 4 |° Dy D. This shows LocaL CHARACTER. Always A \LCI c B implies

A4 . B.If ! satisfies MoNoTONICITY, the converse is true: we may assume
that B = {by....,b,} is finite. Then 4 \BC B implies A chb]“_bi b1 for all

i. But this is the same as 4 | c,._p, Di+1. from which follows that A N

ExercisE C.1.3. Choose a.b, x,c € K p-independent. Set Fy = K?(c).
F; = K?(c.a.b) and F, = K”(c, x,ax + b). Then Fy has p-dimension 1, F;
and F, have p-dimension 3 and F} F; has p-dimension 4. To show that Fy =
F\ N F,, prove that dimp, Fi = dimg, F, = p? and dimpg, (F; + F) = 2p> — 1.

Exercise C.1.5. First show that in any pregeometry for any closed 4 C B:
if dim(A4/B) is finite, then it is the longest length n of a proper chain B =
CyC CyC---C C, = Bofclosed sets C;.
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