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Chapter 1

Introduction

The main motivation of this work is as follows. Let A be an infinite structure with
a finite relational language. We say that A has the finite model property iff each first
order formula true in A is also true in a finite substructure of A. One important
example for such a structure is the Rado graph (countably infinite random graph).
As it is well known, the finite model property of the Rado graph can be proved
by a probabilistic argument (for further details we refer to the beginning of section
4.1 of the present work which is based on Lemma 7.4.6 of [2]). Further, because
of its simplicity, it is natural to try to adapt the probabilistic argument to a more
general setting and establish the finite model property for other structures, or other
classes of structures - even for structures that don’t have any direct link to probabil-
ity theory. To carry out such a plan one has to handle the difficulties (A) and (B) below:

Difficulty (A): If we have a first order structure A, then how could we find a well
behaved probability measure on the underlying set A of A7

For (A) we note that there is a great tradition of studying probability measures
on first order structures. Such investigations can be traced back at least to the related
work of Keisler (carried out in the 1960’s). Studying probability measures on first order
structures received reneved impetus in the last few years when in their celebrated paper
[3] Hrusovski, Krupinski and Pillay constructed automorphism invariant measures on
the automorphism group Aut(.A) of A, on the Stone spaces of .4 and on the underlying
set A of A. Their intention was different from the finite model property and they
used a rather abstract setting. Therefore, in the present work we will follow a different
approach. If the automorphism group Aut(A) of A is large, then (by the results of e.g.
[5]) there exist automorphism invariant probability measures on (some dense subgroups
of) Aut(A), which can be transferred to the underlying set A of A by known methods.
The idea behind the construction of such measures on Aut(.A) is somewhat similar to
the construction of Haar measures. Firstly, there is a natural way to make Aut(A) to
a topological group. However, the topology thus obtained is not locally compact in
general, so the technical details of constructing Haar measures and invariant measures
on Aut(A) are different.

The so obtained measures u on A are finitely additive only. However, the original
probabilistic argument establishing the finite model property of the Rado graph



intensively uses the measure theoretic products (powers) of p in order to measure
certain subsets of direct powers of A. Further, products of finitely additive measures
are not so well behaved: as they are described in [4], the usual product operation of
finitely additive measures is not associative.

Difficulty (B): How to form product (power) measures of finitely additive measures
for more than two factors?

This work is devoted to manage these difficulties. In Chapter 2 we recall the product
construction of finitely additive measures from [4]. The main result of this section is
an example exhibiting that the product operation proposed and studyed in [4] is not
associative. Let n € N. In Section 2.2 we introduce the notion of “operation schemes”
which can be used to describe all the ways a product measure can be formed by applying
the non-associative product operation to obtain an n-factor product. In Chapter 3 we
isolate a large enough family of subsets of "A whose measures are the same with
respect to all product measures (regardless which operation scheme we used). The
main results of Chapter 3 are Theorem 3.13 and Corollary 3.16. Finally, in Chapter
4 we apply the machinery developed in Chapter 3 for products of finitely additive
probability measures, and study the finite model property in a fairly general setting.
The main result of Section 4 is Corollary 4.13, which is the finitely additive analogue
of Theorem 6.2 of [6] (which applies to countably additive measures).

The results obtained in this work are summarized in the manuscript [7] which we
intend to publish in a research journal.

We close this Chapter by summing up our system of notation and presenting further
preliminaries we need in later sections of this work.

1.1 Notation

Throughout this work N denotes the set of natural numbers and for every n € N we
have n = {0,1,...,n — 1}. In addition, R and R denote the set of real numbers and
the set of non-negative real numbers, respectively.

Let A and B be sets. Then 4B denotes the set of functions whose domain is A
and whose range is a subset of B. Moreover, for an ordinal o, <“A is defined to be

<CA = BU A A. Similarly, for a cardinal o, [A]* denotes the set of subsets of A which
<o

are of cardinality «. In addition, |A| denotes the cardinality of A and P(A) denotes
the power set of A, that is, P(A) consists of all subsets of A.
We use the delimeter (-) for (finite or infinite) sequences. Occasionally, as an abuse
of notation, by a finite tuple £ € X we mean a tuple that comprises of elements of X.
We use function composition in such a way that the rightmost factor acts first.
That is, for functions f, g we define fog(x) = f(g(z)). If f: A — B is a function and
X C ™A for some n € N, then we define

FIX] = {0 (0); s f(@nr)) = (o, ey tns) € X}

Further, Id 4 denotes the identity function on A and if C' C A then f|c denotes the
restriction of f to C.



For any non-empty set A, Sym(A) denotes the symmetric group of A (the group
of all permutations of A). If G is a group or semigroup (with underlying set GG) and
fo, s fae1 € G then (fy, ..., fu_1) denotes the subgroup (or subsemigroup) of G gener-
ated by { fo, ..., fn_1}. We warn the reader that sometimes, as in the previous paragraph,
(fo, s fn—1) simply denotes the sequence with terms fy, ..., f,—1. It will always be clear
from the context if we mean the substructure generated by the f;.

If G is a group acting on a set X and a € X, then Og(a) denotes the orbit of a with
respect to the action of G.

If A and B are structures, then A < B denotes the fact that A is a substructure of
B. Structures will be denoted by calligraphic letters and their underlying sets will be
denoted by the corresponding latin letter (in the case of groups usually we don’t make
such a strict distinction between the group itself and its underlying set and simply
denote both by latin letters). In addition, Aut(.A) denotes the automorphism group of
A.

Crucially, throughout this work by “measure” we mean a finitely additive bounded
measure unless otherwise specified. That is, a bounded function g : A — R* is a
measure given that all the below stipulations are satisfied:

e A is a Boolean set algebra over a set X,
o u(0) =0,

e ;1 is finitely additive, meaning that for all disjoint E,FF € A we have
w(EUF) = pu(E) + u(F).

Throughout this work, our notion of an integral is the same as in [4]. That is, the
“usual” one, e.g. defined in Section I11.2.2 of [1]. We will slightly elaborate on this in
Chapter 2.



Chapter 2

The finitely additive product measure

In this chapter we will recall some notions from [4] which will play a central role in our
investigations throughout this work. In the later parts of this chapter, we will confront
with a technical difficulty which we will resolve in Section 3.2. More concretely, we will
present the product measure of finitely additive measures studied in [4]. In Section 2.1
we will see that this construction does not yield an associative operation. In Corollary
2.16 this will be illustrated with a simple counterexample, which is the main result of
this chapter. In Section 2.2 we will give a formal framework for describing the order
of operations through which we can construct these product measures. This will be a
useful notion throughout the rest of this work. After this, we will show that all of these
product measures do behave nicely for at least the family of measurable rectangles.

Notation 2.1. Throughout this Chapter and Chapter 3, we will refer to sections of a
function in the way below. Let f : X x Y — Z. Then, for fixed x € X we define the
x-section f, of f as usual:
fo:Y — Z;
fa(y) = flz,y).
Symmetrically, for fixed y € Y we have f,(z) = f(z,y).
Now we recall some definitions and results from [4].

Definition 2.2. Let X, Y be sets. A function f : X xY — R is defined to be a DLC
function if for any (z; € X : i € N) and (y; € Y : j € N) if both
lim lim f(z;,y;) and lim lim f(x;,y;)

J—00 1—+00 1—+00 J—+00
exist, then they are equal.

Definition 2.3. Let A be a Boolean set algebra over X. A is an SP algebra if it
“separates points™ for any z # y € X there are F, F € A so that v € E, y € F and
ENF =0.

Definition 2.4. Let A be a Boolean set algebra over X. A real-valued function f on
X is A-continuous if for all € > 0 there exists a finite partition (F; : i < N) of X such
that for all i < N we have E; € A and |f(x) — f(y)| < ¢ holds for all z,y € E;.



Definition 2.5. Let A and B be SP algebras over X and Y. A bounded function
f: X xY — R is defined to be a Stone space function (S-function) with respect to
A and B, if

1. f,is A-continuous for all y € Y;
2. f: is B-continuous for all x € X;

3. fis a DLC function.

We recall the notion of the integral with respect to the measure u. Here, we give
simplified reminders of the definitions of the notions needed.

Definition 2.6. Let A be an SP-algebra on a set X and let ;1 : A — R be a measure.
A function f: X — R is a simple A-measurable function, if it is of form

f(l’) = Zai " XE;s
i€En
where for all ¢ € n we have a; € R and F; € A are pairwise disjoint sets. The u-integral
of a function of this form is as below:

[ran=3 o u(E),

A function f is p-integrable provided there exists a sequence (f; : i € N) of simple
A-measurable functions which converges uniformly to f. Then the u-integral of f is
defined as

/fdu _ / im f; dy — lim /fidu.
1— 00 71— 00
X X X

We note that this result does not depend on the choice of the uniformly converging
sequence.

Definition 2.7. Let A and B be SP algebras over X and Y. Let 1 and v be measures
on A and B respectively.
The limit product algebra of A and B (denoted by A B) is

AxB={E C X xY :xgis an S-function with respect to A and B}.

The finitely additive product measure of y and v on A x B (denoted by p * v) is
defined as

M*V(E)://XEdVd,u, for all E € Ax B.
XY

Theorem 2.8. According to Theorem 5.4 of [4], Ax B is indeed a Boolean set algebra,
and p* v is indeed a measure on it.

Remark 2.9. Going forward, in this work, unless otherwise specified, any algebra over
a set X will be the full poweset algebra P(X), and any measure not obtained from a
product measure will be defined on all subsets of X.



2.1 The non-associativity of the construction

In this section we will exhibit through an example that the product measure construc-
tion presented in 2.7 is not associative, even in simple cases.

A ternary function f : A x B x C' — R can be considered as a binary function in
multiple ways. For example, f can be regarded as a function over (A x B) x C' (in this
case, its first variable ranges over A x B). Similarly, f can be regarded as a function
over A x (B x C') (in this case, its second variable ranges over B x C' ).

Next, we will define the characteristic function of a set X. When being considered as
a binary function in one way, this function will be an S-function. When being considered
as a binary function in another way, it will not be an S-function.

Proposition 2.10. Based on the partition of its variables, the set X which has the
function f below as its characteristic function, can be measurable or not measurable in
the appropriate limit product algebras.

fiN* = {01},

0, ife=yand z < x;
f(z,y,2) = .
1, otherwise.

Lemma 2.11. Consider f as a function of form f : N?> x N — {0,1}. Then f is not
a DLC function, therefore X is not measurable with respect to P(N?) x P(N).

Proof. Let (x;,vy;) = (i,¢) for all i € N, and let z; = j for all j € N.

Then lim lim f(z;,y;, 2;) = hm 0=0%#1=lim1=lim lim f(z;,y, %)

J—00 1—00 1—00 1—00 J—00

[]

Consider f as a function of form f : N x N? — {0,1}. In the next Lemmas we will
show that this way f is an S-function.

Lemma 2.12. For any xo € N, the section f,, is P(N?)-continuous.
Proof. For any € > 0, the sets
Ey={(y,2) e N’y =1, 2 <z} and By = N?\

form a good partition. To see this, observe that for all (y, z) € E; we have f(zg,y,2) =0
and for all (y, z) € Ey we have f(zo,y,2) = 1. O

Lemma 2.13. For any (yo, z0) € N?, the section f(y, ) is P(N)-continuous.
Proof. Similarly, if zy < yg, then
={reN:zx=z}and £, =N\ F;
form a good partition for any € > 0. Otherwise F; = N is a good choice. m

Lemma 2.14. f: N x N? — {0,1} is a DLC function.



Proof. Assume, seeking a contradiction, that f is not a DLC function. Then there exist
sequences

(z;€N:ieN) and ((y;,2)€N":jeN)
such that both

him lim f(z:,y5,2;) and  lim lim f(z;,y;,2)
converge, one of them to 1, the other to 0.

0, if 3N such that Vj > N (y; = z and z; < z),
1, if 3N such that Vj > N (y; # z or z; > z).

);
).

For any fixed x, lim f(x,y;,z;) = {
j—00

Y

hm hm f(xhyj?zj) -
1—00 j—00

0, if 3N such that Vi > N (lim;e0 f(24,y5,2;) =0
1, if 3N such that Vi > N (lim;_, f(24,7;,2;) =1

Similarly, for fixed (y, z) we have

0, if 3N such that Vi > N (z; =y and z < x;),

lim f(z;,y,2) = .
z‘—>oof( y,2) {1, if 3N such that Vi > N (x; # y or z > x;).

lim lim f(z;,y;,%;) =
J—00 i—00

1, if 3N such that Vj > N (im0 f(2i, Y5, 2;) = 1)

By symmetry , we may assume that

{o, if IN such that Vj > N (lim; o0 f (1,95, 2) = 0),
=1).

(1) jhﬁrgcmlirgo f(xi,yj,2;) =0 and (2) lim lim f(z;,y;,25) =1

i—00 j—»00
From (1) we obtain
AN, V5 > Ny 9IN;; Vi > Ny ; we have z; = y; and z; < z;. (3)
Similarly, from (2) we obtain
AN, Vi > Ny IN,,; V5 > Ny ; we have x; # y; or zj > x;. (4)

For large enough ¢ and j this is contradictory. In more detail, for a moment fix 7 > N;
arbitrarily. Then, on one hand, by (3),

for large enough ¢, we have z; = y; and z; < ;. (%)

In particular, there exists x such that for all large enough i we have x; = x because of
the following: choosing j := N; + 1 and = := yy,+1, from (%) we obtain that for large
enough ¢ we have z; = yn,41 = 2. In addition, (%) also implies that z; < z holds for
j > Nj. Further, as (x) holds for arbitrary j > Nj, we get that for large enough j we
also have y; = x.

On the other hand, for large enough ¢ > Ny we have x; = x and for large enough
Jj > Ny; we have z; < o and y; = x. Specifically, ; = x = y; and z; <z = x;.

However, from (4) we get z; # y; or z; > x;. This contradiction completes the
proof. O]



Corollary 2.15. f:Nx N? — {0,1} is an S-function, therefore X is measurable with
respect to P(N) « P(N?).

Corollary 2.16. The % operation of forming product measures is not associative.

2.2 Rectangles

For our purposes, it is desirable to study only sets that are measurable irrespective
to the order of operations through which we have constructed the underlying product
algebra. That is, sets whose characteristic functions are S-functions regardless of which
way we partition their variables. The next definition gives a precise notation for this
order of operations.

Definition 2.17. We define binary operation schemes recursively.

For i € I, 7 is a binary operation scheme and p(i) = {i} is the set of indices it ranges
over.

If 71, 75 are binary operation schemes and p(71)Np(72) = ), then (77, 73) is an operation
scheme. Further, p({11,72)) = p(71) U p(72).

For an operation scheme 7 and sets X; for i € p(7) let

if 7 =1,

HX HX X HXZ, if 7= (1, 7).

For an operation scheme 7 and SP algebras A; let

A;, if =1
HA - HA *HAZ, if 7= (m, 7).

For an operation scheme 7 and SP algebras A;, let u; be measures on them respectively.
Then we define the measure 7 : [[A — R as

MT(ZL’): {,U/i(x)a ?fT:Z.;

(u™* pm)(x), if 7= (1, 7).

Example 2.18. For example, (Ag * A;) x Ay and Ay x (A; * Az) can be described
by the schemes ({0, 1),2) and (0, (1,2)) respectively. For a more complex example, let
F = ({1, (2,3)), (4,5)). Then

HN x (N x N)) x (N x N).

Intuitively one can regard these operation schemes as “the skeletons” of strictly binary
trees with finite depths. Borrowing from the language of computer science, they can
be considered as fold operations, as they condense a list of objects into a single object
by repeatedly using a binary operation. For example, the above defined 7 could be
represented as the tree of Figure 2.1.



Figure 2.1: 7

Remark 2.19. The symbol [] will be used both for the direct product of sets and for

-
the limit product (x) of algebras over the scheme 7. This should cause no confusion.

We will now show that the product measure defined in 2.7 behaves well when applied
to the measurable rectangles.

Lemma 2.20. Let n € N and X; be sets for all i € n. Let A; be SP algebras on X;
respectively. If for all i € n the sets U; C X; are measurable (that is, U; € A;), then
[1U;: is measurable (1[U; € [[A:) for any operation scheme T where p(T) =
For any such 7, p”(I1U;) = [Tpi(Us).

T iEn
Proof. We apply induction on n.

First assume n = 1. Then U is measurable by assumption.
Turning to the inductive step, let 7 = (11, 72). Then |p(7;)| < n. By induction [[U; and

T1
[[U; are measurable. As [[U; x [[U; is a rectangle, by 5.4 of [4] it is measurable.

T1 T2

T2
Similarly,

il *,LLZ HU y HU 5.4 of 4 7_1 HU HU mductzonH Z(UZ)

1EN
O

Remark 2.21. The measurable rectangles of finite dimensions are measurable regard-
less of the order of operations with which they were constructed, that is, regardless
of the operation scheme used to construct the product space. Their measures are the
same in all of these spaces. In Section 3.2 we will exhibit a considerably larger family
of sets with the above property.

10



Chapter 3

Solving the associativity problem

Let’s assume we have a set X and a measure g on it. Our aim in this chapter is to
investigate the possibilities of deriving a measure p™ on X". For any operation scheme
7 for which p(7) = n, we have a construction for p”. By only investigating sets that
are measurable when looked at through the lense of all of these schemes, we get one
step closer to this ideal measure p". However, by assuring that a set is measurable
“from any direction”, we cannot simply assume that its measure is the same in any of
these spaces. Our goal is to give sufficient conditions for some sets to have the same
measure, regardless of which operation scheme was used in creating them. A family
of sets that have this property is the set of measurable rectangles, as seen in Lemma
2.20.

In Section 3.1 we will introduce a family of functions that includes the character-
istic functions of sets that are measurable with respect to every appropriate operation
scheme. In Section 3.2 we will combine characteristics of these functions and a Fubini-
style theorem from [4]| to prove that these functions are well behaved with respect to
integration (Theorem 3.13). Using this, we will define and prove the associativity of a
(finite dimensional) product measure in Definition 3.17 and Corollary 3.16 respectively.
In Chapter 3.3 we will introduce a way of transferring measures from groups to sets
they act on, and vice versa. As an aside, we will show a different strategy for computing
the measures of certain sets in Theorem 3.34.

3.1 Hereditary S-functions

In this section we will introduce a class of functions that will play a significant role.
We start by recalling some results from [4] on which we will build.

Fact 3.1. (Part of Lemma 4.2. of [4].) Let A be a Boolean set algebra on the set X.
Let f be a real-valued function on X. Then the following are equivalent:

e f is A-continuous;
o if 1 is a measure on A, then f is p-integrable;

o f is a uniform limit of simple, A-measurable functions.

11



Fact 3.2. (Part of Theorem 4.4. of [{].) Let A and B be SP algebras on the sets X
and Y respectively. Let u and v be measures on A and B respectively. Let f be an
S-function on X x Y. Then the function

Y(y) = / fydu

is B-continuous. Similarly, the function ®(z) = /fm dv is A-continuous.
Y

Fact 3.3. (Lemma 5.2.(C) of [4].) Let A and B be SP algebras on the sets X and Y
respectively. If (f, : n € N) is a sequence of S-functions on X x Y which converges
uniformly to a function f, then f is an S-function.

Definition 3.4. For all operation schemes 7 with range p(7) and sets X; for i € p(7)

we define the function ¢, : [[X; — [[X; by recursion, as follows. With the aid of
T p(T)
these functions we can naturally convert a “bracketed” expression into its usual direct

product version.

If 7 =i, then ¢, (2)(i) = x.
If 7 = (11, m), then ¢, = ¢, Ucy,.

Remark 3.5. In order to make our text more reader-friendly, we will often use the
following notation. If 7 = (71, 7»), then

CT(xb x2) = (CTI ($1)> Cry ('1'2))

Definition 3.6. Let 7 be an operation scheme with range p(7). For all i € p(7) let
X; be a set endowed with the SP algebra A;. We define a function f : [[X; - R as a
hereditary S-function (with respect to [[A;) recursively based on 7.

If 7 =14, f is a hereditary S-function if it is A;-continuous.

If 7 = (m,72), fis a hereditary S-function if the stipulations below are satisfied:

e f is [[A;-continuous;
T

e f is an S-function with respect to [[A; and [[A;;

T1 T2
e for all x € [[X;, the z-section f, of f is a hereditary S-function (with respect to

T1
HAi);

e for all y € [[X;, the y-section f, of f is a hereditary S-function (with respect to

[TA:).

T2

12



Remark 3.7. The condition of [[A;-continuity is to ensure integrability, in reference

to Fact 3.1. Throughout the restTof this work, we will work with the full powerset as
the underlying algebra A = P(X). In this case, any bounded one variable function
is a hereditary S-function. The following propositions are likely true for arbitrary SP
algebras A, but for brevity’s sake, we will only prove them with respect to P(X), as
that is sufficient for this work.

Proposition 3.8. Letn > 2. For alli € n, let X; be a set endowed with the SP algebra
P(X;). Let f be a real-valued function on [[X; such that for all operation schemes T

with range p(T) = n the function f oc, : [[X; — R is an S-function.
Then for all T = (1, 72) with 72 = (n,m2) and for all x € [[X;, the z-section
T1
= (focr)s: [[Xi = R is an S-function with respect to [[P(X;) and [[P(X;).

T2 m 2
Symmetrically, the same is true for ¢ == (foc;), : [[Xi = R.

T1

Proof. We have to prove the following three assertions for g to be an S-function:

1. g, is [[P(X;)-continuous for all y € [[X;;
2 m

2. g, is [[P(X;)-continuous for all z € [[X;;

m 2

3. g is a DLC function.

1. Let 7" = ((m1,m),m2). We claim that g, = (f o ¢;)(z,). To see this, let z € [[X;.
2
Then we have

9y(2) = (f o cr)a), (2) = (f o er)aly, 2) = [ocr(, (y, 2)) = [ (en (2), cn(y, 2)) =
= [en (@), e (y), e (2)) = foer((2,),2) = (f 0 ) ay) ().

As f o ¢ is an S-function by our assumption, for any (z,y) € ][ X; the section
(r1,m)
(focy)imy is HP( ;)-continuous. Thus g, is HP( ;)-continuous as well.

2. Slmllarly to 1., this is easily verified Wlth the choice of 7" = ({71, 1m2), M)
3. Let’s assume that for the sequences (a, € [[X; : k € N) and (b; € HX jEeN)

n
both of the double limits 1

lim lim g(ag,b;) and lim lim g(ay, b;) exist.
k—o0 j—00 Jj—00 k—o00

Then we need to prove their equality. As in 1., let 7 = ((r1,m1),72). Then we have

lim lim g(ag,b;) = lim lim (f o ¢;)z(ag,b;) = im lim foc, (2, (ax,b;)) =

k—o0 j—00 k—o0 j—00 k—o0 j—00
= lim lim f(cq (), ¢y (ak), Cpp(b;)) = im lim f o cp((x, ak), b;).
k—o00 j—00 k—00 j—+00

13



Similarly, we have

Jin, g otew b = iy i Jo el . by).

By our assumption f o ¢,/ is an S-function, so it is a DLC function. Thus

Jim lim focr({z, ax),b;) = lim lim focr((z, ax), by).

From this it follows that

lim lim g(ag,b;) = lim lim g(ax,b;),
k—o0 j—00 j—00 k—o0

and thus ¢ is a DLC function. m

Proposition 3.9. Let n € N. For alli € n let X; be a set endowed with the SP algebra
P(X;). Let f be a real-valued bounded function on [[X; such that for all operation

schemes T with range p(T) = n the function foc, : [[X; — R is a [[P(X;)-continuous
S-function. Then for all such T, the function f oc, is a hereditary S-function.

Proof. We apply induction on n. First assume n=1. By definition any bounded function
is a hereditary S-function with respect to P(X;).

Turning to the inductive step, let 7 = (7, 75). We have to prove the following assertions
for f o ¢, to be a hereditary S-function:

1. foe, is [[P(X;)-continuous;

2. foec, is an S-function;

3. (f oc), is a hereditary S-function for all z € J[X;

T1
4. (f oc;)y is a hereditary S-function for all y € [[X;.
T2
1. and 2. are true by our assumptions. 3. and 4. are symmetrical, thus it is sufficient
to prove 3.
If |p(m2)| = 1, since f is bounded, so is (f o ¢;),, thus it is a hereditary S-function with
respect to P(X;).
If |p(72)| > 2, by induction it is sufficient to prove that g := (foc;),0c)t - [T X; = R

p(T2)
is a function which meets the conditions of this theorem. More precisely, we want to

prove that for all operation schemes 7 for which p(n) = p(72), the function g o ¢, is
[[P(X;)-continuous and an S-function. Let 7/ = (71, 7). We claim that goc, = (foc,/),.
1

To see this, let y € [[X;. Then we have
"

(gocy)(y) = ((foer)zocr, ocy)(y) = (foer)(x, ¢, (ey())) = flen (2), eny(cr, (en(y)))) =
= flen (@), eqly)) = (f o e )(@,y) = (f 0 cr)a(y)-

Since f satisfies the conditions of Proposition 3.8, (f o ¢;), is an S-function, and thus

so is g o ¢,. Similarly, (f o ¢,/) is an S-function by our assumption, therefore (f o c¢;/),

is [[P(X;)-continuous. O
n
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Proposition 3.10. Let n € N. For all © € n let X; be a set endowed with the SP
algebra P(X;). Let p; be measures on P(X;) respectively. Let f be a real-valued bounded
function on [[X; such that for all operation schemes T with range p(T) = n the function

foc : JIXi — R is a [[P(X;)-continuous S-function. Then for any such T with

T = (1, 7) the function Y(y) = / (focr),du™ : HXZ' — R is a hereditary S-

[1X: -
function. E
Symmetrically, the same is true for ¥'(z) = / (foc ) du™: HXi —R.
[1X h

Proof. The function f meets the conditions of Proposition 3.9, thus foc, is a hereditary

S-function. If [p(72)| = 1, ¥ is bounded and thus a hereditary S-function. If |p(72)| > 2,

because of Proposition 3.9, it is sufficient to prove that for all operation schemes 7 for

which p(n) = p(72), the function Wo ¢! o ¢, is a []P(X;)-continuous S-function. Let
7

7' = (1,n) and let y € [[X;. We have
n

W @) 0;21 (@) Cn(y> = W(C;Ql(cn(y))) = / (f (¢] CT)C;Ql(Cn(y)) d'uﬁ =
[1X;

/ Feryerteatyy) © Cr AT = / Jeqty) © € du™ = / (focm)ydp™.
[1X: [1X: [1X:
T1 T1 T1

By our assumption, f o ¢, is an S-function. Thus, by Fact 3.2, / (focy),du™ is
[1Xi
[[P(X;)-continuous. Combining this with Fact 3.1, it follows thTzlxt it is the uniform
l;]mit of simple [[P(X;)-measurable functions. As these simple functions are clearly
"

S-functions as well, ¥ o 0;21 o ¢, is the uniform limit of S-functions, and therefore by
Fact 3.3 it is an S-function. O

3.2 Finite dimensional canonical products of finitely
additive measures

In this section we will prove that under some conditions, some type of sets have
the same measure irrespective of which operation scheme was used in creating the
space. More precisely, we will show that functions that are hereditary S-functions
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with respect to every appropriate operation scheme are well behaved with respect to
integration. Therefore sets that have such functions as characteristic functions have
the same measures in all the appropriate limit product algebras. Using such sets
we will present measures that can act as construction independent multidimensional
products of finitely additive measures. We will call these canonical product measures.

We recall a Fubini-style theorem from [4] that will be crucial in our proof.

Fact 3.11. (A “Fubini” Theorem, 6.1 of [4].) Let A and B be SP-algebras over the sets
X and Y. Let p and v be measures on A and B respectively. Let f be a real-valued
bounded function on X xX Y. If f is the uniform limit of simple A x B-measurable
functions, then

llfdﬂdy:Zlfdydu:)([yfd(,u*y).

Remark 3.12. If f is a hereditary S-function, it is by definition A % B-continuous.
Then, by 3.1 it is the uniform limit of simple measurable functions, and thus 3.11
applies to it.

Theorem 3.13. Let n € N and for all i € n let X; be sets. Let pu; : P(X;) — R be
(bounded, finitely additive) measures. Let f be a real-valued bounded function on [[X;

such that for all operation schemes T with range p(7) = n the function foc, : [[X; — R

15 a hereditary S-function. Then for all such operation schemes T we have

/fochpT:/.../fd,un_l...d,uo.

HXZ XO Xn—l
T

We note that the order of these integrals can be changed without impacting this value.

Proof. We apply induction on n. For n = 1 the hypotesis clearly holds, as by definition
[1Xi = Xo and p™ = pp.

Turning to the inductive step, let 7 = (71, 73). Starting on the left side of the equation,
we have

/ foc, du™ = / foc d(p™ * u™).
[1X: [1X: < TIX:

As f oc, is a hereditary S-function, Fact 3.11 aplies, thus we have

/ foe, d(u™*p™) = / / foce. du™du™.

[1X: < [[X: [TXTTX
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Let g : [[Xi: — R be the function for which g(x) := / (focy),du™. By Proposition
1 HXz

3.10, g is a hereditary S-function. Similarly, for any operation scheme 1 with range
p(n) = p(m1), the function goc;'o¢, : [[X; — Ris a hereditary S-function. Combined

1
with the fact that p(71) C p(7), it is clear that we can apply the inductive hypothesis
for g o ¢'. Thus we have

/ / foe, du™du™ = / goc;oc, du™ o /.../goc;l1 dpg... dpe; . (%)
induction \W_/

HXzHXz HXz Xi X i€p(T1)
T i€p(T1)

Observe that by induction the order of these repeated integrals can be changed.

By definition, all sections of a hereditary S-function are hereditary S-functions as
well. Thus for all x € J[X;, the functions h, = (f o ¢;), : [[Xi — R are hereditary

T1 T2
S-functions. Similarly, for any operation scheme ¢ with range p(§) = p(m2) we have

hy o ¢t oce = (focy), where 7/ = (71,§). Since f o ¢ is a hereditary S-function by
our assumption, so is (f o ¢,/), and thus h, o 0;21 o c¢ is one as well. Combined with
the fact that p(7s) C p(7), this means that we can apply the inductive hypothesis for
hy o ¢;,'. Thus we have

/ (focy) du™ = / hyoc, Yoc,, du™ // h ocT_21 dgeg...dp; =
znductzon ——

HXi HXz Xi X i€p(2)

——
1€p(12)
= //(f e} CT)m ¢) 0;21 du,d,uz .
——
X X 1€p(T2)

~——
1€p(T2)

We may notice that this means that

go c;ll(:v) = //(f o CT)Cfl(I) o 0;21 dpe;... dp; :/ /fx dpg... dp; .
s 71 N—— \_\,_./

iep(m2) Xi X i€p(72)
——

i€p(r2) i€p(r2)

Combining this with (x), we get

/ /goc dpsi... dp; = / // /fdm Cdps dys. duz—/../fdun_l...duo.

ZEp(’7'1 i i€p(T2) 1€p(T1) Xo Xn-1

ZEp( 1) zEp(n) ZEp(‘rz)

Without specifics we note that the order of these integrals can be changed. The idea
behind this is twofold. First, by the above induction, for any two operation schemes that
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“have their indices in the same order” these integrals are the same (e.g. for (0, (1,2))
and ((0,1),2)). Second, by Fact 3.11, switching the order of two operation schemes in
the recursive definition of a scheme 7 does not change these integrals (e.g. in the case
of (0,(1,2)) and (0, (2,1))). Combining these repeatedly produces any permutation of
these integrals. O]

Definition 3.14. Let n € N. For all i € n let X; be sets endowed with the SP-algebras
P(X;). The canonical product algebra of X; is defined to be

Ch(X;)=A{Y € P(HXi) : Xy o ¢, is an S-function for all operation schemes

T with range p(7) = n}.

Similarly, if for all i € n the sets X; = X, then we call C,(X) the canonical power
algebra of X.

Remark 3.15. It is easy to see that
C.(X)= ) {cT Y € HP
T:p(T) =
Corollary 3.16. Let n € N. For all i € n let X; be a set and let p; be a measure on

P(X;). Let Y € C,(X;) be arbitrary. Then, for each operation scheme T with range
p(T) = n we have

:/--'/XYdﬂnl'--dNO-
Xo Xn-1

In particular, u"(c;*(Y)) does not depend on 7.

Proof. Clearly yy o c, is the characteristic function of ¢-(Y"). If the function xy oc; is
an S-function, then by Definition 2.7, ¢-'(Y) € HP( ;). Thus xy o ¢, is HP( i)-

measurable. Since for all appropriate operation schernes 7 the function XY oc, is
a [[P(X;)-measurable S-function, therefore by Proposition 3.9 it is a hereditary S-

-
function as well. Thus we have

W (V) = / /Xyochu”du” = /xYochuT . /‘-‘/XYd,un—l-udNO-

1_[)(11_[)(Z 1_[)(Z Xo Xnp-1
T1 T2 T

]

Definition 3.17. Let n € N and for all 7 € n let X; be sets endowed with the measures
w; : P(X;) — R. The canonical product measure [ is defined as the set function

1En
[Twi: Ch(X;) = R for which
1EN
[[m(E) = (E)).

€N

Specifically, if for all © € n u; = p over a set X, we call 4" the n-dimensional canonical
power measure of y. It follows from Corollary 3.16 that this is well-defined.

18



Remark 3.18. C,(X;) is indeed (the underlying set of) a Boolean set algebra and p"
is indeed a finitely additive measure.

Proof. E € C,(X;) if and only if ¢;'(F) € P(X;)" for all operation schemes 7. As
P(X;)7 is a Boolean set algebra for every 7, so is C,(X;). More precisely:
o [[X; € C(X) as s ([[ X)) € P(X)™;

i€n 1En
o if £ € C,(X;), then [[X;,—F € C,(X;) as c;(F) € P(X;)” and P(X;)" is closed
1€n
under complementation;
o if F,Fy € C,(X;), then Fy, U Ey € Co(X;) as ¢ (1), (Fy) € P(X;)" and
P(X;)" is closed under binary unions.

Similarly, as u7 is finitely additive for each 7, so is u". n

3.3 Computing the canonical measure in a special
case

In this section we will provide an interesting alternative way of computing the canonical
power measure of certain sets. First we will recall a construction due to Tarski in Section
3.3.1, which can be used in transferring a measure from a group to a set upon which the
group acts. Similarly, we will recall a reversal of this construction, discussed in Section
5 of [6] and Remark 3.14 of [5|. The idea behind these constructions is fixing a point
of the underlying set, and examining which group elements transform it into which set
elements. We will discuss how a similar construction can be used in transferring other
functions from a set to a group and vice versa. These constructions will be useful in
Section 4.1 as well. In Section 3.3.2, supposing an additional property of our starting
invariant measure, we will prove the equality of a multidimensional integral and an
integral over the set of cosets of a certain stabilizer subgroup. The contents of Section
3.3.2 are not in the main direction of our investigation, however, we are providing them
as an interesting aside. In some instances, the result of Theorem 3.34 could be used to
easily calculate canonical measures.

3.3.1 Measures and group actions

Let G be a group acting transitively on a set X. Let xy € X, let GG, be the stabilizer
subgroup of G with respect to zg, that is,

Gz =19 € G: g(xg) = x0}.

The set of cosets of G, will be denoted by G/G.,.

Let x € X. Then {g € G : g(xy) = x} is a coset of G,,, thus an element of G/G,,.
Similarly, if Y C X, then {g € G : g(x¢) € Y} is the union of some cosets of G,,, as
there exists H C G/Gy, so that {g € G : g(z9) € Y} = UH.

Notation 3.19. Let A,, = {UH : H C G/G,,}.
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It is easy to see that this is (the underlying set of) a Boolean set algebra.

Definition 3.20. Let G' be a group acting on a set X and let A be a Boolean set
algebra on X. We say that a measure p : A — R is G-invariant, if for all ¢ € G and
Y € A we have g(Y) € A and pu(Y) = p(g9(Y)).

Now we recall Tarski’s construction which can be used to transfer an invariant
measure from a group G to a set G is acting upon.

Definition 3.21. Let G be a group acting on a set X and let zp € X. Let A C P(G)
be a Boolean set algebra over X such that A,, C A. Let u: A — R be a G-invariant
measure. Then ., : P(X) — R is defined as the function for which

1o (Y) = p({g € G : g(w9) € Y}).

Remark 3.22. y,, is a G-invariant measure on the algebra P(X). Further information
can be found in Fact 5.1 of [6].

From [6] we recall the converse of this construction.

Definition 3.23. Let i : P(X) — R be a G-invariant measure. Then keeping the prior
notation of A,,, let

ue A, = R,
p(Y) = p{g(xo) : g € Y}).
Remark 3.24. According to Lemma 5.4. of [6], 4™ is a measure on the algebra A, .

Theorem 3.25. (Theorem 5.5 of [6].) Suppose 1 is a G-invariant measure defined on
P(X) and let xy € X. Then for any Y C X we have

(1) 2o (V) = p(Y).

Theorem 3.26. Similarly, let xo € X and let G be a group acting on X. Let A C P(G)
be a set algebra on G for which A,, C A. Suppose jn: A — R is a G-invariant measure
of G. Then for any H € A,,

(ta0)™ (H) = pu(H),
Proof. First, observe that if H is the union of some cosets of G,,, then
{9 € G:g(xy) € {h(zg) :he H}} =H.
Using this observation in the last step, we obtain
(hay)* (H) = prg ({P0) - h € H}) = p({g € G : g(o) € {h(wo) - h € H}}) = p(H).
O

Assuming that G acts transitively on X, we can define a bijection between X and
G/G.,, and thus between functions of type X — Y and functions of type G/G,, — Y,
where Y is an arbitrary set.
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Definition 3.27. Let X be a set with a group G acting on it. Let 2y € X and Y be a
set. Let f: G/G,, - Y and h: X — Y. Then

foo : X =Y,
fuo(®) = F(9Gay), where g(z0) = .

Similarly,

W GGy — Y,
h*(9Ga,) = h(g(xo)).

Clearly, these functions are well-defined.

Remark 3.28. Indeed, with these definitions, the following are true:

(fxo)xo =f,
(g$0)$0 =9
(Idx)*™ : G/G,, — X is a bijection between G/G,, and X, where Idx is the identity

function of X.

Definition 3.29. We will use a partial version of this construction as well. Let X and
Y be sets with the group G acting on them both. Let 2o € X, yp € Y and Z be a set.
For a function f : X XY — Z we define

F9 GGy xY = Z,

f7(9Gey,y) = f(g(x0),y) and similarly,
X x GGy, — Z,

fy()(z?gGyo) = f($7g($0))

Notation 3.30. Repeating this construction in both variables yields the same result
regardless of which order we apply it in, hence we use the notation

fﬂco,yo — (fzo)yo — (fyoyco.

Remark 3.31. We occasionally use these notions with a finite tuple £ € X instead
of a single element xy. In these instances we mean the pointwise (with respect to 7)
application of these constructions.

3.3.2 Computing the canonical measure

Definition 3.32. Let G be a group acting on a set X. Let p: P(G) — [0,1] be a G-
invariant probability measure (that is, u(G) = 1). We call i a stabilizer independent
measure if for all tuples 7,y € X we have

W(Grg) = WGz N Gy) = u(Gz) - 1(Gy).
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The following proposition will be useful in a later proof, as well as help us get
acquinted with this notion.

Proposition 3.33. Let X be a set with a group G acting on it such that for all finite
tuples T € X, the set of cosets G /Gy is finite. Let a« = (B, ) be an operation scheme and
T = (x1,x9) € [[X. Assume further that for all g;G,, € G/G,, and ¢2G,, € G/Gy,

there exists
g € G such that gGz = ¢1G, N g2G,y. (%)

Let u : P(G) — R be a G-invariant stabilizer independent probability measure. Let
f 11X — R be a hereditary S-function. Then

o d(p* ) / fEdp.
G/G., x G/G,, G/Gz
For completeness we note that (xx) holds if GG is the automorphism group of certain

Fraissé limits or of certain stable structures. We do not go into details, as these issues
are not in the main direction of this work.

Proof. Since G/G,, and G/G,, are both finite, we can rewrite the first integral as

/ frrd(p s p) =
G /Gy, x GGy,

- Z (,u * :u’)(gle X gQGfEQ) : fml,m2(glGx1ngGa:2>'

91Gay €G /Gy
992Gy €G /Gy

As 1G4, X g2G,, are all measurable rectangles, 2.20 applies. Thus we obtain

Z (:U’ * M) (glel X g2Gm2) : fwl,x2 (glG:E17gQG:EQ) -

91Gay €G /Gy
92Gy €G /Gy

- Z :U’(glel) ’ :U’(QZGIz) ’ thm (gle;gZGzz)'

91Gay €G /Gy
925Gy €G /Gy

As p is stabilizer independent, we can further transform this, obtaining

Z lu(gle) ’ M(92G12) ’ thm <g1G$17g2Gm2) =

glel GG/Gzl
ngzQ GG/GI2

= Y j(01Gay N9:Gas) - S (91Cy 92Cs) = ().
gleleG/Gzl
gZGIQGG/ng
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By (xx), for all G, € G/G,, and ¢:G,, € G/G,, we have gG; such that
Similarly, for these we have

f2(g1Gay, 92Gay) = f(91(21), g2(22)) = f(9(Z)) = f*(9G%).

Using these facts, we obtain

) = > u(gGs) - fT(9Gs) = / f7dp.
9Gz € G/G; G/G;

]

Theorem 3.34. Let X be a set with a group G acting on it transitively such that for
all finite tuples & € X, the set of cosets G/Gz is finite. Let yn: P(G) — [0,1] be a
G-invariant stabilizer independent probability measure. Let o be an arbitrary operation
scheme with p(a) = n and for all i € n let x; € X and p; = piy,. Let T € [[X so that

ca(Z) = (o, ooy Tn-1). If a function f: [[X — R is a hereditary S-function, then

[ tae= [ rau
[1x e)le

Proof. First, by Fact 3.1, these integrals exist. We will prove their equality by induction
on n. First assume n = 1, thus @ = 0. Then we have f : X — R and we need to show

) [ran, = [ roau
X

G/Go

Since G acts transitively on X, for all x € X there exists a g, € G for which g,(zg) = x
holds. Define the function ® : X — G/G,, so that ®(z) = g,G,, holds for all z.
(Similarly to Remark 3.28, ® = (Idg/a,, )z, Where Idg/q,, is the identity function
of G/G,,.) Clearly ® is a bijection between X and G/G,,. Moreover, ® preserves
measures in the following sense: for any Y C G/G,,

1w(UY) = 1oy ({27 (y) sy € V}).

Thus ¢ is an isomorphism between the measure spaces (X, P(X),u,,) and

(G/Gyy, P(G/Gyy), ). Further, f = f*0 o ®. From this we can see that (x) holds.
Turning to the inductive step, let & = (f,7). For z € [[X we use the notation

T = (a/,2"). In this case, we can regard f as a binary function over [[X x [[X. For

g v
clarity’s sake, keep in mind that [ ranges over the first variable and ~ ranges over the
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second variable. Thus the variable we are integrating with respect to is always clear.
Starting with the left side of the equation, we have

/fxy /frz:y (W 5 p7) = //fxyd/ﬂduﬁ—(h)

HX [1X
( v

As |p(v)] < n and for any fixed z € [[X we can use the inductive hypothesis on
B

/ f(x,y)du”, we get
[1X
v

(1) = / / £ )y du | Al = (D).
[1x \G/G.
B

Similarly, as F' = / £ (z, h) dy is a function of form F : [[X — R with |p(3)| < n
B

eyrem
and by Proposition 3.10 it is a hereditary S-function, we can use the inductive hypoth-
esis again. Then we obtain

(I2) = / /f””(gah)du dp = / /ff"’x"(g,h)dﬂduz(fs)
GG \G /G GG GG

As f is a hereditary S-function, so is f***". Thus, we can use Fact 3.11 again, and we
get

(I3) = / £ (g, h) Ak p).
G/G:C/ X G/GIN
As p is stabilizer independent, by Proposition 3.33 this is equal to

/ f(g) dp

G/G,
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Chapter 4

The finite model property

Recall that an infinite structure A has the finite model property iff each first order
formula true in A is also true in a finite substructure of A. More formally, for any first
order formula ¢, if A = ¢, then there exists a finite substructure A, of A for which
Ay = ¢ still holds. An important and nontrivial example for a structure having the
finite model property is the Rado graph Gg = (V, E) (that is, the random graph in the
Erdds-Rényi sense with countably infinitely many vertices).

Our goal in this chapter will be twofold. First we will present some information
regarding the natural occurence of automorphism invariant (finitely additive) measures
in Section 4.1. Then, in Section 4.2 we will present a sketch of a proof for the finite
model property of the Rado graph. Using this proof as a motivational example, we will
examine a generalization of the ideas presented. We will show such a generalization
(Theorem 6.2 of [5]) that uses countably additive measures as a tool for proving the
finite model property of some structures. Finally, in Corollary 4.13 we will show an
analogue of that proof to establish the finite model property of certain structures that
have an automorphism invariant (finitely additive) measure.

4.1 On the existence of automorphism invariant mea-
sures

Studying the existence of (not necessarily automorphism invariant) finitely additive
probability measures defined on the underlying sets of certain first order structures
has a great tradition. Such investigations go back at least to the related work of H. J.
Keisler (carried out in the 1960’s). In the last few years these investigations received
renewed impetus.

More concretely, there are two sources of finding automorphism invariant measures
on the underlying sets: Stone spaces and the automorphism group of a given first order
structure. One such source is the celebrated paper [3]|, where in Sections 2, 3, and
4 therein, the authors show the existence of automorphism invariant measures in a
rather general setting. However, their intention and the methods they apply are quite
different from our present investigations. Hence we follow the approach of [5| which
is based on more elementary investigations (which are essentially group theoretical,
combined with countable combinatorics).
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Recall that an elementary mapping is one which preserves the truth value of each
(first order) formula. By a finite elementary mapping on a structure A we mean an
elementary mapping which has finite substructures of A both as its domain and its
codomain.

Definition 4.1. A structure A is strongly Np-homogeneous if each finite elementary
mapping of A extends to an automorphism of A.

Let A be a countable strongly homogeneous structure. Endow A with the discrete
topology and 4 A with the product topology. As it is well known, this topology on 44 is
the same as the pointwise convergence topology induced by the discrete topology on A.
Endow Aut(A) with the subspace topology inherited from the above topology on 4 A.
This way Aut(.A) becomes a topological group, its operations will be continuous. In fact,
with the above topology Aut(.A) is a Polish space (that is, separable and metrizable by
a complete metric), which is a particularly well behaved and well understood class of
topological spaces. From now all topological notions of Aut(.4) should be understood
with respect to the topology described above.

Definition 4.2. (Definition 2.2 of [5].) A topological group G is defined to be o*-
compact if there exists an increasing sequence (G, : n € N) of subgroups of G such

that G, is compact for all n € N and G = | G,,.
neN

Recall that if G is a group of permutations of a set A (that is, G < Sym(A)), then
the G-orbit of an element a € A is denoted by

Ocg(a) ={g(a) : g € G}.

Similarly, for any finite tuple g € G and element a € A, the orbit O;(a) is the orbit of
a with regards to the subgroup of G generated by g.

Definition 4.3. (Definition 2.3 of [5].) Let A be a first order structure. For any n € N
we define

Autf™(A) := {g € "Aut(A) : Va € A we have |Og(a)| < N}

Fact 4.4. (Lemma 2.6.1 of [5].) Let A be a countable strongly Ro-homogeneous struc-
ture. Suppose Autt™(A) is dense in " Aut(A) for all m € N. Then there exists a dense
o*-compact subgroup of Aut(A). For Fraissé limits in particular, the converse of this
statement holds as well. For further details see Remark 4.5 of [5].

We note that the density of Aut!™(A) in "Aut(A) is known to be equivalent with
interesting and thoroughly studied combinatorial properties of finite substructures of
A. In particular, Hrushovski’s extension property can be characterized in terms of
density conditions on Autf™(A). We don’t recall the particulars here, as these details
are not in the main direction of the topic of this work. For further information, see for
example Lemma 4.3 of [5].

26



Fact 4.5. (Lemma 3.10 of [5].) Suppose A is a countable set and G < Sym(A). If G
1s o*-compact then there exists a G-invariant finitely additive probability measure p on

G such that dom(u) = Borel(G).

Corollary 4.6. Let A be a countable strongly Ng-homogeneous structure and suppose
AutE™(A) is dense in "Aut(A) for all n € N. Then there exists a dense o*-compact
subgroup G of Aut(A) and a G-invariant finitely additive probability measure p on G
such that dom(u) = Borel(G).

Proof. By Fact 4.4, there exists a a dense o*-compact subgroup G of Aut(A) and by
Fact 4.5 there exists a G-invariant finitely additive probability measure g on G such
that dom(u) = Borel(G). O

In Proposition 4.12, the measure used is not on the automorphism group, but on
the (underlying set of the) structure itself. This is not a problem, as a measure on a
group can be easily turned into a measure on the structure and vice versa, as we have
shown in Section 3.3.1. With the aid of Remark 3.22 we can construct automorphism in-
variant probability measures on the underlying set of certain strongly No-homogeneous
structures as follows.

Theorem 4.7. Let A be a countable strongly No-homogeneous structure and suppose
Autf™(A) is dense in "Aut(A) for all n € N. Then there erists a finitely additive
probability measure v on A which is invariant under a dense subgroup of Aut(A) such
that dom(v) = P(A).

Proof. By Corollary 4.6 there exist a dense o*-compact subgroup G of Aut(A) and a
G-invariant finitely additive probability measure p on G such that dom(u) = Borel(G).
Let xy € A be arbitrary and define the set function v to be v = p,,. Observe that G,
is an open subset of G. It follows that A,, C Borel(G). Therefore Remark 3.22 applies
and we obtain that v = p,, is a G-invariant finitely additive probability measure with
dom(v) = P(A). O

4.2 Finitely additive measures and the finite model
property

The well known proof that the Rado graph has the finite model property can be sum-
marized as follows. Enumerate the set of vertices of Ggr as V = {a, : n € w} and
denote by G, the subgraph of Gr spanned by {a; : k < n}. It is well known that
the first order theory of Gg (more generally, the first order theory of any Fraissé limit
in a finite relational language) can be axiomatized by V3-formulas. Suppose ¢ is a
Vd-formula true in Gr. Then a short and relatively straightforward calculation shows
that the probability P(G, = ¢) converges to 1 as n tends to infinity. In particular,
the probability P(G, | ¢) is strictly positive for large enough (finite) n; therefore,
for some (in fact, all large enough) finite n there exists an n-element substructure A,
of Gg such that A, = ¢. Versions of this proof can be found in several sources. For
further details we refer to Lemma 7.4.6 of |2] where the above idea is presented in a
somewhat more general setting.
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Let A be any countable first order structure. One strategy for proving the finite
model property of A could be adapting the probabilistic argument from the Rado graph.
If there exists an automorphism invariant (countably or finitely additive) measure on
the underlying set A of A, the adaptation is straightforward but not completely obvious.
In the case of the Rado graph the invariant measure we use is defined on the set of all
edges of the graph, however it is more natural to find automorphism invariant measures
on the automorphism group Aut(.A) or the underlying set A of A. We presented some
situations in which these exist in Section 4.1. The approach based on this adaptation
has been carried out in [6] using countably additive measures. We will present the
authors’ findings shortly, but first we will examine the concept of fat formulas.

Roughly, a formula ¢(7,w) is defined to be fat if the p-measures of the slices
{|l¢(@,w)||sz : @ € A} are bounded from below with a positive number e. To provide an
intuitive explanation, let € be any positive real number and introduce the quantifiers
J.w with intended meaning “there exist at least pu-measure € many w such that...”. We
define this by stipulating

Definition 4.8. A = J.wp(a,w) iff p({b € A: Al p(a,b)}) > e.
Thus, ¢ is a fat formula iff there exists € > 0 such that A = Vo3.we(T, w). Precisely:

Definition 4.9. Let A be a structure endowed with a measure p : P(A) — R. Let
o(xo, ..., Tr—1,y) be a formula with free variables xy, ..., z,_1,y. We say that ¢ is fat, if
there exists € > 0 such that for all ag, ...,a,_1 € A we have

pu{be A: AE p(ag,...,a,—1,b)}) > ¢.

Assume A is a Fraissé limit (of its finite substructures). Theorem 6.2 of [6] can
be rephrased as follows. Suppose p is an automorphism invariant countably additive
probability measure with dom(u) = P(A). For an arbitrary quantifier free formula ¢ if
there exists € > 0 such that

A EVo3.we(v,w),
then there exists a finite substructure Ay of A for which
Ao |E V3w (v, w) still holds.

In other words, if a V3-formula Yo3wp (T, w) is true in A in the strong sense that for
all @, the p-measure of the set {b € A: A |= ¢(a,b)} is larger than a positive constant
¢ (which does not depent on @), then Vo3we(T, w) is also true in a finite substructure
of A. Consequently, if the theory of A can be axiomatized by V3-formulas such that
the quantifier free parts of these formulas are fat, then A has the finite model property.

In [6] the above result (Theorem 6.2 of [6]) was examined for countably additive
probability measures. Here, in Proposition 4.12 and Corollary 4.13 below we prove an
analogous result for finitely additive measures. On one hand, this is a considerable
achievement, because weakening the condition of “being countably additive” to “being
finitely additive” makes it easier to find invariant measures. However, the adaptation
of the probabilistic argument presented above requires dealing with large (measure
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theoretic) powers of the measure given on the underlying set of the structure we are
examining. As we have seen in earlier sections, constructing well behaved powers of
finitely additive probability measures requires further work. This was done in Sections
2. and 3. with the finite model property and with the approach for proving it as
described above as the motivation.

Definition 4.10. Let A be a structure and let p : P(A) — R be an automorphism
invariant (finitely additive) measure. We call A canonically measurable if each of its
definable subsets belongs to the appropriate dimensional canonical power algebra of A.

As an example, we note that by a yet unpublished result of Sagi if A is stable,
then it is canonically measurable. Here we do not recall the definition of stability, as
it would require much technical preparation not in scope of the topic of this work. For
further information, see Section 6.7 of [2].

Notation 4.11. Suppose A is a relational structure and s € A is a finite tuple. By
Als we mean the substructure of A which comprises of the elements of s.

Proposition 4.12. Let A be a countable canonically measurable relational struc-
ture endowed with a (finitely additive) probability measure p: P(A) — [0,1]. Let
©(xg, ..., Tr_1,Y) be a fat formula. Then

h_}m pt({s €A Az ¥ (Vro..Vr,_1)(Jy)e}) = 0.

We note that if in addition p is Aut(A)-invariant (or at least G-invariant for some
dense subgroup G of Aut(A)), then in many cases one can show that certain formulas
are fat. We postpone presenting related investigations for further papers.

Proof. For each a € "A let
Zy={be A: AF —p(a,b)} = A—{be A: AE p(a,b)}.

Since ¢ is a fat formula, there exists ¢ > 0 such that u(Z;) <1 — ¢ for all a.
Let n € N so that r < n. For any i € [n]" let

Xi:={s5€"A: AE (35 € n)p(s]i,s;)}-
For each a € "A, we can look at the a-section of X;. Let’s use the notation
(Xi)a:={5€""A: AF ~(Fj € (n—1))p(a,s;)}-

Clearly, (X;)s C " Z;. We remark that "“Z; is a rectangle, thus it is 4"~ "-measurable
even without the condition of A being canonically measurable. Using the product
measure 1"~ " on (X;); we get

WX )a) < (T Ze) 2 (u(Za)) T < (L — o)

Thus we have

w6 = 00 = [ [ < [a-errar < -e

AT An—r Ar
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Let Y, :={s € "A: Als ¥ Vaq, . Vo, 13yp(xo, ..., z,_1,y) }. Then we have
n -Tr
Pt = (U X0 < Yoo < (Ma-er
i€[n]” i€[n]”

Thus

0< lim P, < lim (")(1 — &)™ < lim n"(1—¢)" = 0.
r

n—o0 n—oo n—oo

]

Corollary 4.13. Let A be a countable canonically measurable relational structure en-
dowed with a (finitely additive) probability measure p : P(A) — [0,1]. Suppose A can
be axiomatized by a set X of V3 formulas such that their quantifier free parts are fat.
Then A has the finite model property.

Proof. Let ¢ be a formula such that A | ¢. Then by the compactness theorem we
have a finite X, C ¥ such that X, = ¢. For each ¢ € X, let its quantifier free part be
1’. The conditions of Proposition 4.12 are satisfied by 1/, so it is true that

lim p"({s€™A: Als #y}) =0.
n—oo
Thus we have

lim p"({se"A: A ¥ X,}) < Z lim pt{se"A AlsEy}) = Z 0=0.

n— 00
wEEw w€2¢

Essentially, this means that for large enough n most substructures Ag of A for which
|Ao| = n, we have A |= . Thus ¢ remains true in some finite Ay, therefore A has the
finite model property. O
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