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Summary

This thesis focusses on good ultrafilters. There are two main theorems which are proven. The
first is the theorem which states that good, countably incomplete ultrafilters exist. The second
theorem proves that good ultrafilters make ultraproducts saturated.

In the first section we start by defining ultrafilters. We also discuss an alternative definition
and prove that ultrafilters exist. Subsequently we define countably incomplete ultrafilters and
again give an alternative definition. Finally good ultrafilters are defined and an example is given
by showing that every ultrafilter on a set of cardinality g is good.

This brings us to the next section where it is shown that good, countably incomplete ul-
trafilters exist. To prove the existence of good ultrafilters we use the notion of an independent
set of functions. We construct sequences of filters {F;},<20 and independent sets {8,},<2a
which satisfy a list of conditions. Then the filter U = Un <90 Jy 18 a good, countably incomplete
ultrafilter.

Having proven that good, countably incomplete ultrafilters actually exist, we next use them
to show that they make ultraproducts saturated. Before giving the proof of the theorem, the
third section contains a short introduction in model theory. The definitions of a language and
its terms and formulas are given. We then discuss when a sentence is satisfied in order to come
to a definition for a model.

The next part gives the definition of an ultraproduct and states the fundamental theorem
of ultraproducts. This theorem is used in the proofs of the two theorems in the last part of this
thesis.

Finally we come to the part where the theorem stating that good, countably incomplete
filters make ultraproducts saturated is given. At first a weaker version of this theorem is proven.
The structure of this proof is similar to the one proving good ultrafilters make ultraproducts
saturated. Then we finish with the proof of the theorem.
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Introduction

Ultrafilters are special subsets of the power set of a set. They are mostly known for their
use in model theory. An example of an application of ultrafilters is in the construction of the
hyperreals. These are obtained when making an ultraproduct of the real numbers. The idea
here is that the universe of the real numbers is extended to a universe which contains sequences
of real numbers instead of real numbers. Each real number is identified with the corresponding
constant sequence. The model that is then obtained is the model of the non-standard analysis.
In this model many theorems of the standard analysis have a much simpler proof because of the
existence infinitely large and small numbers.

Next to that, the non-standard analysis has a very interesting property, namely that it is
Ni-saturated. Roughly speaking this means that if a statement holds for all finite subsets of a
countable set, then it holds for the whole set. For example if we look at the statement 0 < x < %,
then for each finite subset of the natural numbers we can find an x which satisfies the statement
for all n in that subset. It then follows that 0 < z < % is true for every natural number, and
thus there exists an infinitely small element = in the model of the non-standard analysis.

The degree of saturation of a model tells us something about the number of statements
which we can realize. The ¥i-saturation of the non-standard analysis can be achieved by using
countably incomplete ultrafilters. The question which then arises is how to achieve higher order
saturation for models.

In order to do this we will need a stronger filter than a countably incomplete ultrafilter, a
good ultrafilter. One of the main theorems of this thesis proves that this kind of ultrafilters
actually exists. After an introduction in model theory we show that good, countably incomplete
filters make ultraproducts a-saturated.






1. Ultrafilters

This first section gives an introduction into the theory of ultrafilters. We will give the definition
of an ultrafilter and show that ultrafilters exist. Then we can move on to the definition of a
good ultrafilter, whose existence will be proven in section 2.

For a set I, P(I) is the set of all subsets of I and S, (1) is the set of all finite subsets of I.
If I is a set of cardinality «, then |P(I)| = 2% and, if « is infinite, |S,,(I)| = .

Definition 1.1. A filter F over a non-empty set [ is a subset of P(I) such that:
(F1) 0 ¢ F;

(F2) If A,B € F then AN B € F;

(F3) If Ae Fand AC B C I then B € F.

The following properties are a few simple consequences of this definition. Firstly, with a
simple induction argument it follows from (F2) that a filter is closed under finite intersections.
From (F3) we see that I € F, since for any A € F we have A C I C I. Moreover, note that
P(I) is not a filter but does satisfy (F2) and (F3). Finally, the following lemma follows easily
from the definition and will be useful in many proofs.

Lemma 1.2. Let F be a filter over a set I and A C I. Then I\ A ¢ F iff for every F € F the

intersection F' N A is non-empty.

Proof. Let I\ A ¢ F and suppose that F'N A is empty for some F' € F. Then F C I\ A and
thus, by (F3), I\ A € F. This gives a contradiction, so F' N A must be non-empty.

On the other hand let F N A # () for all F € F. Suppose I \ A € F. Then, by (F2),
FNI\Ae€ Fforany F € F. But (FNI\ A)NA = () which contradicts our assumption. Hence,
I\A¢F. O

We say that any subset A C P(I) has the finite intersection property iff every finite intersec-
tion of elements of A is non-empty. Note that any filter F has the finite intersection property
since it is closed under finite intersections and the empty set is not an element of F.

For A C P(I) having the finite intersection property, the filter (A4) is the intersection of all
filters containing A, i.e.

<A>=ﬂ{F:AQF§P(I) & F is a filter on I}.

We call (A) the filter generated by .A.

Definition 1.3. Let U/ be a filter over a set I, then U is an ultrafilter iff for every A C I either
AcelUorI\AclU.

Ezample. Any filter U on a set I generated by a singleton {z}, = € I, is an ultrafilter. Namely,
let A be any subset of I. Suppose x € A, then A € U. On the other hand, if x ¢ A, then
x € I\ A and therefore I \ A € U.

An ultrafilter can also be defined as a maximal filter over I. In other words, if I/ is an
ultrafilter over I there is no filter F over I such that &/ C F. This is proven in the following
proposition.

Proposition 1.4. A filter U is an ultrafilter over I iff it is a maximal filter over I.



Proof. Let U be a maximal filter over I and A be any subset of I. If A € U/ and I\ A € U, then
AN (I \ A) =0 € U. This contradicts the first property of a filter, so we can not have both
A€l and I\ A € U. We now show that if I\ A ¢ U then A € U. This is sufficient since if
A=1\B¢U it would follow that I \ A= B € U.
Suppose I \ A ¢ U. Consider the set U U {A}. Since U is a filter it has the finite intersection
property. Furthermore, by lemma 1.2, U N A # () for all U € U since I \ A ¢ U. Tt follows that
U U {A} also has the finite intersection property. Now let V be the filter generated by U U {A},
soV = UU{A}). Then U C V, since Y C U U{A} and thus U C F for every filter F which
contains U U {A}. Because U is a maximal filter it follows that & = V. Therefore A € U.

On the other hand let ¢ be an ultrafilter and suppose that U is not a maximal filter. Let
V be a filter such that &/ C V. Take A € V \ U, then since A ¢ U we must have I \ A € U.
But, since U C V, we now find that ) = AN (I \ A) € V. This is in contradiction with the first
property of a filter, so i/ must be a maximal filter. O

The existence of ultrafilters is proven in the Ultrafilter Theorem. This theorem states that
any A C P(I) which has the finite intersection property can be extended to an ultrafilter on I.
The proof uses the axiom of choice in the form of Zorn’s lemma (see Appendix A).

Theorem 1.5 (Ultrafilter Theorem). Let I be a set and A € P(I). If A has the finite intersec-
tion property, then there is an ultrafilter U over I such that A CU.

Proof. Let B be the set of all filters containing A, i.e.
B={F:ACF, Fis afilter },

B is not empty since (A) € B. We will use Zorn’s lemma (A.1) to show that B has a maximal
element.

Let € be any chain in B. We have to show that | € is an element of B, this means that | JC
is filter containing A. Since every C € C contains A it follows that A C | J €. Furthermore, we
have:

(F1) For every C€ C, 0 ¢ C,s00 ¢ [JC.

(F2) Let A,B € |JC, then A € C; and B € Cy for some C1,C2 € €. Since € is a chain we have
C1 C Cy without loss of generality. It follows that A, B € Co and thus, since Cs is a filter,
ANBeC ClYC.

(F3) Let A€ |JC and B D A. Then A € C for some filter C € €, so B C C |JC.

It follows from (F1)-(F3) that |JC is a filter. Hence, |JC € B.

We have now found a chain € in B such that | JC € B, therefore we can apply Zorn’s lemma.
It follows that B has a maximal element, say U. Since U is an element of B, A C U and by the
maximality of U, if F is any filter containing U, then F = U. Therefore, by proposition 1.4, U is
an ultrafilter containing A. O

Definition 1.6. An ultrafilter U is countably incomplete iff there is a countable A C U such
that A = 0.

An equivalent way to define a countably incomplete ultrafilter is given by the following
proposition.



Proposition 1.7. An ultrafilter U over I is countably incomplete iff there is a countable de-

creasing chain
I=hoh20L2- -

of elements I,, € U such that (), I, = 0.

Proof. Suppose U is a countably incomplete ultrafilter over I. Let A be a countable subset of I/
such that A =0. Let {Xy,...,X,,...} be an enumeration of the elements of A and define

Since (), Xn = 0, we know that N, In = (. Every J, is also an element of U since U is closed
under finite intersections. Furthermore, J, O J,4+1 for every n € N. It follows that for every n
there is an m > n such that J,, 2 J,,. Otherwise we would find (,, J, = J;, for some m. Now
we can construct a decreasing chain of sets J,, € U such that J, 2 J,41 for every n € N. Then
the chain

IDJ()DJlDJQD"'

is a decreasing chain of elements of I/ such that its intersection is the empty set.

Conversely let I = Iy D I; D --- be a decreasing chain of elements of ¢ such that (), I,, = 0.
Then the set Z = {Ip,I1,12,...} is a countable subset of U with (\Z = (. Therefore, U is
countably incomplete. O

The focus of this thesis lies on a special kind of ultrafilter called a good ultrafilter. Before we
give the definition of a good ultrafilter we need some notations about functions.
Consider a set I and two functions p and ¢ from S, (I) into P(I).

e p is multiplicative iff for every X, Y € S,(I), p(X UY) = p(X) Np(Y).
e p is monotone iff for every X CY € S,(1), p(X) 2 p(Y).
o g <piffforall X € S,(I), ¢(X) C p(X).

Definition 1.8. An ultrafilter U on I is good iff for every monotone p : S,(I) — U there is a
multiplicative g : S,(I) — U such that ¢ < p.

Note that if I has cardinality o and U is a good ultrafilter over I, then for every 5 < «
and every monotone p : S,(8) — U there is a multiplicative ¢ : S,(8) — U. To see this let
p : Su(B) — U be a monotone function. Take f : S,(I) — U such that f(A) = p(AN pS).
Then, since U is good, there is a multiplicative g : S,,(I) — U such that g < f. If we take
q: Su(B) — U to be the restriction of g to S,(8) we find that ¢ is multiplicative and ¢ < p.

Ezxample. Any ultrafilter on a set I of cardinality Ng is good. It is sufficient to show that an
ultrafilter on N is good. So let U be an ultrafilter on N and let p : S,,(N) — U be a monotone
function. Let X,, = {i € N: ¢ < n} for any n € N. For any finite set F' C N define

n(F) =[] {Xn: F C Xy} € Su(N).
neN

We now show that there is a multiplicative function ¢ : S,(N) — U such that g < p.
Define ¢ : S,(N) — U by q(F) = p(n(F)). Then since F' C n(F') and p is monotone we find

q(F) =p(n(F)) Cp(F), forall F e S,(N),



so ¢ < p. Finally, to show that ¢ is multiplicative, take F, G € S, (N). Then we have n(FUG) =
n(F) Un(G). Without loss of generality we may assume that n(F) U n(G) = n(F), hence
p(n(F)Un(G)) = p(n(F)). Since n(G) C n(F)Un(G) and p is monotone, p(n(F) U n(G) C
p(n(G)). Hence we find that p(n(F)Un(G)) = p(n(F)) Np(n(G)). This gives us

q(FUG) =p(n(FUG)) =pn(F)) Np(n(G)) = ¢(F) Ng(G).

Therefore, ¢ is multiplicative and it follows that U/ is a good ultrafilter.



2. Existence of good ultrafilters

In the previous section we have seen that ultrafilters on sets exists. We will now prove the
existence of good ultrafilters. The proof we give is from Kunen [3].

Theorem 2.1. Let I be a set of cardinality o« > Wg. Then there exists a good, countably
incomplete ultrafilter over I.

Before we give the proof of this theorem we need some more definitions and theorems. First
of all the proof from Kunen uses the notion of an independent set of functions.

Definition 2.2. Let F be a filter over a set I and 8§ C I, § is independent from F iff for any
distinct f1,...,fn € 8 and i1,... iy € I,

Fn{jel: fi(j)=irforalll <k <n}#0 foral F € F.

8 is independent iff 8 is independent from {I}, i.e. {j € I: fr(j) = ix for all 1 < k < n} is not
empty.

We see that if § is independent from F then, by lemma 1.2, I\{j : fx(j) =ik, 1 <k <n} ¢ F.
To prove theorem 2.1 we will construct a sequence of filters and independent sets of functions
such that every filter and every set satisfies a list of conditions. These independent sets of
functions will be constructed such that each set has cardinality 2%. The following theorem
proves that this is possible.

Theorem 2.3. If |I| = a > Ry, then there is an independent § C I' such that |8 = 2°.

Proof. Consider the set {(S,r) : S € S,(I) and r € TP}, We know that |S,(I)| = « and
]IP(S)| = o?" = a. Hence, we can enumerate the set as (S;,r;)ies. For aset A C I let fa € I'
be the function defined by fa(i) = r;(ANS;). Then 8§ = {f4 : A C I} is a set which satisfies
our conditions. Firstly, since |P(I)| = 2%, we see that

8| =Kfa: Ac I} ={fa: AcPU)} = |PU)] = 2"

Moreover, let fa,,..., fa, be distinct members of §, where Ay,..., A, are distinct sets, and
i1,...,in € I. Take S € S, (I) such that SN A, # SN A; if k # 1. Then we can construct a
function r : P(S) — I such that r(A; NS) = i;. Now let j € I such that (S,r) = (Sj,r;). Then
we find

fAk (j) = Tj(Ak N S]) = T(Ak N S) = 1.

It follows that {j : fa,(j) = ik, 1 < k < n} is non-empty. Thus, 8 is an independent set of
cardinality 2. O

Finally, to make sure that our construction in the proof of theorem 2.1 is correct, we will
need the following two lemmas.

Lemma 2.4. Let I be a set, $ C I' a set independent from the filter F over I and A C I. Then
there are 8' C 8 and F' O F such that

(i) 8" is independent from F’,
(ii) 8\ 8 is finite, and
(iii) A or I'\ A is an element of F'.



Proof. We distinguish two cases in our proof.
Case 1. Suppose 8 is independent from (F U {A}). Take 8’ =8 and F' = (F U {A}). Then &
is independent from F’ by assumption, 8 \ 8’ = () is finite, and A € F’ by definition of F'.
Case 2. 8 is not independent from (F U {A}). Let fi,..., fn be distinct members of § and
i1,...,1n € I such that

GNANB =0, for some G € F

where B ={j € I : fi(j) = ix,1 < k < n}. By independence we know that F N B # {) for all
F € F. So the set F'U{B} has the finite intersection property and thus we can define the filter
F'=(FU{B}). Since GNB C I\ A it follows that I \ A € F', thus condition (iii) holds.

Now define 8’ = 8\ {f1,..., fn}, then 8\ 8 = {f1,..., fa} is finite and condition (ii) is
satisfied.

Let g1,. .., gm be any distinct functions in 8/, t1,...,t, € land C = {j € I : gp(j) = 14,1 <
k < m}. Then for every F' € F we have F N (BN C) # () since 8 is independent from F and
8§ C 8. For any F’ € F' we have that F’ D F'N B for some F € F, hence the intersection ' NC
is non-empty. Thus we find that 8’ is independent from F’ satisfying condition (i). O

Lemma 2.5. Let I be a set, 8 C I' a set independent from the filter F over I andp : So,(I) — F
a monotone function. Then there are 8' C 8, F' O F and a multiplicative q : Sy,(I) — F' such
that

(i) 8 is independent from F,
(i1) 8\ 8 is finite, and
(iii) q < p.
Proof. Fix g € 8. Let 8 = 8\ {g}, then 8\ 8 = {g} is finite. For each T' € S, (I) define
qr - Sw(I) — F by
0 SZT
qT(S) = ,¢_ .
p(T) SCT
Let {T;}ics enumerate S, (1) and define ¢ : S,,(I) — F' by

U qr, ( {Z})

el

where F' = (F Urange ¢). Then ¢ is multiplicative and ¢ < p. Before proving this, we show
that F Urange ¢ has the finite intersection property and thus that F’ is well-defined.

Let S € S,(I) and i € I such that S C T;. Then, since p(T;) € F and § is independent
from F, F N p(T;) Mgt ({i}) # 0 for all F € F. It follows that F N ¢(S) is non-empty. By the
multiplicativity of q we now find for any Si,...,S; € Sy(I) and F € F,

FngSy)n...nq(Sy) =FnNg(SiuU...USk) #0,

since S1U...US € S, (I). Hence it follows that F'Urange ¢ has the finite intersection property.



Now to show that ¢ is indeed multiplicative let X,Y € S, (1), then

g(XUY)=Jar(Xuy)ng'({i})
i€l

= U p@ng'{i})

il XUYCT;
— | U smngd@|n| U »@ng i
liel:XCT; ieYCT;
= U ar,(X)Ng ] [U ar, ( {Z})]
—Jiwwayy .

Furthermore, let S € S,,(I). Notice that, since p is a monotone function, p(T") C p(S) for all
T O S. It follows that

U {CJT {Z})}

el

= U {p@ng'{ih}

iel:SCT;

c U »m
i€l:SCT;

C p(S),

and thus ¢ < p.
Finally we show that 8’ is independent from F'. Let fi,...f, € 8, i1,...,i, € I and
A={jel: fi(j) =ir 1 <k<n}. Let S € S,(I), then

FrgS)nA=rn | (S)ng ({i})

el

—rn |J p@mng({ihnA

1€l:SCT;

= |J Fnp@)n{jel:gG) =i fu(j) =inl<k<n}

i€l:SCT;
# 0,
where the last step follows from the independence of 8§ from F. Hence we find that F' N A # ()
for any F” € F', since F N q(S) C F' for some F € F and S € S,([). O

This gives us all the necessary definitions and theorems to prove that good, countably in-
complete ultrafilters exist.

Proof of 2.1. Let {Ay},<2o enumerate P(I). Let {p,},<2o enumerate all monotone functions
from S, (I) into P(I), such that each monotone p : S,(I) — P(I) is listed 2% times. We will
construct sequences {F,}p<2e and {8, },<2e, such that for all n < 2% the following hold:

(1) F, is a filter over I and §,, C I I'is independent from Fi



2) For § <n < 2% F¢ CF, and 8¢ 2D Sy;
3) 18y = 2%

4) If n is a limit ordinal, 7y = U, F¢e and 8y = (e, S¢;

)
)
)
5) Fo is generated by sets { By }n<x, such that (), x, Bn = 0;
6) 8y \ 8y+1 is finite;

)

(
(
(
(
(
(7) Either A, or I\ A, is an element of F; 1 1;

(8) If py : S, (I) = F, then there is a multiplicative q : S,(I) — F,41 such that ¢ < p,,.

The first four conditions will take care of themselves. Condition (7) will ensure that U =
U,<2a Fy is an ultrafilter since either A, or I'\ A, will be an element of ¢/ for all n < 2.

By (5), U will have a countable subset B = {B,, : n < Rg} such that (B = (), hence U will
be countably incomplete. To make this condition hold, take 8y U {f} independent of power 2%.
Define for n < Ny the set B, = {i € I : n < f(i) <N} and let Fo = ({By, : n < Np}). Then
nn<N0 BTL = @

Now let p : Sy(I) = U = U, 9o Fy be a monotone function. Define range p = {p¢ : { < a}.
Then pe € Fy, for all £ < a. Furthermore ne < 2% for all £ < «, hence by Kénig (appendix A),

D ome< [ 2= (2" =2~

(<a (<a

So we find that there is an 1 < 2% such that ¢ < 7 for all { < . This means that p € F;, for
all £ < a, so p: Sy(I) = F,;. By applying (8) for some 1 > n such that p,» = p, we find that
there is a multiplicative ¢ : S,,(I) — F,y41. Thus it follows that ¢/ will be a good ultrafilter.
By applying lemma 2.4 and 2.5 at each stage n < 2% we see that the last three conditions
hold. This concludes our proof. ]
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3. Saturated ultraproducts

Good ultrafilters are of great interest in model theory. This is because they make ultraproducts
saturated, which will be the main conclusion of this section. We will start with an introduction
to model theory, where we discuss all the necessary definitions.

3.1. Model theory

In model theory we look at the relation between a formal language and the interpretations of
this language. In this interpretation a sentence can be given a truth value, true or false. A
model can then be defined on the basis of these truth values.

Definition 3.1. A language £ = {g1,92,...,P1, P,...,c1,c2,...} is a collection of (n-placed)
function symbols, (m-placed) relation symbols and constant symbols.

If a language £’ contains all of the symbols of £ and some additional symbols, we say
that £ is an ezpansion of £ and write £ C L. We define the power of L, denoted by ||L]||,
as [|[L|| = wU|L|. An interpretation A of L consists of a non-empty set A, called the domain,
and an interpretation function. This interpretation function maps each function symbol g to an
n-placed function f: A — A on A, each relation symbol P to an n-placed relation R C A™ on
A and each constant symbol ¢ to a constant a € A.

Ezample 3.2. Let L = {g, P, c} be a language. Then the following could be an interpretation
of L:

e The domain A is the set of positive integers;
e x + y is the interpretation of g(x,y);

e x < y is the interpretation of P(z,y);

e c is interpreted as 1.

In a language L there are different kind of strings of symbols. One of these are the terms
of £. A term is defined as follows:

(i) A variable or a constant symbol is a term;
(ii) For a function symbol g and terms t1,...,t,, g(t1,...,t,) is a term;
(iii) ¢ is a term iff it can be shown to be a term on the basis of the conditions above.

The next string of symbols is an atomic formula of £. To define atomic formulas we need the
identity symbol =, this symbol denotes a binary relation. For any two terms t; and ts of L,
t1 = ty is an atomic formula, and P(t1,...,ty) is an atomic formula, where P is a relation
symbol of £ and t1,...,t, are terms of L. Lastly £ has formulas, which are defined as follows:

(i) Atomic formulas are formulas;

(ii) For any formulas ¢ and ¢ of L, (¢ A1) and (—¢p) are formulas;
(iii) For a variable v and a formula ¢, (Vv)yp is a formula;

)

(iv) A string of symbols is a formula iff it can be shown to be a formula on the basis of the
conditions above.

11



A variable in a formula ¢ is said to be free iff it is not quantified in . For example,
in the formula (Vx)e(z,y), the variable x is not free but y is. We will write t(vo,...,vy,),
respectively ¢(vp, ..., vy,), for a term, respectively a formula, whose free variables form a subset
of {vg,...,v,}. If a formula contains no free variables, then it is called a sentence. Each sentence
in a language L is either true or false in an interpretation of £. A formula with free variables, on
the other hand, may be satisfied by some elements in the domain A and not satisfied by others.

Let ¢(vg, ..., v,) be a formula of a language £ and A an interpretation of L. If p(ag, ..., an)
is true for some collection of elements ay,...,a, € A, then we say that ¢ is satisfied in A by
ag, ..., 0y, and we write

A E p(ag,...,ap).
We say that A satisfies, or realizes, some formula ¢ iff ¢ is satisfied in A by some sequence
ag,...,a,. Notation: A | ¢. If X(vg,...,v,) is a set of formulas in the variables vy, ..., vy,
then we say that A satisfies X iff every o € ¥ is satisfied in A by some sequence ag, . . ., Gy

Example 3.3. Let £ be the language with interpretation as in example 3.2. The formula
(Vy)P(z,y) has one free variable, this variable is z, and thus it is not a sentence. The ele-
ment 1 € A satisfies this formula, since 1 < y for every y € A.

Now look at the formula (3z)(Vy)P(z,y). This formula does not have any free variables and
is thus a sentence. This sentence states that the positive integers have a smallest element. As
we have seen above this element exists, so the sentence is true in our interpretation of L.

Definition 3.4. A theory T of a language L is a collection of sentences of £. We call these
sentences the azxioms of T'.

From the axioms of a theory T" we can derive all other sentences which hold in 7. This leads
us to the definition of a model.

Definition 3.5. A model A of a theory T is an interpretation of £ for which all axioms of T'
are true.

The power of a model A is the cardinal |A|. If X C A, then (A, x)zex is a model in the
expanded language £ U X where each x € X is interpreted as a constant symbol.

A set of formulas ¥ = X(vg,...,v,) is consistent with a theory T iff there is a model of T’
which realizes every o(vo,...,v,) € X. If X(vo,...,v,) is a maximal consistent set of formulas,
we call 3X(vg,...,v,) a type. For example, if A is a model and (v, ..., v,) is the set of all
formulas satisfied by ag, ..., a, € A, then ¥ is a type.

Proposition 3.6 gives a useful method to show if a set of formulas is consistent. The proof of
this proposition uses the compactness theorem which states that a set of sentences X is satisfiable
iff every finite subset of 3 is satisfiable. The theorem and the proof can be found in Chang &
Keisler [1].

Proposition 3.6. Let T be a theory and let ¥ = X (vo, ..., v,) be a set of formulas. Then ¥ is

consistent with T iff every finite subset of 3 is realized in some model of T'.

Proof. Suppose ¥ is consistent with 7. Then by definition 7" has a model A which satisfies X3,
SO
AEo, forall oe€X.

It follows that for any finite subset {o1,...,0,} C X, A satisfies every o;, i = 1,...,n, and thus

AE{o1,...,on}.

On the other hand, suppose that every finite subset of X is realized in some model of T'. Then
by the compactness theorem there is a model which satisfies every o € . So it follows that X
is consistent with T'. ]
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3.2. Ultraproducts

Now that we have discussed the necessary introduction on model theory we can define the
ultraproducts. We will first discuss the construction of an ultraproduct on sets and then define
the ultraproduct for models.

For an ultrafilter U over a set I and {A;};cs a collection of non-empty sets let C' be the
Cartesian product over these sets, that is

C_HAi_{f:IﬁUAi]f(i)eAi}.

il iel
We say that two functions f,g € C are U-equivalent, f =y g, iff
{iel:fi)=9@0)}elU.
The relation =;; is an equivalence relation and we denote the equivalence class of a function f
as fu={9€C: f=ugt

Definition 3.7. The set [],, A; of all equivalence classes of = is the ultraproduct of A; mod-
ulo U, i.e.

[T4i={fu:re]]A}

u i€l
Now, to define the ultraproduct of models let A; be a model for a language £ for every ¢ € I.

The wltraproduct [],; A; is the model for £ with universe [],, A; where each symbol in £ is
interpreted in the following way:

(i) For a constant symbol ¢ of £ let a; be the interpretation of ¢ in A; for each i € I. Then
the interpretation of ¢ in [[;, A; is the element b € [],; A; such that b= (a; : i € I)y.

(ii) For a relation symbol P of £ let R; be the interpretation of P in A; for every i € I. Then
the interpretation of P in [, A; is the relation S such that

S(fh, ... f) it {ieI:Ri(f'(4),...,f @)}y eu

(iii) For a function symbol G of L let F; be the interpretation of G in A; for every i € I. Then
the interpretation of G in [],, A; is the function H given by

H(fyy-- - fl) = (E(f1 ), f7(0) 2 € Dy

If A; = A for all i € Tand a certain model A , then we call [[,, A the ultrapower of A.
We now give an important theorem about ultraproducts. This theorem will be useful in the
proofs of the next section.

Theorem 3.8 (The Fundamental Theorem of Ultraproducts). Let I be a set and let B be the
ultraproduct [, A;. Then:

(i) For any term t(x1,...,x,) of L and elements fY, ..., fi} € B, we have
te (-5 fif) = (ta, (f1(0), .o f7(0)) si e D),
(ii) For any formula (a1, ...,x,) of £ and f}}, ... fi € B, we have
BlEo(fy,....fy) iff {iel:AiEe(fG),....f"G)} eU.

The proof of this theorem can be found in Chang & Keisler [1].
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3.3. Saturated models

We are now able to show that good ultrafilters make ultraproducts saturated. An a-saturated
model is a model which realizes a maximum number of types. This makes it possible to realize
a large amount of formulas with only one element.

Definition 3.9. Let « be a cardinal and A a model. Then A is a-saturated iff for any X C A,
| X| < a, (A, z)zcx realizes every type X(v) of the language £ U X which is consistent with the
theory of (A, x),ex.

Note that by 3.6 we know that if (A, z),cx realizes every subset of ¥(v) then ¥(v) is con-
sistent with the theory of (A, z)zex. So if we want to show that a model A is a-saturated it
suffices to prove that if (A, x),cx realizes every finite subset of every set of formulas ¥(v), then
(A, x)ex realizes X(v).

Before coming to the main result of this section we first prove a similar weaker theorem. The
structure of this proof will be similar to the proof of our main theorem.

Theorem 3.10. Let L be a countable language, and let U be a countably incomplete ultrafilter
over a set I. Then the ultraproduct [],, A; is Ny-saturated for every family A;, i € I, of models
for L.

Proof. Let X be any countable subset of [, A; and X(v) be any set of formulas of LU X.
We must show that if every finite subset of ¥(v) is satisfiable in (], Ai, z)zex, then X(v) is
satisfiable in ([ [, Ai, ©)zex.

Let {an}n<n, enumerate X. Note that if a,, = (an (i) : ¢ € I)y, then

(H A;, an> = H ((Ady an(i))n<r,) -
u n<Ng u

Now, since L is an arbitrary countable language and £U X is also countable, it suffices to prove:

(i) For every set ¥(v) of formulas of L, if each finite subset of 3(v) is satisfiable in [, A;,
then Y (v) is satisfiable in J],, A;.

Suppose [],; A; realizes every finite subset of a set of formulas ¥(v) of £. The language £
is countable, so ¥(v) is also countable and we can write ¥(v) = {o1(v),02(v),...}. Since U is
countably incomplete there is a descending chain I = Iy D I} D I, O --- of elements of U such
that ﬂn<&0 I, = 0. Let Xog =1, n <Yy and define

Xp=I,n{iel:AjE @x)(o1(z) AN ANop(z))}-

We know that [[;, A; realizes every finite subset of ¥(v), hence by the fundamental theorem 3.8
{iel: A Fx)ox)AN...Nop(x))} €U for any n < Xy. Therefore, X,, € U for all n < V.
Moreover, ﬂn<&0 X, =0 and X,, D X, for all n < Ny. It follows that for each i € I there is
a greatest n; < Ng such that i € X, .

Now we choose a function f € [],.; 4; as follows:

(a) if n; =0 let f(i) be an arbitrary element of A;,
(b) if n; > 0, choose f(i) so that A; = o1 A ... Aoy, [f(1)].

Let n > 0. Then n < n; for all i € X,,. So it follows that A; = 0,[f(i)] for every ¢ € X,
and thus X,, C {i € [ : A; = 0,[f(¢)]}. This implies that {i € I : A; | 0,[f(i)]} € U and thus,
by the fundamental theorem of ultraproducts (3.8), [[,, A; = oy [fu] for every n > 0. Hence, fy
satisfies ¥(v) in [[,, A;. This proves (i). O
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Ezample. As an example for an Ni-saturated model we look at the non-standard model of the
natural numbers. Let N be the model of the natural numbers with domain N and U a countably
incomplete ultrafilter over N. Then the ultrapower [[,, N is Nj-saturated.

Now look at the set of formulas ¥ (v) given by ¥(v) = {v > n : n € N}. Each finite subset of
Y (v) can be realized since we can always find an m € N such that m > n for a given n. By the
N;-saturation it follows that ¥(v) is satisfiable in [[,, V. This means that there is an element
in [[,;, V- which is greater than every natural number.

The theorem which states that good ultrafilters make an ultraproduct saturated is a gener-
alization of theorem 3.10.

Theorem 3.11. Let U be a good, countably incomplete ultrafilter over a set I of cardinality
a > Vo. Suppose ||L|| < a. Then for any family A;, i € I, of models for L, the ultraproduct
[T, A is a™-saturated.

Proof. We see that in the same way as in the proof of theorem 3.10 it is sufficient to prove:

(i) For every set 3(v) of formulas of £, if each finite subset of ¥(v) is satisfiable in [],, A,
then X(v) is satisfiable in [],, A;.

In our proof we will first construct a monotone function p. Then we will use that U is a good
ultrafilter to find a multiplicative function g. To conclude our proof we will find an element hy,
using our function ¢ which satisfies ¥(v) in [ [, A;.

Let 3(v) be a set of formulas of £ and suppose that [[,, A; realizes every finite subset of ¥(v).
Since U is countably incomplete there is a descending chain I = Iy D I} O I O --- of elements
of U such that (), .y, In = 0. Define p: S,(¥) — U as follows:

plo) =TI, n{icl: Ak 3z) o}, (1)

where p(0) = Iy. Each 0 € S,,(X) is finite and thus satisfiable in [],, A;, so [[, A; = (3z) A o.
By the fundamental theorem of ultraproducts it follows that {i € I : A; = (Jx) Ao} € U.
Therefore, p(c) € U and p is well-defined.

The function p is monotone. To show this, let 0 C 7 € S,(X). Since |o| < |7| we have
Iis| 2 Ijz|. Moreover, if A; realizes 7 for any ¢ € I then A; also realizes 0. Thus

{iel: Al @) \r}C{iel: A3\t

So we find p(o) 2 p(7).
Because ||£|] < a we have that [3] < « and thus |S,,(2)] < a. So, since U is a good ultrafilter,
we can now find a multiplicative ¢ : S,(2) — U such that ¢ < p. Define, for each i € I,

o ={0ex:ieq{o)} (2)

Notice that o; is finite for all ¢ € I. To see this, note that if |o;| > n, then i € I,,. Because, if o;
has at least n distinct elements 61, ..., 0,, then i € ¢({fs}) for all s <n. Using the multiplicity
of ¢ and ¢ < p, we find

i€q({0sH)N...nq({0:}) = q({01,...,0n}) S p({01,...,0n}) C In.

If o; would not be finite then, |o;| > n for all n and thus ¢ € I, for all n. But since ﬂn<N0 I,=0
this i does not exists. It follows that o; is finite.

We now construct hy, € [];o; A; satisfying ¥(v) by specifying h; € A; for alli € I. Let i € 1.
We will take h; such that it satisfies all § € o; in A,.
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Now, by (1), (2) and multiplicity of ¢, for every i € I,

ieMaon 0o} =q({Ji0:0 € oi}) = alon) € plon),

so i € p(o;). By (1) for every ¢ € I there is an element h; € A; such that A; = A o;(h;). Hence,
we have found our element h; € A; such that A; = 0(h;) for any 0 € o; and i € I.

Finally, if {i € I : A; = 0(h;)} € U, then by the fundamental theorem of ultraproducts
[I;Ai E 0(hy). For every 6 € ¥ we have that ¢({6}) C {i € I : A; |= 6(h;)} and thus, since
q{0}) eU, {i € I : A; = 0(hy)} € U. Tt follows that [[,, A; = 0(hy) for all § € 3. Therefore,
hy satisfies 3 in [[;, A;. O
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A. Set theory

The subjects studied in this thesis require a certain knowledge of set theory. We especially
need to know about orderings on sets, ordinals and cardinals. This appendix contains a short
introduction into these subjects. For a more extensive documentation on set theory we refer
to [2]. The lemmas and theorems in this section will be left unproven.

A relation R is a set of ordered pairs (z,y). We write xRy instead of (z,y) € R. A relation
can have the following properties over a set X:

(i) reflexive: xRx for all z € X;

)

(ii) transitive: if xRy and yRz, then zRz for all x,y, z € X;

(iii) antisymmetric: if Ry and yRz, then x =y for all z,y € X;

(iv)

A partial ordering of a set X is a relation R over X which is reflexive, transitive and antisym-
metric. A connected partial ordering of X is called a simple ordering of X. Any set X of sets
is partially ordered by the inclusion relation C. If X is simply ordered by C, then we call X a
chain.

connected: for all x,y € X either xRy or yRx.

Lemma A.1 (Zorn’s Lemma). Let X be a non-empty set of sets and Y a chain in X. If
UY € X, then X has a mazimal element.

The lemma of Zorn is equivalent to the axiom of choice. Two other theorems which are
equivalent to the axiom of choice are the well ordering principle and the enumeration principle.

We say that a simple ordering on a set X is a well ordering iff every non-empty subset ¥ of X
has a smallest element, that is an y € Y such that yRz for all z € Y. A strict well ordering is a
well ordering that is irreflexive, i.e. =(zRx) for all z € X.

Theorem A.2 (Well Ordering Principle). Every set can be well ordered.

Before we can state the enumeration principle we need to define what an ordinal is. An
ordinal is a set « such that « is strictly well ordered by the relation € and (Ja C «. The first
three ordinals are: 0 = 0,1 = {0} and 2 = {(), {0}}. An ordinal 3 is a successor if there is an «
such that 8 = aU {a}. If « is not the successor of any ordinal, then « is a limit ordinal. The
first limit ordinal after O is the ordinal w, this ordinal represents the natural numbers.

An enumeration of a set X is a function whose domain is an ordinal o and whose range is
the set X. We use the notation {zg}g<q to denote an enumeration of the set X.

Theorem A.3 (Enumeration Principle). Every set can be enumerated.

For a set X, | X is the smallest ordinal a such that there is a bijection between X and .. An
ordinal « is called a cardinal iff &« = |«|. The least cardinal greater than « is called the successor
of o and is denoted as a™. We write Ry for the cardinal of the set of natural numbers N. The
successor of Np is Ny.

If {X;:1 € I} is a collection of sets with cardinalities «; then we can define the sum of

cardinals as follows
doai=) |Xi| =
iel iel

X x {i}

il
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The product is defined as

)

[T~

i€l

1

el

where [[;c; X; denotes the Cartesian product of the sets Xj, that is the set of all functions f
with domain I for which f(i) € Xj.

For a set X of cardinality o and a set Y of cardinality 8 the set XY denotes the set of all
functions from Y into X. The power of the o with exponent 3 is defined as o® = |XY|. If a is
infinite and n > 0, then o = « and (2%)* = 2°.

Theorem A.4 (Konig’s Theorem). Let I be a set and let {a; : i € I} and {f5; : i € 1} be sets
of cardinals. If a; < B; for all i € I, then

Zai <Hﬂ,

el iel
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