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Integration with filters
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Abstract: We introduce a notion of integration defined from filters over families
of finite sets. This procedure corresponds to determining the average value of
functions whose range lies in any algebraic structure in which finite averages make
sense. The most relevant scenario involves algebraic structures that extend the field
of rational numbers; hence, it is possible to associate to the filter integral an upper
and lower standard part, which can be interpreted as upper and lower bounds on the
average value of the function that one expects to observe empirically. We discuss
the main properties of the filter integral and we show that it is expressive enough to
represent every real integral. As an application, we define a geometric measure on
an infinite-dimensional vector space that overcomes some of the known limitations
of real-valued measures. We also discuss how the filter integral can be applied to
the problem of non-Archimedean integration, and we develop the iteration theory
for these integrals.
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In this manuscript, we present a general method for assigning average values to functions
defined on arbitrary spaces using filters over families of finite sets. It is a generalization
of the hyperfinite summation technique of nonstandard analysis that does not rely on
the Axiom of Choice. This is inspired by the “non-Archimedean probability” theory
of Benci, Horsten and Wenmackers [5], that in turn drew inspiration from the early
results of nonstandard measure theory before the development of Loeb measures, such
as those obtained by Henson [22] and Wattenberg [51]. We note that other definable or
constructive approaches to nonstandard analysis have been developed by Kanovei et al
[23, 28] and by Hrbacek and Katz [24], respectively. These are quite different from the
techniques of our paper.

An advantage of our approach to integration over the classical one is its generality,
as it allows us to determine the average value of functions whose range lies in any
algebraic structure in which finite averages make sense. A potential drawback is that
the average values so determined typically lie in a proper extension of the algebraic
structure with which we start. In the case of real-valued functions, this means a partially
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ordered ring with infinite and infinitesimal elements. However, this can also be seen
as an advantage in that it allows for a more fine-grained quantification of the sizes
of sets and the behavior of functions. For example, different nonempty sets may be
assigned different nonzero infinitesimal sizes, with the relation between these sizes
corresponding to the limiting behavior of finite samples. The empirical meaning of a
series of relations like

m(A;) < m(Aip1);  m(B;) = rim(A)),
for i € N and positive reals r;, can be provided by saying that for all i,n € N, a generic
finite sample of points z will have:
1z N A 2NBi|
ZNAi|  [lzNA
Classical measures would flatten the description to just give all of these sets measure
zero, erasing the information about such statistical phenomena.

1

i

If we use filters that are maximal with respect to inclusion, ie ultrafilters, then the range
of values for our integrals of ordered-field-valued functions will also be an ordered
field. If the functions are real-valued, the use of ultrafilters leads to the hyperfinite
counting measures of nonstandard analysis. These measures, together with the Loeb
measure construction [38, 39, 40], have become the main tool of nonstandard measure
theory and can be applied to the study of a variety of mathematical objects. Some
examples include generalized functions (see for instance Bottazzi [6] and Cutland [12]),
stochastic processes (examples include Anderson [1], Duanmu, Rosenthal and William
[13], Keisler [29], Perkins [42]), statistical decision theory (Duanmu and Roy [14]), and
mathematical economics (Anderson and Raimondo [2], Yeneng Sun and collaborators
[15, 16, 31, 32, 49, 50], Khan [30] and Xiang Sun [48]).

If we use non-maximal filters, then the range of values for our integrals of ordered-field-
valued functions is not an ordered field, and many of the techniques of nonstandard
analysis are not available to us. However, we can still do a lot while keeping to a
definable setting and avoiding much use of the Axiom of Choice (AC). In this way, our
work has similarities with that of Henle [21, 20] and Laugwitz [36, 37].

Considering filter integration instead of ultrafilter integration might have also the
advantage of allowing one to determine the extent to which AC can be weakened
when developing some theorems in measure theory. This may lead to some theorems
in Robinsonian approach to nonstandard analysis similar to the results obtained by
Hrbacek and Katz [24]. The current paper can be seen as a first step towards this goal.

However, there are a few places in the current work where AC is invoked. In Theorem
9, Proposition 11, and in § 3.1, we rely on background facts from classical analysis that
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depend on the axiom of countable choice (CC) or the axiom of dependent choices (DC).
In §3.2, the full AC is used for a transfinite induction. In §4.3, the Hahn Embedding
Theorem makes an appearance. §6 deals with infinite product spaces, and AC is used
there a few times.

The structure of the manuscript is as follows. In § 1, we introduce the basic facts and
definitions. In §2, we show that our integrals can be used to represent many classical
integrals. This representation has the advantage that a complete real-valued measure
over a set X and its filter representation are definable from one another, whereas a similar
representation via hyperfinite counting measures does not carry such a correspondence
(recall that hyperfinite counting measures can be used to extend any finitely additive
or o—additive measure to a finitely additive measure defined on every subset of X, as
discussed eg by Benci, Bottazzi and Di Nasso [4] and by Henson [22]). In § 3, we discuss
some applications of our integrals to geometry. We construct a non-Archimedean
measure on the direct limit of the R" that overcomes some of the known limitations of
real-valued measures on infinite-dimensional spaces, addresses the Borel-Kolmogorov
paradox, and gives rise to a new notion of fractal dimension. In §4, we discuss the
application of our technique to the problem of developing an appropriate notion of
integral for non-Archimedean fields. In §5, we introduce iterated integrals via product
filters and discuss the interaction with the standard-part operation. In § 6, we define
transfinitely iterated integrals and discuss a few applications.
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1 Basic structures and operations

The context in which our integrals can be defined is quite broad. We need an infinite set
X, a fine filter F over [X]<%, and a divisible torsion-free Abelian group G. Recall that
a filter over a set Z is a collection F' C P(Z) closed under pairwise intersections and
supersets, and if Z C P(X), then F is fine when forall x € X, {z € Z:x € z} € F. By
closure under intersections, fineness is equivalent to saying that for all finite zo C X,
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{z€Z:z90 Cz} € F. Recall that a group G is divisible when for all a € G and all
positive n € N, there is b € G such that

nb:=b+b+---+b=a,
n times
and torsion-free when na # 0 for any nonzero a € G and n € N. If G is divisible and
torsion-free, then it follows that for each a € G and n € N, there is a unique b such

that nb = a, which we denote by a/n or n™'a.

1.1 Comparison rings

Although our notion of integration will make sense for functions taking values in any
divisible torsion-free Abelian group, in the cases of interest we want more than just
a group structure. Ideally, we would like to work with ordered fields, but our main
operation will take us out of this category. Thus we consider the following larger class
of structures. Let us say that a structure is a comparison ring if it is commutative ring
with 1 and it carries a binary relation < with the following properties:

(1) < is astrict partial order (ie transitive and irreflexive).

(2) Forall a,b,c,if a<b,thena+c <b+c.

(3) Forall a,b, if a,b > 0, then ab > 0.

(4) For all a, a has a multiplicative inverse if and only if a® > 0.

Let us list some elementary properties of comparison rings that will come in handy:

Proposition 1 Suppose K is a comparison ring and a, b, c,d € K.

(1) 0<1.

(2) Ifa > 0, then a is invertible and a~' > 0.

(3) Ifa <0, then a is invertible and a=' = —(—a)~! < 0.

4 Ifa<bandc<d,thena+c<b+d.

(®) Ifa<band0 < c, then ac < bc.

(6) 0<a<bifandonlyifO0<b~ ! <al.

(7) The ordered field Q of rational numbers is a substructure of K .

Proof (1) 17! =1 sobyaxiom(4), 1 =12 > 0.
(2) If @ > 0, then by axiom (3), a> > 0, so a is invertible. Then a~! is also
invertible, so (a—')? > 0. Thus a(a")? =a~! > 0.
(3) If a < 0, then axiom (2) implies —a > 0, and 0 < (—a)?> = (—1)%a® = d*, so
a is invertible. Further, (—a~")(—a) = (—D?aa"' = 1,50 (—a)~! = —a~ .
Since (—a)"!' > 0,a7 ' = —(—a)~' < 0.
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Applying axiom (2), wehave a +c < b+c < b +d.

Note that axiom (2) implies a < b iff b — a > 0. By axiom (3), bc — ac > 0.

Apply claims (2) and (5) and multiply the inequalities by a—'b~!.

First we claim that the natural numbers appear in K under the standard ordering

(with n represented in K as 1 + 1 + - - - 4 1). This follows by an induction using
n times

claim (1) and axioms (1) and (2). Next, for inequalities —n < m among integers

where n > 0, use the inequality established previously for 0 < m + n, and then

add —1 + —1 4+ --- 4+ —1 to both sides and apply axiom (2). Next, note that by

n times

claims (2) and (3) all nonzero integers have a multiplicative inverse in K. Finally,
let us verify that the ordering on the rationals in K agrees with the standard one.
For rational numbers p, ¢, represent them as p = ad~', ¢ = bd~', where a, b, d
are integers and d > 0. Then Q |=p < ¢ iff Z |= a < b. Since the ordering
of the integers in K agrees with the orderingof Z, K =a < b iff Z |=a < b.
Multiplying both sides by d~! and applying claims (2) and (5) yields Q |= p < ¢
iff K =ad™' < bd~!. i

Note that a comparison ring K is a divisible torsion-free Abelian group, since by item
(7), n~! exists in K for each positive integer n. For any a € K, n(n~'a) =a,so ais
divisible by #n, and if na = 0, then n~Y(na)=a=0.

Let us introduce some terminology and notation. Let K be a comparison ring, and let
a,b K.

We say a is finite when —n < a < n for some n € N, and infinite when it is not
finite. Note that the set of finite elements forms a subring.

If b>0and —b < na < b for all n € Z, then we write a << b. Note that the
set {a € K : a < b} is closed under addition and under multiplication by finite
elements.

We say a is infinitesimal when a < 1.

We say a ~ b when a — b is infinitesimal.

We say a =~ b when b is invertible and ab~! ~ 1. Note that this implies a is also
invertible, because 1/2 < (ab~—')? and so 0 < b?/2 < a*. Thus also ba~! ~ 1.
We say that a, b > 0 are Archimedean-equivalent if there are n,m € N such that
a < nb and b < ma. The definition is extended in the expected way to a, b < 0.

Journal of Logic & Analysis 14:1 (2022)
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1.2 The reduced power construction

We recall briefly the properties of the reduced power construction relevant for the
development of the filter integral. The interested reader can find a more general presen-
tation with all the proofs we have omitted in Section V.2 of Burris and Sankappanavar
[10]. The approach to infinite and infinitesimal numbers of Laugwitz [36, 37], recently
popularized by Henle [20, 21], is also based on a similar reduced power construction of
R with a different index set.

Suppose K is a comparison ring, Z is a set, and F is a filter over Z. Consider the ring
Fun(Z, K) of functions f : Z — K. Define an equivalence relation = on Fun(Z, K)
by putting f =f g if and only if the set {z : f(z) = g(2)} € F. We will denote by
[f]F the equivalence class of f in the quotient Fun(Z, K)/ =, which we will write as
Pow(K, F). The dependence of the power construction on the set Z is encoded in the
filter F, since Z is the maximal element of F'.

The 0 and 1 of Pow(K, F) are interpreted as the equivalence classes of the constant
functions with value 0 or 1 respectively in K. Then the operations and the order relation
on the quotient are defined pointwise modulo the filter:

o [flr+[glr = [hlF iff {z: f(2) + g(2) = h(2)} € F
o [flr-[glr = [hlF iff {x:f(x)-g(x) = h(z)} € F
 [flr<Iglriff{z:f(x) <gx)} €F

The above definitions do not depend on the choice of the representatives.

We can identify every element a € K with the equivalence class of the constant function
fa(x) = a for every x € X, so we can identify K with the set {[f,]r : a € K} C
Pow(K, F). This identification induces a natural embedding K — Pow(K, F) (see eg
Lemma 2.10 of Chapter V of [10]). We will sometimes write [a]r, or even just a,
instead of [f,]F.

If K is an ordered field, then usually Pow(K, F) is not an ordered field, because if F is
not maximal, we lose the existence of multiplicative inverses for all nonzero elements
and the totality of the ordering. Suppose X is an infinite set, F is a fine filter on
Z = [X]=%, and K is a comparison ring. Let f : Z — K be defined as

1 if |z] is even,
1 _
M f@) { 0 if |z] is odd.

Then [f]r = 1 if and only if {z € Z : |z]iseven} € F, [f]r = O if and only if
{z € Z: |z]isodd} € F. If neither setis in F, [f]lr # 0 and [f]lr # 1. If F is
the minimal fine filter on Z, the latter case holds. Since [f]r # 1 and [f]r #% O but
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[f1r(1 — [flr) = O, [f]F is a zero-divisor. Moreover, [f]F is order-incomparable with
0,1,1 —[flr , —If]F, and with every a € K such that 0 < a < 1.

However, it is easy to check that being a comparison ring is preserved.

Lemma 2 If K is a comparison ring and F is a filter over a set Z then Pow(K, F) is
also a comparison ring.

Proof (sketch) The verification of each axiom is easy, so let us just check the axiom
on the existence of inverses as an example. If [f]r - [f]r > [0]F, then for some A € F,
f(z)2 > 0 forall z € A. Thus f(z)*1 exists for all z € A, and if g(z) = f(z) ! on A and
otherwise g(z) = 0, then [f]r - [g]lr = [1]F. Conversely, if [ f]F has a multiplicative
inverse [g]r, then there is A € F such that f(z)g(z) = 1 forall z € A. Thus f(z)*> > 0
forall z € A, and so [f]% > [0]f. O

If F is a fine filter on Z = [X]<“, then Pow(K, F) also contains infinite elements. To
see that this is the case, define f(z) = |z| for every z € [X]<“. Then for all n € N,
n < [f]F, since n < f(z) for large enough z.

An additional property of the order that will be relevant for our approach to integration
is the following: if F is a filter on Z and a is an infinitesimal in a comparison ring K,
then [a]r < [f]F for every positive f : Z — Q. This is a consequence of the inequality
a < f(z) forevery z € Z.

1.3 The standard part in comparison rings

In a comparison ring, it is in general false that every finite element is infinitesimally
close to a real number. An example is provided by the element [f]r with f defined
by equation (1) in the comparison ring Pow(K, F): if F does not decide the equalities
[f1r = 0 and [f]Fr = 1, [f]F is finite but it is not infinitesimally close to any real number.
Thus, in general it is not possible to define a standard part for an element of Pow(K, F).

However it is possible to define a superlinear “lower standard part” and a sublinear
“upper standard part”.

Definition For a comparison ring K, we define the upper standard part of a € K as

stta=inf{g € Q:a < ¢}

and the lower standard part of a as

st_a=sup{g € Q:a>q}.
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We follow the convention that inf () = sup@Q = oo and sup) = inf Q = —o0.

We say that a € K has a standard part if the upper standard part and the lower standard
part are equal. In this case, we define sta = stt a = st a.

Lemma 3 For every finite a,b € K:
e stta>sta
e stta=—st (—a)
o stt(a+b)<stta-+sttb
e st (a+b)y>stTa+st™b
e Ifa,b>0,thenst a-st—b<st (a-b)<stT(a-b)<stta-stth

Proof These inequalities follow from and the properties of inf and sup together with
Proposition 1. O

Lemma 4 Suppose K is a comparison ring extending R. An element a € K has a
finite standard part if and only if there is r € R such thata ~ r.

Proof Suppose first that ¢ — r is infinitesimal, where r € R. Let ¢ < r be rational,
and let n € N be such that r — g > 1/n. Since —1/n < a — r < 1/n, we have
a—q=(@—r)+(r—gq) > 0,s0a > q. Similarly, a < p for any rational p > r.
Hence, st(a) = r.

For the other direction, suppose st(a) = r € R. Let n € N be arbitrary. Let go, g1
be rational numbers such that g9 < a < ¢; and g¢; — qo < 1/n. We have that
a—r<q —r<l/nandr—a<r—qo<1/n. Thus —1/n <a—r < 1/n. Since
n was arbitrary, a — r is infinitesimal. a

In general it is false that every finite invertible element of a comparison ring has a
standard part. For instance, let f be defined as in (1) and let F be a filter that decides
neither [f]r = 0 nor [f]r = 1. Then [f]r + 1 is invertible in Pow(Q, F) and its inverse
is the equivalence class of the function

1 . .
5 if |z] is even
_J) 21 )
8@ = { 1 if |z] is odd.

However st™([flr + 1) =2 # 1 = st~ ([f]r + 1).

If F is an ultrafilter and K is an ordered ring, then it is well-known that every finite
a € Pow(K, F) has a standard part.
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1.4 The filter integral

Definition Let G be a divisible torsion-free Abelian group and F a fine filter over
[X]<“. We define an operator that assigns to functions f : X — G a value in Pow(G, F):

/de = [z =Y f@/l]

XEZ

F

The values ) . f(x)/|z| give an approximation to the integral [ f dF by looking at the
average behavior of f on finite snapshots of X. They approximate it in the sense that
we obtain [ f dF by letting z “converge to X” via F.

We have that forany ¢ € G, f c¢dF = [c]F. Furthermore, for any functions f, g : X — G,
J(f +9)dF = [ fdF + [ gdF. This is because:

[ +ar = |21 S gw + g

L X€EZ

F

= |z Y @/l + ) sw)/ IZ!]

PS4 X€z
7 Zg(x)/\z]
F

XEZ

+
F

= |z Zf(x)/\z!

XEZ

:/deJr/ng

Moreover, when G has a ring structure, the integral is a linear operator.

Suppose K is a comparison ring. In general the non-strict inequality is not very
well-behaved in reduced powers of K. For a filter F on Z, it may be the case that for
some functions f, g : Z — K, we have f(z) < g(z) for all z € Z, but it is not the case
that there is a set A € F such that either f(z) < g(z) for all z € A or f(z) = g(z) for
all z € A. However, integrals via fine filters behave better. Suppose F is a fine filter
on [X]<¥, and f, g : X — K are functions such that f(x) < g(x) for all x € X. Then
either f = g, or there is an xy € X such that f(xg) < g(xg). In the latter case, for all
z € [X]<¥ with xg € z, we have Y~ f(x) < > . g(x),and thus [fdF < [ gdF.
Thus we can say that if f < g, then [fdF < [ gdF.

Lemma 5 Suppose F is a fine filter over [X]<“, K is a comparison ring, and
f.8&:X — K are such that f(x) ~ g(x) forall x € X. Then [ fdF ~ [ gdF.
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Proof Let c(x) = f(x) — g(x). Forall z € [X]<* and n € N:

L 1
S <Y e <

X€Z

Therefore, [(f — g)dF = [ fdF — [ gdF is infinitesimal. O

1.5 Standard integrals

Definition If K is a comparison ring and F is a fine filter over [X]<%, then for every
f : X — K we define

« the upper F—integral of f as i " f dF := st™([ f dF);

o the lower F-integral of f as fi” f dF :=st™ ([ f dF); and

* the standard F—integral of f as ffif dF := st( [ f dF), if this is well-defined.

If F is an ultrafilter, then every function has a standard F—integral. When there is no
ambiguity as to the filter F', we will sometimes drop the reference to F from the above
definitions.

By Lemma 3, for all functions f, g : X — K with finite integral and for all r € Q,

o T (F+g)dF <" fdF + it gdF;

e T (f+9dF >1{fi fdF +1fi gdU;

* (i(f + g)dF = ffif dU + fi g dF , if both terms on the righthand side are defined;

and

o fiTrfdF = rif"fdF if r >0, and i 1f dF = rfiT fdF if r < 0.
Thanks to the above properties, the set {f € Fun(X, K) : f has a standard integral } is a
vector space over Q. If K O R, then in the above assertions, Q can be replaced with
R. Moreover, if F’ is a filter extending F, then forall f : X — K:

EﬁdeS gﬁde’ < 51§+de’ < 55+de

This holds because for all rational numbers qq, g1, the relation “gy < [fdF < q;”
means that for some A € F, gy < |2| ' 3, f(x) < ¢ forall z € A, and this A would
be in F’ as well. It follows that if fif dF exists, then so does [fif dF’, and it is the same
number.

Unfortunately, the collection of functions possessing a standard F—integral is in general
not a ring. For example, let F the filter generated by the sets A, = {z € [w]<¥ : z is
an initial segment of length > n}. One may construct two sets A, B C w such that
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i xa dF = fixgdF = 1/2, but the function x4xp = xans does not have a standard
integral because the density of the intersection oscillates between nearly half and nearly
zero. On the other hand, we will see in §2 that for many canonical filters, the class
of functions possessing a standard integral is closed under multiplication and other
operations.

One may interpret the upper and lower F—integrals of a function f as upper and lower
bounds on the average value of f that one expects to observe empirically. Similarly,
one may interpret the upper and lower integrals of the characteristic function of a set as
a confidence interval for the event described by the set. The gap between these values
can be reduced or even closed by encoding additional information, ie by considering
the integrals induced by a filter ¥/ O F. This can be done by simply adding a single
set to F and closing under intersections and supersets. Thus the filters can be readily
updated to accommodate new data.

1.6 Weighted integrals

We would like to allow the possibility for some parts of our space to contribute to the
approximation of the integral without having their contribution diminished as more
points are added. This will allow for point masses and for spaces with infinite volume.
Let X be a set and let P = {P; : i € I} be a partition of X. Let F be a fine filter over
[X]<%, and let G be a divisible torsion-free Abelian group. For a function f : X — G,

we define:
7 Z Z fx)/|zN Py

i€l x€zNP; F

/ Fd(F,P) =

Since each relevant z is finite, each sum above involves only finitely many terms. As
before, [(f + g)d(F,P) = [fd(F,P)+ [ gd(F,P).

Foreachi € I,let m; : [X]<¥ — [P;]<“ be the map z — zNP;. Foreach i, F canonically
projects to a fine filter F; over [P;]<“ via the criterion A € F; < 7, I[A] € F. Each
Pow(G, F;) canonically embeds into Pow(G, F), viathe map [f]r, — [fom]Fr. If Pisa
finite partition {P; : i < n},thenforany f : X — G, [fd(F,P)= Y"1 [(f | P)dF;,
where we compute the sum of values from different reduced powers via the canonical
embeddings.

1.7 Probabilities and a countable example

If F is a fine filter over [X]<“, then we define the F—probability of a set A C X as
f xa dF. This is also written as Prrp(A). The expected value (according to F) of a
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function f on X is f fdF. This is written as Ex(f). We drop the subscript for the filter
when it is clear from context.

We define the conditional expectation of a function f on a nonempty set A, E(f|A),
as (ff - xa dF)/ Prp(A). Since the filter F is assumed to be fine, Prp(A) is always
an invertible element of the comparison ring Pow(Q, F) when A is nonempty, so the
conditional expectation is always well-defined. In contrast, it is well-known that, in
the Kolmogorov model for probability, the problem of determining the conditional
probability with respect to a set of null probability is not well posed (see for instance
the exposition by Rao [43]). A typical approach that allows one to define P(B|A) for
sets satisfying P(A) = O consists in considering the limit lim,_, ., P(B|A,) under the
hypotheses that lim,_,,, A, = A and P(A,) > 0O for all n € N. However this limit
depends on the choice of the sequence {A,},cn. We discuss a more concrete example
in Section 3.4.

For a set B C X, we write Pr(B|A) for E(yp|A), which is always a member of the
comparison ring between 0 and 1. E(f|A) can also be directly expressed in the reduced

power as:
[z = Y f@/]z ﬂA\]
F

x€zNA

These notions also make sense for weighted integrals. Suppose P is a partition of X
and A C X is nonempty. Then the average or expected value E(f|A) of a function
f on A is defined as ff - xad(F, 1_5)/ f xa d(F, P). Thus it makes sense to compute
conditional expectations using any nonempty condition, even those of infinitesimal or
infinite measure.

As discussed by Benci, Horsten and Wenmackers [5], this kind of notion allows for “fair”
probability distributions on infinite sets (even countable sets), where the probability
of any single point is the same nonzero value, contrary to the classical situation. We
would like to briefly discuss a similar class of examples that allows us to naturally
model the notion of independent random variables using only hereditarily countable
mathematical objects. The classical treatment uses infinite products of measure spaces,
which involves objects of size at least continuum (see for example Durrett [17]).

Fix a natural number k£ > 2. Let T} be the complete k—ary tree of height w. Our set X
consists of the nodes of T}, ie the finite k—ary sequences. For each n < w, let T}/ be
the set of all k—ary sequences of length < n. Let Z C [X]<“ be the collection of all T;.
Let F be the smallest fine filter on Z, ie the one generated by the sets {77 : m > n} for
n<uw.
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Integration with filters 13

Forn <wandi < k,letA, = {s € Ty : len(s) > n} and let B; , = {s € A, : s(n) = i}.
It is easy to see that for all n, st(Pr(4,)) = 1, and Pr(B;,|A,) = 1/k. Further, for
distinct ny,...,n, < w and any iy,..., i < k:
1
st (Pr(Biy , N -+~ NB; ) = -
If we want to model independent trials for which the probabilities can take on a
wider range of values, we can consider the space T, the set of finite sequences of
rational numbers between 0 and 1. To define the appropriate filter, consider for each
n,m < w, the subtree T} I consisting of all finite sequences of length < n such that
each coordinate is of the form k/m, where 0 < k < m is an integer. Let F be the
smallest fine filter over the set of all T} Int

Forn < wandreals 0 <a <b <1,let:
By, ={s€Tq:len(s) >nAa<sn <b}

It is easy to see that for all distinct ny,...,n, < w and all choices of intervals
[alybl)a LR [arabr):

st (Pr(B, N+ NBY ) ) = (b —an) -+ (b — a)

This is because, given any € > 0, if we take m large enough, then the proportion of
points in H1<i<r[0, 1] with denominator 1/m, that lie in the rectangle Hl<i<r[a,-, b)),
is within € of the classical volume of this rectangle.

2 Representations of classical integrals

In this section we show that the filter integral is general enough to represent every
real-valued measure defined on an algebra A of subsets of X. Using the “hyperfinite”
approach as in Ward [22], we can obtain similar results involving ultrafilters. However,
we work here to define the filters directly from given measures.

The following lemma is a slight strengthening of one used by Benci, Bottazzi and Di
Nasso [4].

Lemma 6 Suppose 1 is a finitely additive measure defined on an algebra A of subsets
of an infinite set X, taking extended real values in [0, o] and giving measure zero to all
singletons. Let Yy, ..., Y, € A have finite measure, let x|,...,xy € X, and let n € N
be positive. There exists a finite z C X that satisfies the following properties:
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14 E Bottazzi and M Eskew

) x1,...,x €2

(2) nl <[

3) if,u,(YlU---UYk)>0,thenz\{x1,...,xg}g Yiu---uY;
@) forl <i,j<k,if u(Y;) #0, then:

2Ny )
NY| )

1

n

Proof Letr = pu(Y U---UY;). We may assume r > 0, since otherwise the conclusion
is trivial. For 1 < i < k,let Y) = ¥; and ¥} = X\ ¥;. Consider all Boolean
combinations of the form Yfl N---N Y,’}’ , where i; = 0 for at least one value of j. List
all such combinations that have positive measure as {B; : 1 <i < N}. Note that these
are pairwise disjoint infinite sets, and Z?’: | (B =r.

Let s be the minimum positive value of p(Y;) for 1 <i <k, and let £ > 0 be smaller
than min{1/n,s/2,s>/4rn}. For 1 <i < N, let ¢; be a positive rational number such
that

[(B)/r — e/2N* < q; < ju(By)/r.

Let gv = 1 — 32¥" ¢, so that each ¢; is positive and S | g; = 1. It follows that
0 < gy — (By)/r < e/2N. For 1 < j < k, we have that u(Y)) = EB,QY]- 1(B;). Thus
W7 = S gy @il < /2.

Now take a sufficiently large common denominator M for the ¢; such thatfor 1 <i < N,
there is a natural number p; with p;/M = ¢; and ¢/p; < €/2. Then choose 7’ € [X]<¥
such that

() |Z|=M;

2) 7 CUYL,Bisand

(3) for1 <i<N,|ZNBj| =p;.
Let z =7 U{x,...,x}. Foreach ¥;, 1 <j <k,let¢; =|(z\Z)NYj|. Then:

Oyl [0yl _|0Yli+4 Y] 4M-Zny) _ ¢

<

<

N ™

2| M M+ ¢ M MM + ¢)) M
Since [/ N Yj| =3 p.cy, pi:
2Ny p)

< Z gi — pw(Yp/ri+e/2 <e

B,CY;

2| r
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Integration with filters 15

Now suppose 1 <i,j < k and pu(Y;) > 0. If pu(Y;) = 0, then
lzNY;|/|zNYi| <{/pi <e < 1/n,

so the desired conclusion holds. If x(Y;) > 0, then set e, = |z N Y,|/|z| and
my = p(Yy)/r for x = i,j. We have:

lzNYj| ) _ e mi| _ emi —emy| _ | emi — em;

lznY| WYy e; m; eim; - s2/2
< (mj + eymi — (mi — eym; | e(m; + m;) < dre 1 -
- s2/2 $2/2 T 2 T n

Theorem 7 Suppose p is a finitely additive real-valued probability measure defined
on an algebra A of subsets of X, giving measure zero to all singletons. Then there is a
definable filter F, over [X]<“, which is the smallest fine filter F with the property that
for any bounded p1—measurable function f : X — R:

[ ran=rprar

Proof Forx e X,letA, ={z€[X]<¥:x€z},andforaset Y € Aand n € N, let
Ay, ={z:||YNz|/|z| = w(Y)| < 1/n}. By Lemma 6, the collection of all A, and
Ay, forx € X, Y € A, and n € N, has the finite intersection property. Let F, be the
generated filter.

Suppose F is any filter with the desired property. Then for every Y € A, uw(Y) =
[ xvdu = tfi xy dF. This implies that for every n € N, the set of z € [X]<* such that
I|Y Nz|/|z| = w(Y)| < 1/n, is a member of F. Thus F,, is contained in any fine filter
with the desired property.

Let f be a bounded pi—measurable function, and let M € R be such that |[f| < M. For
real numbers a < b, the set

Eup:={x:a<f(x) < b}

is in A. For a positive n € N, let g, be the function that takes value Mi/n on
Epi/nmii+1y/n for —n <i <n, and let h, the function that takes value M(i + 1)/n on
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16 E Bottazzi and M Eskew

Eri/nmii+1y/n- By the linearity of the integrals, for each n:

/gndFu < /deu < /hndFu

n—1

Mi
/gn du = %gn dF, = Z 7N(EMi/r,M(i+1)/r)

i=—n

n—1

M@i+1)
/h,, dp = Eﬁhn dF, = Z T,U(EMI'/r,M(H—l)/r)

i=—n

M

It follows that lim,, .o [ gndp = limy—yo0 [ hydp = [fdu =tfif dF,,. O

Suppose  is a finitely additive real-valued probability measure defined on an algebra
A C P(X). For Y C X, let ut(¥Y) = inf{u(A) : A € A and Y C A}, and
let u=(Y) = sup{u(A) : A € Aand Y DO A}. Say a set Y is u—measurable if
= (Y) = pT(Y). Itis not hard to check that the collection of p—measurable sets forms
an algebra A, and if we define fu(Y) = =~ (Y) = pH(Y) for Y € A, then fi is a finitely
additive measure on A.

Proposition 8 Suppose v is a finitely additive probability measure defined on an
algebra A C P(X) that gives measure zero to all singletons. Then for Y C X, xy has a
standard F,,—integral if and only if Y is ji—measurable.

Proof If Y C X is yu—measurable, then for every ¢ > 0, there are A, B € A such that
A CY CBand:

pY) —e < wA) = glﬁxAdFu < 515><de =wB) < wY)+e

Since [ xadF, < [ xydF, < [ xpdF,, we have that fi xy dF,, = ji(Y).

For the other direction, a result of L.o§ and Marczewski [41] shows that, if ¥ C X and
u=(Y) < r < put(Y), then we can define a measure v on the algebra generated by
AU {Y} such that »(Y) = r and v [ A = pu. By Theorem 7, we have that F,, O F,,
and ffi xy dF, = v(Y). Thus if Y is not s—measurable, there are extensions of 1 that
give different values to Y. Thus xy cannot have a standard F,—integral. |

Theorem 9 Suppose p is a countably additive, real-valued, o —finite measure defined
on a o —algebra A of subsets of X. Then there is a countable partition P of X, a fine

Journal of Logic & Analysis 14:1 (2022)



Integration with filters 17

filter F over [X]<%, definable from p and f’, and a “weight function” w : X — R,
constant on each P;, such that F is the smallest fine filter G with the property that for
any p—integrable function f : X — R:

[ £an=rpswac.p

Furthermore, if ju(X) < oo then we can take P = (P; : i < w) such that Py contains no
point masses, and |P;| <1 fori > 0.

Proof First note that by o—finiteness, there can be only countably many point masses.
Let Xy be the set of point masses, let {PY : i < w} partition Xy into sets of size < 1,
and let w(x) = u({x}) for x € Xo. By countable additivity, ;(Y) = " ., w(x) for all
Y C Xo. Let X; = X\ Xo. If u(X1) = oo, let {P} : i € N} be a partition of X; into
sets of finite measure. If u(X;) < oo, let Pl =X,.Forxe P,-l, let w(x) = M(P,-l).

For x € X, let A, = {z € [X]<¥ : x € z}, and for an integrable function f and € > 0,
and let:

A = /fd Z Z f(x)w(x)

ij xEZGP’

Let F be generated by closing this collection of sets under intersection and supersets.
Clearly any filter satisfying the desired equations must contain all of these sets. We
must check that F is a filter. It will suffice to consider only nonnegative integrable
functions f, since by breaking f into the sum of its positive and negative parts and
taking ¢ small enough, we see that F' is generated by the same collection.

Let xg,...,xn—1 € X, and let fy, . . . ,f,—1 be u—integrable nonnegative functions. Let
€ > 0 be given. Using the countable additivity of i, we can find a large enough N € N
such that, if A, = Ui<NP§, then xg,...,xu_1 € AgUA;,andfor i < n and k < 2:

€
fidp— | fidp < 1
X Ay
For r e R,let E, = {x € X : (Vi < n)fi(x) < r}. Again using the countable additivity
of p (more specifically, the Monotone Convergence Theorem), we can find a large
enough M € R such that xg, ..., x,;,—1 € Eyy N (A9 UA1),and for i < n and j < N:

[u(P;)

[ < R
1P} N Ep) Jpie,

frdp - /ﬁ@
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18 E Bottazzi and M Eskew

Fori <nand 0 < a < b < M, consider the set E?’b = {x:a < filx) < b}. By
partitioning [0, M] into small enough subintervals, we can apply Lemma 6 to expand
X1 N {xo,...,%n} toafinite set 7 C A; N Ey, so that for each i < n and j < N:

_ Z Ji(x) c_¢
1 / 1 1
(P} M Enr) e |Z NP~ ANu(P))

Multiplying by ,u(le) and combining with the previous inequality, we get that:

L foww| =
/p;f’d“ 2 ZnPl[| = 2N

sz’mP/!

Let z = Ag U 7. Note that for each i < n:

[ =32 3 scm/n Pl = [ fudu= 3 fieowen

J<N xeznpk x€zMXo
k<2 !
+> /]fidu— > fiow/lzn Pl | + ( frdp — fidu>
<N \ 7 x€znP} X A
The absolute value of this number is bounded by £/4 + N(¢/2N) + /4 = €. O

Recall that a measure is complete when all subsets of measure zero sets are measurable.
Every measure has a minimal extension to a complete measure with the same additivity.
Suppose u is a probability measure on X. For a bounded function f : X — R, let:

/ fdu=sup {/gdu g <fandgis measurable}

+
/ fdu = inf {/gd,u :g>fandgis measurable}

When 0 is countably additive, the Monotone Convergence Theorem implies that there
are measurable functions fp,f, such that f; < f < f,, and [fy;dp = [~ fdp, and
[fudp= [ + fdu. The following is well-known:

Fact 10 Suppose p is a countably additive complete probability measure on X, and
f : X — R is bounded. The following are equivalent:

() [~ fdu=[Tfdu.
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2) px:folx) < fu(0)}) =0.
(3) f is p—measurable.

Proposition 11 Suppose p is a countably additive complete probability measure
defined on a o—algebra A C P(X). Letf : X — R be bounded. The following are
equivalent:

(1) f is p—measurable.
(2) f has a standard (F, P) —integral, where Pisa partition according to Theorem 9
and F is the canonical filter.

Proof The direction (1) = (2) follows from Theorem 9. For the other direction,
assume for simplicity that x4 has no point masses, so that we can ignore P. Let w
be the outer measure on P(X) induced by p. Suppose f : X — R is a bounded
function that is not measurable. By countable additivity, there is some € > 0 such that
p({x @ fux) > fox) +€}) > 0. Thus [fydu < [ f,dp. Now we claim that for all
e>0:

PR ) — fi@) < e = s fuw) —f) < e} =1

Towards a contradiction, suppose that for some ¢,§ > 0,
pr{x f) —fulx) <e}) =1-0.
Let E € A be such that E D {x : f(x) — fy(x) < €} and pu(E) = 1 — ¢. Define:

f1(x) ifx € E
gx) = { ,
fix)+e ifxeX\E

Then g is measurable, g < f,and [ gdu— [frdp =6 >0. Thus [ gdu > [~ fdpu,
a contradiction. We can show similarly that p*({x : f,(x) — f(x) < €}) = 1.

It follows that for all A € A of positive measure and all £ > 0:

pA) = pfx e A fln) — filx) <e}) = W ({x € A fulx) —f(¥) <¢e})

In particular, each set above is infinite. Now, recalling the proofs of Lemma 6 and
Theorem 9, we can use this to show that the following collection generates a filter Fy
over [X]<¥:

e A forxeX
* Ay, for p—integrable h: X — Rand e > 0

o {21 | X e fW/ 2] = [fedu| < e} fore >0
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20 E Bottazzi and M Eskew

We have that ffif dFy = [~ f dp. There is an analogous filter F, such that fif dF, =
f + fdup. If F is the minimal filter given by Theorem 9, then Fy, F,, O F. Thus the
function f does not have a standard F—integral. |

Very similar conclusions can be drawn about functions that are bounded above and
below by integrable functions.

3 Non-Archimedean measures and geometry

3.1 A geometric measure on R<*

A well-known no-go result in functional analysis states that there is no analogue of
Lebesgue measure on infinite-dimensional separable Banach spaces such that:

* every Borel set is measurable;
¢ the measure is translation-invariant; and
* every point has a neighborhood with finite measure.

In the study of measures over infinite-dimensional spaces it is therefore usual to renounce
o—finiteness, as in the approach by Baker [3]. This result is based on the following
more general fact: if X is an infinite-dimensional normed vector space over the reals,
then every open ball contains an infinite collection of pairwise-disjoint open balls of
equal radius (in fact only 1/4 the radius of the original ball). Thus there cannot exist
even a finitely additive translation-invariant measure on an infinite-dimensional normed
real vector space that gives every open ball of finite radius a positive real measure.

We give a construction here of a non-Archimedean measure on a rather concrete space
that contrasts with these impossibility results. It will be translation-invariant (in a
reasonable sense) on a wide class of sets that includes open balls, and it will have several
other natural geometrical properties.

Let us consider the space R<“ of w—sequences of real numbers that are eventually
zero, ie finitely-supported sequences. Each R” appears canonically as the collection of
sequences X such that X(m) = 0 for all m > n. Of course, this real vector space comes
along with the standard Euclidean norm.

For a detailed discussion of the following facts of classical analysis, see Chapters 11 and
12 of Zorich [52]. For a set § C R”, we say that S is a parameterized (k—dimensional)
smooth surface if there are bounded open sets U C V C R¥ such that the closure U of
U is contained in V, and there is an injective function ¢ : V — R” such that § = ¢[U]
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and ¢, o~ are both continuously differentiable (ie C'). The purpose of the set V is
simply to guarantee that ¢ has a continuous derivative defined on a compact set. If S is
such a surface, witnessed by ¢ : U — §, then the classical volume of § is given by

voli($) = /U \/det (G,(x)) dx

where G, is the Gram matrix of all inner products of partial derivatives of . A key
result is that this number does not depend on the way a surface is parameterized.

Fact 12 Suppose o : Uy — S is a parametrization of a smooth surface S, and
1 : Uy — S is another parametrization. Then:

/Uo \/(mdfz /l/1 det (G, (¥)) d¥

If o : U — S is a parametrization of a k—dimensional smooth surface S and A C U is
Lebesgue-measurable in R¥, let us say @[A] is a measurable fragment of S. We can
define the measure of p[A] to be the Lebesgue integral |  \/det G, dx. This measure is
independent of parametrization. For suppose ¢ : V — § is another parametrization and
A C U’ C U, where U’ is open. Then ¢[U'] is also a smooth surface, and 1! o ¢[U]
is an open set V' C V. By Fact 12, [, \/detG,dx = [, /det Gy dX. Thus taking
the infimum of these values over open cover covers of A versus 1)~ o ¢[A] attains the
same real number. For any measurable fragment A of a k—dimensional parameterized
smooth surface, let voli(A) be this measure.

Note that if A, B, C are measurable fragments of k—dimensional parameterized surfaces,
ANB=10,and AUB = C, then vol(C) = volg(A) + voly(B). This is because for any
parametrization ¢ : U — S O C:

volx(C) = / detG, dx = / det G, dx + / det G, dx
©1[C] e~ 1A]

¢~ ![B]
= voli(A) + voli(B)
Another important fact we will need is:

Fact13 Ifk <n, U C R¥ isopen, and ¢ : U — R" is C', then the n—dimensional
Lebesgue measure of [U] is zero.

It follows that for any smooth surface S C R”", there is at most one natural number k

such that S is parametrizable in k£ dimensions. Furthermore, if A C § is Borel and
T C R”" is an m—dimensional smooth surface, where m > k, then vol,,(ANT) = 0.

Journal of Logic & Analysis 14:1 (2022)



22 E Bottazzi and M Eskew

In general, smooth surfaces S do not need to be parameterized by a single map, but rather
they are given by a countable atlas, {p; : i € w}, where each (; is a parametrization
of a smooth surface S;, S = Ui S;, and some differentiability conditions hold on the
compositions ;! o ;. For our purposes here, we will only consider surfaces given
by a finite atlas. This suffices for many applications, such as for compact surfaces.
But more generally, we ignore the coherence conditions between the parameterizations
and consider piecewise smooth surfaces, which are just finite unions of parameterized
surfaces.

Suppose S C R” is a k—dimensional piecewise smooth surface given as a finite union
of parameterized smooth surfaces in two ways, S = | J;,, Si = U;<,, Ti- Let A C S be
Borel. By putting S; = AN S; \U,;Sj and T; = AN T; \ J;; T}, we present A as a
disjoint union of Borel fragments of parameterized surfaces in two ways. Consider the
set of all Boolean combinations of the S, and 77, besides the complement of A, listed
as {B; : i < N}. Then for each j < m,n, it follows by the observations above that
VO]k(SJ/-) = ZB,—QS_; voly(B;) and VOlk(Tj/) = ZB,-QT_; volg(B;). Therefore:

n m N
D vol(S) =Y volu(T)) = > voli(By)
i=0 i=0 i=0

This allows us to unambiguously define volg(A) as Z?io volg(C;), where {C;}i<p is any
partition of A into parameterized k—dimensional Borel surface fragments. Furthermore,
if C is the disjoint union of A and B, where each is a Borel subset of a k—dimensional
piecewise smooth surface, then taking partitions of A and B into parameterized Borel
fragments yields one for C, call it {P;};<n. Since A = UP[CA P;and B = UP,CB P;, it
follows that volz(C) = volg(A) + volg(B). In summary, we have: -

Proposition 14 Let k < n be positive natural numbers. The function voly is a finitely
additive measure on the Borel subsets of k—dimensional piecewise smooth surfaces
contained in R".

For a positive integer n, let p, be the Lebesgue measure on R”. Let us call a set
A C R<¥ middling if for all but finitely many n < w, u,(A NR") < oo, and for
infinitely many n < w, pu,(A NR") > 0. The intuition is that middling sets are larger
than finite-dimensional sets but much smaller than the whole space. Clearly, every open
ball in R<% is middling.

Theorem 15 There is a fine filter I’ over [R<¥]<“ and a < —increasing sequence of

positive infinitesimals (g; : i < w) C Pow(R,T"), such that, if m(A) = [ xadl for
A C R<¥, then:
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(1) e, =m(0,1]"), the measure of the n—dimensional unit cube.
(2) For any measurable fragment A of a n—dimensional piecewise smooth surface S,

m(A) = vol,(A)e, + 6,

where § < gp,.
(3) For any countable C C R<¥, m(C) < ;.
(4) For any middling Borel A C R<% and any X € R<“, m(A + X) =~ m(A).

Proof Let I' be generated by closing the following collection under intersections and
supersets:
(1) {z:Xez}, forxeR<¥
(2) {z:]znN[0,1]"| > k|zN [0, 1]™|}, for natural numbers n > m and k
(3) {z : |lzNAl/|zN[0,1]¥ — vol(A)| < 1/m} for each Borel subset A of a
k—dimensional piecewise smooth surface § C R” and each integer m > 0
4) {z:]zN[0,1]] > k|zN C|} for each countable C C R<* and integer k
(5) {z:||lzNA]/lzNn(A+X)|—1| < 1/n} for each middling Borel A C R<¥,
X € R<¥ and integer n > 0

A filter containing all of these sets clearly gives us what we want. We must show that
this family has the finite intersection property.

Suppose we are given finitely many points, piecewise smooth surfaces with given Borel
subsets, middling Borel sets, and countable sets. Let € > O be arbitrary. Order the
surfaces as

Sy, ..., 8t 85 82 sk LS8k

P np 1Py s Mg

where each S¢ is d—dimensional. Let A? be the given Borel subset of S¢. We may
assume that for 1 < d <k, A(‘)l = [0, 14.

Let zp be the given set of points, and let C be the union of the given countable
sets. We inductively build a sequence of finite sets zop C z; C --- C z; as follows.
Suppose we have z;_1. For i < ny, let BY = (A¢\ C) \ Uj<d;r§nj Sl By Fact 13,
voly(BY) = voly(A¢). By Lemma 6, there is a finite z; D z4_; with the following
properties:

D) Jza—1l/lzal < &3

) za\z-1 € U<, Bf;and

(3) for 1 <i<ng, ||zaNBY|/|za N[0, 114 = voly(BY)| <e.
When we arrive at z;, we have a set satisfying the desired inequalities related to
the Borel subsets of smooth surfaces. (1) goes towards making smaller dimensional
surfaces infinitesimal relative to larger dimensional ones. (2) ensures that our work in
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higher dimensions does not disturb the proportions of (1) and (3) set up for the lower
dimensions.

Let My, ..., M; be the given middling Borel sets. Pick an increasing sequence of natural
numbers m; < --- < my such that each Sld CRm~1 7o CR™  and for 1 < i,j <s,
fm;(M; N R™) < oo and fu,,,(M; NR™) > 0. For 1 <i <, let y; be the collection of
indices j such that g, (M; N R™) > 0. We inductively build a sequence of finite sets
2 © k1 © 0 C Zigs

Assume we have z4_, where d > k. Consider the collection of all translations M; + X
for X € zo U {0} and j € y,. For j € y;, M; N R™ has the same Lebesgue measure as
(M; + %) N R™ . By Lemma 6, we can select a finite z; C R™ such that:

lzanMj| .
rnag 9] 1| <€

2) (za\z-)NCUR™ U, M) = 0.
To check that this works, let j < s and let d be the largest integer such that j € y;.
Then the desired inequalities hold for z; by (1). They are preserved for z;4; by (2).
The fact that C is mentioned in (2) ensures that we preserve the smallness properties of
C in relation to the smooth surfaces as well.

(1) forj € ys and X € zp,

Now zi4s is a finite set which, with a small enough choice of ¢, witnesses the finite
intersection property of the collection of interest. |

Remark 16 If x is a cardinal such that every set of reals of size < r has Lebesgue
measure zero, then we can replace “countable” with “<k-sized” in item (3) of the
theorem. This just requires a corresponding adjustment in item (4) of the definition of
I". Let us call the resulting filter T';.

3.2 Dimension

The above result suggests a relevant notion of dimension of an arbitrary subset A of
R<% as the Archimedean equivalence class of f xa dI'. We would like to understand
the structural relations among the I'—dimensions. The usual integer dimensions are
ordered in the expected way, while middling sets have dimension larger than all of these,
and the whole space is still of higher dimension than any middling set. There are also
dimensions in between. For example, (Q x R) N [0, 1] has dimension between 1 and
2. Its measure is larger than any finite length curve since it contains infinitely many
pairwise disjoint unit length line segments, but its 2-dimensional volume is zero. Thus
its Archimedean class is between those of £; and ¢5;.
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It seems hard to describe the structure of these dimensions in full generality. We content
ourselves here with some partial information that shows how complex this structure can
be: under some standard set-theoretic assumptions, there is an extension of I' to an
ultrafilter U such that the order structure of U—dimensions contains a copy of every
linear order of cardinality < 2%°.

Suppose F is a fine filter over [X]<%. Let dimz(A) denote the Archimedean class
of [ xadF. Let us say dimp(A) < dimp(B) when [ xadF < [ xpdF. Note that if
F' D F, then dimp(A) < dimp(B) implies dimg(A) < dimz(B). Let us say that a set
A C X is F—solid if for all Y C X such that |Y| < |X|, dimp(Y) < dimp(A). If every
set of reals of size less than the cardinality of the continuum ¢ = 2“ has Lebesgue
measure zero, then each positive-volume Borel subset of a finite-dimensional surface in
R<% is I".—solid.

Recall that Martin’s Axiom (MA) says that for any partial order P satisfying the
countable chain condition (ccc), and any collection {D,, : a < k} of dense subsets of
P, where k < c, there is a filter G C PP such that GN D, # () for each o < k. MA is
implied by the continuum hypothesis (CH), but ~CH does not decide MA. MA implies
that ¢ is a regular cardinal, 2 = ¢ for all infinite x < ¢, and every set of reals of size
< ¢ has Lebesgue measure zero. See Jech [25] for background.

Lemma 17 Assume MA. Let F be a fine filter over [¢]<% that is generated by a base
of size ¢. Suppose {A, : « < ¢} and {B,, : a < ¢} are collections of subsets of ¢ such
that each B, is F—solid, and for all o, 3 < ¢, dimp(A,) < dimp(Bg). Then there is a
filter F' O F with a base of size ¢ and an F’'—solid C C ¢ such that for all a, 3 < ¢,
dimg(Ay) < dimp (C) < dimF/(Bﬁ).

Proof Let (X, : a < c) be an enumeration of a base for F. Let (M, : oo < ¢) be a
sequence of elementary submodels of H e+ such that:

» Foreach a < ¢, [M,| < ¢, My N ¢ is an ordinal, and M, € M.

s Foreach limit A < ¢, M\ = {J, .\ Ma.

o F {(An,Ba,Xo) i< ¢} € M.
For a set X, let Fun(X, 2, <w) be collection of finite partial functions from X to 2. We
partially order these functions by putting p < g when p extends ¢. It is well-known
that this partial order has the ccc. For the rest of the argument, let P = Fun(c, 2, <w).

Claim 18 Suppose § < ¢, s € [c(]<¥,andn > 2. Forp € P, let C, = { € dom(p) :

Journal of Logic & Analysis 14:1 (2022)



26 E Bottazzi and M Eskew

p(B) = 1}. Consider the set:
Dssn={p €P:dom(p) € ﬂX,-, and for all i,j € s
i€s
n (|dom(p) N A;| + | dom(p) N 6]) < |C, \ 8| < n~!|dom(p) N B;}

Then Ds s, is dense.

Proof Let p € IP be arbitrary. Using the assumptions that each B is solid and of larger
F—dimension than each A,, find z € (), X; such that z D dom(p), |z| > 2|dom(p)|,
and for all o, 3 € s:

i€s

2n%(|s||z N Aal + 2N 6]) < |20 Bg|

By fineness, we may assume the numbers on the left hand side are all positive.
If m = n* (|U;e,2NAil +[zN4]), then |z \ dom(p)| > m. Then choose a set
C* C z\ (dom(p) U d) of size ™ + 1, which is possible since n > 2 and [z N | < m/n.
Define an extension g of p with dom(g) = z by putting g(y) = 1 for v € C*, and
otherwise g(v) = 0 for v € z\ dom(p). Then ¢ € Ds; . O

By MA, let Gy be P-generic over My, ie Gy is a filter that meets every dense
subset of P which lies in My. Gy can be thought of as a function from My N ¢ to
2. Let Cp = {v : Go(y) = 1}. Assume inductively that we have a sequence of
sets (Co, € M, : a < ), with C, N My = Cy for o < «. If § is a limit, let
Cs =Unep Ca- If B =P+ 1,let G be P—generic over M, and let:

C5:C5/U{7:72M51ﬂC,G5(’)/): 1}
Finally, we let C = |, Ca.

We want to show that for each § < ¢, each s € [¢]<%, and each positive n € N, there is
2 € [;e, Xi such that for a, 5 € s:

n(|zNAs| +|zNd) < |zNC| < n~ Yz N Bg|

To find such z, let « be large enough such that s,§ € M,,. Then CNMy11 = Cot1,
and Coq1 = CoU{y:v > MyNec,Gar1(y) = 1}, where G, is P—generic over
Me 1. By Claim 18, there is some z € Mq 41 N[ );c, Xi such that for all i,/ € s:

2n (|20 A+ 2N Mal]) < |20 Cat1 \ Ma| < 2n)" 'z N Bj|
In particular, n(|zNA;| + [zNd|) < |zN C|, and:

2N Cl = [zNCNMy|+ |zNC\ My| <2|2NC\ My| < n”tzN B

This means that the following family has the finite intersection property:
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e {z:nlzNAg| <|zNC|} forn <w and a < ¢
e {z:nlzNC| <|zNBs|} forn <wand 8 < ¢
e {z:nlzN~| < |zNC|} forn <wand vy < ¢
e Xsford <c

Let F’ be the generated filter. Then C is F'—solid, and for o, 8 < ¢, dimp(A,) <

For an infinite cardinal «, let us say a linear order L is k—universal if every linear order
of size < k embeds into L. Generalizing Cantor’s theorem on the categoricity of dense
linear orders, it is easy to show that the following is a sufficient condition for a linear
order L to be x—universal: For every two sets A, B C L of size < « such that a < b for
everya €A and b € B, thereis c € L suchthata < c < b foralla € A and b € B.

Theorem 19 Assume MA and 2° = ¢t . There is an extension of I to an ultrafilter
U such that the collection of U—solid dimensions below the maximal dimension is a
2¢—universal linear order.

Proof It suffices to show that there exists an ultrafilter U D I'. such that for any two
nonempty collections A, B C P(R<%) of size at most ¢ such that dimy(A) < dimy(B)
for A € A and B € B, and such that each B € B is U—solid, there is a U-solid C such
that dimy(A) < dimy(C) < dimy(B) forall A € B and B € 5. We will produce U as
an increasing union of filters (F,, : a < ¢), with Fy = I'.. We assume inductively
that each F,, has a base of size c.

Let 7 be a function on ¢* such that for each o < ¢, () is a triple (X, A, B),
where X C [R<%]<% and A, B C P(R<%“) are nonempty sets of size at most ¢, and
every such triple appears unboundedly often. Suppose we are given F, and for every
A € ()1 and B € m(a),, dimp, (A) < dimg, (B), and B is F,—solid. By Lemma
17, there is a filter F/, D F, with a base of size ¢ and an F],—solid set C such that
dimgr (A) < dimg (C) < dimg (B) for A € A and B € B. Let Fuy be the filter
generated by F/, together with either m(«) or its complement, according to whichever
family has the finite intersection property. At limit ordinals A, let Fy = |J .\ Fa-

Let U = U,<+ Fa- Suppose A, B are as hypothesized. Then then there is some
a < ¢ such that dimg_ (A) < dimg,(B) for A € A and B € B, and every B € B is
F,—solid. Let 8 > « be such that 7(8); = A and 7(8), = B. Then at stage 5 + 1,
we obtain an Fg—solid set C that separates the Fz,;—dimensions of A from those of
BB. This continues to hold for dimy;. O
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3.3 Representing general multi-dimensional measures

The Hausdorff measure is a well-known measure-theoretic construction which assigns
to subsets X C R" a family of (outer) measures H*(X), for real numbers o, 0 < o < .
The idea is to give a generalization of volumes of smooth surfaces, which incorporates
a general notion of dimension, for a wide class of subsets of R". A basic property
of Hausdorff measure is that for any X C R”, there is at most one real « such that
0 < H¥X) < oo, while HP(X) = oo for 8 < a, and HP(X) = 0 for B > «. If such
a value « exists for a set X, then « is called the Hausdorff dimension of X.

There are many variations on the Hausdorff measure that all agree on smooth surfaces
but disagree in general (see Krantz and Parks [34, p. 63] for 8 examples). A related
notion is Minkowski content, which gives finitely but not countably additive measures
and agrees with the Hausdorff and Lebesgue measures in special cases.

Our filter-integral on R<“ can be thought as another generalization of the classical
notion of volume in a rather different direction. Aspects of our construction apply in an
abstract setting that covers many of the families of measures discussed above. A similar
result about the Hausdorff measures has been obtained by Wattenberg with techniques
of nonstandard analysis [51].

Theorem 20 Suppose X is a set, A is an algebra of subsets of X, (I, <) is a linear
order, and {y; : i € I} is a family of functions on A satisfying the following conditions.

(1) Foreachi €1, y; is a finitely additive measure on A taking extended real values
in [0, oo].

(2) Foreachi<jinl andeachY € A, 1;(Y) > p;(Y).

(3) ForeachY € A, there is at most one i € I such that 0 < p;(Y) < oo.

(4) Foreachi € I, there is some Y € A such that 0 < 1;(Y) < oo.

(5) ForeachielandY € A, if 0 < u;(Y), then Y is an infinite set.

Then there is a fine filter F over [X]<“ and a < —increasing sequence (¢; : i € I) C
Pow(R, F) such that forall Y € A and i € I with p;(Y) < oo,

/XYdF = (Ve +6
where § < g;.
Proof We will show that the following family of sets has the finite intersection property,

so that it is the basis of a fine filter F over [X]<“ with the desired properties:
(1) {z:xez},forxeX
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) {z: t%l — % < %} whenever m € N*, Y, Y € A, u;(Y), 1i(Y) < oo,
and 0 < p1;(Y)

3) {z : :;2;} > m} wheneverm € N*, Y, Y € A, 0 < p;(Y) < oo and p;(Y) = oo

To this end, consider finitely many points x,...,x, € X and finitely many sets

Yy,...,Y, € A. Define also
* iy =min{i € I : p1;(¥;) > 0 for some j < v}; and
* iy = min{i > i, : p;(¥;) > 0 for some j < v}.

Since v € N, we can order such indexes as ij,...,i with k < v. Without loss of
generality, suppose also that for every j = 1,...,k there exists a set ¥; such that
0 < M[j(Yj) < 00. In fact, if there is no such set in the original list Yi,...,Y,, it

is sufficient to add one set that satisfies the desired inequalities for every dimension
i1,-..,ik. We can do so by hypothesis (4).

Consider the finite set {xi,...,x,} and the elements of A; = {Y; : p;,(¥;) < oco}. By
Lemma 6 applied to 1;, , there exists a finite set z; such that
() x1,...,x; € z1;and

Jany] _ p) 1
(2) forevery Y € Ay, EARTR A < ..

We can repeat a similar argument for i, in order to obtain a suitable finite set z». In
this case, however, we have to take into account that we want our finite set z, to satisfy
hypothesis (3) of the basis of F: namely, % > m for every Y ¢ A;. Thus we
replace {xi,...,x} with z;, A; with Ay = {¥; : 0 < p;,(¥;) < oo} and we apply
Lemma 6 to obtain a finite set z, that satisfies

(1) z21C2;

2 n\ua CUA\UA:

lz2nY|  pp(¥) 1.
(3) forevery Y € A, TaTal (s < ;.;and

(4) forevery Y € A, % > m.
The second condition ensures that the inequalities arranged for z; with respect to A
continue to hold for z;. We proceed in a similar way and obtain the sets z3, . . ., zx that
satisfy analogous properties. The set z; satisfies the desired conditions stated at the
beginning of the proof for xi,...,x, and Yi,...,Y, € A. Thus we have proved that
the family of sets (1)—(3) has the finite intersection property, so it generates a fine filter

F over [X]<%. |

3.4 The Borel-Kolmogorov paradox

The geometric measure on R<“ and, more generally, the possibility of representing
simultaneously multi-dimensional measures, allows us to address the Borel-Kolmogorov
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paradox, which concerns a violation of intuitions about conditional probability in the
context of geometry on the two-dimensional sphere. Let us first discuss the paradox,
following the more synthetic-geometrical presentation of Easwaran [18].

Consider a sphere S with a given axis ag and a small circular region A around one
of the poles determined by ag. For example, A could be the set of all points north of
the arctic circle on the earth. Now consider the set Cy of all great circles touching the
two ends of the axis ag. For reasons of symmetry, the conditional probability Pr(A|C),
or the proportion of measures m(A N C)/m(C), should be the same for all C € Cj.
Furthermore, this should be in the same proportion as m(A)/m(S). Now let B be the
surface of revolution obtained by revolving A around an axis a; perpendicular to agp.
Then B is of strictly larger surface area than A. Let C; be the collection of great circles
touching the ends of a; . For the same reasons as before, for all C € C;, m(BNC)/m(C)
should be the same as m(B)/m(S). But there is a C* € Cy N C;. Thus we have

m(A)/m(S) = m(A N C*)/m(C*) = m(BN C*)/m(C*) = m(B)/m(S),
and so m(A) = m(B). This is a contradiction.

Of course, the argument works equally well if we replace “="" with “~” in the case that
m is non-Archimedean, and we arrange that m(A)/m(S) % m(B)/m(S). Kolmogorov’s
diagnosis of the error in the paradox was, “This shows that the concept of a conditional
probability with regard to an isolated given hypothesis whose probability equals O is
inadmissible” [33]. On our view, this cannot be the right explanation, since the paradox
carries the same force if we use a non-Archimedean analysis that gives all nonempty
sets a nonzero measure, as we have done.

On our view, the error lies in the claim that the conditional probabilities Pr(A|C*) and
Pr(B|C*) “should be” in the same (or approximately the same) proportion as the sizes
of the background sets A and B relative to the sphere. This sounds somewhat intuitive,
but we contend that it is much more intuitive that m(A N C*)/m(C*) should be the
proportion of the arc length of C* taken up by A, as is the case for our filter-integral on
R<%“, without regard to the larger background of the set A.

So why “should” m(A N C*)/m(C*) and m(A)/m(S) be the same? The argument
advanced by Easwaran [18] is a principle called “conglomerability.” This concept
originated with De Finetti [35] and has also been studied by other authors (see for
instance Schervish, Seidenfeld and Kadane [45]). This is a generalization of a formula
for weighted averages from the finite to the infinite case. If Ao, ...,A, are disjoint
sets with nonzero measure, then simple arithmetic implies that for any measurable
BCAgU---UA,:

Pr(B) = Pr(B|A¢) Pr(Ao) + - - - + Pr(B|A,) Pr(A,)
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It is easy to see that if the probability measure is countably additive, then this generalizes
to countable collections of disjoint measurable sets. Conglomerability generalizes this
further to say that if {A; : i € I} is any partition of a set A, then for every B C A, we
should have the integral equation:

PthKZﬁwmmmyu

(Note that since the A; are pairwise disjoint, the sum in the integrand has at most one
nonzero term at a given x.) In the context of our reasoning about the sphere, the idea
is that when the two poles are removed, the set of great circles through those poles
forms a partition of the sphere. Thus the proportion of the sphere taken up by the set
A should be the conglomeration of all of the pieces meeting the great circles. Since
all of these pieces are congruent, this is an integral of a constant function with value
¢ = Pr(A|C*). In other words, assuming we start with a sphere with surface area 1,
Pr(A) = fcdx =c.

Now we know this kind of equation will not hold in general, but it is interesting to look
closely at what it says in the context of our filter integrals. Suppose F is a fine filter
over [X]<¥, B C X, and {A; : i € I} is a partition of X into nonempty sets. Then by
definition we have:

/XB dF = / (Z XBﬂAi) dF =
1 1
|B ﬂA,‘ ﬂz| ’Al ﬂZ’
[ZHZ ANz R ]
This looks a lot like we are integrating ) . Pr(B|A;)xa,(x). However, in our situation,
Pr(B|A;) is an integral and typically a nonstandard element of Pow(Q, F). If it has a
standard part, this value depends on the convergence properties modulo F, and we

should not expect a similar-looking formula to be substitutable back into the process
and have the convergence come out unaffected.

IBNA;NZ|
Z%Ez——m—f

F

Easwaran ultimately comes down in favor of the conglomerability principle, and due
to several reasons including the above paradox, against the position that conditional
probabilities should be construed as ratios of unconditional measures. Instead, he
argues that conditional probabilities depend on a context, namely a given partition of
the underlying space. However, we contend that the filter integral gives a coherent
and natural picture of conditional probability as a ratio of measures for any nonempty
condition, and the geometric intuitions buttressing this picture outweigh the philosophical
arguments for conglomerability.
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4 Non-Archimedean integration

Besides being able to represent real-valued measures, the filter integral has also
relevant applications in non-Archimedean integration. Recall that for arbitrary fields
k, developing a non-Archimedean integration is still an open problem, despite some
positive results established for particular classes of such fields. For a survey of this
topic, see the introduction of Bottazzi [9]. For known limitations of non-Archimedean
integration, we refer to Bottazzi [7, 8].

In a non-Archimedean field £ D R, the idea underlying the Riemann and Lebesgue
integrals of defining integrable functions as those that can be approximated arbitrarily
well with step functions has some drawbacks. The main issue is that convergence
in k is much more restrictive than convergence in R, so that it is not even possible
to approximate polynomials over finite intervals arbitrarily well. For instance, it is
well-known that for all € € R, £ > 0 there exists a step function s. : [0,1] — R such
that max,c(o.1] |x*> — s<| < €. From this argument it is easy to obtain that for all positive
e € R, there exists a step function s : [0, 1]z — k such that max,¢o,1), ]x2 — 5| <e.
However, no step function over [0, 1]; can approximate x> up to an infinitesimal
precision.

In order to overcome this issue in the Levi-Civita field, Shamseddine [46], Shamseddine
and Berz [47] and Bottazzi [7] have suggested to enlarge the family of “elementary
functions” from step functions to analytic functions, with partial success.

In this section we discuss how the filter integral provides an alternative approach to
non-Archimedean integration. We start by acknowledging that in the non-Archimedean
setting, the filter integral lacks some geometric properties, especially when dealing with
integrals over sets of an infinitesimal length. Then we discuss a general representation
theorem that allows us to definably extend real-valued measures to non-Archimedean
field extensions of R, in a way that the family of integrable functions is richer than
that obtained with different approaches. Finally, we show that the F—integral can be
decomposed in a meaningful way according to the skeleton group of k.

4.1 A geometric limitation
Letk DR, e €k, 0<ex 1, X=1]0,1]; and consider the function f = z-:*lx[o,g].

Since eventually the function z — >~ _f(x)/|z| assumes an infinite value, [ f dF is
infinite, regardless of the filter F.
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This is at odds with the geometric intuition that, if the filter F is chosen in a way that
ri X(0,1/n) dF = 1/n for every n € N, we would expect that the F—integral of f is 1.

In order to overcome this limitation, it might be possible to define a ‘“Riemann-like”
integral of a function f : k — k in the following way. Let z € [k]<“ and let
xp < xp < <X be its elements. Then define the Riemann-like integral of a

function f as:

lz[—1

z— Z(xi—i-l — xi)f (xi)

i=1 F
The choice of evaluating f at the left endpoint of the interval [x;, x;11] can be replaced
by evaluating f at other points of the interval. However, this approach suffers from the
same drawback discussed for other non-Archimedean measures, namely that the class of
functions that can be approximated by step functions up to an arbitrary precision is too

narrow. Thus, we find that it is more convenient to work directly with the F—integral.

4.2 A general representation result

Despite the limitation discussed above, the F—integral allows us to lift measures over
R” to k" in a way that the family of integrable functions is preserved.

In order to state the next result, we need to generalize the notion of S—continuous
function, used in nonstandard analysis, to arbitrary non-Archimedean field extensions
of R.

Definition Let k D R be an ordered field, X C k3, and f : X — k™. We say that f is
standardizable iff

* f(x) ~ f(y) whenever x,y € X and x ~ y; and

* f(x) is finite for every x € X.
If f is standardizable, we define its standard part stf : stX — R™ as stf(x) = st(f(y))
for any y € X satisfying sty = x.

Notice that, contrary to S—continuous functions of nonstandard analysis, the standard
part of a standardizable function need not be continuous.

Proposition 21 Let k O R be an ordered field, and let  satisfy the hypotheses of
Theorem 7. Then there exists a fine filter F on [k;sln]<w such that for every standardizable
f kg, — k,if stf is a bounded j1—measurable function, then f has a standard F —integral

and fifdF = [ stfdu.
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Proof Let F’ be a filter satisfying Theorem 7 for x. Then for any € € R, ¢ > 0, and
for any finitely many fi,...,f,; such that f; : R* — R is a bounded p—measurable

function, and for any finitely many points xp, . .., x, in R” there is A € F’ such that for
any z € A, {x1,...,x} C z and:
stfi(x

£ [0 <

XEZ
Now let xy,...,xy € kgn, let fi,...,fn be standardizable, and let ¢ > 0 be a real
number. Let A € F’ be given with respect to the functions stfi, . .., stf, and the points
stxi,...,stxs,andlet 7/ € A. Letz € [ ﬁn]<w be such that

* Xi,...,X¢ €25

e stz=7;and

o forevery r,s €7, |[{x€z:stx=r} = |[{x € z:stx =s}|.
These conditions ensure that when we compute the average of f; over z, we get the
same standard part as computing the average of stf; over 7.

Thus for standardizable f* and real € > 0, if Ay . is the set of z € [k}i’n]<” such that

—5<Zf(zx|)—/stfidu<5
XEZ

then the collection of all Ay ., together with the sets {z : x € z} for x € i » gENETates a
filter F' as desired. |

This proof can be adapted to prove the non-Archimedean counterpart of Theorem 9.

Corollary 22 Let k O R be an ordered field, and let . satisty the hypotheses of
Theorem 9. Then there exists a countable partition P of k;n and a fine filter F on
[ j’é‘n]“’ such that for every standardizable f : kf, — k, if stf is a ji—integrable function,

then f has a standard (F, P)—integral and i f d(F, P) = [ stf dp.

In order to assess the relevance of these results, we suggest a comparison with Proposition
3.16 of Bottazzi [7] in the case kK = R, the Levi-Civita field. Proposition 3.16 of [7]
shows that any real-valued function that is not locally analytic at almost every point of its
domain does not have a measurable representative with respect to the non-Archimedean
uniform measure developed by Shamseddine and Berz [47, 46].

Conversely, Proposition 21 applied with ;1 = A, the Lebesgue measure over R”, shows
that it is possible to define a fine filter F on [R},]<“ and a countable partition P of

fin SUCh that
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o (I [ai, bilr) ~ I, st(b; — a;) forevery finite ay, ..., an, by, ... ,by € R,
ie p is infinitesimally close to the uniform measure of Berz and Shamseddine,
and

e if f is standardizable and stf is Lebesgue integrable, then f has a standard
(F, ﬁ) —integral, and moreover its (F, ﬁ)—integral is infinitesimally close to the
Lebesgue integral of stf.

Thus the filter integral allows for a broader family of functions with a well-defined
standard integral. Using the minimal definable filter instead of a larger filter (such as
an ultrafilter) has the benefit of not assigning a standard integral to functions whose
standard part is not p—measurable. The possibility of meaningfully enlarging the
family of functions with a well-defined integral might enable further applications to
mathematical models in the spirit of the ones discussed in Section 5 of Bottazzi [7] or
in Sections 4.6 and 4.7 of Bottazzi [9].

Recall also that a non-uniform measure theory over non-Archimedean fields has not
yet been developed. In contrast, the filter integral allows one to do so by extending
real-valued measures, an improvement upon the state of the art in this field.

4.3 The decomposition of the F—integral for arbitrary fields

The value of the filter integral of a function that takes values in £k D R can be
characterized based on the skeleton group of k.

Invoking the Axiom of Choice, the Hahn Embedding Theorem [19] (see also the
exposition by Clifford [11]) allows us to write the elements of any £ D R as generalized
formal power series over an ordered group I' (often called the skeleton group of k)
with real coefficients, in a way that the exponents of the terms with nonzero coefficients
form a well-founded subset of I'. Let A : k — I" be the valuation chosen in such a way
that if A(x) > 0, then |x| < 1. The subfield {x € k : A(x) = 0} is isomorphic to R.

Let £ > 0 be an infinitesimal such that A(¢) = 1. We can writeevery y € kas Y ;. a;e!
with a; € R. Similarly, every function f : X — k decomposes as ) ;. fie', where
each f; : X — R. Forevery i € T define also f<' = 3, fie/ and [~ = 3. fie.

For an arbitrary skeleton group I', we can exploit the decomposition of f as f <! +f; 4+~
to obtain the following F—integral decomposition:

) /de:/f<"dF+[e"]F/ﬁdF+/f>idF
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In the above decomposition, since [f>i | < el f f71dF < [€']r. If f; has a finite
standard F-integral, [ f;dF = ffif;dF + &, with § < 1. Thus

/de = /f<l'dF+ [e'F 5ﬁfidF+ni
where 1; = [€']p0 + [ f7'dF satisfies n; < [€']F.

Additionally, if there exists i € I' such that f;(x) # O for some x € X and f<(x) = 0
for every x € X, the F—integral of f can be expressed as

/de = [e)p glﬁﬁdF+ni

ie the F—integral of f is the integral of its leading term plus another term of a smaller
magnitude.

If I' = Z, it is possible to further refine the above decomposition. Let £ O R have the
skeleton group Z (eg the field of formal Laurent series). Assume that the function f
is bounded in k and each f; has a finite standard F—integral. Let n € Z be such that
If| < e". For any m > n, the decomposition (2) can be further refined as:

/dezg:[si]p/ﬁdF+/f>mdF
3) = ﬁ:[si]p (95 fidF + 5i> + / fomdF

Let us compare the contribution of the error term J; to higher degrees of €. Let
a; = gﬁ f; dF': the error term is the equivalence class of the function z — % —
If 67 # 0, then | =512 g,
|6;| > " for every n > 0. Therefore &' >> £/|§| > &/ for every j > i. Thus, each term

of the sum (3) operates on a different scale, with no arithmetic influence between scales:

a;.

is eventually a positive real number. As a consequence,

D> [Eiil]p|5i_1| > [ai]pla,-\ > [€i]F|5i| > [€i+1]plai\ > ...

S Product Spaces

Suppose we have fine filters F, G over [X]<“,[Y]<“ respectively. We construct a fine
filter F X G over [X x Y]<“ concentrating on the finite rectangles, the collection of
which is naturally isomorphic to [X]<“ x [Y]<“. We put sets into F x G essentially
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when for a large subset of the Y —axis, the cross-section along the X—axis is large. More
precisely, F x G is the set of A C [X x Y]<“ such that:

{1 €lYI™ : {zo€XI™:20xz1 EA} EF} €G
It is straightforward to check that F x G is a filter. Furthermore, if F' and G are both

ultrafilters, then sois F x G.

This operation is not symmetric. Suppose X is an infinite set and F is a fine filter over
[X]<“. For z € [X]<“, let A; be the set of finite 7/ O z, and let A = | J,A; x {z}.
Then for all z, {7 : 7/ x z € A} = A, € F by fineness, and so A € F. But for any
z€[XI"¥ andany 7/ D z,zx 7 ¢ A,s0 {7/ : zx 7 € A} ¢ F. Thus switching the
roles of horizontal and vertical cross-sections yields a different filter.

Suppose K is a divisible torsion-free Abelian group. For functions f : X X ¥ — K,
we can compute [ fd(F x G) as before. But we can also compute in two steps. For
fixed p € Y, we obtain a value in Pow(K, F) by taking [ f(x,p)dF. This gives a
function from Y to Pow(K, F), which we denote by f f(x,y)dF. We can then compute
f ( f f(x,y)dF)dG. To show that this yields the same result, let us establish a general
fact about iterated reduced powers:

Lemma 23 (Folklore) Suppose F, G are filters over sets X, Y respectively. Let 2 be
any algebraic structure. Then there is a canonical isomorphism:

t: Pow(R, F x G) = Pow(Pow(2L, F), G)

Proof First note that there is a natural correspondence between the objects of these
structures, before we compute equivalence classes. The elements of the iterated reduced
power are represented by functions from Y to functions from X to 2(, which are coded
by functions on pairs.

Suppose ¢(vg, ..., V,) is an atomic formula in the language of 2. Let fy,...,f, be
functions from X x Y to 2. Then:

Pow(2, F x G) = o([folrxGs - - -+ [fulFxG)
= {x, ) Fe (fo(x,y), ... .fulx, )} € F x G
= {y:{x: A=y, ... . i, )} €F} €G
< {y: Pow®, F) = o(Lfox, NI, ..., ax,NIF)} € G
<= Pow(Pow(2, F), G) = o([[fo(x, MFlG, - - -, [Lfalx, Y)IFlG)

Thus we may define an isomorphism ¢ by [flrxc — [[f]Flc. O
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Because of the above fact, we will abuse notation slightly and write a = b for
a € Pow2(, F x G) and b € Pow(Pow(2l, F), G) when we really mean that v(a) = b,
where ¢ is the canonical isomorphism above.

Lemma 24 Suppose K is a divisible torsion-free Abelian group, F, G are fine filters
over [X]<%,[Y]<“ respectively. Then forall f : X x Y — K :

/fd(Fx G) :/ fdFdG
Proof Since F' x G concentrates on the set of finite rectangles zg X z;:

[raE <= S swnflxa
(eE0x2) G

The isomorphism ¢ maps this to:

fGx,y) B
Z | Jzollz] - /(Zf(xvy)/m‘) dF

(x,y)Ez0 X2 rlo L YEZY

= IZIIIZ/ﬂx,y)dF

L YEZ)

G

G

:/ fx,y)dFdG O

The key reason we introduced the notion of a comparison ring is that it makes the theory
of iterated filter integration more elegant. Since a reduced power of a comparison ring
is also a comparison ring, general facts about integrating functions taking values in
comparison rings apply to each step of an iterated integral. The remainder of this section
is devoted to exploring some facts about standard parts in iterated filter integrals.

Proposition 25 Suppose F,G are fine filters over [X]<“,[Y]<“ respectively. For
ACXandBCY:

#+ Yo dFdG = <¢+ XAdF> (gf de6>
fh xaxndrac - <5’5_ A dF) (56_ Yo dG>

Proof First we claim that there are filters F,, Fy O F and G,, Gy 2O F such that
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* fixadF, = Bﬁ+XAdF;

s fixadF =1 xadF;

s fixpdG, = 5ﬁ+ x5 dG; and

b gﬁ XB ng = Eﬁ_ XB dG.
Let us show the first point; the others are similar. Let r = gﬁ+ x4 dF . We claim that for
all D € F and all € > 0, there exists z € D such that |z N A|/|z] > r — . Otherwise,
there is D € F and € > 0 such that for all z € D, [zNA|/|z| < r — e, which would
mean that gﬁ+ x4 dF < r, a contradiction. It follows that F' together with the sets
{z € [XI=¥ : ||zNA]/|z] — r| < e}, for € > 0, generates a filter F,,, and tfi x4 dF, = r.

Note that xaxp(x,y) = xa(x)xs(y). By linearity:
ﬂXAXB(X7y)dFudGu = /(XB(y)/XA(x) dFu)dGu

By Lemma 4, [ xadF, = tfi xa dF, + £, where ¢ is an infinitesimal of Pow(R, F,,).

Thus: | |
zNB
// Xaxp(x,y)dF,dG, = {Z — <56 xa dF, + 5) " }
Gu

If gﬁXA dF, = 0, then this is an infinitesimal of Pow(Pow(R, F,),G,), and so
#fi xaxp dF,dG, = 0. Suppose then that ffixadF, # 0. For any real § > 0,
there is D € G, such that ]'ZE‘B‘ —fixgdGy,| < ¢ for z € D. Since ¢ is infinitesimal, it

follows that for z € D:

NB
5¢XAdFu < <¢XAdFu+€> ’Z|Z| | gSXAdFu¢XBdGu <5¢XAdFu

Hence, tfi xaxp dF,dG, = (gﬁ+ XA a’F)(gﬁ+ X8 dG). This shows that:

(f s (§ xd0) < f ronniric

It remains to show the reverse inequality. Let p,q be rational numbers such that
p> 1" xadF and g > (f" x5 dG. Then:

//XAdeFdG:/</XAdF> XBdG</pX3dG < pq

Thus inf{s € Q : s > [[ xaxpdFdG} = (gﬁ+ XA dF)@Jr x5 dG). The argument for
the lower integrals is entirely analogous. a

If f: X x Y — Z is a function, let f : ¥ x X — Z be defined by f(y,x) = f(x,y).
Our iterated integrals on products of two spaces are defined to integrate in the leftmost
variable first, and this operation f — f allows us to consider switching the order of
integration in line with our conventions.
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Theorem 26 Suppose u,v are countably additive probability measures on X,Y
respectively. Then for all |, X v—integrable functions f : X x Y — R, there are sets
A C X and B C Y such that (A) = v(B) = 1, and:

/fd([,LXV): fd(FuXFl/): f_‘d(FVXFu)

AXB BxA

Proof Letf:X x Y — R be u x v—integrable. By Fubini’s Theorem, we have:

(a) There are sets A C X and B C Y such that u(A) = v(B) = 1, and for all
(x0,¥0) € A X B, f(x,y9) is p—integrable and f(xg,y) is v—integrable.
(b) The functions x — [ f(x,y)dv and y — [ f(x,y)du are integrable.

© [fduxv)=[[fdudv= [[fdvdu= [fdv < p).
Since y — [, f(x,y)dp is v—integrable:

/ Fd(ux v) = / (xB<y> /A F6,y) du) dv = gﬁ <XB<y> /A Fy) du) dF,

For all y € Y such that x — f(x,y) is u—integrable, we have:

5éf<x,y>dF - ﬁm(x)f(m)d - / XA (5, y) i

By Lemma 5:

gﬁ (xB<y) 5',54 fy) dF“> dF, = gﬁ (XB(w /A fy) dFu) oF,

Putting this together, we have the desired conclusion that:

[ rawxw - /B (/Af(x,y)du> dv = gé </Af(x,y)du> dF,
= gé (%‘f(x,y)dFu> dF, = ﬁ (/Af(x,y)dFu> dF,

= fdF,dF, = fd(F, xF,)
AXB AXB

By exactly the same argument, [ fd(v x p) = i, , fd(F, x F). |

Unfortunately, the restriction to measure-one sets A and B in the above result cannot in
general be avoided. To see this, consider the function f on the open unit square defined

by
1/x ify=1/2,
F(x,y) = / Y .
0 otherwise.
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Since f is nonzero only on a set of Lebesgue measure zero, its Lebesgue integral is zero.
Suppose F = F), where ) is the Lebesgue measure on (0, 1). Then [ f(x,1/2)dF
is a positive infinite number a € Pow(R, F). For all z € [(0, 1)]<* with 1/2 € g,
2|71 32 . [f(x, ) dF = a/lz|, which is still infinite. Thus [f f dF* is infinite. On
the other hand, for all y € (0, 1), |z|~! erzf(x, y) < 1/y|z|. Thus forall y € (0, 1),
[ f(x,y)dF is infinitesimal, and thus so is [J f dF?.

Proposition 27 Suppose n is a natural number and for i < n, 7; is a compact topology
on X; and F; is a fine filter over [X;]1<% such that all T;—continuous functions into R
have a standard F;—integral. Then any (] [._, ;)—continuous function from [[._,k X; to
R has a finite standard (] |

i<n i<n

i<n Fi)—integral.

Proof It suffices to prove the claim for n = 2, since the general case then follows by
induction. Since 79 X 7| is compact, every continuous f : Xo X X; — R is bounded.
For each y € X, x — f(x,y) is a Tp—continuous function on Xy. Thus gﬁ fx,y)dFy
exists and is finite for each y € Xj.

We claim that the function y — i f(x,y)dFy is a T7;—continuous function on Xj.
Let y € X; and € > 0 be given. Let r = ffif(x,y)dFy. By the compactness of
To X 71, there is a finite collection of open rectangles {A; x B; : i < m} such that if
(ag, bo), (a1, b1) € A; X B;, then [f(a(),bo) —f(al,b1)| <e.LetB= ﬂ{Bi lye€ Bi}.
Then for all y € B and all x € Xp, |[f(x,Y) — f(x,y)| < e. It follows that —¢ <
[ (f(x,y) = f(x,y)) dFo < e. Thus y' € B implies |ffif(x,y)dFy — r| < e.

By hypothesis, [({fif(x,y)dFo)dF; has a standard part. It is finite since f is bounded.
Applying Lemma 5, we get:

Eﬁ <51§f(x,y)dFo> dr, = gﬁ (/ f(x7y)dF0> dF| = Eﬁfd(po < Fy) -

6 Transfinite integrals

Let (L, <) be alinear order, and let ((Z;, F;) : i € L) be such that each F; is a filter over
Z;. For a finite a C L, we interpret the product filter [ [, , F; as taken in the order given
by (L, <).

Lemma 28 Suppose a C b are finite nonempty subsets of L. Let 7y 4 : [[;c;, Zi —

[T;ca Z: be the canonical projection. Then A € [, F; ifand only if 7, }[A] € [;c, Fi-
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Proof Write b in L—increasing order as §y < - -+ < &,—1. Let ip = min{i : & € a}.
Forj<nandx=a,b,letxj =xN{&,...,&_1}. We will show by induction that the
conclusion holds with respect to 7y, 4, for ip <j < n.

Assume the claim holds for i < j. Suppose first that §; € a. Then:

Ac [[ Fies {y:{F:5 () eaye[[F} eFy

i€ajy ica;
= {y: {7 M@ 0) €AY € [[ Fi} € Fy,
i€b;
= {2, @cAte J] F
i€bjt1

Suppose next that &; ¢ a. Then by induction:
~1
Ac [[ F=ac]]r=nllAe]]F
i€ajy) i€aj i€b;
1 -1 . ..
But 7Tb_,-+1,a,-+1[A] = ﬂ-bjﬂj[A] X Zg;, which is in ]
iep; Fi-
7

F; if and only if , | [A] €
O

i€bjy

Now let 2 be any structure. For finite @ C b contained in L, define a map e, :
Pow(2, [[;c, Fi) — Pow(, [[;c, Fi) by [f]HiEa r— [fo 7rb7a]1—[i€b r,- The above
lemma implies that each e, is an embedding. If a C b C c are finite subsets of
L, then 7., = 74 © ey, and thus e, = e, 0 €,p,. We define the direct limit of
this system as the collection of equivalence classes of pairs (a,x), where a C L is
finite and x € Pow (A, Hie . Fi), with the equivalence relation (a, x) ~ (b,y) holding
when e, ,up(x) = epqup(y). We interpret the relation and function symbols in the
language of 2l according to their interpretations in the finite iterated reduced powers,
which is coherent because of the commuting system of embeddings. Call this structure
Pow(2, F). We have that for any atomic formula ¢(vg,...,v,) and any objects
[(ag,x0)], ..., [(an,xy)],if b=agU---Ua,, then

Pow (2, F) = o ([(a0, x0)]; - - - , [(@n, x)])

= Pow(@, [ [ Fi) & @ (€aps®0), - - - €a, ()
ich
= Pow (@, [ [ F) £ @ (€ape®0), - - - €a,. ()
icc
where ¢ C L is an arbitrary finite superset of b. For finite a C L, let ¢, :
Pow (A, Hie“ F;)) — Pow(X, ﬁ) be the canonical embedding x — [(a, x)].
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Lemma 29 Suppose K is a comparison ring, L is a linear order, and (F; : i € L) is a
sequence of filters. Then Pow(K, F) is a comparison ring. Furthermore, if a C L is
finite and x € Pow(K, Hiea F}) has standard part r, then st (e,(x)) = r.

Proof (sketch) Lemma 2 implies that for each finite a C L, Pow(K, Hie JF)isa
comparison ring. We need only to check that the axioms are preserved under embeddings.
For those that can be written I1; —formulas, this is immediate. Beyond this, the key is
just that additive and multiplicative inverses are the unique solutions to equations like
a+ x = 0 and ax = 1, which are themselves atomic formulas.

For the second claim, note that for any ¢, g1 € Q, the formulas “gg < x” and “x < ¢;”
are preserved by the embedding e, . O

If X = (X;:i€I) is asequence of sets and f : [[ X — Y is a function, let us say that f
is finitely dependent when there is a finite s C I such that whenever X,y € [] X are such
that X [ s =y [ s, then f(X) = f(3). If 50,51 both witness that f is finitely dependent,
then so does s = spNs;. Forsuppose X [ s =¥ [ s,andput 7 = X [ soUY | (I\sp). Then
f(X) =f@) = f(©). Thus if s, s; are C—minimal witnesses to the finite dependency of
f,then sg = s1. Thus let us define dep(f) as the smallest s witnessing that f is finitely
dependent. f is constant if and only if dep(f) = ). If f is finitely dependent, then it
canonically determines a function f* on [],., X;, whenever dep(f) C J C I, by putting
f/(X) =f(XUY), where y € []c s Xi 1s arbitrary. We will abuse notation slightly and
denote such f” also by f.

Proposition 30 Suppose L is a linear order, G is a divisible torsion-free Abelian group,
(X; i € L) is a sequence of sets, and for each i € L, F; is a fine filter over [X;]<%.
Suppose f : Hfi — G is finitely dependent and a O dep(f) is a finite subset of L.

Then [ f d([Lie, F)) = edep(p.a (ff d(HiEdep(f) Fi))'

Proof For any finite s C L, [ ], Fi can be regarded as a fine filter over [Hie s Xl-] <

concentrating on the finite rectangles Hies zi C Hies X;. For s O dep(f), let g; :
[Hies Xi] <% _4 G be defined by gs(z) = 0 if z is not a rectangle, and otherwise:

1
8s (H Zi) = Higs ‘Zi| Z f(f)

ics Yellieszi

Let a\ dep(f) = {io, - - -, in}. In the expression above for g, for each ¥ € [ ];cgepp) %>
f() is repeated |z;,| - - - |z;,|-many times and then divided by the same number. So,
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for each rectangle [];c,zi» 8a ([Ticazi) = gaep(r) <Hi€dep( 9 zi>. In other words,
8a = &dep(f) © Ta,dep(f)- Thus:

/fd(H Fi) = [8alT,, Fi = [8dep() © Tadep(HI[T,c, Fi

i€a

= edep(f),a ([gdep( P Moo F,-)

= edep(f),a /fd( H F) O

i€dep(f)

Suppose f : H)? — G is finitely dependent. We define

/ fdF :=e, ( / fd(Hﬁ,-)) € Pow(G, F)

i€a
where a is any finite superset of dep(f). By the previous proposition, this is well-defined.

Proposition 31 Suppose L is a linear order, R is a ring, (X; : i € L) is a sequence
of sets, and for each i € L, F; is a fine filter over [X;]<“. Any algebraic operation
between finitely dependent functions on [ | X yields a finitely dependent function. Iff, g :
]_[)? — R are finitely dependent and r, s € R, then f(rf—l—sg)dl_] = rffd(7+sfgd17.
(where we identity elements of R with constant functions taking those values).

Proof For the first claim, just note that if the operation involves finitely many functions,
then coordinates outside the union of their dependency sets have no influence. For
the second claim, let a = dep(f), let b = dep(g), and let ¢ = a U b. Since

JGf +s9)d(Tic. F) =r [fd([1,e. Fi) + 5 [ §d([1,c. Fi). the conclusion follows by
the fact that e, is an embedding. O

Now we wish to extend the integrals [ f dF to give a value to all functions on Hff
taking values in a divisible torsion-free Abelian group G, not just the finitely dependent
ones. Choose a filter H over [L]<% X Hff which is fine in the sense that for every
i€L,{(s,¥):i€s}cH. Foreachf:[[X — G,eachs € [L]<¥,and each j € [[ X,
we define a finitely dependent function:

Fg) =f(XTsUYT(L\¥)
We define the following operator on functions f : H)? — G-

/fd(ﬁ,H) = [(s,y) — /};ydﬁ]H
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Note that this operation enjoys the usual linearity properties. If f is finitely dependent,
then for all s O dep(f) and all X,y € [[X, f(®) = f, (¥). Thus if e : Pow(G, F) —
Pow(Pow(G, F), H) is the canonical embedding, then e(ffdf?) = ffd(ﬁ, H).

Let us say that a function f : Hff — R is uniformly continuous if for all n € N, there
is a finite s C L such that X | s =y | s implies |f(X) — f(¥)| < 1/n. The next result
shows that the standard integral of uniformly continuous functions depends only on the
sequence of filters F.

Lemma 32 Suppose X, F are L—sequences of sets and filters as above. Suppose
f: TIX — R is uniformly continuous, and for (s,3) € [L]<* x [] X, S fyd( e, F)
has a standard part. Then there is an r € RU {£o00} such that for all fine filters H over
[LI<% x [1X, fif d(F,H) = r.

Proof For n € N, let 5, € [L]<¥ be such that |f(X) — f(3)] < 1/n whenever
X | s, =¥ |s,. Thus for all finite 79,7, D s, and all X, o,y € H)_f:
1
lftoio(f) _ﬁl,?‘l(f)‘ < n
For t = ty U t;, we have that
1 1
< [funadlFo- [fisa]F0<
ict ict
and it follows by the fact that ¢, is an embedding that:
1 - |
_; < /ﬁ(),}_fodF_/ﬁm—"l dF < E

If gﬁfsydﬁ = 400 for some s, ¥, then ﬁfﬁdﬁ = +oo forall 1 O sUs; and all Z. In
this case, let r = +00 accordingly. Otherwise, for each n € N,

B, = {¢ﬁ7ydﬁ:t2sn and y € HX}

is a subset of R of diameter < 1/n, and B, C B,. There is a unique r € R such that
for all n, inf B, < r < supB,.

Now let H be a fine filter as hypothesized. If r is finite, then for each ¢ O s, and each
ye[lX, —1/n< [fi3dF —r < 1/n. Thus (if d(F,H) = r. This also holds if r is
infinite by the remarks above. O

Theorem 33 Suppose X, F are L—sequences of sets and filters as above. Suppose
for each o € L, X, carries a compact topology 7., such that every 1,—continuous
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function has a standard F,—integral. Let T be the product topology on [ | X. Then for
every T—continuous f : H)? — R, there is a real r such that ffi f d(F,H) = r for every
choice of H.

Proof By Tychonoff’s Theorem, the space (]| X, 7) is compact. Let f : H}? — R
be 7—continuous. For any n € N and ¥ € H)? , the inverse image of (f(X) —
1/2n,f(X) + 1/2n) is open. By compactness, there is a finite set {Xp, ..., %,} C [ X
and, for each i < n, a finite collection of basic open sets {A"’O, o ,Ai’mf} such that
[1X = Ui<njcm A" » and whenever y € AY, then [f(¥;) — f(3)| < 1/2n. For each
i <nand j < m;, there is a finite s"/ C L such that A =] ., B where Bl ¢ 1,
for o € s'/, and otherwise BY = X,. Let s = Ui<nj<m s, For y,7 € T[] X, if
¥ | s=7Z]s,then there are i,j such that y,7 € A"Y. Thus |f(y) — f(2)| < 1/n, and f is
uniformly continuous.

Now suppose (s, ) € [L]<% x H}? . Then f;  is a continuous function on the space
(I'T;es Xi, I 1ic; 7)- By Proposition 27, fif, 5 d(I];c, Fi) exists and is finite. Lemma 32
implies that there is an r such that ffif d(F,H) = r for every choice of H. Since f is
bounded, r is finite. O

As an application, we give a representation of the Lebesgue integral on the Cantor space
2N that is more “inevitable” than the representations of § 2. In this context, let L = N
with the usual ordering, and for each i € N, let X; = {0, 1} with the discrete topology.
Let F; be the unique fine filter over P(X;), ie A € F; if and only if {0, 1} € A. For each
n € N, integrals using Fy X - - - X F,,_ are the same as computing expected values with
the uniform probability measure on a space with 2" elements, or in other words, just
finding the arithmetic average value of the function over all points. Thus if f : 2 — R
is finitely dependent, then [ fdF = [ fd\, where X is the Lebesgue measure on 2%,

By compactness, every continuous f : 2N — R is uniformly continuous. Thus for
every n € N, there is a finitely dependent g : 2 — R such that |[f(¥) — g(¥)| < 1/n
for all ¥. It follows that | [ fdX\ — [ gd)\| < 1/n. Also, for every choice of the filter
H, —1/n < [fd(F,H)— [gd(F,H) < 1/n. Since [gd(F,H) = [gd\ and n is
arbitrary, ifif d(F, H) = [ f d for every choice of H.

Theorem 34 Let \ be the Lebesgue measure on the Cantor space 2. For each
i € N, let X; = {0,1} = 2 and let F; be the unique fine filter over P(2). There is a
smallest fine filter H over [N]<“ x 2N such that for every Lebesgue-integrable function
f:2N =R, fifd(F,H) = [fd\.

We give a short proof using a result of Jessen [26]:
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Theorem 35 (Jessen) Suppose f is a Lebesgue-integrable function on the unit interval.
Let Sf,(x) = n=" Y2070 f(x + i/n). Then lim,_,o, Sy 2:(x) = [ fd\ for almost all x.

We note that by a result of W. Rudin [44], we cannot simply replace 2" with 7 in the
limit.

Proof of Theorem 34 For an integrable function f and n € N, consider the set:

App = {<s,z>: ‘/fs,zdﬁ— [rax

Any fine filter with the desired property must contain each such set. It suffices to show
that this family of sets has the finite intersection property.

1
< -, andngs}
n

Let fo, .. .,f. be integrable functions and let k£ > O be arbitrary. Note that, if i < m,
t=1{0,...,n— 1}, and X € N, then S; »(X) = f(ﬁ),xdﬁ. By Jessen’s Theorem,
there is y € 2N such that for all i < m, lim,_,oo Sp(y) = f fid\. Let N be large
enough such that for all i < m, |S; w(¥) — [ fid\| < 1/k. Then (N, ) € Ay for all
i <m. O

Suppose ((X;, ;) : i € I) is a collection of measure spaces, and [ [,.; A; is a rectangle
contained in ],
any number of coordinates, the value assigned to such rectangles should be the product
of the values assigned to their factors, [] ; 1i(A;), provided that this converges. In the
case that each y; is a countably additive probability measure, Kakutani [27] proved
that there is a canonical measure p on the o—algebra generated by finitely-dependent
rectangles yielding ([ ]; Ai) = [T, pi(Ay) for all countably-dependent rectangles [T; A;,
ie those such that A; = X; for all but countably many i. The argument is based on
verifying the conditions for the applicability of the Carathéodory Extension Theorem
to the set function on the algebra of finitely-dependent rectangles determined by the
measures ;. The desired product formula holds for countably-dependent rectangles
because the measure p is countably additive, and a countably-dependent rectangle is a
limit of finitely-dependent ones.

X;. One would expect that for a reasonable notion of integration over

We show that a similar fact holds of our transfinitely iterated filter integrals. Namely, a
canonical filter makes it possible for the standard integrals of such rectangles to behave
as expected, and for some invariance of measure under transformations to be lifted
from the factors to the product. Furthermore, no assumption of countable additivity
about the factor spaces is needed, and our rectangles can have an arbitrary number of
nontrivial factors (rather than just countably many). To clarify the relevant notion of
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infinite product, for a sequence of real numbers (r; : i € I) such that 0 < r; < 1 for
each i € I, we define ], a; := inf{[[;c, i : s € [[]=*}.

Suppose ((X;, F;) : i € I) is a sequence such that each F; is a fine filter over [X;]<%.
Let us say a product of sets HiAi, A; C X;, is a standard rectangle if gﬁ X4, dF; exists
forevery i € I.

Proposition 36 Suppose L is a linear order and ((X;, F;) : i € L) is a sequence such
that each F; is a fine filter over [X;]<“. There is a smallest fine filter H on [L]<% X Hi X;
such that for every standard rectangle A = [ [, A;:

thxad .1 =TT o, ar,

Proof Let A° ... A™~! be standard rectangles, AF = [Lics Ak Let ¥ = i Xak dF;.
Let € > 0.

Suppose k is such that [, 7 = 0. There is s € [L]<“ such that [Lics r¥ < e. Suppose
¥=(u:iel) e[ X If (xi i€ L\s)€ [ Al then (xao)sz = X(T,_, 49 OD
[Lic; Xi. Otherwise, if (x; :i ¢ s5) ¢ HigéSAf?, then EXAk)S’X‘ =0on [, X;. Applying
Proposition 25, we get that for every X, [(x ak)s xdF < €. Hence, for any fine filter H,
fi xq¢ d(F, H) = 0.

Suppose then, without loss of generality, that [ [, ¥ > 0 for all k < m. Then clearly for
every § > 0 and every k < m, there are only finitely many i € L such that ¥ < 1 — 4.
Let s € [L]<“ be large enough such that for each k < m andeach i ¢ s, 1 — 1/m < rk.
Then for each i ¢ s, there is x; € (), A¥. Hence if ¥ is such that X(i) = x; for i ¢ s,
then for each k < m we have (xq1)s 3 = X(Tie, 40 ON [I;cs Xi. Let t O s be such that
for each k < m, [[;c, rf — [L;e, ¥ < €. Then:

—e < /(XAk)t,fdﬁ [ <=

ieL

For a standard rectangle A, let r4 be the infinite product of its side lengths. The above
argument shows that the collection of sets

Sae = {(tﬁ_c) e < /(XA)t,)?_ ra < E}

for standard rectangles A and real ¢ > 0, generates a fine filter on [L]<¥ x [], X;,
giving the desired conclusion. |
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A difficulty one encounters with infinite products of measure spaces is that, unlike in
the finite case, complements of rectangles are not necessarily finite or even countable
unions of rectangles. Nonetheless, integrals as above behave nicely on the algebra
generated by standard rectangles:

Proposition 37 Suppose L is a linear order and ((X;, p;, G;) : i € L) is a sequence
such that for each i, p; is a finitely additive real-valued probability measure on X;
without point masses, and G; is a group of u;—invariant transformations of X;. Let
G =[1,;Gi,andIet G acton [ [, X; by §(x) = (gi(x;) : i € L).

Let F; = F,,, given according to Theorem 7, and let H be the filter given by Proposition
36 with respect to the sequence (F; : i € L). Let A be the algebra of subsets of [ [, X;
generated by standard rectangles. Then foreach A € A and g € G,

(1) i xa d(F,H) exists; and

(2) fixad(F,H) =t xgia1d(F,H).

Proof Let us say that a set A C ]_L-Xi is G—invariant if 5ﬁ XA d(F“ , H) exists and
ifi xa d(F,H) = fi x4 d(F, H) for each g € G.

Claim 38 Standard rectangles are G—invariant.

Proof Suppose A = []. 4, is a standard rectangle. Then fi x4, dF; exists for each i,
and by Proposition 8, this means that A; is y;—measurable, and thus its G;—images have
the same measure. Thus for any g € G, g[A] is a standard rectangle, and:

9§XA d(F, H) = | [ piap) = [ | pi(gilAid) = Eﬁxg[A] d(F, H) O

Claim 39 Suppose Ay, ...,A, are pairwise disjoint. If each A; is G—invariant, then so
iISAyU---UA,. Ifeach A; is G—invariant for i < n, and Ay U - - - UA,, is G-invariant,
then so is A,,.

Proof This follows from the fact that for any bijection g, [ Xga,u--ua,] d(F,H) =
[ Xetan dF,H) + - + [ Xgia, d(F, H). 5

Claim 40 Boolean combinations of standard rectangles (finite intersections of standard
rectangles or their complements) are G—invariant.
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Proof LetAj,...,A, be standard rectangles. Then A; N ---N A, is also a standard
rectangle and is thus G—invariant. It follows from the previous claim that for any j,
I<j<n,

ArnN--- ﬂAj_l ﬂAj_H N "'ﬂAn)\(A] N---NA,

is G-invariant. Thus each Boolean combination of the A;’s where at most one set is
complemented is G—invariant. Suppose inductively that all Boolean combinations of
the A;’s where at most k — 1 sets are complemented yields a G—invariant set. Consider
a combination in which k sets are complemented. For ease of notation assume it is:

Apnme--- ﬁAn—k\(An—k-i-l U--- UAn)

This can be written as A} N --- N A,—x minus the disjoint union of all Boolean
combinations of the A;’s in which Ay, ..., A,_; appear positively, and at least one other
A; appears positively. Thus by the previous claim, the desired Boolean combination
with k& complementations is also G—variant. At the end of the induction, we get that all
Boolean combinations are G—invariant. d

To finish, take any set in the algebra generated by standard rectangles. It can be written
in disjunctive normal form as a disjoint union of Boolean combinations of standard
rectangles. Thus by the above claims, it too is G—invariant. |
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