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Abstract

This thesis is a short survey of some major results concerning an open problem
of model theory known as Vaught’s conjecture (VC).

In its original form VC states that the number of isomorphism types of
contable models of a complete first order theory in a countable vocabulary is
either at most Ng or else ¢, the cardinality of the continuum.

After providing a short historical background and a motivation in section
1, we introduce the infinitary language L, ., in section 2. Following [12], we
define the notions a equivalence (~ ), infinitary equivalence (=« ,) and study
consistency properties as well as end extensions. The most important results in
this section are Scott’s Isomorphism Theorem, the Omitting Types Theorem,
the Model Existence Theorem and a sufficient criterion in order to determine if
an infinitary sentence has a small uncountable model.

Still following [I2] in section 3 we show how countable models can be coded as
elements of standard Borel spaces. We define the notion of a scattered infinitary
sentence and present a characterisation of it. We also provide two different
proofs of a result by Morley which states that every sentence of L, ., either has
at most N; many isomorphism types of its countable models or else continuum
many.

In section 4 we focus on three major results: 1. A theorem by Harnik and
Makkai stating that every counter example to VC has a model of cardinality
Ny which is not =, equivalent to any countable model. 2. A model theoretic
proof of a theorem by Hjorth which states that if VC is false, then there is a
counterexample which has only models of cardinality g or N;. 3. A theorem
by Harrington stating that the Scott ranks of models of a VC counterexample
are unbounded below N,.

Section 5 is based on chapter 5 of [9] and some unpublished notes by Martin
Ziegler and Elisabeth Bouscaren. We show that it is enough to prove VC for
theories (or infinitary sentences) in the language of graphs or bounded lattices.

In section 6 we mostly follow [2] and [I0] in order to see how results of de-
scriptive set theory are used to study model theoretic questions. We present
Hjorth’s original proof of his theorem which was already discussed in section
4. Then we move on to the more general problem of the topological Vaught
conjecture and show that VC for infinitary sentences is equivalent to TVC(Ss),
the topological Vaught conjecture with respect to the group S, as well as to
TVC(H(C)), where C is the Cantor space and H(C') is the group of homeomor-
phisms of C. Finally, we present the proof that the general topological Vaught
conjecture is equivalent to TVC(H (I™)), where I™ is the Hilbert cube.



Zusammenfassung

Diese Masterarbeit behandelt einige wichtige Resultate aus der Forschung an
einem offenen Problem der Modelltheorie, bekannt als Vaughts Vermutung,
abgekiirzt mit VC fiir Vaught’s Conjecture.

VC wurde erstmals im Jahr 1959 formuliert. In ihrer urspriinglichen Form
besagt sie, dass eine vollstandige Theorie der Pradikatenlogik, die ein abzahlbares
Vokabular verwendet, entweder hochstens Rg viele Isomorphietypen von abzahlbaren
Modellen hat oder andernfalls Kontinuum viele. Es werden im Lauf der Arbeit
Verallgemeinerungen von VC vorgestellt.

Die Arbeit ist in 6 Abschnitte unterteilt:

Nach einem kurzem geschichtlichen Hintergrund und einer Motivation in
Sektion 1 wenden wir uns in Sektion 2 infinitdren Sprachen der Form L, .,(7)
zu. Es werden unter anderem die Begriffe Consistency property, a—Aquivalenz
(~a), Scott Rang, infinitdre Aquivalenz (=4 ,) und End extension eingefiihrt
und untersucht. Die wichtigsten und spéter benttigten Ergebnisse in diesem Ab-
schnitt sind Scott’s Isomorphismus Theorem, das Omitting Types Theorem, das
Model Existence Theorem sowie ein hinreichendes Kriterium um festzustellen,
ob ein infinitdrer Satz ein iiberabzdhlbares Modell hat, das nur abzdhlbar viele
Typen realisiert. Wir halten uns hierbei an [12].

Im dritten Abschnitt folgen wir weiter [12] und zeigen, wie abzéhlbare Mod-
elle als Elemente eines Polnischen Raumes kodiert werden kénnen. Der Begriff
scattered sentence wird eingefiihrt und charakterisiert. Weiters werden zwei
verschiedene Beweise eines Theorems von Morley présentiert, welches besagt,
dass ein L, ., Satz entweder héchstens XN; viele abzéhlbare Isomorphietypen
hat oder andernfalls Kontinuum viele.

Sektion 4 behandelt 3 wesentliche Resultate: 1. Ein Theorem von Harnik
und Makkai, welches besagt, dass jedes Gegenbeispiel zu VC ein Modell der
Kardinalitat Ry hat, das nicht = ,, dquivalent zu einem abzahlbaren Modell ist.
2. Ein modelltheoretischer Beweis eines Theorems von Hjorth, welches besagt,
dass wenn VC falsch ist, dann gibt es ein Gegenbeispiel, das nur Modelle der
Kardinalitdat Ny und ¥y hat. 3. Ein Theorem von Harrington, welches besagt,
dass die Scott Range von Modellen eines VC Gegenbeispiels unbeschrankt unter
NQ sind.

Der fiinfte Abschnitt basiert auf Kapitel 5 von [9] und auf unpublizierten
Notizen von Martin Ziegler und Elisabeth Bouscaren. Es wird gezeigt, dass es
fiir einen Beweis von VC ausreicht, nur Theorien (infinitére Sitze) zu betrachten,
die in der Sprache von Graphen oder Verbéanden formuliert sind.

Sektion 6 hélt sich iberwiegend an [2] und [I0] um relevante Zusammenhénge
zwischen Modelltheorie und deskriptiver Mengentheorie aufzuzeigen. Wir stellen
den urspriinglichen Beweis von Hjorths Theorem vor, das schon im 4. Ab-
schnitt studiert wurde. Dann wenden wir uns der allgemeineren topologis-
chen Vaught Vermutung zu - abgekiirzt mit TVC fiir Topological Vaught Con-
jecture - und zeigen, dass VC fiir infinitdre Satze dquivalent ist zu sowohl
TV (S«), der topologischen Vaught Vermutung fiir die Gruppe S, als auch zu
TVC(H(C)), wobei C den Cantor-Raum bezeichnet und H(C) die Hom6omor-
phismengruppe von C. Schliellich wird gezeigt, dass die allgemeine TVC aquiv-
alent zu TV C(H(I™)) ist, wobei mit I™ der Hilbertwiirfel gemeint ist.
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1 Introduction

1.1 Preliminaries and Motivation

It is assumed that the reader is familiar with the following basic notions of first
order logic:

e A language of first order logic. We call the set of constant, relation and
function symbols a vocabulary. Familiarity with free and bound variables,
terms, atomic formulas, formulas, subformulas, sentences and theories is
also assumed.

e A model M, also called a structure, for a given language L. If M is
a model, k a natural number greater 0, ¢(v1,...,vr) a L-formula with
free variables among v1,...,v, and a1, ..., a; are in M, then well known
expressions like M = ¢(ay,...,a;) or M = T, where T is a L-theory, will
be used without explanation.

e A Submodel 9 and an elementary submodel 9ty of a given model M.
The former will be notated with 9t; C N, the latter with 2y < N.

e A homomorphism, an elementary embedding and an isomorphism of mod-
els.

e The semantic consequence. If a set of formulas I' of a given language £
implies another set of formulas X then this is notated with T’ = X. In case
Y = {¢} the notation ' = ¢ is used.

Definitions and examples can be found for example in chapters 1 - 3 of [5]. All
languages in this section will be first order.

Throughout this thesis results from set theory are used which require the
Axiom of choice. We therefore assume ZFC.

Let £ be a language, k a cardinal and T' a complete theory, i.e. T = o
or T | —o, for all sentences o of £L. A natural question to ask is how many
models of cardinality « up to isomorphism does T" have. Clearly, every model
of cardinality  is isomorphic to one which has the set k as its universe, so if
we let A := |L| and p := maz{k, A} then it is easy to see that there are at most
2¥ many isomorphism classes of models of T of cardinality . This observation
leads to the following

Definition. e (The spectrum function) The function I which maps each
tuple (T, k), where T is a theory and k a cardinal, onto the cardinal
number of isomorphism classes of models of T of cardinality x is called
the spectrum function.

e An isomorphism class is also called an isomorphism type.
o If I(T,k) =1 then T is called x-categorical.

Notation. e A k-tuple (ug,...,ux) or a sequence (u; : ¢ € w) of elements of
a set U is often written as w if misunderstandings can be ruled out. If W is
asetand g : U — W is a function, then ¢g(@) stands for (g(uq), ..., g(ux)).

e Sometimes expressions like



N\ ¢ or \/ o

i€l i€l

are used. Here, [ is a finite index set and each ¢; is a formula. These
expressions describe a finite conjunction (or disjunction) in an arbitrary
order of the reader’s liking, such that for each i € I, ¢; occurs exactly
once.

e We define w; :=w\ {0} and ¢ := 2%, the cardinality of the reals.

We assume that the reader is familiar with basic forcing arguments as some
of them will be used later in this thesis. A good introduction to the theory of
forcing can be found in [I1].

Unless specifically stated otherwise, all vocabularies considered in this thesis
are countable, all first order theories are complete and have infinite models.
Complete theories with finite models are not interesting for us because of the
following

Proposition 1.1.1. (Folklore) Let T be a complete theory of an arbitrary, not
necessarily countable, language L. If T has a finite model, then all models of T
are isomorphic.

Proof. It M =< {ay,...,ar},... > is a model of T and k := |M| € wy, then
T |="There are exactly k elements”.

Suppose there is 91 |= T not isomorphic to M. Let N be the universe of N
and S the set of all bijections from M onto N. Clearly, |S| = k!.

For all f € S, there is a quantifier free formula ¢¢(v1,...,vs) such that

M | ¢ (@) and N =~ (f(@)).
By defining

U= Fuy ... Jog[( /\ (Ui#vg‘))/\(/\ o5 (V)]

1<i<j<k fes

we get M = ¥ and N | -V, contradicting the assumption that T is complete.
O

Ny-categorical theories have been studied thoroughly in the last century.
Characterisations were given by Erwin Engeler, Czestaw Ryll-Nardzewski and
Lars Svenonius, see for example theorem 7.3.1 of [9]. A well known example for
such a theory is DLO, the theory of dense linear orders without endpoints.

Section 3.3 of [5] shows that there is a complete T with I(T,Rg) = k, if
ke (w+1)\{0,2}U{c}.

"Vaught’s Never Two” theorem - see theorem 6.1 of [21] and also theorem
3.3.48 of [B] - is a surprising result by Robert Vaught stating that I(T,Rg) = 2
is impossible. At the end of [21] the author asks the following question:

7 Can it be proved, without the use of the continuum hypothesis, that there
exists a complete theory having exactly Ny non-isomorphic denumerable
models?



This problem has not been solved yet. Since many mathematicans believe the
answer to this question to be negative, it was reformulated as a conjecture,
known as Vaught’s Conjecture, which is abbreviated by V' C; in this thesis:

VCq: If T is a complete theory of a countable language, then either
I(T, No) < NO or I(T, No) =C.

This statement is trivially true if we assume the continuum hypothesis (CH),
i.e. 2% = Ry, which is undecidable in ZFC.

The study of V(' has led to new questions which can be seen as more general
versions of the original problem and are independent of the value of ¢. We will
see proofs of results related to V C; using methods of descriptive set theory and
model theory. A first new perspective gives us infinitary logic.

2 The Language L, .,
2.1 Basics

Definitions and results of this subsection can be found in chapter 1 of [12].

Let 7 be a vocabulary and V := {v,]a < w1} a set of distinct variables.
The language L., ., (7) is defined analogously to a first order language with
the exception that countable conjunctions and disjunctions are allowed. That
means:

e All variables of terms and formulas are in V.
e Atomic formulas are atomic first order formulas.

e The rules for negation, finite conjuntion, finite disjunction and quantifica-
tion are the same as for first order logic.

e New rules: If F is a countable set of Ly, ,(7) formulas, then

\/ ¢ and A o

PEF PEF
are L, .,(7) formulas.

For this thesis, the author has chosen to expand the standard definition of L, .
A new symbol T, called verum, is added and defined as an atomic sentence with
no variables or constnats.

Hence forth, when considering a specific vocabulary 7, the notation ” L, .,”
will be used instead of "L, ., (7)” if misunderstandings can be ruled out.The
notation is chosen to indicate that countable conjunctions and disjunctions are
allowed but only finite blocks of quantifiers.

The definitions of subformulas as well as of free and bound variables of a
L, . formula are defined analogously to first order formulas and extended in
an obvious way. The following facts are easily checked via induction on formula
complexity:

Fact 2.1.1. Every L,,, ., formula has at most Xy many variables and subformu-
las.



Fact 2.1.2. If a £, ., formula has only finitely many free variables, then the
same holds for each of its subformulas.

For a 7 model M := (M, ...), a L, ,-formula ¢(v) and amap 7 : V — M,
one defines the notion M = ¢(7(v)) inductively just as for first order formulas
with the exception that if F'is a countable set of £, ., forumlas then

ME N\ &) iff M= P(r()), for all vy € F,
PYeF

and

M= \/ Y(n(©)) iff M= (n(v)), for some 1) € F.

YeF

Furthermore, we define 9 |= T for all 7 structures.

Notation. From now on, as in texts on first order logic, the expression

M = ¢(m)
is used, where m := (7).

Infinitary logic enables us to characterize classes of certain structures which
cannot be axiomatized in first order logic.

Example 2.1.3. Let 7 := {e, o}, the vocabulary of groups. The class of torsion
groups is not axiomatizable by a first order theory. This can be shown using the
compactness theorem - see theorem 2.1.8 of [5]. However, we can characterize
these structures by a single L,,, .-sentence, namely

oq ANVz( \/ To--ox=e),
-
NEW+  n times
where o¢ is the conjunction of the group axioms.

On the other hand, some useful results of first order logic do not hold in
infinitary logic:

Example 2.1.4. The compactness theorem. For n € wy, let ¢, be defined as

Jzq ... Tz, Vy(

<=

y =)

=1

and for n > 1, let

Y = Fxy .. Fy( /\ T # ).

1<i<j<n

Consider the set ¥ := {0} U {¢p|n € w, n > 1}, where

o= \/ On -

ncwy

Clearly, X is not satisfiable, even though each of its finite subsets is.



Example 2.1.5. The upward Lowenheim-Skolem theorem. Let 7 := {¢;]i < w}
be a vocabulary of constant symbols. Define

o= N (a#e)Aba(\ z=c).

0<i<j<w i<w

This L., .-sentence has an infinite model, but not in every cardinality. In fact,
every model of ¢ is countable.

Definition. We define the function ~: L,,, ., — L., ., inductively:
o ~ (¢):= ¢, if ¢ is atomic.
. ~(6) = 6.
e For FC L, and |F| <Ry,

~(N\ )=\ ~@) and ~(\/ 9=\ ~ (o)

PEF PpEF PEF PpEF

e If v is a variable, then ~ (Yv¢) := Jv ~ (¢) and ~ (Fve) := Vv ~ ().
The next result can be easily verified via induction on formula complexity:

Proposition 2.1.6. Let M be a 7 structure and ¢ a Ly, .,-formula. Then
M= 6 iff M 6.

Every first order theory of a countable language can be written as a L, .-
sentence. By expanding the definition of the spectrum function to include in-
finitary sentences we get a generalized version of VCj:

VCy: For every L, -sentence o of a countable vocabulary, either
I(O’, No) < NO or I(O’, No) = C.

Clearly, VCy = V(.

Definition. A fragment of £, .,(7) is a set A of L, ,(7) formulas such that
there is an infinite set W of variables with the following properties:

e All variables of A are in W.
e All closed atomic formulas and those with variables of W are in A.

o If ¢(x,...) € A and ¢ is a term, either closed or with variables of W, then
o(t,...) € A.

If $ € A, v is a variable of ¢ and u € W, then ¢’ € A, where ¢’ is gained
from ¢ by replacing each occurrence of v with w.

A is closed under the function ~ as well as under negation (—), finite
conjunctions, finite disjunctions and quantification over variables of W.

A is closed with respect to subformulas.



Definition. Let A C £, ., be a fragment and M := (M,...), N:=(N,...)
be 7 structures such that M C N. Then 901 is called an A elementary submodel
of 9, notated by M <45 N, if for all n < w, all ¢(v1,...,v,) € A and all
m=(miy,...,m,) € M", we have

M= o(m) iff N = p(m).

We can now state the infinitary version of the Tarski-Vaught criterion, a well
known result of first order logic:

Proposition 2.1.7. Let M := (M, ...), N:= (N,...) be T structures such that
M C N and A be a fragment of Lo, (7). Then M <5 N if and only if for all
o(0,y) € A and all m of M, M = Jyd(m,y) implies N = ¢(m,a), for some
ac M.

The proof can be done via induction on formula complexity.
There is also a downward Lowenheim-Skolem theorem for L., .:

Lemma 2.1.8. Suppose A is a countable fragment in which all formulas have
only finitely many free variables, M := (M,...) is a T structure and T C M.
Then there is B := (B, ...) such that B <4 MM, T C B and |B| < max{Xy, |T|}.

The proof is similar to that of the first order version, using Skolem functions.
There are also other infinitary languages. One of particular interest for us
is Loo,w-

Definition. The language L, is the class of all formulas which can be built
by the rules for formulas of first order logic with the additional rule:

e If F is a arbitrary set of Lo ., formulas, then
N ¢ and \/ o
PEF PEF
are Lo, formulas.

Clearly, Lo, w C Loow-
In model theory, one is often interested, if two models agree on sentences of
a certain complexity which is determined by quantifiers.

Definition. We inductively define the quantifier rank of a L., formula ¢,
notated by qr(¢):

e qr(¢) =0, if ¢ is atomic.
o qr(=¢) = qr(9).

o If Fis a set of L, formulas, then

ar( )\ ¢) =ar(\/ ¢) = sup{qr(¢)|¢ € F}
PEF PEF
o qr(vg) := qr(¢) +1

One can verify by induction on formula complexity that ¢r(¢) is an ordinal
number, for every ¢ € L, and if ¢ € L, o, then gr(¢) < wy.



2.2 Scott Rank and Scott’s Isomorphism Theorem
Unless otherwise stated, definitions and results are from section 2.2 of [12]

Definition. Viainduction on o € ON, for a given vocabulary 7, the equivalence
relation ~, is defined on the class of all tuples (90t; @), where 9 := (M, ...) is
a 7 structure and @ € M <%,

o If (M;@) ~o (M; 1), then length(a) = length(b).
o (M;@) ~o (M;b) iff for all atomic ¢p(v), M = ¢(@) < N = ¢(b).
o (M;@) ~or1 (M;b) iff for all ¢ € M there is d € N such that
(M;a7¢) ~va (M0 d),
and for all d € N there is ¢ € M such that
(M;@7¢) ~o (OG0 d).
For a limit ordinal o > 0, (M; @) ~, (I;b) iff for all B < a
(M; @) ~5 (D).

By induction on o € ON one checks:
Fact 2.2.1. If (9;@) ~, (M;b) and B < «, then (M;a) ~5 (M;b).

We will see that each ~, equivalence class can be described by a single
infinitary foumula.

Definition. For every 7 structure 9 := (M,...) and every @ € M<¥, we
inductively define the formula nga (v), where length(v) = length(a):

. X%J}o (v) is the conjunction of all atomic and negated atomic formulas ¢ (7)
such that M = ¥(a).

X%{ta-l-l(f) = [ /\ Elwx%jlc,a(§7w)] A [VUJ( \/ X%}’T‘c,a(ﬁ7 U]))]
ceEM ceEM

e If o > 0 is a limit ordinal, then

Xaa®) =\ X2 (0).

Remark. It is because of this definition that we added the closed atomic sen-
tence T to the language. If 7 is a vocabulary without constant symbols and
a =0, then x2% = T.

We can make the following immediate observations:

Proposition 2.2.2. Let M := (M,...) be a T structure, k < w and @ € M*.
Then for every ordinal a:

1. X%{Ta(@) € Lo and has quantifier rank o



2 M = 2 (3).
3. If M is countable and o < wy, then X2+ (V) € Lo, -

Proof. Straight forward induction on @ € ON. For the third statement, keep
in mind that we are only considering countable vocabularies. O

The next Lemma is also easy to prove and will turn out useful later in this
thesis.

Lemma 2.2.3. Let M := (M,...), M := (N,...) be 7 structures, k € w,
@€ M and b € N*. The following are equivalent for o € ON:

1. (M;@) ~0 (M;D).

2. X7 (@) = x5, (@).

3. For all k formulas (V) € Loo . with quantifier rank < a,
M= y(@) iff N y().

Proof. The equivalence of all three statements can be proved by induction on
a € ON. O

Proposition 2.2.4. Let M and N be infinite T structures and k := maz{|M|, [N|}.
There is v < kT such that for all k < w, @ € M* and b € N* the following
holds:
If (@) ~, (M), then (M;a) ~qo (M; 1), for all « € ON.

Proof. We define the length of a tuple @ as lg(a) and for every a € ON,

[y :={(@,b) € M<“ x N<¥|lg(a) = lg(b) and (IM;a) %o (M;b)}.
By fact 'y C I'g, for @ < B, and via induction on « one can show that
if Ty = Tyt1, then I', = T, for all 8 > a. Since |[M <% x N<¥| = &, there is
v < kT such that I, =T',41. Clearly, v has the proposed property. O
Definition. o We write MM =, N if (M;0) ~o (91;0), that is if M and N

satisfy the same L, sentences of quantifier rank < a. Two structures

M and N are called infinitarily equivalent, notated by M =, I or in
this thesis simply by 9 =, M, if M =, N, for all « € ON.

e For every 7 structure M, the least v < [M|* such that for all k£ < w and
all k-tuples @, b of M,
(9M;@) ~,, (M;b) implies (M;@) ~- 11 (M; D),
is called the Scot rank or Scott height of 9%, denoted by sr(9).
Combining Lemma [2.2.3] with proposition [2.2.4] we see that the Scott rank

of a model can be described by an infinitary sentence. Given a 7 structure 9t
with Scott rank ~, we call the formula

Ton = x5 A N\ T\ Yor. . Yo (035 (@) = X211 ()]
k<w aeMk

the Scott sentence of M.
The next result gives a characterisation of infinitary equivalence and of the
isomorphism relation on countable structures.



Theorem 2.2.5. (Scott’s Isomorphism Theorem) Let 0, N be two models.
Then

1. M= Niff ME Uy iff NE Vox.
2. If M and N are countable, then M = N iff N = Voy.

Proof. 1. We only check M = Uy = M =, 9 Let § := sr(N) and as in
the proof of proposition for a € ON, define

Do = {(@b) € M= x N<|lg(@) =1g(b) and (M;@) 20 (WD)}

It follows form the definition of Wy and Lemma[2.2.3] that I's = I's4q and
then by induction I's = I'g, for all § > 4.

M = X%fa means that (§, ) ¢ T's and therefore M =, MN.

2. The direction (=) is clear.
The proof of (<) can be done via a back and forth argument:

Let (a, : m < w) be an enumeration of M, (b, : n < w) be one of
N and § := sr(9M). Since N | Woy, it follows - using Lemma [2.2.3]
-IM =541 N, so for a9 € M we can choose i € w minimal such that
(M;ap) ~s (M;b;). Suppose k < wy, @ € M¥, b € N¥ and (I;@) ~s
(ON;b). In particular, @ + b is a finite partial embedding from 9 into .
Choose j € w minimal such that b; does not occur in b. As in the first step,
we have (90;@) ~s11 (M;b), hence we can choose r € w minimal such that
(M;a"a,) ~s5 (M BAbj). In the following step we choose j € w minimal
such that a; does not occur in @ and then use the same argument to extend
the finite partial embedding. Since both enumerations are countable, the

union of these finite embeddings is an isomorphism from 91 onto 1.
O

Let us look at some examples:

Example 2.2.6. Define M := (Q, <) with the standard linear order. Then
sr(M) = 0, since if k < w and @, b € QF satisfy the same atomic formulas, there
is an automorphism of 9 mapping @ onto b.

Example 2.2.7. Consider the models 9t := (R; xQ, <1) and N := (R X Q, <3).
In 9 we define (o, q) <1 (B,7) if either f < a or a = f and ¢ < r, and in N
(a,q) <2 (B,r)if € Bora=pFand g <rin Q.

Using the downward Lowenheim Skolem theorem, one can show

M= (Q, <) = N,

hence sr(M) = sr(MM) = 0. Clearly, M 2 N, since every element of M has ¥y
many predecessors, which is not the case in 1.

Remark. This example shows that infinitary equivalence of two models does
not imply that they are isomorphic. However, two structures are =, ., equiva-
lent if and only if they are isomorphic in some generic extension of the universe:



(=) Suppose M and N are two infinitarily equivalent models and let x :=
max{|M|,|N|}. Consider the forcing notion P := (Fn(w, k), <), the set of all
finite functions from w into k, where for all p,q € P:

p<qg:=p2g.

If G is a generic filter, then since the relation ~,, is absolute for transitive models
of ZFC, M and 9 are =, equivalent and countable in V[G], hence by Scott’s
theorem the models are isomorphic.

The direction (<) follows from the fact that the statement

"M o(ay
is absolute for transitive models of ZFC.

Example 2.2.8. Consider 9 := (Z,0,4), where 0¢ = 0 and + is interpreted
with the standard addition. We check that sr(9%) = 1: Suppose k € wy,
a=(ay,...,a),b=(b1,...,bx) € Z* and (M;@) ~; (M;b), then for 1 < j <k,
we have |a;| = |b;|. This follows as for every divider d > 0 of a;, the formula

Jy(y+ ...ty = o)
—
d times

has quantifier rank 1 and is therefore satisfied by both a; and b;. With a similar
argument one can show that either @ = b or @ = —1 - b. Obviously, the identity
map and the map a — —a are automorphisms of 9, hence sr(M) < 1.

On the other hand, it is easy to check that (9, 1) ~¢ (90, 2), but

(Dﬁa 1) 7(’1 (EUI, 2)7

which means sr(9t) > 0.

2.3 Model Existence and Omitting Types

Even though the compactness theorem does not hold in £, ,,, there is another
way to check whether a set of formulas has a model. The idea is due to Michael
Makkai and adapts a Henkin argument for infinitary logic. One important
notion we will need several times in this thesis is that of a consistency property.
We assume that our countable vocabulary contains an infinite set C' of constant
symbols. Also, recall the definition of ~ ¢, for ¢ € Lo .

Definition. A consistency property is a set ¥ of countable sets of L, ., sen-
tences such that for all o € X the following conditions hold:

(Co) If u C o, then p € X.
(C1) If ¢ € 0, then —¢ & 0.

(Cq) If ¢ € o, then there is p € ¥ such that o U {~ ¢} C p.
(Cs)

Cs) If

N\ oeo.

PEF

then for all ¢ € F there is p € ¥ such that o U{¢} C p.

10



\/GJ,

PEF
then there is ¢ € F and pu € ¥ such that o U {¢} C p.

(Cs) If Vug(v) € o, then for all ¢ € C there is p € 3 such that o U {¢(c)} C p.

(Cs) If Jup(v) € o, then there is ¢ € C and p € ¥ such that o U {¢(c)} C pu.
(C7) Let t be an arbitrary closed term, i.e. a term with no variables, and
c,deC.

a.) If (¢ =d) € o, then there is u € ¥ such that c U{d = ¢} C p.
b.) If ¢ = ¢, ¢(t) € o, then there is p € ¥ such that o U {¢(c)} C p.
c.) Thereis e € C and p € ¥ such that o U {e =t} C p.

The next two facts are easy to verify:

Fact 2.3.1. If ¥ is a set of countable sets of L, .,-sentences satisfying C; —C7,
then X := {6|30 € Xy, 6 C o} is a consistency property.

Fact 2.3.2. If 3 is a consistency property, then so are ¥; and Yo, where

% = {0 € Xy| o is finite}
and Yo is the set of all o € ¥, in which only finitely many constant symbols of
C occur.

Theorem 2.3.3. (Model Existence Theorem) If Y. is a consistency property
and o € X, then there is a countable model M = o.

Proof. (Sketch) Let A be the smallest fragment conatining o which is closed
under ~. Clearly, A is countable.

Using an enumeration of A which lists every formula infinitely many times
and the definition of a consistency property, one can inductively build a set
I':={on|n < w} C A, where 0g := ¢ and 0,, € &, for all n < w. T has the
following properties:

e For every closed term ¢ there is a constant ¢ € C' such that (c=1t) €T

\ v

YeF

o If

isin ', then some ¢ € F is also in T'.
o If «p €T, then ~ ¢ €T.
e If 3z¢p(z) is in T', then for some constant symbol ¢, ¥(c) € T

Then consider the equivalence relation on the set of constant symbols C' defined
by ¢ ~d: = (c=d) € . The model 9 has the set of equivalence classes C/ ~
as its universe. All symbols of the vocabulary can be interpreted in an obvious
way such that every element of the universe is the interpretation of a constant
symbol and for all ¢» € T, M = 1. See the proof of theorem 4.1.6 in [12] for the
details. O

11



By a slight modification of the previous proof one can show:

Theorem 2.3.4. (Extended Model Existence Theorem) Let ¥ be a consistency
property and T a countable set of L., .-sentences (in the vocabulary T) such
that for allc € ¥ and allyy € T o U{yp} € . Then for alloc € X, TU o has a
countable model.

As in the proof of the previous theorem, a countable model is constructed
in which every element is the interpretation of a constant symbol.

One important application of the Model Existence Theorem is the infinitary
and generalized version of the Omitting Types Theorem:

Theorem 2.3.5. Let A C L, ., be a countable fragment, T C A a satisfiable
theory and for every n € w O, (vy,...,v;,) a set of A formulas. Suppose that
for all n and all A formulas ¥(vy,...,vx,) such that T + o (V) is satisfiable
there is 6 € ©,, such that T + JFo(¢ (V) A 0(V)) is satisfiable. Then

T+ N\ (o \/ 0@)

n<w €O,
is satisfiable.

Proof. Add a new set of constant symbols C' to the given vocabulary. Let A’
be the set of all formulas of A with only finitely many free variables. Then A*
is defined as the smallest fragment containing {¢(¢)|¢(v) € A’, ¢ € C<¥} and

A:={\ 0@)|n<w ceCt}
0€O,

Now consider the set X of all elements of the form oo UT U A, where o9 C A*
is a finite set of sentences and T U oy is satisfiable. It is not difficult to show
that X is a consistency property. The only interesting case is (C4) when

\/ seA.

PEF

Let p:= 09 UTUA be an element of 3. Since oy is finite, there are only finitely
many constant symbols of C| ¢1,..., ¢, occurring in it, and therefore

(el ..., ) = /\ o e A",

PE€To

Without loss of generality assume that [ = k,,. Then by assumption for some
0c0o,
T + Jo(¢(v) A 6(D))

is satisfiable, hence p U {6(¢)} € X.
Since T is satisfiable, we have g := T U A € ¥ and so there is a countable
model of pg in which every element is the interpretation of a constant symbol

The result is called omitting types theorem because it gives us a sufficient cri-
terion for the existence of a countable model which does not realise a countable

12



set of given types: Suppose we have a countable fragment A a theory T' C A,
and a set

{tn(v1,...,v;,) :n < w}

of types such that for every n < w and every ¢(v1,...,v;,) satisfiable with T
there v(¥) € ¢y, such that T + Jv((v) A —y(7)) is satisfiable, then by defining
O, :={—y: v € t,}, we can apply the omitting types theorem an get a model
which omits every ¢,.

In first order logic one can use the compactness theorem to prove that the
class of all countable well orders cannot be axiomatized. With the help of
theorem we can show that this class cannot be characterized by a L., .-
sentence either.

Lemma 2.3.6. Suppose the countable vocabulary T has a binary relation symbol
< and ¢ is a L, w-sentence such for all o < wy there is a model M of ¢
containing (o, <) as a submodel. Then there is N = ¢ such that (Q, <) embeds
into it as a submodel.

Proof. First, we consider a new vocabulary 7* by adding two countably infinite
sets C and D := {ds|s € Q} of new constant symbols. Let

A:={d,<ds|r,s € Q, r < s} C Ly, (T
and ¥ the set of all elements p with the following properties:

(P1) p=09U{¢}UA, where gy is a finite set of 7* sentences in which only
finitely many new constant symbols occur and o U {¢} is satisfiable.

(P2) If no symbols of D occur in g, then for all & < wy, there is a model
of oo U {¢} such that (o, <) can be embedded into it, and if dy,,...,ds,
are all symbols of D occurring in g and 7 < -+ < s in Q, then for all
o < w1, there is a model M |= oo U {¢} such that df < --- < d¢ in M
and for 1 < j <k, (o, <) can be embedded into the sets (<,d?") := {a €
M| a <™ '},

(d,dY ) i={a e M|dYt <™ a <™ dY}

S5 78j+1 Sj+1

and (d}, <) :={a € M| dJ} <™ a}.

Sk

Once we have shown that ¥ is a consistency property, the proof is complete,
since clearly {¢} UA € X. This is a routine exercise and there are only two
interesting cases.
Cy: Suppose = oo U {¢} UA € ¥ and without loss of generality for some
countable set of 7% formulas F,
AV

YEF

is in 0g. Then using the regularity of wy, it follows that for some ¢ € F,

pU{y} e

(C7) —b.): We only check the case when ¢(t) = (d,<d,) € A, for some
r<s € Qandt e {d,d;}. Assume without loss of generality that ¢t = d,,
uw=ooU{p} UA € ¥ cis a constant symbol € D, s1 < -+ < r < -+ < s
a finite sequence in Q such that all constant symbols of D occurring in oq

13



are among dg,,...,dy,...,ds, and {(d,<dy),(c = d,)} C p. We will see that
pe = pU{c<dy} € . If @ < wy and B := a + «, then there is a model M
of o9 U {¢} such that (8, <) can be emebbed into it according to (P2). If d;
occurs in og, then 9 witnesses both (P1) and (P2) for us. Otherwise, suppose
r<s <q< s+1. We can get a model M’ of ps by interpreting dy in M
such that (@, <) can be embedded into (d2%,d®"). This is possible, since by
assumption (3, <) can be embedded into (@™, d™® ), hence both (P1) and (P2)

83 7 7Si41

hold for pus. O

Remark. The assumption that every a < w; can be embedded into some model
of ¢ is necessary, since otherwise the argument of the proof cannot simultane-
ously guarantee that 3 satisfies Cy and that {¢} UA € X.

As an immediate consequence we have

Corollary 2.3.7. Let ¢ be a L,,, ,-sentence in a vocabulary with a binary rela-

tion symbol < such that in every model M of ¢ <™ s a well order on M. Then
the set of order types of models of ¢ is bounded below wy.

Remark. (See also page 85 of [2]) It is possible to characterize the class of
countable well orders with a £, .-theory: Let 7 be a vocabulary with a single
binary relation symbol <. Via induction on a < w; one can define a L, .-
formula ¢, (v) such that for every model I and all a € M: M = ¢, (a) iff <
is a linear order and ((<,a), <m) is a well order of order type a.
Let
0o =V (\/ ¢s(x)) v Iz (da(z)),

B<a

and T := {04| @ < w1 }. Then a countable structure is a model of T" if and only
if it is a well order.

2.4 End Extensions and Small Uncountable Models

Even though V5 focuses on isomorphism types of countable models, we will
also take a look at what can be said about uncountable models of presumed
counterexamples.

Definition. (1) Let (M, : o < p) be a sequence of models such that for all
a < f < p, My CMg. Define the model N as follows:

— The universe of Mis N :=J, ., Ma.

— ™M .= Mo, for every constant symbol ¢ of 7.

For every relation symbol R of T,

R™:= | J ™.

a<p

— For every function symbol f of 7,

=y e

a<p

14



Then Dt is called the limit of this sequence, also notated as

lima—, M.

(2) Let p € ON and (M, := (M,,...): a < u) be a sequence of models such
that the following hold:

— My C N, for a < S.
— For every limit ordinal A < p, 9y = limq_ M,

Then (M, : a < p) is called a chain of models. If A C L, is a fragment
and in addition M, <4 Mg, for o < B < p, then (M, : a < p) is called
an A-elementary chain of models.

Proposition 2.4.1. (i) Let i be an arbitrary ordinal, A C L., ., is a countable
fragment and (M, : a < p) is an A elementary chain with limit N, then
Me <a N, for all a < p.

(i) If i is a regular uncountable cardinal, (M, : a < p) be a chain of infinite
models with limit N and o € L, o a sentence. Then N |= o if and only if the
set

{a<p: My, =0}

contains a club set.

Proof. (i) is easy to check.

(ii) is an application of the downward Lowenheim-Skolem theorem and uses
the fact that 9ty is the limit of the chain restricted to A, for every nonempty
limit A < p. E.g. for the direction (=) consider the fragment A C L,
generated by o. Clearly, A is countable and using the regularity of u, one can
easily check that

{a < p:M, <4 N}

is as desired. 0

In first order logic every theory with an uncountable model has a model in
every cardinality. This can be shown with the help of the compactness theorem.
As we have seen this result is not true in infinitary logic.

However, if A C L, ., is a countable fragment, o € A is a sentence with
an infinite model and every countable model of o has a proper A-elementary
extension, then there is an A-elementary chain (9, : @ < wi) of countable
models of o such that M, Zx Mg, for a < B. Clearly, the limit of this chain is
also a model of ¢ and has cardinality 8;. We present a sufficient criterion for
the existence of a proper elementary chain.

Definition. (1) Let R be a binary relation symbol of a given vocabulary 7
and M = (M,...) € N := (N,...) 7-structures. N is called an end
extension of M if for all a,b € N aRb and b € M implies a € M, where
R=T7RM
N is called a strong end extension of 97 if T is an end extension of M,
M SN, and for all b€ N\ M and a € M aRb.

15



(2) Let ¢(r,w) € Loow- The expression F*zyp(x,w) stands for the formula
Vy3Jz(yRax A ¢(z, w)).
V*x(x,w) stands for the formula yVz(yRz — (x,w)). In both formu-
las y is a variable not occurring in (z,w).

(3) Let A C L, be a fragment. We say A has property (x), if it has the
following closure properties:

(*)1 If
b, \/ oA
pEF
then
V @A), \/ (@ne) €A,
¢EF PEF
(*)2 If

3o \/ ¢(@) € A, then \/ Fvg(v) € A,

PEF PEF

where F' C A and all formulas of F' have their free variables among

V.

With respect to linear orders, strong end extensions are just proper end
extensions, and we only consider such end extensions in this thesis.

Theorem 2.4.2. Let 7 be a countable vocabulary with a binary relation symbol
< and M a countable model in which <:= <™ is a linear order. If A C Ly, (7)
is a countable fragment with property (x), then M has a countable A-elementary
strong end extension if and only if the following holds in 9N:

(i) For all a € M there is b € M such that a < b.
(i) If ¥(x,y,w) € A, then
M = Vw3 =3y (z,y, w) — (FyFzd(z, y,w) vV FyF z(z, y,0))].
(i) If
\ ¢(x,m) € A

then
M = Vo (IF*x \/ Y(x, W) — \/ F*xp(x,W)).

YeF YeF

Proof. (=): Let M be a strong A-elementary extension of 9t and b € N\ M. We

will check that (47) holds, a similar argument works for the other two properties.
Let w € M and assume - using 9 <4 N - N | Jyv(b,y,u). If

N E (b, m,u), for some m € M, then since a < b for all a € M, we have

M = JyIF 2y (z,y, ).

Otherwise, M = (b, n, ), where n € N \ M, and consequently

M = Fy3w(a, y, w).
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(«<): Let M := (M, ...) be countable and satisfy (i) — (i74). Enlarge the given
vocabulary 7 to 7/, by adding new constants

{d}uC,

where C := {¢p|m € M} If ¢ = (¢my,.--,Cm,) I8 a k-tuple of C, then m(c)
denotes (myq, ..., my). Define

T := {¢(d,e)[p(x,v) € A, ¢ € C<¥ and M = V*x)(z, m(e))}

and for a € M,

0a(y) = ( \/ Y=cm)V Ca<y-
meM

Note that there is a strong end extension of M iff T'U {Vyb,(y) : a € M} has a
model. This oservation uses property (7). We will show the existence of such a
model by using the omitting types theorem .

Claim 1 : T is satisfiable.

Extend 7’ to 77 by adding a countable set U of new constants and let ¥ be
the set of all o with the following properties:

e 0 is a finite set of L, o, (7"") sentences all of which are of the form

/‘/}(d’ E7 ﬂ)’
for some ¥ (x,v,w) € A with only finitely many free variables, ¢ € C<%
and w e U<Y.
e For
Xo(d,T,m) = [\ ¢(d, ),
PET
we have

M = F*xFwx, (x, m(c), ).

Then X is a consistency property. The proof is routine and we will only check
(Cy) for which the property (*) is used: Suppose o € ¥ and

\/ Y(d,e, 1) € o.

YeF

It follows that
MmE e \/ ol A xo)(z,m(c),w).
pYEF

Note that by the definition of the (x) property, this formula is in A, therefore
we can apply (#44) and conclude o U {¢p} € 3, for some ¢ € F'.

Using property (i), it is easy to check that for every ¢ € T' and every o € ¥,
o U {¢} € X, hence the extended model existence theorem guarantees
that T is satisfiable.(q.e.d.-Claim 1)

Claim 2 : If (x,v) € A and ¢ € C<¥, then T + v(d, ¢) is satisfiable if and
only if M |= F*xp(z, m(c)).

(=): It M = F*ap(z,m(2)), then M = V*x—)(x, m(¢)), hence —~)(d,?) is
in T and T + ¥(d, ) is not satisfiable.
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(+): I M = F*x(x, m(c)), then {¢(d,¢)} € ¥ and by the extended model
existence theorem T + v(d, ©) is satisfiable. (q.e.d.-Claim 2)

In order to apply the omitting types theorem, we check that for every,
Y(z,y,0) € A and ¢ € C<% such that T + Jyip(d,y,¢) is satisfiable, there is
a model for

T + 3y[v(d, y,©) A Oa(y)],

for every a € M.
By claim 2 and the fact that < is a linear order, we have

M = Ty, 5, m(e) Aa < 5) V (@, g m(@) Ay < a)l.
Since (#74) holds in 9, there are two possibilities:

(1) M &= F*2Fy(Y(x,y,m(¢) Aa < y): In this case we are done by claim 2 and
the fact that ¢, <y = 0,(y).

(2) M = F*2Ty(W(z,y,m(@) Ay < a): Apply (ii) and since clearly
M | Fy3z(P(z,y,m@) Ay < a),
there is n € M such that
M F'2(Y(z,n,m(e)) An < a),

which by claim 2 implies that

T+ Ely[w(d7y’6) A \/ Y= Cm]
meM

and therefore T'+ 3y[y(d, y,€) A 0,(y)] is satisfiable.

The omitting types theorem now guarantees the existence of a strong end ex-
tension of 901. O

Corollary 2.4.3. Let < be a binary relation symbol of the vocabulary T, A a
countable fragment with property (x) and 9 a countable model such that <™ is
a linear order. If I has a strong A-elementary end extension, then it has one
with cardinality Ny.

Proof. If 91 is a countable strong end extension of 9, then by the previous
theorem properties (i) — (#¢3) hold in 9. Since M <45 M, this is also true
in 9y, hence 9y has a countable strong end extension 9Ms. Clearly, we can
build an A elementary chain of length N; of strong end extensions of 9. Then
the limit of this chain has cardinality R; and is also a strong end extension of
m. O

Corollary 2.4.4. Let 7 be a vocabulary with a binary relation symbol < and
¢ € Lo, o(T) a sentence. Suppose M is a model of ¢ and <™ is a well order
of order type wy. Then there is a model N of ¢ with cardinality Xy such that
(Q, <) embeds into it.

Proof. Let A be the smallest fragment containing ¢ with property ().
Add a new unary relation symbol P and let o be the sentence in the new
vocabulary 7/ stating:

18



(1) Jz—Pzx.
(2) < is a linear order and VaVy[(x < y A Py) — Pz].
(3) P is an A-elementary submodel.

(3) can easily be expressed as an infinite conjunction using the Tarski-Vaught
criterion. Note that since A is countable, o € Ly, (7).

For every a < wy, there is a countable model (M, P,) of ¢ A o such that
(a, <) embeds into it and P, <a M, <a 9 This is a straight forward ap-
plication of the downward Lowenheim-Skolem theorem. By the undefinability
of well orders (see Lemma there is a countable model (B,P) of ¢ A o,
such that (Q, <) embeds into it. But then clearly B is a strong A-elementary
end extension of P, seen as 7-structures. Thus properties (i) — (iii) of theo-
rem hold in B. By the previous corrolary B has a strong end extension 91
of cardinality N;. O

Now we have the necessary means to present a sufficient criterion for a L., .-
sentence to have an uncountable model that realizes only countably many types.

Definition. Let A C L, ., be a fragment. A model 9 is called A-small if
for all £ < w, 9M realizes < Wy many k-types C A. 9 is called small if it is
L, w-small.

Proposition 2.4.5. A model N is small iff there is a countable model M such
that M =, M.

Proof. (=): Recall the definitions of ~, for « € ON, x2_(v), where @ € N<¢,
and the characterisation given in Lemma [2.2.3 '

Since the vocabulary 7 is countable and 91 realizes only countably many
complete types C L, ., it is easy to show inductively that for o < w; the
following conditions hold:

* th,a(ﬁ) € Ewl,w, for alla € N<¥.
o [{XZa(@)]a@€ N} < Rq.

Using this and the regularity of w it follows that there is o < wy such that for
alln <wand a,be N™:

(M;@) ~o (MN;b) implies (M;@) ~ar1 (MN;b).

Thus sr(MN) < wy and ¥y € Ly, o, where ¥sy is the Scott sentence of M. By
the downward Lowenheim-Skolem theorem there is a countable model M = Wy,
which by Scott‘s isomorphism theorem means 0N = ., M.

(«): Let 90 be countable, M =4, , M, k < w and @ € N*. We will see that
the L, «-type of @ is realized in 9.

Suppose this is not so. Then for every b € M* there is ¢7(v) € L, o, such
that

N k= ¢5(@) and M =~ (D).
Hence
NET N\ o), but MpETo N\ 65(0),

beMk be Mk
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a contradiction. Therefore 9 realizes at most as many complete L, .,-types as
M does, i.e. < Ny many. O

Definition. Let (X, <) be a linear order and p € X. An element ¢ € X is
called successor of p if p < ¢ and there is no r € X such that p <r < q.

p is called a limit point if p is not minimal and for all » < p there is s € X
such that r < s < p.

Theorem 2.4.6. If a sentence ¢ € L,,, ., has an uncountable model which is A-
small, for every countable fragment A C L, ., then ¢ has a small uncountable
model.

Proof. Let 2 be an uncountable model of ¢ which is A-small for every countable
fragment A. Since ¢ is a sentence, we can by the downward Lowenheim-Skolem
theorem assume that M, the universe of 91, is w;.

As in the proof of proposition one can show via induction on o < wy
that for all n < w the equivalence relation £, o, on M" defined by

@ Epo b (Ma) ~o (9D)

has only countably many equivalence classes. Here, the conditions of the theo-
rem and the characterisation of Lemma are explicitly used.
Now we extend the vocabulary 7 to 7’ by adding the following symbols:

e A binary relation symbol <.

e For every n < w a 2n + 1 ary relation symbol &,,.

e For every n < w an+ 1 ary function symbol f,.
Then extend 9 to 9 by interpreting the new symbols as follows:

e <™ i5 the element relation on w1.

o (a1, ..., an,by,. .., by,) iff GE, b,

e Choose f™ : M™t1 — w such that for all & < wy and @,b € M™:

I (,a) = £ (o, b) <GBy, ob.
We can do this, since E,, , has only countably many equivalence classes.

Now let o € L, (') be the sentence stating:

(S1) < is a linear order, there is a minimal element and every element has a
successor.

(52) For every n < w: If y is the <-minimal element, then for all 7, w:

Enly,0,0) & J\ (@) & (@),

PYeF
where F' is the set of all atomic T-formulas.

(S83) For every n < w and all y: If z is the successor of y then for all T, w:

En(z,0,W) > (VrAt[Epp1(y, T r, W) AVEIF[Epya (y, 77 r, W L)]).
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(54) For all n < w and all y: If y is a limit point then

Enly, v, W) ¢ Vo < y(En(z,,W)).

(S5) For all n < w and all 7,w:

YV [(En(y, T, W) A < y) = En(x,T,W)].

(586) For all n < w: There is an initial segment I with respect to < of order
type w such that im(f,) C I and:

VyViW[fn(y,E) = fn(yam) A 5n(y?ﬁ? E)]

Clearly, M' = ¢ A o, and (M, <9ﬁ/) is a well order of order type w;. Therefore
we can apply corrolary Let M := (N,...) be a model of cardinality ¥;
such that M= ¢ Ao and (Q, <) C (M, <™).

It follows from (S5) and (S6) that for all k& < w, we have an equivalence
relation F, on N" defined by

B 3q € Q (€)(0,7,9)).

Via induction on o < ON one can easily show that for all n < w and @,b € N,
aE,b implies (N | 7;@) ~o (M | 7;b), hence @ and b realize the same L, ., (7)-
type in 9 | 7. E,, has only countably many equivalence classes, thus 0 [ 7 is
small. O

2.5 Atomic and Prime Models

In Robert Vaught’s studies about isomorphism types of theories and especially
in the proof of his Never Two Theorem the notions of atomic and saturated
models played a crucial role. We can generalize these ideas for L, theories.
Only atomic models are important for this thesis.

Notation. If ' C L ., is a theory and 3, A are sets of L, formulas, then
SErA
stands for TU X = A. In case ¥ = {¢}, we write ¢ =1 9.

Definition. Let A C L, be a fragment and 7' C A a satisfiable theory.

e If £ € w, then a formula is called a k formula, if it has at most k free
variables.

e T is A-complete if for all sentences o € A either T =0 or T |= —o.

e Let k <w and ¢(vy,...,v;) € A a k-formula. We say ¢(v) is k- complete
in A over a theory T' C A if for all k-formulas ¢ () € A either ¢ =1 ¢
or ¢ =1 —p, but not both. If the parameters k, T, A are clear from the
context, then we simply call ¢(v) complete. A k formula ¥(v) € A is
called completable (over T') if for some complete ¢(v), we have ¢ =1 .
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o Let £ < w. A k-type of A is a set of formulas t C A such that for
some variables vy, ..., v, every formula of t has its free variables among
v1,...,v and for some model M and some @ € M*, M = v (a), for all
P(v) € t. If for all k-formulas 1 € A either 1 € t or =) € t, then t is
called complete in A. Given a model M and @ € M <%, tpl; (@) is defined
as the set of all lg(@)-formulas ¢ (7) € A such that I = ¥(@).

o If M is a model Thy (M) is the set of all sentences € A which are true in
m.

e A model M is called A-atomic if for all k¥ < w and all @ € M*, tph;(a)
contains a complete formula over Tha (9t). We simply call a model atomic,
if A is clear from the context.

e A model M is called A-prime, if for all models 91 of Tha (9) there is an
A-elementary embedding 9 <4 N

e A complete theory T is called atomic if it has an atomic model.

If ¢(v) is a complete type of A containing the complete theory T' and ¥ (v) € t
is complete over T', then t is called isolated over T

Remark. For every n < w, one can define a topology on the set of all complete
n-types. This topological space is called a Stone space with the Stone topology.
A n-type t is isolated if and only if it is an isolated point in the corresponding
Stone space.

In this case we also have, that for some complete formula ¢(7) € t,

t={p@©) € A: ¢ r i}

From here on, unless stated otherwise, A is a countable fragment of L, ..
It turns out that important results about atomic models in first order logic
also hold in infinitary logic.

Lemma 2.5.1. Let T be an A-complete theory. Then T has an atomic model
iff for every k < w and every k-formula ¢(0) € A satisfiable with T there is a
k-formula ¢(0) which is complete over T such that ¢ =1 1.

Proof. The directon (=) is immediate.
The direction (<) can be shown by using the omitting types theorem (2.3.5)
and defining ©,, as the set of all n-complete formulas over T'. O

Lemma 2.5.2. If M is a countable model, then M is A-atomic iff it is A-prime.

Proof. (=): Let M := {arlk <w}, T := Tha (M) and N an arbitrary model of
T.

Since M is atomic and T complete, there is 11 (v1) complete over T such
that 9 |= 11 (a1), hence M = 11 (b1), for some by € N.

Then M = v5(aq, asz), for some complete 2-formula 15 (v1, v2) € A. Tt follows
Y1 (v1) Er Juatha(v1, v2) and so N = 2(by, be), for some be € N. By continuing
this process we get a function from M into N. The elementarity follows from
the fact that for every n < w @ and b satisfy the same n-complete formula.

(«): Suppose 90 is prime, k < w and @ € M* such that S := tpj,(@) does
not contain a k-complete formula. Define O(7) := {-(7)| ¥(v) € S}. It follows
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that © and T satisfy the conditions of the omitting types theorem, hence there
is a countable model 9T of T' in which S is omitted, therefore 93t cannot be
embedded A-elementarily into 91, a contradiction. O

Remark. The argument for the direction (=) can also be used in a back and
forth manner, in order to show that two countable atomic models of the same
complete theory are isomorphic.

Lemma 2.5.3. Suppose A C L, .,(7) is a countable fragment, T C A is A-
complete and for every k < w, there are at most Xy many complete k-types
t C A such that T Ct. Then T has a countable A-atomic model.

Proof. Suppose this is not so, let k < w and ¥ (7) be a k-formula satisfiable with
T which is not completable in A.

By assumption, there is an enumeration (t, : n < w) of all complete k-
types of A, which contain T'U {¢} as a subset. If none of them is isolated,
then for every k-formula ~(7) which is satisfiable with T and for every n < w,
there is 6,,(0) € t,, such that T + 3v(v(v) A =6,,(0)) is satisfiable. Then by the
omiting types theorem, there is a countable model 97 of T which omitts t,,, for
all n < w. But T is complete, hence Fv)(v) € T and since every complete type
of A containing v is listed, one of them is realized in 9, a contradiction. [

The previous three lemmas are also true in first order logic. We now have the
tools to prove

Lemma 2.5.4. Suppose ¢ € L, , 15 a complete sentence and M is a model of
¢. Then sr(M) < qr(¢) + w.

Proof. It is not difficult to show that a L, ,-sentence is complete if and only
if it is w-categorical. By Scott’s isomorphism theorem and the downward
Lowenheim-Skolem theorem, we can without loss of generality assume that 9t
is countable.

Let A C L, o be the smallest fragment containing ¢ and « := gr(¢) + w.
Clearly, gqr(¢) < «, for all ¢ € A.

Since ¢ is w-categorical, 9t is A-prime for models of ¢ and therefore atomic.

Now suppose k < w, @,b € M* and (9;a) ~, (M;b). Then @ and b
satisfy the same A-complete k-formulas in 90t. We can then use a back and
forth argument to construct an automorphism of 9t mapping @ onto b. Thus,
(@) ~ar1 (9N 0) and by the definition of the Scott rank, we have sr(9) is
less or equal a. O

3 Connections to Descriptive Set Theory

Unless stated otherwise, results of this section can be found in or are based on
chapters from [12].

3.1 Important Results for this Thesis

Familiarity with the following notions is required:

e A topological T»( metric, complete, seperable, product, analytic) space.

23



e A Borel (analytic) function and a homeomorphism between topological
spaces.

e A o-algebra, a Borel (analytic(X1), coanalytic (I1})) subset of a topological
space.

Definition. (i) A topological space X is completely metrizable if it admits a
compatible metric d such that (X, d) is complete. A seperable completely
metrizable space is called a Polish space.

(ii) A standard Borel space is a measurable space (X, S), such that for some
Polish topology O on X, S is the o-algebra of Borel ssets generated by O.

N denotes the Baire space which is Polish.

Polish spaces have been mathamatical objects of great interest and it is an
important observation that £, .-formulas and every model with universe w can
be interpreted as elements of Polish spaces. This enables us to study VC in the
framework of descriptive set theory.

We can interpret countable trees and relations on w as elements of A/. This
will be useful in later proofs and for coding L, ,-formulas.

The following four well known results will be needed, proofs of them can be
found for example in [10].

Lemma 3.1.1. Let XY be analytic Ty spaces and f : X — Y be a function.
The following are equivalent:

(i) [ is Borel.

(i) The graph of f is a Borel subset of X x Y.
(iii) The graph of f is an analytic set.

(iv) f is analytic.

Theorem 3.1.2. (Souslin’s Perfect Set Theorem for Analytic Sets) Let X be a
Polish space and A C X be analytic. Then A is either countable or else contains
a perfect set.

Definition. An w-tree is a tree C w<¥. A tree is well founded if it has no
infinite branch.

Lemma 3.1.3. WF, the set of codes of well founded w-trees, is II} but not
analytic.

Corollary 3.1.4. (i) The set of codes of well founded relations on w is 11}
but not analytic.

(ii) (S1-bounding of well founded relations) If A C N is an analytic subset of
codes of well founded relations on w, then

sup{p(R): R € A} < wy,

where p(R) € ON is the rank of R.
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Next, we look at a coding method for £, .-formulas with finitely many free
variables: Suppose we have a countable set of variables V', coded by an infinite
subset of w, a coding of the symbols "=, "A”, ” A", "3Jy”, where y € V and
a coding of first order formulas as Godel numbers. For a first order formula
with variables of V', let [¢] denote the Gédel number of .

Definition. A labeled tree is a triple (T,1,v) € N3, where T codes an w-tree
and [, v code functions from 7" into w such that for all s € T', one of the following
holds:

(1) s € T is a terminal node, I(s) is the G6del number of an atomic formula
1 and v(s) is the set (code) of the variables of .

(2) 1(s) =[], 70 is the only successor in T and v(s) = v(s0).

(3) I(s) = [Jy], for some y € V, s70 is the only successor of s in T and
v(s) = v(s70) \ {y}-
(4) 1(s) = [A] and

is finite.

A L, . code, ie. acode for a L, ,, formula with finitely many free variables,
is a labeled tree (T,1,v), where T is well founded. A sentence code is a Ly,
code with v(0) = 0.

So an atomic formula ¢ is coded by ({0},l,v), where I(0) = [¢] and v(()
codes the variables of .

If F Cwand {¢; : j € F} is set of Ly, ., formulas all of which have free
variables among vy, ...,v; and ; is coded by the labeled tree (7},1;,v;), for
j € F, then /\jeF 1, is coded by the labeled tree (7,1, v), where

T:={0}u{j"s:jeFseTlj},

1(0) := [A] and forj € F and s # 0, I(s) := [;(¢) if and only if s = j~t and
t € T;. The value v(0) is defined as in (4) of the definition and for s = jt,
where j € F and t € T}, v(s) := v;(t).

Analogously, we can define labeled trees when v is of the form Jy¢ or —¢.
The value [(0)) always tells us if we are dealing with an atomic formula, a nega-
tion, an existential formula or a conjunction.

Since W F is I1}, we have that the set of formula codes and the set of sentence
codes is I1}.

3.2 The Space of Countable Models

Definition. Let w and 2 = {0,1} be equipped with the discrete topology and
the vocabulary 7 = C' U RU F, where C' is the set of constant symbols, R the
set of relation symbols and F' the set of function symbols. For each r € R
and f € F, let n,, (ng)be the arity of r, respectively f, M, := w"" x {r} and
My == w" x {f}. Define the index set

J=CU| J{M, :r e RyU| J{M: f e F}
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and the topological spaces (X;,0;), for j € J as follows: O; is the discrete
topology on X, i.e P(Xj), and

{2, Jj €w™ x {r}, for somer € R
X]‘ =

w, else

Then

X =[] X;

jeJ
equipped with the product topology is called the space of T-structures.

Each element x € X, codes a 7 structure 9, with universe w in a canonical
way:

o M= x(c), for c€ C.
o If r € R, then r™=(ay,...,a,,) = z((a1,...,an,,,7)) =1

o If f € F, then f™= :w" — w is defined by
(ai,...,an,) = z((a1,...,an,, f)).

Conversely, for every 7 structure 9t with universe w there is a unique z € X,
such that 91, = M.

Since 7 is countable, X, is a Polish space. For a first order quantifier free
formula ¥(7) and @ € w9 let Byq) = {z € X; : M, | ¢(@)}. Then

{By@) : ¥(v) quantifier free and first order, @ € w9 (i)}

is a basis for the topology on &,. The next proposition can be proven via
straight forward induction on formula complexity.

Proposition 3.2.1. Let ¢(v1,...,v;) be a Lo, o-formula and aq,...,a; € w.
Then {x € X, : M, =1 (a)} is Borel.

Definition. For a sentence ¢ € Ly, ,(7), Mod(¢) is defined as
{r e X, : M, E o}

Hence, Mod(¢) with the inherited o-algebra is a standard Borel space. We
identify Mod(¢) with {9, : x € Mod(¢)}.

Definition. Let A C £, , be a fragment, n < wand T' C A a theory. S, (A, T)
denotes the set of all complete n-types () C A such that T'Us(7) is satisfiable.

Suppose that A is countable, ¢ € A is a sentence and n < w. If we take
the index set J of all n-formulas of A, then Y :=7 2 equipped with the product
topology is homeomorphic to the Cantor space. We identify it with P(J) by
identifying each subset of J with its characteristic function.

Now consider the function g : Mod(¢) x w™ — Y defined by

(z,a) — tpoy, (@).
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With the help of proposition [3.2.1] we see that this function is Borel. Since
both the domain and the codomain of g are Polish spaces it follows, that the
image im(g) is analytic. Clearly, im(g) = S, (A, ¢). Thus, for all n < w, either
Sn(A, @) is countable, or else it contains a perfect set. In particular:

S (A, @) < Rg or [Sn (A, @) = c.

Proposition 3.2.2. (i) For every n < w and every a < wy, the equivalence
relation Eq , on X, x w™ defined by

(‘Taa)Ea,n(yvg) = (m’raa) ~a (myvb)
is Borel.
(i1) For every a < ws, the set of all x € X, with sr(M,) < « is Borel.

Proof. (i) The proof can be done via induction on o < wy. For the case a = 0,
we use poposition and the fact that the vocabulary 7 is countable.

(ii) is an easy consequence of (i).
O

The isomorphism relation = on X is analytic, since it is the projection of
the Borel set of all (z,y, f) € X2 x N such that f is an isomorphism from 9,
onto M, but it is not necessarily Borel. In fact, we have

Lemma 3.2.3. Let ¢ € L, ., be a sentence. Then = is Borel on Mod(¢) iff
there is a countable bound on the set of Scott ranks of elements of Mod(¢).

Proof. (=):We define a set W of 4-tuples (M, M, R,2) C Mod(¢)?> x N x N,
where R codes a linear order on w and z a subset of w X (Up<y, (W™ x w™)).The
linear order R has the following properties:

e 0 is R-minimal.

e Every element a € w that is not R-maximal has a successor, denoted by

sg(a).
For all n < w, z satisfies:
(1) For all @,b € w", (0,a,b) € z iff (M;@) ~o (MN;b).
(2) If (m,a,b) € z and xRm, then (x,a,b) € 2.

(3) For all m € w and @,b € w", (sg(m),a,b) € z iff for all ¢ € w there is
d € w such that (m, EAC,BAd) € z and for all d € w there is ¢ € w such
that (m,a ¢, b d) € z.

(4) If m € w is a R-limit point # 0 and @,b € w", then (m,a,b) € z iff for all
xRm, (x,a,b) € z.
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One can show that W is a Borel subset and for all @ < wy and 9, M € Mod(¢),
there is (M, N, R, z) € W, where R is a wellorder of order type «, and

(M @) ~p, (M;b) < (v,a,b) € 2,

where 3, == ot({y € w: yRz}).
If = is Borel on Mod(¢), then the set A, defined as

{ReN : (MM, R,z) € W, for some z, (x,0,0) € 2, for all z € w, and M 2 N},

is analytic.

Claim: If (O, M, R, 2) € W, (21 : k < w) 18 a sequence in w such that for
all k, zp11Rry, and for some k,n < w, @,b € w", we have (vy,a,b) € z, then
there is an isomorphism from M onto M mapping @ onto b.

This is easily proven via a back and forth argument using (1)-(3).

As a consequence of the claim we get that each R € A is a wellorder. By
Y1-bounding there is o < w; such that ot(R) < «, for all R € A. But this
means that for all M, N € Mod(¢), M =, N is equivalent to M = N or in other
words, X%JL is w-categorical, for all 9 € Mod(¢).

Now we apply Lemma and conclude that the Scott ranks of Mod(¢)
are bounded by a + w.

(«): Let v < wy such that sr(9M) < ~, for all M € Mod(s).

If we define Wgy as the Scott sentence of 91, then by the definition of the
Scott-sentence it follows that gr(Vog) < v+ w, for all MM € Mod(¢). Therefore,
if M, N € Mod(¢) and M ~, 1, N, then M = N, hence the =-relation is equal
to the ~,,, relation which is Borel. O

The following results are presented without proof.

Theorem 3.2.4. (i) (Silver [19]) If E is a 11} -equivalence relation on a stan-
dard Borel space X with uncountably many equivalence classes, then there
is a perfect set of E-inequivalent elements C X.

(ii) (Burgess [3]) If E is a $1-equivalence relation on a standard Borel space X
with > Ny equivalence classes, then there is a perfect set of E-inequivalent
elements C X.

Corollary 3.2.5. (Morley) For every sentence ¢ € Ly, .,(T), either there are
at most X1 many countable isomorphism types of ¢ or else there is a perfect set
of pairwise non isomorphic countable models C Mod(¢).

Proof. Since = is ¥1 and Mod(¢) is a standard Borel space, the statement
immediately follows from (i), but it can also be proven using (i):
Suppose I(¢,Rg) > Ry. Then for some a < wy,

Ao = {z € Mod(¢) : sr(M;) = a}

contains Ny many pairwise non isomorphic models. As we have seen before,
A, is a standard Borel space and by the definition of the Scott sentence and
Lemma[2.2.3)it follows that the isomorphism relation restricted to A, is identical
to the =, -relation which is Borel and therefore II1}. Now (i) implies the
existence of a perfect set of pairwise non isomorphic models of ¢. O
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Definition. Let T' C L, .,(7) be a theory. We say T' has perfectly many models
if there is a perfect set of pairwise non isomorphic models in Mod(T).

Currently, no example of a L, ,-sentence ¢ with I(¢,Ro) = Ry is known.
Since every known example for I(¢,Ng) = ¢ has perfectly many models, we
introduce a new version of VC.

VCs: For every L., .(7)-sentence ¢ of a countable vocabulary 7, either
I(¢p,Rg) < Vg or else ¢ has perfectly many models.

Clearly, VCj5 is the strongest version introduced so far. Also note that it is
independent of the value of ¢. From now on our focus will be on this problem.

We have considered Vaught’s conjecture for infinitary sentences. One might
think about a generalisation to theories of infinitary sentences but this question
can be answered easily:

First, note that a satisfiable theory T' C L, ,,(7) which is complete in
Lo, w(T) is w categorical: If MM is a countable model of T, then T' = Yoy, the
Scott sentence of M. It follows that V Cj is trivially true for complete theories
of Ly, w-

If we consider arbirtary theories of L,,, ., then we have a counterexample.

Example 3.2.6. (also see page 85 of [2]) Let 7 := {<}, where < is binary. Via
induction on o < wy we can define a sentence oo € Ly, ,(7) which characterizes
the structure (o, <) up to isomorphism. Let g := Va(z # z).

Suppose we have defined o,. Then let 0,1 state that < is a linear order,
there is a largest element = and the set of all y < x satisfies 0.

At limit stages a > 0, o, states that < is a linear order, for all 8 < «,
there is  such that the set of all y < z satisfies og, and for all z, the set of
all y < z satisfies og, for some 5 < a. This can be expressed with a countable
conjunction and a countable disjunction, hence oy € L, (7).

Now, for a < w1, the sentence ¢o € L, ., (7) states that < is a linear order
and either o, for some 3 < o, holds, or there is  such that the set of all y < x
satisfies oy,.

Consider the theory T := {¢, : @ < w;}. It is easy to show that a countable
T-structure I satisfies T if and only if it is a well order. Thus, T" has uncountably
many isomorphism types.

Clearly, T' cannot have perfectly many models, because that would give us
an analytic set of well orders whose order types are unbounded below N, a
contradiction to ¥} bounding of well founded relations.

3.3 Scattered Sentences

In the previous section we saw that for every countable fragment A and every
n < w, the set of complete n-types C A can be seen as an analytic subset of
the Cantor space. Using Silver’s theorem, one can easily show that if for some
L, w-sentence ¢, some A and some n < w, there is a perfect set of complete
and satisfiable n-types C A containing ¢, then there is a perfect set of pairwise
non isomorphic countable models C Mod(¢). In that case ¢ trivially satisfies
V(5. Therefore, we are interested in sentences which do not have this property.

Definition. A L, .-sentence ¢ is called scattered, if for every countable frag-
ment A C L, , and every n < w, |S,(A, ¢)| < No.
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Clearly, if I(¢,Rg) < Rg, then ¢ must be scattered.
For a scattered sentence ¢ € L, o (7), let (Ap o : @ < wy) be a sequence of
fragments defined as follows:

e A, is the smallest fragment containing ¢.

o Ay 41 is the smallest fragment containing all formulas of the form
N\ ¢(@),
Pet

where t(vq,...,v,) C A, is a complete and satisfiable n-type such that
et and n < w.

e For every limit ordinal A € (0,w),

Aqg’)\ = U Ad),ow
a<A

Proposition 3.3.1. Let ¢ be scattered.

(i) For all & < w1, Ay o s a countable fragment of Ly, ,(T) in which all
formulas have only finitely many free variables and if a < f < wq, then
Aga ©Agp-

(i5) If M, N € Mod(¢), n <w and @,b € w", then for all @ < wy,
Ao/ Agoo /Ty -+ g0 _ -
thoy “ (@) = tpy”* (b) implies (M; @) ~q (MN;0).
Proof. (i) can easily be shown via induction on o < wj.
We check (i) inductively:
e The case for a = 0 is clear,since every atomic formula is in A .

e a—a+1: Let n <w, (M,a),(N,b) € Mod(¢p) x w", such that

tpie o+ (@) = tpin®+ (B),

and ¢ € w. Then

V(15 V) = /\ YV, Unt1)
Ppet

isin Ay oy1, where t:= tpgi (@ c).

By assumption, it follows that ¢ = v, 17v(b), which by induction hy-
pothesis implies (M;a@"c) ~o (Wb d), for some b € w. For symmetry
reasons this means (9;a@) ~q41 (D).

e The case for limit ordinals € (0,w;) follows, since (Agqo : @ < w1) is a
chain of fragments.

O
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Remark. Regarding (ii): In general, (9;a@) ~, (MN;b) does not imply
Ay o — Ap o (T
thyy " (@) = tpy”" (b).
E.glet M:=(Z,<) a1 :=1, az := 2, by := 1, by := 3 and ¢ the Scott sentence
of M.

We have sr(9M) = w, (IM;@) ~o (9;b) but @ and b do not satisfy the same
first order formulas in 901, and these are contained in Ay .

We can now give a first characterisation for a sentence to be scattered.
Lemma 3.3.2. Let ¢ € Ly, ,(7) be a sentence. The following are equivalent:
(i) ¢ is scattered.

(ii) For every a < wy, there are only countably many =,-equivalence classes
on Mod(p).

(iii) ¢ does not have perfectly many models.

Proof. (i) = (ii): If ¢ is scattered and for some o < w; there are uncount-
ably many =,-equivalence classes on Mod(¢), then by the previous proposition
the countable fragment Ay , has uncountably many satisfiable complete types
containing ¢, a contradiction.

(ii) = (i): If ¢ is not scattered, then for some countable fragment A of
L, (1) and some n < w, uncountably many complete n-types C A are realized
in Mod(¢).

Since A is countable, there is 7 < w; such that ¢r(¢) < -, for all ¢ € A.
Let a:=~v4w.

For every 9 € Mod(¢) there is a L, ,(7) sentence o9y of quantifier rank
a + n describing the set of n-types of A which are realized in 9. Clearly, for
M, N € Mod(¢), we have

M realizes the same n-types in A as N iff M = on iff oop = om.

Since there are continuum many complete n-types in A, it follows that there
is an uncountable set S C Mod(¢), such that if 9, N € S and M # N then
om # om, hence there are uncountably many =, classes in Mod(¢).

(iii) = (i): If ¢ is not scattered, then for some o < wy, there are uncountably
many =, classes on Mod(¢), and since =, is a Borel equivalence relation, it
follows from Silver’s theorem, that ¢ has perfectly many models.

(i) = (iii): Suppose S C Mod(¢) is a perfect set of pairwise nonisomorphic
models. We proceed similarily to the proof of Lemma [3.2.3]

Let W C Mod(¢)? x N x N be the set of all tuples (9, N, R, z), where 2
and the linear order R are as in the specified proof.

Consider the set of all R such that for some 9,0 € S and some z € N,
(M, N, R, 2) is in W, where M # N and (z,0,0) € z, for all z € w. Asin
we argue that it is an analytic set of well orders and hence, by 1 bounding is
bounded by some o < w;. It follows that there are uncountably many =,
classes in Mod(¢) and thus, by (ii) ¢ is not scattered. O

Remark. With a slight modification of the proof one can show that ¢ is scat-
tered if and only if for all n < w and all a < wy, there are at most Xy many ~,
classes in Mod(¢) x w™.
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We also have the necessary knowledge to give a second proof of Morley’s
theorem: If ¢ is scattered, then for every a < w; there are < Wy many isomor-
phism classes of models of ¢ with Scott rank < «, since we have already seen
that for these models the isomorphism relation is identical to the ~,-relation.
Therefore, I(QZS, No) S Nl . No = Nl.

Definition. Let T'U {¢(v)} be a set of first order formulas of an arbitrary
vocabulary, where T is a theory.

e ¢ is called upwards absolute for models of T if for all models 99,9 of T
such that 9t C 9 we have

M = ¢(a) implies N = ¢(a),
for all @ in 9.

e ¢ is called downwards absolute if for all models 9,91 of T such that
M C N and all @ in M, we have

N = ¢(a) implies M = ¢(a).
e ¢ is called absolute for models of 7' if it is both downwards and upwards
absolute.

Definition. In the language of set theory the set of A formulas is the smallest
set S of first order formulas such that

(1) S contains all atomic formulas.
(2) S is closed under negation and conjunction.

(3) If ¢ € S and =,y are variables, then Vz(z € y — ¢) and Jz(zx € y A )
are in S.

For n < w, we can now recursively define a hierachy of first order formulas:
e A formula ¢ is g or Il if it is Ap.

o ¢is X4 if ¢ is of the form JFvy(T), where ¥ (7) is I1,,.

o ¢is I, if it is of the form Vo (), where ¢ (7) is X,,.

A formula ¢ is called A,, if modulo ZFC' it is equivalent to both a 3, and a
II,, formula.
One important result which will not be proved here is

Theorem 3.3.3. (Shoenfield’s Absoluteness Theorem) If M C N are transitive
models of ZFC, (w1)N € M and P € M is a Polish space of the form NV x !,
where y € w+ 1 and | € w, then every X3 relation on P is absolute between M
and N.

This implies that if M C N are transitive models of ZFC, (w)N C M, ¢(7)
is a X formula and @ € P<%, where P € M is Polish as in the theorem, such
that ¢(a) defines a X3 relation on P and all unbounded quantifiers range over
elements of P only, then

M |= ¢(a) < N = ¢(a).
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An important consequence of this result is that the property of being a scat-
tered sentence of L, ., is absolute for the transitive models of ZFC which are
considered in this thesis, as it can be expressed by a Yo formula ¢(v) stating

"v is a code for a L, ., sentence and there is a code T for a binary tree such
that every distinct branches fi, fo of T are codes for nonisomorphic elements
of Mod(v).”

Lemma 3.3.4. If ¢ € L, ,(T) is not scattered, then there is a perfect set of
pairwise nonisomorphic models of ¢ all of which have the same Scott rank.

Proof. Tt suffices to show that the lemma holds in countable transitive models
of ZFC.
Let M be such a model and ¢ € M be a non scattered sentence of Ly, ., (7).
Choose a forcing notion P € M which preserves cardinals such that for a P
generic G C P
M[G] = ¢ > Ry,

where M|[G] is the generic extension of M.

By Shoenfield’s absoluteness theorem, ¢ is not scattered in M[G], hence
there is a perfect set S of pairwise nonisomorphic models in Mod(¢)™ (1,

Recall that for every av < wy the set of all A € Mod(¢) with sr(A) = « is
Borel.

In M[G] we have |S| > Xy thus by the perfect set theorem for some o < w;
there is a perfect set of pairwise nonisomorphic models with Scott rank «. This
can be expressed with a ¥y formula and some real f € N'™ which codes a well
order on w of order type a. Here we are using the fact that the ~, relation is
Borel.

Since wM = w{W[G] and by absoluteness, ¢ has perfectly many models of
Scott rank « in M. O

It is for absoluteness reasons that we prefer V' Cs. However, we have
Proposition 3.3.5. If ZFC V5 then ZFC = VCs.

Proof. We show that if ZFC proves Vs, then V(3 holds in all countable
transitive models of ZFC.

Suppose this is not so and let M be a countable transitive model of ZFC'
such that for some ¢ € L, ,(7) N M

M = I(9,Ro) > N,

but ¢ does not have perfectly many models in M. It follows that ¢ is scattered
and by Morley’s theorem

M ':I(¢aNO) = Nl-

Let P € M be a forcing notion which preserves cardinals such that for a P
generic filter G C P
MI[G] = ¢ > Ny.

By absoluteness, ¢ is scattered in M[G] and has uncountably many isomorphism
types.
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Since M[G] = ZFC, it follows that V' C5 holds in the generic extension and
therefore

M[G] |= 1(¢,Ro) = c.

But then by Morley’s theorem, ¢ has perfectly many models and by absoluteness
¢ is not scattered in M, a contradiction. O

4 Uncountable Models of Vaught Counter Ex-
amples

Unless stated otherwise, the proofs presented in this section are based on [12].
Since V(s is still an open problem, we can ask what consequences can be
derived if it fails.

Definition. A counterexample to V (3, or simply a VCE, is a scattered sentence
¢ € ﬁwl,w(T) with I(¢, No) = Ny.

Let us first check that every VCE has an uncountable model.

4.1 Minimal Vaught Counter Examples
Definition. Let ¢ € L, .,(7) be a VCE.

(1) We call ¢ a minimal VCE if for all sentences o € L, .,(7) either
¢ Na, or p Ao

has uncountably many countable models but not both.

(2) Let n < w and (vy,...,v,) € Ly, (7). We say ¥(7) is ¢-large if
6 A 300(D)

has uncountably many countable models. If for all n-formulas x(v) of
Lo, w(T), either ¢ A x or ¥ A —x is ¢-large but not both, then (7) is
called minimal ¢-large.

Lemma 4.1.1. Suppose ¢1 € Ly, o s a VCE. Then there is a minimal VCE
(7250 such that d)o ': (,251.

Proof. Assume ¢ is not implied by a minimal VCE. We construct a countable
fragment A with uncountably many types containing ¢1.

Let C be a countable set of new constants, 7’ := 7 U C and define X as the
set of all o with the following properties:

(i) o is a finite set of 7/-sentences in which only finitely many new constants
occur.

(ii) o U{¢1} has uncontably many countable models.

It is not difficult to check that 3 is a consistency property, the case (Cy) uses
the regularity of w;.
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Next, we choose an enumeration of C, a well order of L, ., and construct
a binary tree T := {0, : s € 2<“} and a sequence (A, : n < w) of countable
fragments. Each o, will be a finite set of 7/-sentences containing ¢;.

Let V be a countable set of variables containing all variables of ¢, choose
an enumeration (¢, : n < w) of all 7/-terms with variables in V and a function
h:wr w x w , such that h=!(m,n) is infinite, for every (m,n) € w x w.

For every countable fragment A € L, .,(7') with variables in V, let fs be
a function from w into the set of all sentences of A, such that every sentence
1) € A has an infinite preimage. T is defined recursively on every level:

e 0y :=< ¢ > and let Ay be the smallest fragment containing ¢.
e Suppose n < w, o, is defined for s €™ 2 and h(n) = (k1, k2). Let

N YT
" fa, (k2), else

Now extend o to o, as follows: If o5 + x,, € X, then x,, € o, otherwise
—Xn € ok. Furthermore, if o5 4+ x, € ¥ and

.) Xn = ), then ~ ¢ € ol
D) Xn = /\weF ¥, then the smallest ¥ € F'\ o4 is in o7,.
) Xn = \/zpeF’ then ¢ € o, where ¢ € F is minimal such that os+1 €

) Xn = Va(v), then ¥(c) € of, where ¢ is the minimal constant of 7/
such that ¢(c) & o,.

) Xn = Jv(v), then ¢(c) € ol, where ¢ is the minimal new constant
not occurring in os.

Then add t,, = ¢ to o/, where ¢ is the minimal new constant not occurring
in of. By this construction, o/, € ¥, and if we define

y(er, .. cx) = /\ Y,

Yoy

where c1,...,c are all new constants occurring in o7, then % := Jv(7)
is a ¢1-large sentence € L,,, ., (7) and since 7 = ¢1, 7 is a VCE, which by
our assumption is not minimal. Hence there is a L., ,(7)-sentence p with
variables in V), such that ¥ A p and 7 A —p are ¢;-large. Then define

Og~0 =0, U{F A p}, and 04~1 := o, U{F A —p}.

e Let A,,11 be the smallest fragment of L, .,(7') containing
{os:s €™t 2}.

This completes the definition of T'. Let f €“ 2. Then by our construction, the

set
P(|J osn)

n<w
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is a consistency property, hence By := J,,_,, 0 is satisfiable.
Now consider the countable fragment

A= U A, N Ly, w(T).

n<w

If f,g €“ 2 are distinct, then ByNA, B,NA are distinct, complete and satisfiable
types containing ¢1, a contradiction to ¢ being scattered. O

Corollary 4.1.2. If ¢ is a VCE and ¢(vy,...,vx) is a ¢-large k-formula, then
there is a minimal ¢-large formula 1o (T) such that g = 1.

Proof. Add k new constants ci,...,c, thereby getting a new vocabulary 7'.
Then ¢ Ap(cq,...,cx) is a VCE in L, (7). By the previous Lemma, there is
a minimal VCE ~(¢) sucht that v(¢) = ¢ A ¢(¢). Clearly, ¢2 := v(v1,...,vg) is
minimal ¢-large. O

Now we have the necessary knowledge to show that every VCE has an un-
countable model with many types.

Theorem 4.1.3. If ¢ € L, ., is a VCE, then there is a model N of ¢ which
has cardinality Ry and is not = ., equivalent to any countable model.

Proof. By Lemma we can assume that ¢ is a minimal VCE. Our goal is
to define a chain of special countable fragments (A, : @ < wp) and a chain of
countable models of ¢ (M, : @ < wy) such that for o < B, M,, is a proper A,,-
elementary submodel of 9t3. The limit of this model chain will be the desired
model.

Let A be a countable fragment containig ¢ such that for all n < w and all
¢-large formulas ¥ (vq,...,v,), there is a minimal ¢-large formula ¢'(7) € Ag
implying 1, and let T be the set of all ¢-large sentences of Ag. Because ¢ is a
minimal VCE and ¥; is regular, Ty is a satisfiable Ay-complete theory.

If (v) € Ay is satisfiable with T, then for some minimal ¢-large ¢’ (v) € A,
we have Yo(¢)'(T) — (7)) € Tp, hence ' (D) =1, ().

If ¢/ (v) € Ay is a minimal ¢-large n-formula and (7)) € A is an arbitrary
n-formula such that ¢’ A ¢ is ¢-large, then =3v(¢)’ A =) € Tp, thus ¢’ =1, .
This means that for all n < w, the minimal ¢-large n-formulas are exactly the
n-complete formulas over Ty and every n-formula in Ay which satisfiable with
Ty is implied by a n-complete formulas. By Lemma [2.5.1] Ty has a countable
A-prime model 91,.

Given A, countable, T, C A, as the set of all ¢-large sentences and 9,
A ,-prime, we let A,4;1 be a countable fragment such that

o A, U{Ugn_ } C A,t1, where Woy_ is the Scott sentence of M,,.

e For all n < w, every ¢-large n-formula is implied by a minimal ¢-large
n-formula in Agyq.

Then let T, 11 be the set of all ¢-large sentences of A, 1.
As in the case for a = 0, one can show that Tj, 1 has a countable A 1-prime
model, and since T,, C T,,41, we can assume

M., <A, Smaﬂ.
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Furthermore, since ~Wop_ € To41, Ma41 IS a proper extension.

At limit stage o let A, := Uﬂ<a A, T, = Uﬁ<a Tz and M, := Uﬁ<a Mg.
Clearly, M, is countable and M, = T,. If n < w, and @ € M7, then for some
B < a,a€ My. Since Mg is Ag-atomic, there is a minimal ¢-large formula
1 (T), such that M, |= 1 (a@). Notice that ¢(7) is also n-complete over T, hence
M, is A,-atomic and therefore prime.

Now let N := J, oy, Mo and T := |J
|IN| = Ry.

Suppose there is a countable model 91, such that 9 =, 9. Then by the
downward Lowenheim-Skolem theorem, there is o < w; such that M, = o, M,
hence by Scott’s isomorphism theorem, we have M = Yoy , a contradiction,
since ~Woy, € T. O

a<w acw, Ta- Then ¢ € T, N = T and

Every uncountable model of a VCE ¢ is A-small, for every countable frag-
ment A C L, ., because ¢ is scattered. Thus, using theorem we get

Corollary 4.1.4. FEvery VCE has at least ¥ many small models of cardinality
N;.

Proof. Let ¢ be a VCE. The existence of a small uncountable model is clear.
Since ¢ is scattered, it has only countably many isomorphism types of Scott
rank «, for every o < wi. Hence for every o < wq, there is a countable set Fy,
of Scott sentences such that every countable model of ¢ with Scott rank < «
satisfies exactly one sentence of F,.
Now let
po =0 A=(\/ ).

YeFa

Then p, is also a VCE, which has a small model 91 of cardinality X;. Clearly,
every model of p, is also a model of ¢ and by definition has Scott rank > a. [

4.2 Hjorth’s Theorem

We know that an infinitary sentence with an infinite model does not need to
have a model in every infinite cardinality. Gerg Hjorth showed in[6] that if V' Cs5
fails, then there must be a VCE with no models in any cardinality greater than
Ny. For this he used a descriptive set theoretic approach but there is also a
model theoretic one which will be presented here.

Definition. Let K be a class of finite 7-structures. We say

(Em) K has the joint embedding property if for all A1, As € K, there is B € K
and embeddings g1 : A1 — B, g2 : As — B.

(Am) K has the amalgamation property if for all A, By, By € K with embeddings
fi: A B;, 1 <i<2, there is C' € K with embeddings g; : B; — C such
that g1 0 f1 =g20° f2.

(Dam) K has the disjoint or strong amalgamation property if it satisfies (Am),
and for the embeddings g;, 1 <14 < 2, we have

g1(B1 \ im(f1)) N g2(B2 \ im(f2)) = 0.
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Example 4.2.1. Let I be the class of all finite linear orders. Then K satisfies
(Em) and (Dam).

Example 4.2.2. The class K of finite groups satisfies (Em,Dam):

(Em): If A,B € K, then the direct product C := A x B is also in K and
clearly, there are monomorphisms A — C and B — C.

(Dam): Let (A, O)7 (Bl, O)7 (Bg, *) e, AC B;,for1 <i<2 and A= B;NBs.
Consider the group C' given by the presentation < S|R >, where S := B; U By
is the set of generators and R the set of relations defined by:

1

e zyz  =1,forz,y,z€ Byand zoy=zorz,y,z € By and z xy = z.

e xyz~ly t=1forre B\ Aandy € By \ A.

It is easy to show that C' € K and that it is isomorphic to some C’ € K which
contains both By and Bs as subgroups.

Definition. Let K be a class of finite structures. A model M := (M,...) is
called K-generic if

(G1) For all finite F' C M, there is A € K such that ¥ C A C 9.
(G2) For all A € K, there is an embedding from A into 9.

(G3) If A,Be K, AC Band A C 9, then there is B’ € K and an isomorphism
f:Bw B such that B C M and f | A=1ida.

Proposition 4.2.3. Suppose K is a class of finite T-structures which satisfies
(Em,Am), is closed under isomorphism and has at most Xg many isomorphism
types. Then there is a countable K-generic model which is unique up to isomor-
phism.

Proof. Let (B, : n < w) be an enumeration of representatives of all isomorphism
types of K and K’ be the set of all models A such that A C w and A is isomorphic
to By, for some k < w. Clearly, K’ is countable, so let (A, : n < w) be an
enumeration of K'.

Let i : w— w X w, n+— (ig(n),i1(n)) be a map such that for all m,n € w,
(m,n) has an infinite preimage.

Using (Em), we can choose Cy € K such that Cy C w and A;, (), A;, o) can
be embedded into it.

Suppose we have C,,. There are two possibilities:

(1) Aio(n+1) C C,, and Aio(n+1) - Ail(n+1)- Then by (Am) there is Cn+1 ek
such that C, 41 Cw, C; C Cpy1 and there is an embedding from A, (5,41)
into Cy,41 which fixes A;;(n41)-

(ii) If we are not in case (i), then use (Em) and choose C,+; € K such that
Chny1 Cw, Cp C Cpg1 and Ajj(n41), Aiy (nt1) can be embedded into Cy41.

Let M := UJ,,., Cn. It is easy to check that 9 is countable and satisfies (G1-
G3), hence it is K-generic.

The proof that two countable K-generic models are isomorphic uses a straight
forward back and forth argument. For example the extension of a given finite
embedding uses (G3). O
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Remark. Under the conditions of the previous proposition we can express (G1-
G3) with a single sentence ¢x € L, ., (7), thus a model N satisfies ¢ if and
only if it is KC-generic. We call ¢ the generic sentence of K. In particular, ¢x
is w-categorical.

For the rest of this subsection, the vocabulary 7 is countable and has no con-
stant symbols. Every class K of finite 7-structures is closed under isomorphism
and has exactly Ny many isomorphism types.

Lemma 4.2.4. Suppose the class K satisfies (Dam) and has the following strong
version of the joint embedding property.
(Em*): For oll A,B € K, there is C € K and embeddings

f:A—=C, g:B—C
such that im(f)Nim(g) = 0. Then there is a K-generic model of cardinality N, .

Proof. We expand the vocabulary to 7’ by adding a new unary function symbol
F and define K’ as the class of all finite 7-models A such that A [ 7 € K.
Then it follows easily that K’ has only countably many isomorphism types and
satisfies (Em,Am). By proposition there is a countable K’-generic model
M’ and it follows from the previous proof that |9| = Ro.

Then 9 := M’ | 7 is K-generic. Let us check for example (G3): Suppose
A,Be K, AC Band A C 9. By (G1) for 9, there is A’ C M’ containing A
as a 7-submodel. Define A* := A’ | T

K satisfies (Dam), hence there is C' € K, such that B, A* C C and

(B\ A) N (A" \ A) = 0.

C' can easily be extended to C’ € K’ such that A" C C’. Now apply (G3) for
M’ and then restrict to 7, keeping in mind that K is closed under isomorphism.
Now we construct a proper embedding from 9 into itself. Let f := F m

Start with an arbitrary A € K such that A C 9. By interpreting the
new function symbol as the ids we get an element A’ € K’ which by (G2)
can be embedded into M. Using (G2,G3), one can extend this function to a
T-embedding from 9 into itself. The image of this embedding is a subset of

{reM: f(x)=2a}

which can easily be shown to be a proper subset.
Thus there is a chain (9, : @ < wy) of countable K-generic models with

My G Mg,

whenever a < 8 < wy. If we define N :=J, ., M, and ¢k as the 7-sentence
describing (G1-G3), then it is easy to show that |91 = N; and 91 = ¢k, hence
N is also K-generic. O

With this theoretic foundation let us consider the following vocabulary 7q:
For every k < w, 7o has a binary relation symbol Si and a (k + 2)-ary relation
symbol Rj. We define Ky as the class of finite 7g-structures satisfying the
following sentences:

(A1) Vavy[(V, ., Sizy) A N\ (Sizy — /\j;ﬁi —Sjzy)).
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(A2) For every k < w, the sentence

VCL()VCLlVbl e ka [Rkaoalg — (CLO 7é a; N\ /\(bz 7é b]))]
i#]

(A3) For every k < w and every permutation o on {0,...k — 1}, the sentence

VagVa,Vb(Ryapaib <+ Rragaio(b)).

(A4) For every k < w, the sentence

k
VaOValvg[Rkaoalg — /\ (/\ (Siaobj <~ Slalbj))]
1

<w j=

(A5) For every k < w, the sentence

k
VaOVaNBVc[(RkaoalE A /\ (C 7é bj)) — /\ (Siaoc — —\Sialc)}.
j=1

1<w

(AG) VaOVal[(ao 75 al) — Vk<w(3b1 - kuRkaoalg)].

This means that every element of Iy is a finite, complete, colored and directed
graph in which two distinct elements are connected by exactly two directed
edges.

If A € Ky and ag # ay are in A, then the set of all points by, ...b; in A which
are connected to ag and a; with the same color is finite. For these elements, we
have Rﬁaoalg.

Proposition 4.2.5. Ky is closed under isomorphism, it has Xg many isomor-
phism types and satisfies (Em*) and (Dam).

Proof. Clearly, Ky is closed under isomorphism, and since there are exactly
Ny many finite models in Ky with universe contained in w, we have Ny many
isomorphism types.

Let us check (Dam) for example: Suppose A, B1,Bs € Ky and without loss
of generality A = B1N By and A C By, Bs. Define C := B;UBs and S as the set
of all i < w, such that for some (u,v) € B} U B, we have S® (uv) or §72(uv).
Then let W := (B1 \Bg) X (Bg\Bl)U(BQ\Bl) X (Bl\Bg) and H : W — W\S
be injective.

We interpret the relation symbols on C as follows:

e For i < w and (u,v) € C?,

(u,v) € B} and S5 (u,v)
S¢(u,v) := { (u,v) € BZ and §%2(u,v)
(u,v) € W and i = H(u,v).

e For k < w u,v,€ C, where u # v, and by,..., by € C are distinct, let
RS (uvb) if {by,...,by} is the set of all b € C, such that for all i < w

SE (ub) < SE (vb).
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Clearly, B1,Bs C C and C € K.
The argument for (Em*) is similar. O

Lemma 4.2.6. Let ¢x, be the generic sentence of Ko. Then ¢x, has a model
of cardinality Xy but not of any greater cardinality.

Proof. By the previous proposition and Lemma ¢K, has a model of car-
dinality N;.

Suppose there is a model N := (N,...) of ¢k, with cardinality greater
than N;. By the downward Lowenheim-Skolem theorem there is a Ky-generic
submodel M := (M, ...) of 91 with cardinality R.

Let ¢ € N\ M. Then the function H : M +— w, defined by a — 4, where
S™(ac), is injective, which is a contradiction, since M is uncountable. O

Next, we expand the vocabulary 7y to 7, by adding two unary predicate
symbols P, @ and a binary relation symbol F.
Let /C; be the set of all finite 71- structures A with the following properties:

e The universe of A is the disjont union of P# and Q4.

The symbols of 7 are interpreted as relations on P4 only.
o P4 | 7y is either empty or an element of /Cy.
o 4 is a function from P4 into Q4.

Proposition 4.2.7.

(i) K1 has Ng many isomorphism types, is closed under isomorphism and
satisfies (Em*,Dam). Hence there is a Ki-generic model of cardinality
N;.

(ii) If M is a Kyi-generic model, then |Q™| > Ro, F™ is a surjective function
from P™ onto Q™ and P™ | 1y is Ko-generic.

Proof. The proof of (4) is similar to that of proposition

(ii): Let M := (M, ...) be Ki-generic. Q™ is infinite, since for every k < w,
there is a structure A € K; such that P4 = () and |Q*| = k which by (G2) can
be embedded into 9.

For the surjectivity of f™ we use the generic property (G3): Let ¢ € Q™.
Then the model A with universe {c}, Q“ := {c} and all other relation symbols
interpreted as ) is a submodel of M.

Let b be an element not in M, and define the model B € Ky as follows:

o PB = {b} and QP := {c}.
o FB .= (bc)
e SE(b,b), and all other relation symbols are interpreted as ().

Then A C B, and by applying (G3) we see that ¢ € im(F™).

The proof that P™ | 7y is Ko-generic is a straight forward check of (G1-G3)
and can be done by expanding structures of Ky to ones in Ky and then use the
genericity of 9. O
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Remark. By slightly modifying the construction of the proper embedding of a
countable K-generic model into itself - shown in the proof of Lemma[4:2.4]-, one
can show that there is a K1-generic model M of cardinality ¥; with |Q%| = X.
One simply adds the new unary function symbol G and considers the class K}
of all finite models A in the new vocabulary such that A | 79 € Ky or empty and
GA QA= idga. It is then easy to construct the embedding i of a countable
K1-generic model 90 into itself such that i(P™) C P™ and i(Q™) = Q™.

Corollary 4.2.8. The Ki-generic sentence ¢x, has no models of cardinality
greater than Ny.

Proof. Tf 91 is a model of ¢, of cardinality greater than Ry, then by (i¢) of the
previous proposition, |P”| > N; and therefore ¢x, has a model of cardinality
greater than Ny, a contradiction. O

Definition. Let 9t := (M,...) be a 7-structure and A C M. A is called a
set of absolute indiscernibles if every permutation of A can be extended to an
automorphism of 9.

Example 4.2.9. Let K := (0,1,+,*) be a field and the vocabulary 7 consist
of a constant symbol, a binary function symbol and for every a € K, a unary
function symbol f,.

We can see every K-vector space as a 7-model V := (V, ...}, where the unary
function symbols are interpreted as the scalar multiplications.

Then every linearly independent subset X C V is a set of absolute indis-
cernibles.

Proposition 4.2.10. If M is a countable Ki-generic model, then Q™ is a set
of absolute indiscernibles.

Proof. This can be shown with a back and forth argument. We only present
one direction.

Suppose 7 : Q™ — Q™ is bijective, A € K; is a submodel of M and
i: A M is an embedding such that

i1Qt=m1Q"

Let A := im;(A), a € PP\ A’ and ¢ € Q™ \ A’. By (G1) there is a B € K;
with A’ C B C 9 and a,q € B. Using (G3) it is easy to find a By € Ky such
that A C By, C MM, QP2 = 771(QP) and there is an isomorphism from By onto
B which extends i and agrees with 7 on Q2. O

We can now prove

Theorem 4.2.11. (Hjorth) If VC3 fails, then there is a VCE which has only
models of cardinality Ng and N;.

Proof. Let p be a countable vocabulary disjoint from 7 and o € L, (1) be a
VCE. Define 15 := 7 U p and consider the mp-sentence v stating the following:

® ¢i,, the i-generic sentence.

e For every constant symbol ¢ € pu, the sentence Qc.
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e For every k < w4 and every k-ary relation symbol R € u, the sentence

k
YolR(D) = /\(Q(v))].

i=1

e For every k < wy and every k-ary function symbol G of p,

k

k
vol( A\ (Poi = G(@) = v) A ([ \ Qui] = Q(G))).

i=1 =1

e 0%, which is the sentence o relativised to the predicate @, or in other
words, the set defined by the formula Qv is a p-model of o.

So in essence every model of ¥ is Ki-generic when restricted to 7y and the u-
structure is only interesting on the Q-predicate. Furthermore, the @-predicate
is a model of o, seen as a u-structure.

Since we know that there is a countable K;-generic model 9t and |Q™| = Ry,
we can easily interpred every countable model of o in Q™, thereby getting a
model of .

Claim: If 9y, My € Mod(1)), then My = My, if and only if

QM T u=Q™ |

(Proof of the claim.) The direction (=) is clear.

The direction (<) follows from the fact that if 9 € Mod()) then 9 | 71 is
a model of ¢x, and Q™ is a set of absolute indiscernibles. (q.e.d.-Claim)

Since I(o,Ng) = Ny, we have I(¢,Rg) = N;.

Furthermore, ¢ does not have a perfect set of pairwise non isomorphic count-
able models, because otherwise ¢ would have one too. Thus ¢ is a VCE.

Using the results of the previous subsection or the remark to proposition[4.2.7]
we see that 1) has a model of cardinality N; but of no greater cardinality, since

w':¢IC1' O

4.3 Harrington’s Theorem

We now take a look at what can be said about the Scott ranks of uncountable
models of a VCE. Leo Harrington was the first to prove that the Scott ranks of
such models are unbounded below Ny but the proof presented here is based on
.

Recall from section 3.3 that for a scattered sentence ¢ € Ly, ,(7) we defined
a chain of countable fragments (Ay, : @ < wy). Now suppose that ¢ is a
VCE. We define a tree of L, .,(7)-theories (T, <), where t1 < t5 if t; ; to, for
t1,to € T. T is the set of all theories ¢ which satisfy the following conditions:

(1) There is @ < w; and M € Mod(¢) such that t = Thy, , (9M), the set of
all sentences of Ay o, which are true in 91.

(2) If a < wy and M € Mod(op) such that t = Thy, ,(9), then for all 8 < a,
t N Ay g is not w-categorical.

43



T is easily seen to be a tree and is called the Morley tree of ¢.

One can easily check that if t € T, o < wy and MM € Mod(¢) such that
t =Thya, (M), then for all 3 < a, tN Ay s € T. In this case a is called the
height of ¢, notated by hgt(t). We define T, as the set of all t € T with height
a.

First, we present some easy results about the Morley tree.

Proposition 4.3.1. For every a < wy,

(i) Ta # 0.

(it) If t € Ta, then t is Ay o-atomic, that is it has a countable Ay o-prime
model.

Proof. (i): Let o < wy. Since ¢ is a VCE, it is scattered, hence there is a
complete theory t C Ay , and an uncountable set D C Mod(¢) of pairwise non
isomorphic models such that for all M, N € D, Thy, (M) =t = Tha,  (N),
which means that ¢ is not w-categorical.

(#t): This follows immediately from lemma and the fact that ¢ is
scattered. O

Corollary 4.3.2. If A < wy s a limit ordinal and (tg : B < A) is a chain of
theories, where tg € Tg, for f < A, then U5<)\ tg € Tx.

Proof. Every tg is Ay g-atomic and X is countable, hence there is a sequence
(Bn 1 n < w) of ordinals in A which is cofinal in A and a sequence (9, : n < w)
in Mod(¢) such that for all n < w, M,, = ts, and

mm -<A¢1[3m’ mnu

for m < n < w. If we set

N := U mn; and ty = U tﬁna

n<w n<w
then t) = UB</\ tg, M =ty and since no tg is w-categorical, we have ty € 7,. O

Lemma 4.3.3. (a) If 9 € Mod(¢), then there is a terminal node t € T such
that M = t.

(b) Let A < wy be a limit ordinlal # 0. There is B < X and t € Tz such that t
has a unique extension in Ty.

Proof. (a): Let a := sr(9M) + w. By proposition [3.3.1] we know that for every
N € Mod(¢),
Tha, (M) =Tha, ,(N) implies M =, N,

which is equivalent to 9 = 91. Hence Thy, , (9M) is w-categorical. If we choose
7 < wp minimal with that property, we have the desired terminal node in 7.

(b): If this is not so, then by using the previous corollary, we can easily build
a binary tree S of elements of 7 with the following properties:

e Every element of S has height < A.

e The union of every branch of S is in 7.
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But then there are ¢ many complete A, \-types containing ¢, a contradiction.
O

Corollary 4.3.4. There ist € T and a club set S C wq, such that t has a
unique extension in T, for every a € S.

Proof. Let L be the set of all limit ordinals # () in w;. By the previous lemma,
there is a regressive function f on L such that for every A € L, thereis t € Ty(y)
with a unique extension in 7.

Using Fodor’s theorem we find that there is a stationary set L' C L on which
f is constant with some value 5 < w;.

Since ¢ is scattered and A g is countable, there is some ¢ € 7g which has a
unique extension in 7, for uncountably many o € L’. Let S’ be the set of those
a. Then S defined as the closure of S’ in wy is club, and one easily checks that
t has a unique extension in 7, for every a € S. O

Lemma 4.3.5. If A\ < wy is a limit ordinal # 0, t € Ty and M € Mod(¢) such
that M |=t, then sr(IM) > .

Proof. Let M = (M,...) and suppose sr(9M) = 8 < A. We will derive a
contradiction by showing that tgis :=t N Ay gyo is w-categorical.
First, for an arbitrary model A := (A,...), k <w, @ € A* and a < wy, we
define
A(AG0) = tpd, (@),

Using proposition and the definition of the Scott rank, we conclude that
for every k < w and every @ € M*, the following sentence of Ay 519 is true in
M and therefore in ¢:

oapi=Yor...Voo[ N\ W@ - A ()]

PYEA(M,a,B) PYeEA(M,@,B+1)

Now let 9 := (N,...) be a model of {549, k <w, @€ MPF, b e N¥ and suppose
(OM; @) ~5 (D;b). Then the following sentence is true in M

0 A )

YEA(IM,D,B)

By proposition any k-tuple of 9 which satisfies A(M, b, B) is ~g-equivalent
to b and therefore to @. Hence A(OM, @, ) = A(MN, b, B) and since N |= 05 5, we
have A(O, @, B+ 1) = A(M, b, B+ 1) which implies (M; @) ~g+1 (M D).
Clearly, M = tg, thus 9 =5 91 and we can in a back and forth manner
construct an isomorphism from 9t onto 9. O

With these results we can now present a different proof of the fact that every
VCE has an uncountable model which is not small (recall theorem [4.1.3): By
corollary [4:3:4] the Morley tree 7 has a branch S of lenght w;. For o < wy, let
ta i =SNT7,.

It is not difficult to show that there is a cofinal sequence of limit ordinals
(8; 11 < wi) in wy and a chain (Mg, : @ < wy) of countable models with the
following properties:

o Mg, is a Ay g,-prime model of tg,.
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o Ifi <j <wi, then Mg, is a porper Ay g,-elementary submodel of Mg, .

The limit 9% of this chain has cardinality X; and is a model of |JS.

If 91 is small, then by the downward Lowenheim-Skolem theorem, for every
t < wr, there is j such that i < j <w; and N =4, Mg, - This is a contradiction
to the previous lemma, since then there is i < j < w; such that

gn& Eamwgtzamwgn&
and §; > sr(Mg,).

Proposition 4.3.6. If ¢ is a minimal VCE, then there is a club set C C w;
such that whenever o € C, M, N € Mod(¢) and sr(I), sr(N) > «a, then

M=, .

Proof. If ¢ is a minimal VCE, then for every a < wy, there is a unique t,, € T,
with I(t,,Ng) = Ny. Now define C as the set of all non empty limit ordinals
a < wy such that every model MM € Mod(¢) with 9 (= ¢, has Scott rank less
than «. One can easily check that C' is club.

If « € C and M, N € Mod(¢) with Scott rank > «, then clearly, 9 and N
are models of ¢, which is a complete type of sentences in A . Using proposi-
tion [3.3.1] we see that 9 =, N. O

Before we look at the proof of the main result we need to make a small
detour to a model theoretic construction called a twisted direct limit.

Definition. Let 7,7’ be vocabularies and A, A’ be fragments of L ., (7) and
Loo.w(T") respectively. A fragment embedding from A into A’ is an injective
function 7 : A — A’ with the following properties:

1) 7 is the identity on atomic 7-formulas.

2) m respects finite conjunctions and disjunctions.

3) m(Vyy) = Vym(¢) and 7(3yy) = Iym(¢)).
4

e
[

(1)
(2)
(3)
(4)
o= N\vro=\ v

YeF YeEF

is an infinite conjunction (disjunction), then 7(¢) is an infinite conjunction
(disjunction) and for all p € A, p € F if and only if m(p) is a conjunct
(disjunct) of m(¢).

(5) For all ¢ € A, m(¢) has the same free variables as ).

Now let p be a limit ordinal and (74 : @ < p) be a chain of countable
fragments, i.e.

e For o < B < p, 7o C 73.
e If X is a nonempty limit ordinal in p, then 7\ = (J, .\ Ta-

Suppose that for each o < p1, we have a fragment A, C Lo (7o)
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Definition. (a) For all & < 8 < p, let ma3 : Ay — Ag be a fragment
embedding such that 7y o = ida, and for a < 8 <y < p,

Mo,y = TR,y © Mo, B-

Then (ma,5 : o« < B < p) is called a directed system of fragment embed-
dings.

(b) Let 7 := U,<, Ta and A" C L o(77) be a fragment. If in addition
to the directed system we have for every o < p a fragment embedding
Tax : Mg — A* such that A* = Ua<# im(ma,«) and for a < 8 < p,

T« = TR,x © T, 3,
then (A*, 7, . : @ < p) is called the direct limit of (7 5 : @ < 8 < p).

(¢) Suppose that in addition to a directed system of fragment embeddings we
have a sequence of models (M, : a < p), for all & < B < p a map

Pa, My — Mg
such that MM, is a 7,-structure, pq o = idom,,, for a < g <y < p,
Payy = PBy © Pa,B;
and for all ¥(7) € A,,
Mo = (@) iff My = 7a,6(0) (Pa,6(a))-

Then (My, T8, Pa,p : & < B < p) is called a twisted elementary system.

Lemma 4.3.7. Let (mo5: o < 8 < p) be a directed system of fragment embed-
dings with limit (A%, mq 4 o < p) and (Mo, Ta g, Pa,g : ¢ < B < p) be a twisted
elementary system. Then there is a T*-structure M, and maps (pa. @ @ < ),
where pq i : Mo — M, with the following properties:

(i) pay = Ppx© Pa,p, for a < B < p.
(”) m* = Ua<p Zm(pay*)
(i4i) For all o < p, all k < w, all k-formulas ¢¥(v) € A, and alla € MF,

Ma ': 1/}(6) iff M, ): Wa,*(w)(pa,*(a»'

Remark. Under the conditions of this Lemma the model 9. is called the limit
of the twisted elementary system.

Proof. Let F be the set of all functions f such that
e dom(f) = [a, u), for some a < p.

o f(a) € M, and for all 8 € (a, ), f(8) = pa,p(f(@)).
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Clearly, im(f) C Ua<# M, for every f € F, and every element of F is uniquely
determined by its value on the minimum of the its domain.

Furthermore, if f,g € F and for some 8 € dom(f) Ndom(g), f(B) = g(B),
then f C g or g C f. This follows from the fact that each p, g is injective and
the commuting property (c) of the definition.

This implies that we have an equivalence relation on F defined by f ~ g if
fSgorgCf.

The universe M* of the proposed 7*-structure is the quotient space F/ ~.
For f € F, let [f] denote the ~-equivalence class of f and m(f) := min(dom(f)).

Let o < p. If ¢ € 7, is a constant symbol, then ¢™ := [f.], where m(f) = «
and f.(a) = M,

If R € 74 is a k-ary relation symbol and f1,..., fi € F, then

R™([fi] ... [fi]) =& BT (F1(7), - fr(7)),

where v := mazx({m(f1),...,m(fr), a})-
If G € 7, is a k-ary function symbol and fi,..., fr € F, then again let

v :=mazx({m(f1),...,m(fx),a}) and
GT ([, [fe]) = [h],

where m(h) = v and h(v) = G¥ (f1(7), ..., fe(7))-

Using the fact that fragment embeddings fix atomic formulas and the com-
muting property, one can easily show that these interpretations are well defined.

For a < p, let po,« : Mo +— M, be defined by pa «(a) := [f], where m(f) = a
and f(a) = a. Then properties (i) and (ii) follow immediately.

(#i7) is proven via induction on formula complexity. The case for atomic
formulas uses the fact, that atomic formulas are fixed by fragment embeddings.
We only check the direction (<) if ¢ is of the form Jyo(y, ).

Suppose a < p, ¥ € Ay, @ in M, and g € F such that

M. | 7o, (D) (9], pa,x (@)

Let 8:=m(g). If 8 < «, then using the induction hypothesis, we have

Mo = d(g(e),@).

If @ < B, then using the commuting property and the induction hypothesis, we
have

My |= 7a,5(0)(9(8), pa.5(@))-

Since fragment embeddings respect quantifiers and by the definition of a twisted
elementary system, it follows that

M, = Iyo(y,a).
O

Definition. A twisted elementary system (Mq,pas @ @ < B < p) is called
atomic if each M, is A,-atomic and for all @ < 8 < p and all ¥(v) € A,,

¥ is complete over Th(IM,,) iff 7, 5(10) is complete over Th(Mig).
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Lemma 4.3.8. If p < wy and (My, pap, o < B < p) is a twisted elementary
atomic system, where all vocabularies, models and fragments are countable, then
its limit M, is A*-atomic. Furthermore, for every a < p and every formula
Y(0) € Ay, we have Y(T) is complete over Thya,, (M) iff ma (V) (V) is complete
over Tha~(9M,).

Proof. Clearly, 9, is countable. Let ¢ (7) € A, be complete, for some « < p,
B < p and x(7) € Ag.

If 8 <aand M, = Vo(¥(0) = 78,q(x)(¥)), then by Lemma and the
commuting property, M, = V0(mq.(¥)(T) = 75..(x)()).

If 8 > «, then m, (1)) is Ag-complete. Suppose

M = Vo(ma,5(¢) () = x(7)).

Then as in the previous case, M, = Vi(7q,«(¥)(T) — 7mp4(x)(¥)). Hence,
Ta,«(¥)(U) is A*-complete.

If for some a < p and ¥ € A, 7, (1)) is complete in A*, then by the
definition of a fragment embedding and Lemma it easily follows that 1 is
A ,-complete.

It also follows from the previous Lemma, that every k-tuple of M, satisfies
a A*-complete formula. O

Now we turn our attention back to the proof of Harrington’s theorem. The
main idea is to use a forcing notion P which collapses Ny of the ground model.
With the help of the forcing relation we will define a new tree of theories Ty,
called the generic Morley tree. This tree will have height we in the ground
model but in any P-generic extension 7, will be the Morley tree. Therefore,
every theory of 7, is satisfiable in the gerneric extension but it turns out that
it is also satisfiable in the ground model.

The forcing notion P is the set of all finite functions f with dom(f) C w and
im(f) C wy, also notated by Fn(w,w;). P is ordered by reverse inclusion, i.e.
P=q:=qCp.

P has the ws-c.c. that is all antichains & P have cardinality less than No,
hence it preserves cardinalities greater or equal No. It follows that if V is a
transitive ground model of ZFC and G is a P-generic filter, then in the generic
extension V[G] we have Ry = NY[G]. For the rest of this subsection we assume ¢
to be a VCE of L, (7).

Definition. Let (P, R1),(Q, R2) be partial orders.

e Amap f: P +— (@ is called order preserving if for all p,s € P, pR;s
implies f(p)Raf(s). We say f is an isomorphism of orders if it is bijective
and both f and f~! are order preserving. An (order) automorphism on
P is an isomorphism from P onto itself.

e (P, <) is called almost homogeneous if for all p,q € P, there is an auto-
morphism f : P+~ P such that f(p) and ¢ are compatible.

The following facts are due to [II] and are easy to prove.

Fact 4.3.9. Fn(w,w;) is almost homogeneous.
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Fact 4.3.10. Let (P,<,1) be an almost homogeneous partial order, p € P,
Y(v,...,vx) be aformula and aq, ..., a; elements of the ground model V. Then
either 1 IF 4 (ay,...,ax) or LIk —¢p(ay,...,ax).

This enables us to prove

Lemma 4.3.11. In the ground model V, let A be a fragment of L., .(T) with
cardinality less or equal X1, ¢ € A and t be a P-name .

(1) If p € P such that
p -7t is an A-complete and satisfiable theory containing ¢”,

then there is ¢ < p in P such that for all sentences ¢ € A, either q I- pet
orql-—p et. If G C P is a P-generic filter and p € G, then tg is in V.

(2) If p € P and n < w such that
p -7t is a complete n-type of A containig ",

then there is ¢ = p in P such that for all n-formulas Y(0) € A, either
ql- €t, orql-—~p € t.If G C P is a P-generic filter and p € G, then
IEG ev.

Proof. (1): The argument takes place in the ground model V.

Suppose that no such g € P exists. There is a transitive model 91 := (N, ...)
of a large enough finite fragment of ZFC such that |N| = Ry, A, P,i € N and
the following holds in 91:

e plF"iis an A-complete and satisfiable theory containing ¢”.

e For all ¢ X pin P, there is a sentence 1) € A and r < ¢ such that
rlf ) etand rlf et

By the downward Lowenheim-Skolem theorem, there is a countable elementary
submodel DN of N, containing A, p, P, as elements. Now let B be the Mostowski
collapse of 9t and P’, A’ be the image of P and A under the collapsing isomor-
phism.

We have an enumeration (D,, : n < w) of all dense subsets of P’ in V. There
is a binary tree 7, := {ps : s € 2<“} C P such that

® py € Do and py =< p.

o If s €™ 2 then py~g,ps~1 € Dy and =X ps, and there is a sentence ¢s € A’
such that
Ps~o IF 0 € tand p,~1 IF Y € L.

For every f €™ 2, there is a P’-generic Gy C P’ containing {ps;, : n < w}.
Then ty :=tg, is an A’-complete theory ¢, and there is My € B[Gy] satisfying
ty. Since the satisfaction relation is absolute for transitive models of ZFC, M
is a model of ¢y in V.

It easily follows from the construction of 7, that 9y 22 My, for f # g in "2,
but then ¢ is not scattered, a contradiction.
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Hence the set of all ¢ € P such that ¢ IF ¢ € ¢ or ¢ IF =) € ¢ is dense below
p. If G is P-generic and p € G, then for some ¢ € G,

tq = {1 € A : 1 is a sentence andqll—q/z € A\},

which is in V, since the forcing relation is definable in the ground model.
The argument for (2) is very similar. O

Now consider the chain of L, ., (7)-fragments (A, o : & < wz) in V defined
as follows:

e A, o is the smallest fragment containing ¢.

o If A, C L,,. is afragment of cardinality less or equal Ry, then A, 441
is the smallest fragment containing A, and all formulas of the form

N ¢,
Ppet

where for some n < w, t C A, , is a set of n-formulas and for some p € P

plF "1 is a complete A, ,-type containing ¢”.

e At limit stages a > 0, Ao == Up_, Au

Notice that if & < wg and [A, o < Ny, then A, 441 < Ry. Otherwise there is
p € P and a countable transitive model 9t of ZFC believing that ¢ is scattered
and for some n < w and some fragment A of cardinality less or equal Ny, there
are at least Ny many sets t of n-formulas of A such that

p -7 is scattered and 7 is a complete A-type containing ¢”.

If G C P is generic and p € G, then in 9MM[G] there are at least X; many complete
A-types containing ¢. This is a contradiction, since A is countable in 9[G] and
by absoluteness, ¢ is scattered.

For oo < wo, let T, o be the set of all theories ¢ C A, , such that for some
p € P, p forces the statement

"{ is a satisfiable, complete theory C A, o, ¢ € { and for all B < &, I N A, 4 is
not w-categorical.”

In this case we say p witnesses ¢t € T, q.
It follows from the arguments above that for all @ < wa, Ts o # 0, [Ts.a
and using fact [4.3.10] we get

Proposition 4.3.12. For all o < ws, if t € Ty o, then this is witnessed by 1.

<Ny,

In the ground model, the generic Morley tree contains the Morley tree.
Proposition 4.3.13. If a <wy, then A, o = Ay o and Te o = Ta.

Proof. Via induction on a < wy: A, g = Ay o, by definition.

The case for limit stages is clear.

Ift C A, , and p € P forces t to be a complete type, then this is also forced
by 1. Since A, , is countable, there is a countable transitive model B := (B, ...)
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of ZFC such that A, ,,t € B and 1 forces t to be a complete type of A, , in
B. There is a (Fn(w,w;))5- generic G in V and in B[G] t is a complete type of
A, o. By absoluteness of the satisfaction relation, this is also true in the ground
model, hence

/\ 'll) € AQﬁ,oz+1-

pet

If t € Ay o is a complete type, then in V there is a countable transitive model
of ZFC, where this is also true and therefore forced by 1. Hence,

A\ veA .

et
With an analogous arument one can show that for o < wi, 7o = Ta- O
We can now prove the crucial result for Harringtons theorem.
Lemma 4.3.14. For all « < wq and allt € T, 4, t is satisfiable in V.

Proof. By proposition [1.3.13] we can assume « > w;. For the rest of the proof
we denote the fragment simply as A, because the index plays no role.

There is a transitive model B := (B,...) of ZFC which has cardinality ®;
and P,t, A € B. Bis the limit of an elementary chain (Bg : 8 < wi) of countable
submodels such that P,¢,A € By. We define Cg as the Mostowsky collapse of
Bg, gp : Bg — Cj3 as the collapsing isomorphism, t3 := gg(t), As := gs(A) and
for B <y <wq, mgy = (gy© g[;l) I Ag. Clearly, im(mg ) € 2, and since the
vocabulary 7 is countable, we can assume that mg . is the identity on atomic
formulas.

It is easy to check that (mg, : B < v < wi) is a commuting system of
fragment embeddings with direct limit (A, 7g, : 8 < w1), where

TGx = ggl [ Ag.

Claim 1: For every 5 < wi, tg is satisfiable.
(Proof of the claim): Cp is countable and transitive, hence there is a generic
Gp € V such that ¢g is satisfiable in Cg[Gg], and then by absoluteness, tg is
satisfiable. (q.e.d.-Claim 1)

Claim 2: For 8 < v < w1, ¥(0) € Ag is complete over tg iff 75 ~(¢) () is
complete over ¢,.
(Proof of the claim): This follows from the fact that Bg is an elementary sub-
model of By: Let k < w and U be the set of all k-formulas of 2Ag. Then U € Cpg
and g ~(U) is the set of all k-formulas of . ¢ (v) € U is complete over tg if
and only if for all §(7) € U, either

Voly(v) — 6(v)]

isin tg or

Vo[y(v) = —6(v)]
is in tg. Using Bg < B
§(v) € m34(U), either

+, we see that this is true in Cjy if and only if for all

Volms (V) = 6(0)]
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Vo[ms (V) = =6(v)]

is in t,.(q.e.d.-Claim 2)

In order to get a model for ¢ we inductively construct an atomic twisted
elementary sysetm (Mg, ps~,8 < v < wi): Suppose p < w; and we have an
atomic twisted elementary system (Mg, pg~ : 8 < v < u), where each Mp is a
countable 2 g-atomic model of tg.

Let M, 41 be a countable 2/, ;-atomic model of ¢, 1. Such a model exists,
since ¢ is scattered, g is a countable fragment of L., .,(7) and ¢,4, is a com-
plete theory containing ¢. Using claim 2, we can find a map p, ;41 from M,
into M, 41 analogously to the proof that atomic models are prime. Then for
B < u, we define pg 11 := Pu,u+1 © PB,u, thereby extending the atomic twisted
elementary system to p + 1.

If p < wy is a nonempty limit ordinal and (Mg, pg,, : f < v < ) is atomic,
then we can simply use lemma [{:3:8 and extend the system to p.

Hence, we get an atomic twisted elementary system

(Mg, pp.y: B <y <wi).

Let 901, the limit of this system and o € t N Bg, for some 8 < w;. Then
Mg = gp(0), hence
M. |=7m5.4(95(0))

but 7z .(gs(c)) = 0. We have found a model of ¢ in V. O

Proposition 4.3.15. If a < ws is a nonempty limit ordinal, t € Ti o and
M |=t, then sr(IM) > a.

Proof. If not, then there is a countable transitive model M of ZFC in which the
proposition is false.

In M there is a limit ordinal a < [wo]™, ¢ € [T..o]™ and a model B of t with
sr(B) < a. But by absoluteness, for every P-generic G, we have

M|G] =7 B is a model of t”

and sr(B)M = sr(B)MIG). Since the generic Morley tree of M is the Morley

tree in M[G] and o < w{w[G], we get a contradiction to lemmam O

Remark. If ¢ is a VCE, then one could continue the construction of the generic
Morley tree beyond N, in hope of showing the existence of a model of cardinality
Ny but then it is unclear whether claim 1 of lemma would still hold. If
B < wa, then Cz can be uncountable in the ground model and we can no longer
guarantee the existence of a generic Gg € V.

This completes the proof of Harrington’s theorem. An immediate corollary
is that every VCE has at least Xy many isomorphism types of cardinality X;. It
is not yet known whether I(¢,R;) = 2% for a VCE 6.

Proposition 4.3.16. If ¢ is a VCE, then there are Ny many = «,-classes of
models of cardinality N .
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Proof. Two models with different Scott rank cannot be infinitarily equivalent,
hence by Harrington’s result, for every VCE ¢, there are at least Ny many
= w-classes of models of cardinality ®;.

If for some a < ws, there are N3 many classes, then this is true in some
countable transitive model M of ZFC.

Let G be P-generic. By the absoluteness of the satisfaction relation and
M[G]

since ¢ is still scattered in M[G], this gives us some S < w; such that there
are uncountably many =g, equivalence classes of countable models of ¢, a
contradiction. O

5 Structure Interpretations

In this section we show that it is enough to show V Cs for certain languages.
Subsection 0 and subsection 1 are based on chapter 5.5 of [9].

Definition. (1) Let 9 := (M,...) be a 7-structure and A C M. A sub-
set X of MP* is called (first order) definable over A if for some formula
Y(vg, ..., vk, wi,...,w) of £(T) and some @ € Al

X ={me M":mEy(m,a)}.
If A=, then X is simply called definable.

(2) Let 7,72 be vocabularies and 91 := (N,...) a 75 model. Suppose that
for some k € wy, we have a set I consisting of the following first order
To-formulas:

(I1) One k-formula ¥ p(v1,...,vs) such that D, the subset of N* defined
by this formula, is non empty.

(I12) Ome 2k-formula g (v1,...,v;) defining an equivalence relation on
D.
(I3) For every constant symbol d € 71, a k-formula 14(v1, . . ., v) defining

an equivalence class of D/E.

(I4) For every l-ary relation symbol R € 11, a kl-formula ¢g(wy,...,w;)
defining an F invariant relation on D'.

(I5) For every l-ary function symbol F' € 11, a k(! + 1)-formula
Yp(Wy, ..., W) defining an F invariant relation on D'*! such that

(@], [@1]) € (D/EYH - = (@ . )}
is a function from (D/E)! into D/E.

Then we call I a set of 7i-interpretation formulas and define the 7i-
structure 1y as follows:

— The universe is D/E.

— A constant symbol d € 7y is interpreted with the F equivalence class
defined by 4.

— A l-ary relation symbol R € 71 is interpreted as

{([61], ceey [61]) S (D/E)l N ': ’(/)R(ah R ,61)}.
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— A [-ary function symbol F' € 7 is interpreted with the function
described in (I5).

If a 7 model M := (M,...) is isomorphic to Ny, then Ny is called a k
dimensional interpretation of 9t in 1.

Remark. If the equivalence relation is the identity, then we identify D/E with
D.

Proposition 5.0.1. Let N be a 72 model and MN; be a k dimensional T-
interpretation. Then there is a map m : Loow(T1) V> Loow(T2) such that if
I <wand @ € Loow(T1) is a l-formula, then w() is a kl-formula, and for all
[@i1],...,[a] € D/E,

Ny = (@, @) ff N 7 (@) (@, ..., a).

Proof. (Sketch) Using the interpretation formulas of I one can define a map H
from all 7; terms into the set of all 75 first order formulas, such that:

e If ¢ has [ variables, then H(t) has k(I + 1) free variables.

o If t(v1,...,v;) is a Ty-term, then for all @y, ...,a;,b € D,

1 ([@], ..., [@]) = b i N = H(t)(@, ..., a,b).
If d € 7y is a constant symbol, then H(d) := ¢4(7), for a variable y,

H(y) == ¢p(v1,02),

and if f € 7y is a [-ary function symbol and ¢4, ..., ¢; are 73-terms with variables
among vy, ..., Uny, then

l

H(f(tla cee ;tl)) = Elﬂla .. 7E|ﬂl[(/\ H(tl)(@aﬁl)) A (wf(ﬂlv oo 7ﬂla§))]a

i=1
where W = (w1, ..., Wkm). Using H, one then defines 7 via induction on formula
complexity and proves the proposition simultaneously. O

Remark. The map 7 of the previous proof does not depend on the models 9
and 9 but only on the 7-interpretation formulas. Furthermore, it maps 7;-first
order formulas onto mo-first order formulas.

5.1 In Infinitary Logic

For a countable vocabulary 7, recall the definitions of the space of countable
7 models, and of where ¢ is a sentence of Ly, .,(7) (See subsec-

tion .
Now suppose that for some k € wy, we have a set I of 7 formulas of the
form (I1) — (I5). If 7y is countable, there is a L, .,(72)-sentence o stating:

e JUYp (D).

e Y defines an equivalence relation F on D, the set defined by ¥p.
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e For every constant symbol d € 71 ¥4(0) defines an E equivalence class in
D.

e For every l-ary relation or function symbol s € 71, 1, is E-invariant, and
if s is a function symbol, then 15 induces a function on D/E.

For all models 91 of o7, 917 is a k dimensional 7-interpretation.

Suppose that for every model M € X, there is M € Mod(oy) such that
M = N1;. Then by proposition for every sentence ¢ € L, ,(71) there is a
sentence ¢, € L, o, (72) such that

Mod(,) = {9 € Mod(or) : My € Mod(¢)}.
Since for all A, B € Mod(oy), A= B implies A; = B;, we have

I(¢7 NO) < I((b*, N())

It can happen that I(¢,Ng) < I(¢«,Ng), for example let 71 be a vocabulary
consisting of Ry many constant symbols and 72 := 73 U {R}, where R is an
unary relation symbol. For the set I of m-interpretation formulas, we simply
choose D to be the entire uiverse F the identity and for every constant symbol
¢ € 71, Y.(v) := (v = c¢). Clearly, every m1-model is the reduct of a m-model
and therefore isomorphic to a 1-dimensional 7;-interpretation 91y, where 91 is a
model of o7.
Let
¢ = /\(ci # ¢j).
i#j

Then one can show I(¢,Rg) = g, but I(ds, Rg) = ¢. If instead of Mod(or) we
consider Mod(p), where p := VzR(x), then we can still interpret every elment
of Mod(¢) in some element of Mod(p) but now we have for all A, B € Mod(p)

AgBiﬁ'Ang],

thus, if we define ¢' := p A ¢, then I(¢p,Ng) = I(¢',Ng).

This illustrates the main focus of this section: We show that if 75 is one of
certain finite vocabularies, then every L., ., (71)-sentence of an arbitrary count-
able vocabulary 71 can be interpreted in the language L, .,(72) in the sense
that there is a £, ., (72)-sentence o2 with following properties:

(A) For every 9 € Mod(o1), there is M € Mod(oz) in which 9t can be
interpreted.

(B) For every 91 € Mod(o2), there is M € Mod(cy) which can be interpreted
in 9.

(C) I(O’l,No) = I(O’Q,No).

If we can show this, then clearly V' Cs for L,,, ., (72)-sentences implies the general
version.

Proposition 5.1.1. Let 5 be a countable relational vocabulary with symbols of
unbounded arity. Then for every countable vocabulary i, there is a L, o(T2)
sentence o and a homeomorphism

H: X, — Mod(o)
such that for all A,B € X.,, A= B iff HA) = H(B).
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Proof. Let s — R?® be an injective map from 7 into 75 such that R® has at
least the same arity as s and if s is a [-ary function symbol, then R? is at least
l + l-ary.

Given an arbitrary m-model 9, it is not difficult to find a mo-model D in
which it can be interpreted:

e The universe of O is M.

o If d € 71 is a constant symbol and R? is n-ary, then R? is interpreted as
{(@™,...,d™)} C M.

o If s € 7y is a [-ary relation or function symbol and R?® is n-ary, then R® is
interpreted such that the projection on M! or M!t! is identical with s™.

This observation motivates the choice of the following L,,, ., (72)-sentences:

e If ¢ € 7 is a constant symbol and R¢ is n-ary, then o, states that R has
exactly one element which is in the diagonal of the universe, i.e. all of its
coordinates are equal.

e If r € 7y is a l-ary relation symbol and R" is n ary, then o, states that if
some n-tuple v is in R", then all n-tuples with the same first [ coordinates
as v are in R".

o If f € 7 is a l-ary function symbol and R/ is n-ary, then
¢1 == VYor, ..., Vo Fur (R (o1, v v, - o)),

and the sentence ¢, states that for all [-tuples v, there is at most one
(n — I)-tuple W such that (v,w) is in R/. Then set o := ¢1 A ¢a.

e Let T be the set of all symbols R € 15 which are not of the form R?, for
some s € 71. Then for R € T set o := VOR(7).

Now let ¢p(v1) := (v1 = v1) and Y (vy,v2) := (v1 = v2). For a constant symbol

¢ € 11, we choose .(v1) := R°(vy,...,v1), for a l-ary relation symbolr € 71, we
define ¢,.(v1,...,v;) := R"(v1,...,v,v;,...,0), and if f € 7y is a l-ary function
symbol set ¢ (v1,...,v41) i= Rf(vi,...,vie1,041,. .., v41). This gives us the
set I of 1i-interpretation formulas.

Then for

a::(/\as)/\(/\ OR),

SETY ReT

we see that every A € X, is of the form Dy, for a uniquely determined 9 in
Mod(o). Tt is easily checked that the map H : X, — Mod(o),

A H(A)

such that H(A); = A is a homeomorphism and respects the isomorphism rela-
tion in both directions. O

Corollary 5.1.2. Let 75 be a relational vocabulary with symbols of unbounded
arity. Then VCs is true if and only if V.Cs is true for L, . (T2)-sentences.
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Proof. The direction (=) is clear.

(«<): If 7y is an arbitrary countable vocabulary and ¢ a L., ., (71)-sentence,
then by the proof of the previous result, every A € Mod(¢$) can be interpreted
in H(A).

Using proposition we see, that the image of H [ Mod(¢) is of the form
Mod(oy), for some o, € L, ,(72). Thus, if 0, has perfectly many models, then
so does ¢. O

Definition. e Let 74 be the vocabulary with a single binary relation symbol
E. An undirected graph is a 7 -structure V = (V,EY) in which E is
interpreted as a symmetric binary relation.

e If (V, E) is an undirected graph and = € V, then the valency of z is defined
as
val(z) == [{b € V : xEb}|.

If kK = val(z), then we call = a k-point.

e Let (V, E) be an undirected graph, n € wy and p € V. We say p has a
tail of length n, if there is an injective sequence (z; : 1 < i <n) in V'\ {p}
such that pExy, z;Ex;11, for 1 <i < n, val(z;) = 2, for 1 < i < n, and
val(zy,) = 1. We say p has an infinite tail, if there is sequence (x; : i € wy)
as above with the exception that no point of this sequence has valency 1.

All graphs considered in this thesis are undirected.

Theorem 5.1.3. Let 7 be an arbitrary countable vocabulary and ¢ a sentence
of Lo, w(T). There is a Ly, (74)-sentence o such that:

(i) Every model of o is a graph and every model of ¢ can be interpreted in a
model of .

(“) I(¢7 NO) = I(Ua NO)

Proof. By proposition [5.0.1] it suffices to show this for the case that 7 is a
relational vocabulary with exactly one k-ary relation symbol, for every k € w,..

Let (pr : k € wy) be an enumeration of all prime numbers > 5. We code a
7-structure MM := (M, ...) in a graph G as follows:

Every element a € M is identified with a point p(a) € G, which has exactly
3 points of valency 1 connected to it. We call the subgraph of G defined by
these four points a D-code, because this will be expressed by the interpretation
formula ¥ p.

Suppose Ry € Tis k-ary and @ € R%n. This will be coded by a finite subgraph
Gz C G, called a Rj-code:

e The D-code containing p(a;) is a subgraph of Gg, for 1 <i < k.

e There is exactly one point z,, € Gg, which is connected to exactly pi many
points with valency 1 which also belong to Gg.

o If 1 <4 <k, then p(a;) is connected to a point e; € Gz of valency 3 which
is in turn connected to z, and has a tail t(e;) C Gg of length ¢ + 1. For
i # j, e; # e;j and t(e;), t(e;) are disjoint.
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e Apart from pp many points of valency 1, x, is only connected to e;, for
1 <i <k, hence val(x,) = k + pg.

e For 1 <i<j <k, p(a;) is not connected to p(a;).
e (7 contains no other points than the ones described above.

Let us look at one illustration of such a code graph: Suppose r is a binary
relation symbol, a1,as € M and (ay,az) € r™. Then G (ay,az) 100ks like this:

ty

plar) —(&

plaz) (€2

i
ta

Here, the red squares with number 3 symbolise 3 points of valency 1 which are
connected to p(a1) and p(asz).

Seven points of valency 1 are connected to z,, which is symbolised by the
red square with number 7.

t; symbolises a tail of length 2 connected to e; and t5 a tail of length 3
connected to es.

We can easily define such a code graph with a first order 74-formula.

The 74-formula ¢ p(vy) says that vy is connected to 3 distinct points of
valency 1. This formula defines the set D.

Let k € wy and ¢g(v1,...,v;) be the 7y-formula saying that v; € D, for
1 <¢ <k, and vyq,...,v; belong to a Ri-code, where v; Fe;.

The equivalence relation on D is the identity. We now have the set I of
T-interpretation formulas.

The sentence o¢ € Ly, . (Ty) states the following:

(1) E is a symmetric relation and for all (z,y) € D x D, ~(zEYy).
(2) Every element belongs to a D-code or to a Rg-code, for some k < wy.

(3) For all k < w, and for all (vq,...,v;) € D¥, there is at most one Rj-code
of the form Gy, .. v,)-

Notice that, since we are working in infinitary logic, there is such a sentence.
It is easy to see that for every 9t € X, there is a 91 € Mod(op) such that
M = N;. Furthermore, if A, B € Mod(og) and A; = By, then A = B.
Now we can use proposition and conclude that there is a 74-sentence
o such that o = og, every MM € Mod(¢) is isomorphic to some 91;, where
N € Mod(o), and for all 91 € Mod(o), Ny = M, for some M € Mod(p). This
completes the proof. O

Corollary 5.1.4. VCs is true if and only if it holds for every sentence of
Lo w(Tg)-
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5.2 In First Order Logic

This subsection is based on [23]. For a first order theory T in the countable
vocabulary 7, we write Mod(T') for Mod(/\,cp o).

We return to Vaught’s conjecture for first order theories. Since we only
considererd first order interpretation formulas, the definition of an interpretation
and the notion 917, where 9 is a mo-model and I a set of 77 interpretation
formulas, are the same as for infinitary logic.

Proposition also holds for first order logic as does proposition [5.1.1
with the difference that instead of an infinitary sentence we get a first order
theory in the relational language with the specific properties.

We consider the following stronger version of VCi:

VC53(FO): If T is a complete first order theory of a countable vocabulary with
infinite models then either I(T,Ry) < Rg or else there is a perfect set of pairwise
nonisomorphic models in Mod(T).

We also have

Proposition 5.2.1. If 7o is a relational vocabulary with symbols of unbounded
arity then VC3(FO) is true if and only if it is true for mo theories.

The proof is similar to that of corollary If 7; is an arbitrary countable
vocabulary, then a complete first order 7y theory T can be interpreted in a
complete first order 75 theory T™ such that there is a homeomorphism from
Mod(T) onto Mod(T™).

Next, we want to show that VC5(FO) for theories of graphs is equivalent to
the general version. This turns out to be a bit more complicated, because we
cannot simply use the coding method used in the proof of theorem [5.1.3] The
main problem with this approach is that in general we cannot express in a first
order theory that every element of the graph either belongs to a D-code or to
a R-code, where R is a relation symbol. In infinitary logic we can do this by
using infinite conjunctions and disjunctions.

Given an arbitrary countable relational vocabulary 7 and a complete 7 theory
T, we could use the set I of 7 intrepretation formulas from [5.1.3]and get a theory
T* of the graph vocabulary 7, such that every element of Mod(T') is isomorphic
to some My, where M € Mod(T*) but we cannot guarantee that A; = By
implies A 2 B, for A, B € Mod(T*). It can be the case that I(T,Rg) < Ry but
I(T*,Rg) = ¢. T in general will not be complete but how can we find a complete
extension of it without increasing the number of its countable isomorphism
types?

Therefore, we choose a slightly different technique of coding which gives us
the following

Theorem 5.2.2. Let 7, be the vocabulary of graphs and T be an arbirtary count-
able vocabulary. There is a Tg-theory T, and a set of T interpretation formulas
I such that the following hold:

(i) Every M € X; is isomorphic to Ny, for some N € Mod(T.).
(i1) For every M € Mod(Ty), the set
{A € Mod(T,) : A =N}
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has Ng many isomorphism types.

Proof. Let R be the binary relation symbol of 7,. Again, by proposition m
it suffices to show the theorem for the case that 7 is a relational vocabulary
with exactly one k-ary relation symbol, for every k € w,..

If G is a graph and x € G, then we call x a P-point if val(x) > 4.

Fix a function t : wy +— Uk6w+ w®, k > t;,, with the following properties:

o tp=(ay,...,ap41) €Wl and 2 <a; <aj, for 1 <i<j<k+1.

o If k1 < ko, then no element of w occurs both in ¢;, and in tg,.

e Every natural number > 2 occurs in some tj.

First, we give a general idea of how we code a 7-model 9 in a graph G:

e Every element x of 91 is identified with a P-point p, € G which has exactly

one tail with length 2.
If Sy is the k-ary relation symbol of 7, t; = (a1, ...,ar+1) and
(z1,...,2) € STY,

then there is a P-point w € G which has exactly one tail of length ajy;
and for 1 < i < k, p,, is connected with a 3-point e; which has a tail of
length a; and is also connected to u. We call the subgraph consisting of
{pz; : 1 <i<k}U{e; : 1 <i<Ek}U{u} together with the tails mentioned
above a Si-code.

We now make this idea precise by formulating the theory T, which states:

(1)
(2)
3)
(4)

There is no isolated point and Yr—(zRx).
Every 1-point is connected to a 2-point.
Every 3-point is connected to two P-points and one 2-point.

For every natural number n > 5, T, contains the sentence stating

7 Every P-point has valency > n and there are at least n P-points with a
tail of length 2”.

Every P-point is connected to exactly one 2-point and otherwise only 3-
points.

If k € wy and ty, = (a1,...,ax+1), then T, has the sentence stating
”For all P-points 1, ...,z with a tail of length 2 , there is at most one
Si-code containing x1, ..., xx such that for 1 <4 < k, x; is conneceted to

the 3-point e; which has a tail of length a;.”
If k,t) are as in (6), then T, contains the sentence stating
”For every P-point u with a tail of length ag41, there is a unique Si-code

containing u and every 3-point with a tail of length a; belongs to a
unique Si code.”
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(8) For k € wy, ty, = (a1,...,ak41) and 1 < i <k,

"There is no P-point with a tail of length a; and there is no 3-point with
a tail of length agx41 or of length 2”.

(9) For every natural number n > 1, T, states that if z,y are two points of
valency > 3 or if both have valency 1, then there is no path of length n
from x to y consisting of 2-points.

(10) For every n > 2, there are no circles consisting of n 2-points.

11) For every n € w,, T, states:
( Yy +

"If x,y are two P-points then there are n 3-points with a tail of length at
least n each of which is connected to both x and y”.

Let g (v1,v2) := (v1 = v2), ¥p(v1) be the 74 formula stating that vy is a P-point
with a tail of length 2 and for k € wy with tx = (a1,...,ak+1), let Y (vy, ..., vE)
state that vy, ..., v are P-points with a tail of length 2 and belong to a Si-code
such that for 1 < ¢ < k, v; is connected to the 3-point e; which has a tail of
length a;. This defines the set I of 7-interpretation formulas.

Tt is easily checked that T is satifiable and for every A € Mod(T,), Ar € X
Furthermore, for every M € X, there is A € Mod(T) such that A; = 9, which
completes the proof of (i).

Suppose A € Mod(T,) and g € w. If val(g) < 2, then g belongs to a tail
which is either finite or infinite. If the tail is finite then it leads to a 3- or a
P-point.

If the tail is infinite, then it either belongs to a point of valency > 3 or it is
a tail with an initial 1-point but not leading to a 3- or P-point or the tail is a
connected subgraph consisting of 2-points without initial points.

Otherwise g is either a 3- or a P-point with a finite or infinite tail.

Define Y (\A) as the set of all P-points of A with an infinite tail, H; (A) as the
set of all inifinite tails in A with an initial 1-point and H3(A) as the set of all
infinite connected subgraphs of A consisting of 2-points. If Y(A), Hi(A), Hy(A)
are empty, then we call A a root model of T.

Let M (A) be the submodel of A consisting of all elements = with one of the
following properties:

(A) z is a P-point with a finite tail or z is a 3-point connected to two P-points
with a finite tail.

(B) z belongs to a tail of some y which satisfies (A).

Then M(A) is a root model of T, and M(A); = A;. We call M(A) the root
model of A. One can now prove without difficulty the following

Claim: If A,B € Mod(T,), then A = B if and only if A; = B; and
Y (A= Y(B)|, [Hi(A)| = [Hi(B)| and [Hz(A)| = [Ha(B)].

Thus, for any given A € Mod(T.), there are Xy many isomorphism types in
Mod(T,) whose root models are isomorphic to M (A). O

62



Corollary 5.2.3. VC3(FO) is true if and only if it holds for theories of graphs
in the vocabulary 7.

Proof. We only show (<) and assume without loss of generality that T is a
complete theory with infinite models in the relational vocabulary 7 which has
exactly one k-ary relation symbol for every k € w,..

Suppose I(T,Rg) > Ry and let the vocabulary 7,4, the 7, theory T and the
set I of interpretation formulas be as in the previous proof. By interpreting T'
in 74, we get a 7, theory Ty which contains T as a subset.For A € Mod(T,),
we define Y (A), H1(A), H2(A) as in the previous proof.

T, does not have to be complete but there are either at most coutably many
complete and satisfiable extensions of Ty or else continuum many.

In the former case there must be a complete extension of Ty with uncountably
many isomorphism types. This can be seen by using the main claim of the
previous proof. Thus, by assumption there is a perfect set S C Mod(T,) of
pairwise nonisomorphic models. For all triples (ki, k2, k3) with ki, ko, ks < R,
the set

{A € Mod(Ty) : |Y(A)| = k1, |Hi(A)| = ko, |Ha(A)| = ks}

is Borel, since it is of the form Mod(o), where ¢ is a sentence of L., (7y).
Clearly, there are Xy many of such triples (k1, ke, k3), hence we can use the
claim of the previous proof and the perfect set theorem and assume without
loss of generality that for all distinct A, B € S, A; % Bj.

Now consider the following map p : S +— Mod(T): If A € S then p(A) is the
element of Mod(T) which is isomorphic to A; by enumerating the elements of
the set D which is defined by ¥ p(v1).

Tt is easy to show that p is Borel and injective, hence im(p) contains a perfect
set.

If there is a perfect set of complete extensions of Ty, then since the elementary
equivalence relation on X7 is Borel we can use Silver’s theorem to see that there
is a perfect set of pairwise nonisomorphic models of 7;; and then use the same
argument as before. O

We now consider another different finite vocabulary 77, :== {A, V}, where A,V
are binary function symbols.

Definition. A lattice is a 7p-structure 9 := (M, ...), in which the following
sentences are true:

(1) (Associativity) For all a,b,c € M,
aN(bAc)=(aAb)Ac;andaV (bVe)=(aVb)Ve.
(2) (Absorption) For all a,b € M

aN(aVb)=a=aV(aADb).

(3) (Commutativity) For all a,b € M,

aANb=bAaandaVb=0>Va.
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(4) (Idempotence) For alla e M, aNa=a=aV a.
Lattices are often studied in universal algebra.

Example 5.2.4. If (M, <) is a linear order, then we can define a lattice L with
M as its universe simply by setting for all a,b € M,

e a Ab:=min{a,b} and
e aVb:=maz{a,b}.

Definition. Let 7, := 71, U {04, 1.}, where 0,,1, are two constant symbols.
A bounded lattice is a 7j-structure 9t such that 9t [ 71 is a lattice and the
following holds

e (Identity) For alla € M,aAl,=a=aV 0,.

Example 5.2.5. If (B, +,*,—,0,1) is a Boolean algebra, then (B, +,*,0,1) is
a bounded lattice.

If L is a lattice we can define a partial reflexive order via
a<b:saNb=a.

One can easily check that a < b if and only if a V b = b. Furthermore, it follows
that for every a,b € L,

anNb=inf{ce L:c<a, c<b}
and
aVb=sup{ce L:a<c¢ b<c}

On the other hand, suppose (L, <) is a reflexive partial order such that for all
a,b € L, inf{a,b} and sup{a,b} exists then L can be made into a lattice by
defining a A b := inf{a,b} and a V b := sup{a, b}.
Given a lattice L and « € L, we define L, := {a € L : a < z} and the height
of z as
h(z) := sup{|A| : A C L,, A is linearly ordered by <}.

The height of a lattice L is defined as
sup{h(z) : z € L}.
We now show how graphs can be interpreted in lattices.

Theorem 5.2.6. Let 74 be the vocabulary of graphs. There is a set I of 7,
interpretation formulas in the vocabulary 7 and a satisfiable 7, theory T, with
the following properties:

(i) Every Nt € Mod(T,) is a bounded lattice of height < 4.

(i) There is a Borel surjection p from Mod(T,) onto the set of all graphs in
X, such that for all A, B € Mod(T)

A> B & p(A) = p(B).
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Proof. We will identify lattices in this proof with their corresponding partial
orders.

The idea is to identify a vertex g of a graph G with an element p(g) of height
2 in a lattice L. If a,b € G are connected, then the supremum of p(a) and p(b)
will have height 3, otherwise it is 1.

Here is an illistration:

R4}

Graph G

We see how the graph G is coded by a lattice L(G) of height 4. The elements
li,...,ly in L(G@) have height 2 and correspond to the vertices gi,...,g4 of G.
The elements ey, ea, e3 indicate which vertices belong to an edge.

Apart from the axioms for bounded lattices T, states:

(1) The maximal element 1 has height at most 4.

(2) For every n € wy:
” There are at least n elements of height 2.”

(3) Every element of height 3 has at most 2 predecessors of height 2.

T, is clearly consistent and satisfies (i).
Let ¥g(vi,ve) := (v1 = v2) and ¥p(vy) define the set of all elements of
height 2. The formula g (v1,v2) states the following:

”v1 and ve have height 2 and either v1 = vs and there is one element ¢ of
height 3 such that v; < ¢ and for all w # v; of height 2, u £ ¢, or v1 # v9 and
there is an element ¢ of height 3 such that v; < c¢ and vy < ¢.”

This gives us the set I of 7, interpretation formulas.

It is clear that for every graph G of cardinality R there is 9t € Mod(T%)
which is unique up to isomorphism such that 9; = G.

For L € Mod(T.), consider the order isomorphism H from w onto

D={a€cL:LEvYpa)}.
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Then we define p(L) as the graph with universe w where k, m € w are connected
if and only if
L = yr(H(k), H(m)).

That is p(L) is the unique element of &, which is isomorphic to L via H.
It is a routine exercise to show that p satisfies (ii). O

Corollary 5.2.7. (i) VC5(FO) is true if and only if it holds for theories of
bounded lattices of height < 4.

(i) VCs is true if and only if it holds for every infinitary sentence all of whose
models are bounded lattices of height < 4.

Proof. (i): By corollary it suffices to show that VC5(FO) for bounded
lattices of height < 4 implies VC3(FO) for graphs. We can use an analogous
argument for this.

Let the set I of 74 interpretation formulas, the 7; theory 7’ and the map p
be defined as in the previous proof.

If T is a complete theory of graphs with infinite models and I(T,Rg) > Ry,
then there is a theory of bounded lattices containing T, with a perfect set
S C Mod(Ty) of pairwise nonisomorphic models such that p[S] C Mod(T).
This gives us an uncountable Borel set of pairwise nonisomorphic models of T'
and by the perfect set theorem, T has perfectly many models.

(ii): If VC5 is true for every sentence of L, . (7;) all of whose models
are bounded lattices of height < 4, then by the previous proof V(3 holds
for L, (74) sentences, which as we already know implies the general con-
jecture. O

VC1(FO) has been proven for several special cases, e.g. in [14] for theories
with one unary function symbol, for w-stable theories in [I8] and for o-minimal
theories in [13].

In [20] John Steel proved VCj5 for tree like orders, i.e. for every infinitary
sentence using only a binary relation symbol each of whose model is a partial
order (A, <) such that for all a € A, {y € A : y < a} is linearly ordered, thereby
genealising Matatyahu Rubin’s proof of V'C;(FO) for linear orders (see [17]).

It is an open question whether Vaught’s conjecture for first order theories
implies the infinitary version.

6 The Topological Vaught Conjecture

The definitions of this section can be found in [I0] and in [2], unless stated
otherwise, the results can be found in [2].
We turn our attention to a further generalisation of Vaught’s conjecture.

6.1 Topological Group Actions

Definition. (1) A topological group is a group (G, o, e) together with a topol-
ogy O on G such that the function H : G x G — G defined by
(z,y) = zoy

is continuous. The group is called Polish if O is Polish.
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(2) Let X be a set and (G, 0,e) a group. A (left)group action of G on X is a
map
*:GxX—X

such that for all x € X and g,h € G,

exx=xand (goh)xxz =gx (h*x).

(3) If the topological group G acts on the set X via *, then the binary relation
~ on X defined by

x~y:=dgeGlgxr =y)

is an equivalence relation called the orbit equivalence relation. For every
x € X, the equivalence class of x is called the orbit of . If x ~ y, then
x,y are called orbit or G equivalent.

(4) Let X be a set, A C X and R an equivalence relation on X. A is called
R-invariant,if for all x € X and all a € A, aRz implies x € A.

(5) If G is a Polish group, X is a standard Borel space and the action * is
Borel, then X is called a Borel G-space. In case the action is continuous
and X is Polish, then X is called a Polish G space.

(6) A map p: X — Y between Borel G spaces is called a homomorphism if it
respects the group action. It is called an embedding (isomorphism) if it is
injective (bijective). A homomorphism is Borel if it is Borel measurable.

In this section we only consider invariant sets with respect to the orbit
equivalence relation.

Lemma 6.1.1. If X,Y are Borel G spaces and p : X — Y, m:Y — X are
Borel embeddings, then there are invariant Borel subsets A C X and B C Y
such that p(A) =Y \ B and w(B) = X \ A. In particular X and Y are Borel
isomorphic.

Proof. Let Ag:=0, Sg:=Y and for n € w,
Apy1 =X\ 7(Sp) and Sp41 =Y \ p(Ant1).

Then A:=J, _,, An and B :=(), ., Sn are as claimed. O

nw new

Theorem 6.1.2. Let H be a Polish group and G C H be a closed subgroup.
If X is a Borel G space with action *1, then there is a Borel H space Y with
action xgsuch that

(i) X is a Borel subset of Y.

(ii) gxox = g*1x, for allg € G and x € X, and every H orbit of Y contains
ezactly one G orbit of X.

(i) If X is a Polish G space, then Y can be chosen to be a Polish H space
such that X is a closed subset of Y.
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Proof. (Sketch, for the details see theorem 2.3.5 of [2]) G acts on X x H via

go ([L’7h) = (g *1 xagh)v

where gh is the group product of g,h in H.

Consider the quotient space Y := (X x H/G, S), where S is the quotient o
algebra with respect to the Borel algebra of X x H. One can show that this is
a standard Borel space. For x € X and h € H, the orbit equivalence class of
(z,h) is denoted by [z, h].

Now the action xo of H on Y is given by

hxo [z, h] = [x,h'h71].

One can easily show that this action is well defined and Borel.

The map x +— [z, €] is a Borel injection from X into Y, hence X can be seen
as a Borel subset of Y. This proves (i).

%y agrees with 1 on G x X, as [g %1 2,¢] = [v,97!] = g%y [z,¢], for all
(9,2) € G x X.

If [z,h] € Y, then h o [x,y] = [z,e] € X, thus every H orbit contains a G
orbit of X. Suppose z,y € X and for some h € H, h x5 [z,¢e] = [y,e]. Then by
definition, y is in the G orbit of z, hence (ii) is proven.

For (iii) one checks that the quotient topology on Y is Polish. This is done
by first proving that it is 75 and second countable and regular. Urysohn’s
metrization lemma then implies that Y is seperably metrizable. It follows that
Y is Polish. O

For a topological space X, let F(X) denote the set of all closed subsets of
X. The Effros space is defined as (F(X), S), where S is the ¢ algebra on F(X)
generated by the sets of the form

{(FeF(X):FNU # 0}

and U ranges over all nonempty open subsets of X. One can show that if X is
Polish, then the Effros space is a standard Borel space (see e.g. theorem 12.6
of [1I0]).

A Borel G space is called universal if every Borel G space can be embedded
into it.

Theorem 6.1.3. For any Polish group G there is a Borel G space (Ug, *) such
that for every seperably metrizable topological space X and every Borel group
action o of G on X, there is a Borel embedding from (X, o) into (Ug, *).

Proof. (Sketch) Ug is defined as (F(G))%, where F/(G) is the Effros Borel space
of G, and G acts on Ug via

9% (Fn)new = (9Fn)new-

This action is Borel.
If X is a seperably metrizable space with a Borel G action o, then choose

an enumeration (S, : n € w) of a basis of the topology.
For A C G let

E(A) :={g € G : For all open nbhd V of g, V' N A is not meager}.
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Clearly, E(A) is closed.
One then defines 7 : X — Ug, ¢ — (7,(%))new, where

mn(z) = (BE({g e G:goxcS,})) L.
We skip the details of the proof that this is the desired embedding. O

Remark. The result can be sharpened(theorem 2.6.6 of [2]): For every Polish
group G, there is a compact universal Polish G space.

The following result will also be useful. For a proof see theorem 5.2.1 of [2].

Theorem 6.1.4. Let X be a Borel G space. There is a Polish G space Y which
is Borel isomorphic to X.

6.2 Applications to Model Theory

The most interesting Polish group for this thesis is S, the group of permuta-
tions of w, where multiplication is the composition of functions and the topology
is inherited from . S, acts on X, in a canonical way: Let g € So, and = € X,
then g * x is the element y € X, such that 9, = M, via g. This action is
continuous and called the logic action.

Proposition 6.2.1. A subgroup G of S is closed if and only if there is a
countable relational vocabulary T and some M € X, such that

G = Aut(IM),
where Aut(9N) is the automorphism group of M.

Proof. (=): Suppose G < S is closed and for every k € wy, let M be the
quotient space of w” of the orbit equivalence relation with respect to G, i.e.
@,b € wk are equivalent if for some g € G, b = g(a).

For every k € w, and every s € My let Rs be a k ary relation symbol and
define 7 := {Rs : s € M, for some k € w, }.

Consider M € X, in which R, is interpreted with s.

Using the fact that G is closed, it is easy to show that G = Aut(9M).

(<) If G = Aut(M), for some M € X;, where 7 is countable, and f in
Soo \ G, then without loss of generality, for some atomic formula ¥(vy,...,v;)
and some @ € w!, we have

M = ¢(a), and M = ¥(f(@)).

This is also true for the open set of all h € S, which agree with f on a. O

In the proof of proposition we saw that if 75 is a relational vocabulary
of unbounded arity then for every countable vocabulary 7 there is a continuous
injection from X, into A,,. It is easy to check that this function respects the
Seo action on the logic spaces, in particular it is a Borel embedding of Polish
Ss spaces. By lemma [6.1.1] we have, that if 71, 72 are relational vocabularies of
unbounded arity, then X, and X, are Borel isomorphic.
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Lemma 6.2.2. Let 7 be a relational vocabulary such that for some k € wy, all
of its symbols have arity less or equal k. If 7o is a vocabulary consisting of a
single n ary relation symbol, where n > k, then there is no embedding from X,
into X7, .

Proof. We can assume without loss of generality that n = k + 1.
For a finite injection b € w<*, we define S, := {g € Soo : b C g}.
Since all symbols of 71 are bounded by k, every z € A, has the following

property

P,: If g x 2 # x, then for some injective b € w*, b C g and h * x # x, for all
h e Sy.

We show that there is a model M € A, which does not satisfy P, hence there
cannot be an embedding from X, into X, , as =P, is preserved under such
maps.

Let Y :={(a1,...,an) 1 a; # aj,1 <i < j <n}. We identify a subset of ¥’
with its characteristic function which is an element of 2. Equipped with the
product topology 2 is homeomorphic to the Cantor space.

For n < m < w and b € w™ injective, define

P(m,b) :={f €2 :Va € dom(b)", @ € f < b(a) € f}.

For n < m and | € w, let Q4 (m,b,1) be the set of all f € 2¥ such that
if f € P(m,b), then for some injective ¢ € w™™, b C ¢, | € dom(c) and
f € P(m+1,c), and Q_(m,b,1) the set of all f € 2¥ such that if f € P(m,b),
then for some injective ¢ € W™t b C ¢, | € range(c) and f € P(m + 1,¢).
It follows that for all m > n, all | € w and all b € w™, both Q4 (m,b,l) and
Q_(m,b,1) are open and dense in 2V

For b € w*, we also define A(k,b) as the set of all f € 2¥ for which there is
an injective ¢ € w™ such that b C ¢ and f € P(n,c). It is easy to verify that
A(k,b) is also open and dense.

Since 2Y is a Baire space, there is some S in

N Ak.b)n () (Q+(m,b,1)NQ_(m,b,1))

b€wk Il,mew,m>n
bew™

such that § # S and Y # S.
Now let M := (w, R), where R C w" is defined by

acR:saeb.

Clearly, there is g € So such that g« M # M. If b € w* and b C g, then
by the specific choice of S, we can via a back and forth argument construct an
automorphism of M extending b. Thus, every element of the S, orbit of M
does not satisfy P, and can therefore not be embedded into &, . O

Theorem 6.2.3. If 7 is a relational vocabulary of unbounded arity, then X, is
a universal Borel So space.

Proof. Tt suffices to prove the theorem for the special case that 7 has infinitely
many k ary relation symbols, for every k € w, .
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First note that S, acts contionusly on the Baire space N via composition
gxfi=golf,
for (g, f) € Seo x N, and that for every g € Sy, the map
Nofregx*f

is a homeomorphism on N
Thus, we have a Borel action of Sy, on the Effros Borel space F(N) defined
by
grg A:=gA={gx*f:[feA}

Now let V := (F(N))¥ with the componentwise action of Sy,. Clearly, this is
also a Borel Sy, space.

By theorem we know that U := (F(Sx))“ is an universal Borel S
space, where F'(S) is the Effros Borel space of Se.

It is easy to check that the map

U3 (An)new = (Tn)new eV

is a Borel embedding of S., spaces, where A is the closure of A in N/, for
A C Sy C N, therefore, V is an universal Borel S, space.

If we can find an embedding from V into X, the theorem follows.

For (m,n) € w X w4, let R ny be an ary relation symbol of 7.

Every closed subset of AV is the set of branches of a tree T' C w<¢.

Suppose a := (Ap)mew € V and let (T),,)mew be the sequence of trees such
that A,, is the set of branches of T;,. We define a 7 model M, by interpreting
Ry n) as

{sew™:s€ Ty}

Let < M, > be the code of M, in X,. Then the proof that
Vaa—n< M, > X,

is a Borel embedding of S, spaces is routine. O

Corollary 6.2.4. Let 7 be a countable relational vocabulary, M € X, with
automorphism group G < S. and p be a relational vocabulary of unbounded
arity disjoint from 7. Then the set of all pu extensions of M is an universal G
space.

Proof. Without loss of generality we can assume that p is the vocabulary from
the previous proof with infinitely many relation symbols in every arity.

G is a closed subgroup of S.., hence by theorem [6.1.2] and the previous
result, X, is an universal Borel G space.

If we modify the map a —< M, > of the previous proof such that M, is a p
extension of M, then we get a Borel embedding of G spaces from (F(N))“ into

{BeX,u,: B 17=M}.
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We know that by Scott’s isomorphism every z € X, can be characterized by
a single sentence and we have also seen that the set of all models which satisfy
a given sentence is Borel. Thus, we have

Proposition 6.2.5. For every x € X, the orbit of x under the logic action is
Borel.

Fact 6.2.6. Let X be a Polish G-space and A, B C X be analytic, disjoint and
G-invariant. There is a G-invariant Borel subset C' such that A C C C X \ B.
C is said to seperate A and B.

This can be proven using the well known fact that two analytic and disjoint
sets in a Polish space can be seperated by a Borel set.

A subset B of a topological space X is called nowhere dense if (B)° = ). If
B C X is a countable union of nowhere dense subsets of X, then B is called
meager. A set is comeager if its complement is meager. A topological space is
called a Baire space if every nonempty open subset is non meager.

Every Polish space is a Baire space and every open subset of a Polish space
equipped with the relative topology is also Baire.

Notation. (Category Quantifiers) If X is a topological space and P is a prop-
erty, then V*zP(z) means that {z € X : P(z)} is comeager.
F*zP(x) means that {x € X : P(x)} is not meager.

Definition. (Vaught Transforms) Let G be a Polish group acting on a set X
via ¥, A C X and U C G open and nonempty. Then

o AAU .= {z € X :3*g € U such that g+ z € A}.
o AU .={zreX:V'geU(gxx e A)}.
If U = G, we simply use A* and A%.

It easily follows that A C X is invariant iff A = A*, iff A = A,
With this notions we can show a theorem by Lopez-Escobar:

Theorem 6.2.7. (Theorem 16.8 of [10]) The invariant Borel sets of X, are
exactly the ones of the form Mod(¢), where ¢ is a L, ., (T)-sentence.

Proof. (Sketch) For each k < w, let Uy, be the set of all injective k-sequences in
w<* and if u € Uy, then let [u] := {g € Seo : u C g~'}. Clearly, [u] is clopen.
Then, for A C X, define

o= {(x,1) € Xy x WF e Uy, € A
For every Borel set A C X, and every k < w, A} is of the form
A(b,k::{(x,a) e X, x Wk M. ': gb(ﬁ)},

where ¢(v) is a k-formula of L, ,(7) and @ € Uy. This follows from the fact
that the set of all A C &, for which Aj, is of the form A, j, contains every open
set and is closed under complementation and countable intersections.

Then consider the case for k = 0: Clearly, if ¢ € L, ., is a sentence, then
Ay is Borel and invariant.

On the other hand, if A C X, is Borel and invariant, then A = A* = Aj
which is of the form Ag. O
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An immediate consequence of this result is that every countable 7-structure
can be characterized up to isomorphism by a L, .-sentence, since we have
pointed out that the orbit of every model is a Borel set which is clearly invariant.
This result was already proven in theorem but notice that here we have
only given an existential proof whereas in section 2 we provided an example of
a characterizing sentence. We also have:

Corollary 6.2.8. (Interpolation Theorem, see corollary 16.11 of [10]) Let 11,2
be countable vocabularies, ¢ a Ly, ., (T1)-sentence, 1 a L, o (72)-sentence and
define 7' := 1 N 1o. Suppose that with respect to 71 U Ta, we have ¢ = 1. Then
there is a Lo, o (7")-sentence o such that ¢ |= o = 1.

Proof. Let A be the set of all z € A+ for which there is a y € X, such that
M, = ¢, and M, | 7/ =M,

and B the set of all x € X} for which there is a y € A, such that
M, = ), and M, | 7/ =M.

Then A and B are analytic, disjoint and invariant, hence there is an invariant
Borel set C C X, seperating them. By the Lopez-Escobar theorem C' = A, for
some sentence o € L, (7). it is easy to check that ¢ = o |= 9. O

We can now present Hjorth’s original proof of theorem

Recall that in section 4 we considered a countable infinite vocabulary 74
which has an unary predicate symbol Q’. We defined a special sentence ¢ of
L, (1), namely the Ky generic sentence, which has models of cardinality Rg
and Ny but of no higher cardinality.

Let M € Mod() and Q := Q'™ .In propositionm it was shown that Q™
is infinite and later that @ is a set of absolute indiscernibles.

Fix an arbitrary bijection p from @ onto w. It follows that there is a contin-
uous group homomorphism 7 from Aut(M) onto S given by

Aut(M)> g~ pogop ' € S.

Suppose p is an arbitrary contable vocabulary disjoint from 7 and o € Ly, ., (1)
is a counterexample to VC3. Then Mod(o) is a Borel S, space with uncount-
ably many but not perfectly many orbits. It is also a Borel Aut(M) space with
the acton g %o x := 7(g) * x, for g € Aut(M) and z € Mod(c). Note that the
orbit equivalence relation generated by x5 is equal to the one generated by x.

Let 71 be a relational vocabulary of unbounded arity disjoint from 7, and
To := p U U7{. By corollary the 7o extensions of M form a universal
Aut(M) space, denoted by Y. Clearly, Y C X,,.

Thus, there is a Borel embedding

F:Mod(o) —Y.
Let B :=im(F). Then B is Borel. Now consider
C:={NeX,: N=A, for some A € B}.

C is Borel, since it can also be described as the set of all N € &, which satisfy
W)y, the Scott sentence of M, and for which all N’ € Y isomorphic to N are in
B. Clearly, C is invariant with respect to the standard action of S.
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By theorem there is a sentence ¢ € Ly, (72) such that C' = Mod(¢).

We have ¢ |= Uy, hence ¢ has no models in cardinality greater than Rj.

It is also obvious that ¢ has uncountably but not perfectly many models, as
any perfect set of pairwise non isomorphic models of ¢ yields a perfect set of
nonisomorphic models of 0. (q.e.d.)

We have seen that VCj is a problem about the orbit equivalence relation of
a Polish group action on an invariant Borel subset of a Polish space. This
observation leads to the so called topological Vaught conjecture (TVC).

TVC2(G): Let X be a Polish G-space and A C X be invariant and Borel.
Then either there are < ¥y many G-orbits in A or else A contains a perfect
set of pairwise non orbit equivalent elements.

Clearly, TVC2(S) implies V(3 and is independent of the value of ¢. There
are also other versions:

TVC1(G): If X is a Polish G space, then either there are at most Ny
many G orbits or else there is a perfect subset of X of pairwise non orbit
equivalent elements.

TVC3(G): If X is a Borel G space, then either there are at most R
many G orbits or else there is a perfect set of pairwise non orbitequivalent
elements in X.

Historically, TV C1(QG) is the first version and was formulated by D.H. Miller(see [16]
p.484). The idea to consider model theoretic problems from a descriptive set
theoretic and topological point of view was already discussed by R. Vaught

in [22).

Proposition 6.2.9. If G is a Polish group, then all three versions of the topo-
logical Vaught conjecture for G are equivalent.

Proof. Clearly, we have TVC3(G) = TVC2(G) = TVCI1(G).
TVC1(G) = TVC3(G) follows imediately from the fact that evrey Borel G
space is Borel isomorphic to a Polish G space. O

Since we are only considering Polish groups here and in light of the previous
proposition, we simply write TV C(G) from now on.

Proposition 6.2.10. Let G be a Polish group. Then TV C(G) holds if and only
if TVC(A) is true, for every closed subgroub A < G.

Proof. (I thank Mathematics Stack Exchange user Edward H for his help with
this proof.)

(=): Let A < G be closed and X be a Polish A space with uncountably
many orbits.

By theorem there is a Polish G space Y containing X as a closed subset
such that the action o of G on Y extends the action of A on X and every G
orbit of Y contains exactly one A orbit of X.

Assuming TV C(G), it follows that there is a perfect set W C Y of pairwise
G independent elements.

The set

S:={(w,9) EWXxG:goweX}CY xG
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is closed and has domain W. Thus, by the Jankov, von NeumannUniformization
Theorem (see theorem 18.1 of [10]), there is a o(X1) measurable function

p: (W, U(E})) = (G, B(G)),

where o(X31) is the o algebra of W generated by the X1 sets and B(G) is the
Borel algebra of G, such that for all w € W, (w, p(w)) € S. In particular p is
Baire measurable, i.e. for every open set U C G, p~!(U) has the Baire property.
It follows that p is continuous on a dense Gs subset B C W. Then

{p(w)ow:w € B}

is an uncountable Borel subset of pairwise A independent elements of X, hence
by the perfect set theorem, X has perfectly many A orbits.
The direction (<) is immediate. O

Theorem 6.2.11. The following are equivalent:
(1) VCs
(2) TVC(Sx).

Proof. (2) = (1) is clear.

(1) = (2): Suppose X is a Borel S., space.

Let 7 be the relational vocabulary with exactly one k ary symbol for every
k € wy. By theorem X, is a universal S, space, hence there is a Borel
embedding 7 from X into X;. Since im(7) is an invariant Borel subset of X,
there is a sentence o € Ly, (7) such that im(w) = Mod(c). If there are
uncountably many S, orbits in X, then I(c,®y) > Ny and thus by VCs, o has
perfectly many models.

Any perfect set of pairwise non isomorphic models of o easily gives us a
perfect set of non orbit equivalent elements in X. O

Let X,Y be metrizable spaces, X compact and C(X,Y) be the set of all
continuous functions from X into Y.
For K C X closed an U C Y open, define

V(K,U):={f € C(X,Y): f[K] CU}.

Then {V(K,U) : K C X closed, U CY open} is a subbasis for a topology on
C(X,Y), called the compact open topology of C'(X,Y). In this thesis we only
deal with this topology when considering C(X,Y).

If d is a compatible metric for Y, then

du(f,9) = sup{d(f(a),g(a)) : a € X}

is a compatible metric for the compact open topology of C'(X,Y’). One can show
- see for example theorem 4.19 of [I0] - that if Y is Polish then so is C(X,Y).

In the special case where X =Y, we consider the set of all homeomorphisms
on X. Together with the composition operation this set is a group, called the
homeomorphism group of X and denoted by H(X). It is not difficult to show
that H(X) is a Polish group with the toplogy it inherits as a Gs subset of
C(X,X). A compatible metric is given by

di(f9) = du(f.9) +du(fg7").
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Homeomorphism groups are studied in particular with respect to the connections
between the topological properties of a space X and the algebraic properties of
its homoemorphism group.

Lemma 6.2.12. Let C := 2N be the Cantor space. The following are equivalent:
(i) TVC(Sx).
(i) TVC(H(C)).

Proof. (i) = (i4): First, we show that H(C') is isomorphic to a closed subgroup
of Se.

Let M be the set of all clopen subsets of C'. Since C' is compact and metriz-
able, it follows that |C| = No.

M is closed under finite intersections and unions, hence we can see it as
a countable model 91 :=< M,N,U > of a language with two binary function
symbols.

Every homeomorphism 7 € H(C') determines an automorphism H, € Aut(9)
via

Hr(A) := w[A],

for Ae M.

Conversly, H € Aut(9) gives us a homeomorphism 7y € H(C) via

mu(z) = {H(A): A€ M, x € A},

for x € C. It is a routine exercise to show that 7y is well defined and that the
map

H(C)>7mw— Hy € Aut(IN)

is an isomorphism of topological groups.

If we fix a bijection from M onto w, then by proposition [6.2.1) H(C') is iso-
morphic to a closed subgroup of S, therefore by proposition TVC(Sx)
implies TVC(H(C)).

(#4) = (4): Similarily to the previous direction, we show that S is isomor-
phic to a closed subgroup of H(C): Given o € Sy and f € C, let f, € C be
defined via

fo(n) = (o7 (n)),

for n € w.

It is not difficult to show that the map G, : C — C, f — f, is a homeo-
morphism, and that the map G : Soo — H(C), 0 — G, is a continuous group
monomorphism. Furthermore, G is a homeomorphism between S, and im(G)
equipped with the relative topology.

It remains to show that im(G) = im(G). Let n € w, g € im(G) and define
the following clopen sets

By ={f€C: f(n)=0}and By, 1):={f € C: f(n) =1}

Clearly, C' = By, 0)UB(y,,1), hence C' = g[B(;,,0]Ug[Bn,1)], and since g € im(G),
it follows that for some m € w,

9[Bn,0)] = B(m,0) and g[B, 1y] = Bm,1)-
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Using this and the fact that g=! € im(G), it is easy to see that for some o € S,
g = Gq.
By proposition [6.2.1] we get TV C'(Sx). O

Definition. Let I := [0,1] € R be equipped with its standard topology. The
product space I™ is called the Hilbert cube.

The topological Vaught conjecture is in fact a problem about a specific group.

Lemma 6.2.13. The following are equivalent:
(i) TVC(G), for every Polish group G.
(ii) TVC(H(IN)).

Proof. (i) = (it) is clear.
(#9) = (i) is based on the following result by Uspenskii (for a proof see
theorem 9.18. of [10]):

Every Polish group is isomorphic to a closed subgroup of H(IM).
Then using proposition [6.2.10| completes the proof. O

Some obvious attemps to generalise TV C' further can be answered:
Let us first look at a version for analytic sets.

TVC(G, X1): "For every Polish G space X and every invariant analytic
subset A C X, there are either at most Xy many G orbits in A or else A
contains a perfect set of pairwise non orbit equivalent elements.”

Then we have a counterexample:

Example 6.2.14. For a < wy, let M, be the set of all sequences (23 : § < ),
where z3 € Z and z3 # 0 for only finitely many 5. We define a linear order<,
on M, as follows: (25 : 8 < a) <q (yg : B < a), if ; < y;, where i < « is
maximal such that z; # y;.

Let 7 be the vocabulary with only one binary relation symbol and A be the
set of all elements in X, which are isomorphic to some M, or to M, x (R, <) with
the colexicographic order, for some o < w;. Using a X1 bounding argument,
one can show that A4 has X; many but not perfectly many isomorphism types.

In [15] it is shown that A is the set restricions of countable linearly ordered
abelian groups with universe w to the vocabulary 7, hence there is an analytic
set on which the logic action of S, has uncountably but not perfectly many
orbits.

Remark. It follows from John Steel’s article ([20]) that the set A of the pre-
vious example is not Borel: Suppose otherwise. Then since A is invariant with
respect to the S, action, by theorem A = Mod(¢) for some sentence
) € Loy, w(T).

Note that all elements of A are linear and therefore tree like orders, hence
by [20], ¢ satisfies VC3 and A has perfectly many orbits, a contradiction.
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Remark. Sets of models of the form Mod(¢) are called elementary classes.
More generally, if I C X and for some countable extension 7, of 7 and a
sentence ¢, € Ly, o(74), K is the set of 7 restrictions of Mod(¢,), then K is
called a pseudoelementary class.
If K is pseudoelementary and determined by ¢,, then we can define an
equivalence relation on Mod(¢.) via

A~B:s AT B]T.

It is easy to check that this is a 31 relation, therefore by Burgess’ theorem there
are either at most N; many equivalence classes or else perfectly many.

The set A of the previous example shows that the version of V' C3 for pseu-
doelementary classes is false.

TV (C2(Sw) cannot be generalized to coanalytic sets, as we can simply choose
A to be the set of codes of countable wellorders in the language 7.

One might try to generalise TV (C3(S) with respect to the group action.
Instead of the Borel algebra we could consider the previously mentioned o al-
gebra S := o(31) generated by the analytic sets and demand that the action of
S on the Polish space is S measurable. In this case we get a counterexample
as follows: Let 7, A be as in the previous example and C := 2N be the Cantor
space.

There is a continuous embedding from A, equipped with the relative topology
of X, into C. This follows from the well known fact that every Polish space
can be continuously embedded into C.

Since A is uncountable and analytic, there is a continuous embedding from
C into A.

With a Schroder-Bernstein argument we can construct a bijection 7 : A — C
which is S measurable in both directions.

Using 7, we get a S measurable S, action on C' with uncountably but not
perfectly many orbits.

TV C(G) has been proven for several special cases, e.g.:

e If G is nilpotent or if it admits an invariant metric (see [§]). In particular
every abelian Polish group satisfies the TV C.

e If G is locally compact. This is a well known and immediate consequence
of a result by Edward Effros (see []).

Definition. Let G, H be topological groups. G is said to divide H if there is a
closed subgroup H' < H and a continuous surjective group homomorphism

m:H — G.

We have seen that TV C/(Sa, £1) is false. In [7] it is shown that for every Polish
group G, TVC(G,¥1) fails if and only if S.. divides G. As a consequence we
get that should TV C(Sy) be false then TV C(G) is true if and only if S, does
not divide G.

78



References

[1]

[10]

[11]

Baldwin John, Friedman Sy David, Koerwien Martin, Laskowski Michael,
”"Three Red Herrings around Vaught’s Conjecture”, Transactions of the
American Mathematical Society, vol. 268 (2016), pp. 3673-3694.

Becker Howard, Kechris Alexander, ” The Descriptive Set Theory of Polish
Group Actions”, London Mathematical Society Lecture Notes Series 232,
Cambridge:Cambridge University Press (1996).

Burgess John, ”Equivalences generated by families of Borel sets”, Proceed-
ings of the American Mathematical Society, vol. 69 (1978), pp. 323-326

Effros Edward G.,” Polish Transformation Groups and Classification Prob-
lems”, General topology and modern analysis, Rao and McAuley (eds.),
New York, Academic Press, 1981,pp. 217-227.

Goldstern Martin, Judah Haim, ” The Incompleteness Phenomenon”, A K
Peters/CRC Press; 1 edition (1998).

Hjorth Greg, "A Note to Counterexamples to the Vaught Conjecture”,
Notre Dame Journal of Formal Logic, vol. 48 (2007), pp. 49-51

Hjorth Greg, ” Vaught’s Conjecture on Analytic Sets”, Journal of the Amer-
ican Mathematical Society vol. 14(2001), pp. 125-143.

Hjorth Greg, Solecki Slawomir, ” Vaught’s Conjecture and the Glimm-
Effros Property for Polish Transformation Groups 7, Transactions of the
American Mathemathical Society, vol. 351 (1999), number 7, pp. 2623-2643.

Hodges Wilfrid, ”Model Theory”, Cambridge: Cambridge University Press
(1993).

Kechris Alexander, ”Classical Descriptive Set Theory”, Springer-Verlag
(1995).

Kunen Kenneth, ”SetTheory: An Introduction to Independence Proofs”,
Studies in Logic and the Foundations of Mathematics, vol. 102, North-
Holland, Amsterdam, 1983.

Marker David, ”Lectures on Infinitary Model Theory”, Lecture Notes in
Logic 46, Cambridge: Cambridge University Press (2016).

Mayer Laura L., ” Vaught’s Conjecture for o-minimal Theories”, Journal of
Symbolic Logic vol. 53 (1988), pp. 146-149.

Miller Arnold W., ”Vaught’s conjecture for theories of one unary opera-
tion”, Fundamenta Mathematicae, vol. 111(1981), pp.135-141.

Morel Anne C., ”Structure and Order Structure in Abelian Groups”, Col-
loquium Mathematicum, vol. 19 (1968), pp. 199-209.

Rogers C. A. et al., Analytic sets, Academic Press, 1980.

Rubin Matatyahu, ”Theories of Linear Order”, Israel Journal of Mathe-
matics vol. 17 (1974), pp. 392-443.

79



[18]

Shelah Saharon, Harrington Leo, Makkai Michael, ” A Proof of Vaught’s
Conjecture for w-stable Theories”, Israel Journal of Mathematics vol. 49
(1984), pp.259-280.

Silver Jack, ” Counting the number of equivalence classes of Borel and coan-
alytic equivalence relations”, Annals of Mathematical Logic, vol. 18 (1980),
pp. 1-28.

Steel John R., ”On Vaught’s Conjecture”, Cabal Seminar 76-77, Lecture
Notes in Mathematics vol. 689, Springer Verlag, Berlin, 1978, pp. 193-208.

Vaught Robert, ”Denumerable models of complete theories” , Infinitistic
Methods (Proc. Symp. Foundations Math., Warsaw, 1959) , Paiistwowe
Wydawnictwo Nauk. Warsaw /Pergamon Press (1961) pp. 303-321.

Vaught Robert, ”Invariant Sets in Topology and Logic”, Fund. Math. Vol.
82 (1974) pp. 269-293.

Ziegler Martin, Bouscaren Elisabeth, ”Interpreting in Graphs”, preprint
(Paris 1992),
http://home.mathematik.uni-freiburg.de/ziegler/preprints/INTERPR.pdf

80



	Introduction
	Preliminaries and Motivation

	The Language L1,
	Basics
	Scott Rank and Scott's Isomorphism Theorem
	Model Existence and Omitting Types
	End Extensions and Small Uncountable Models
	Atomic and Prime Models

	Connections to Descriptive Set Theory
	Important Results for this Thesis
	The Space of Countable Models
	Scattered Sentences

	Uncountable Models of Vaught Counter Examples
	Minimal Vaught Counter Examples
	Hjorth's Theorem
	Harrington's Theorem

	Structure Interpretations
	In Infinitary Logic
	In First Order Logic

	The Topological Vaught Conjecture
	Topological Group Actions
	Applications to Model Theory

	References

