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Abstract

We first introduce two functions on finitely additive probability
spaces that behave well under products: discrepancy, which measures
how close one space comes to extending another, and bi-discrepancy,
which is a pseudo-metric on the collection of all spaces on a given set,
and a metric on the collection of complete spaces. We then apply these
to show that the Loeb space of the internal product of two internal
finitely additive probability spaces depends only on the Loeb spaces
of the two original internal spaces. Thus the notion of a Loeb product
of two Loeb spaces is well-defined. The Loeb operation induces an
isometry from the nonstandard hull of the space of internal probability
spaces on a given set to the space of Loeb spaces on that set, with the
metric of bi-discrepancy.

1 Introduction

The most important construction in the application of model theory to prob-
ability is the Loeb measure construction from [10]. The Loeb operation
converts an internal finitely additive probability space M = (Q, F,u) to a
complete o-additive probability space L(M) = (9, L(F), L(u)). It provides
a valuable tool for proving mathematical results using model-theoretic meth-
ods (see, for example, [1], [8], [9], and [11]). The purpose of this paper is to
show that the “Loeb product” of two Loeb spaces is well-defined. That is,
given two internal probability spaces, the Loeb space of the internal product
depends only on the Loeb spaces of the original internal spaces. Thus, it is
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appropriate to call the Loeb spaces of the original spaces “factors”, and to
call the Loeb space of the internal product the “Loeb product”.

For each ¢ = 1,2, let M; = (€;, F;, pi;) be an internal probability space,
where F; is an internal algebra of subsets of a nonempty internal set §2;, and p;
a finitely additive internal measure on F;. There are several ways to construct
o-additive product probability spaces based on the Loeb operations. First,
we take the Loeb spaces L(M;) = (94, L(F;), L(i;)) for i = 1,2 and take
their usual o-additive measure-theoretic product

L(Ml) ®U L(MQ) = (Ql X Qg, L(fl) ®U L(fz), M1 ®g /LQ)
Its completion is denoted by (L(M;) ®7 L(My))¢. Second, let
My @ My = (1 x Qo Fi @ Fo, j11 @ pin)

be the internal product space, where F; ® F5 is simply the internal algebra of
all *finite disjoint unions of rectangles A; x A, with A; € F;. The Loeb space
L(M;® My) of M1 ® Ms is called the Loeb product space. Third, when
the internal probability spaces M, and M are *o-additive, let M;®7 M be
the internal *o-additive probability space generated by the internal product
M ® M. The Loeb space L(M; ®7 M) of My ®7 My is called the Loeb
o-product space.

As already noted in [2], (L(M;) ®7 L(Ms))¢ C L(M; @ Ms). It is shown
in [13] that the inclusion is always proper when L(M;) and L(Ms) are non-
atomic (a specific example can be found in [1] p.74). In fact, Theorem 6.2
in [13] shows that the Loeb product space is very rich in the sense that
it can be endowed with independent processes that are not measurable in
(L(M;) ®7 L(Ms))¢ but have almost independent random variables with
any variety of distributions. In addition, it is shown in [3] that there is a
continuum of increasing Loeb product null sets with large gaps in the sense
that their set differences have L(u;) ®7 L(ug)-outer measure one. Thus, the
Loeb product space is much richer than the usual product even on null sets.
It is also clear that L(M; @ My) C L(M; @7 My) when both M; and M,
are internally *o-additive.

Though the Loeb product (or Loeb o-product) space is usually much
richer than the completion of the usual product of the Loeb spaces, it still
has the Fubini property ([9]). This property plays a key role in the discovery
of some basic phenomena involving independence (see [13] and [14]). Loeb
product spaces are also useful in solving stochastic differential equations ([1]),
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in chaos decompositions ([4] and Chapter 6 of[11] by Osswald), and in the
model theory of stochastic processes ([8], [9]).

Recently, a number of special measure-theoretic properties of Loeb spaces
were discovered and formulated in conventional terms; see, for example, [6],
8], [11], [13] and their references. For applications of these special properties,
one can simply regard the Loeb space as a primitive object without going
through internal operations at all. On the other hand, the definition of Loeb
product (Loeb o-product) relies on the internal product (the internal *o-
additive product). Also, different internal probability spaces may give the
same Loeb space. So the basic question is whether for any two given Loeb
spaces, one can still define their Loeb product (or their Loeb o-product)
unambiguously. In this paper, we show that the Loeb product space
L(M; ® Ms) depends only on the factor Loeb spaces L(M;) and L(M,),
and not on the internal spaces M; and M themselves. We also prove that if
M and My are *o-additive, then the Loeb o-product L(M;®7 My) depends
only on L(M;) and L(Ms). Therefore both the Loeb product and the Loeb
o-product are well-defined functions of the factor Loeb spaces.

In Sections 2 and 3, we develop some general methods to study the collec-
tion of (finitely additive) standard probability spaces. A standard function
d(M,N), which we call the discrepancy, is introduced. It measures how
close one (finitely additive) probability space comes to extending another.
The discrepancy function is of independent interest, and its properties are
studied in detail in Section 2. In particular, given a nonempty set €2, the bi-
discrepancy do(M,N) = d(M,N) + d(N, M) is a pseudo-metric on the set
of all probability spaces on 2, and a metric on the set of all complete prob-
ability spaces on {2. In Section 3 it is shown that the discrepancy from one
product probability space to another product probability space is bounded
by the sum of the discrepancies of the respective factor spaces.

In Section 4, we consider Loeb extensions and Loeb equivalence of inter-
nal probability spaces, which have useful characterizations in terms of the
discrepancy. It shown that the space Lq of all Loeb spaces on 2 is a com-
plete metric space under bi-discrepancy, and that the Loeb operation induces
an isometry from the nonstandard hull of the space of internal probability
spaces to Lqg. Section 5 presents the results on the uniqueness of the Loeb
product and the Loeb o-product. Finally, Section 6 deals with hyperfinite
probability spaces. It is shown that when one of the factors is the Loeb space
of a hyperfinite probability space, the Loeb product and the Loeb o-product
are the same. This leads to the study of spaces that are Loeb equivalent to



a hyperfinite probability space.

A few questions are posed in Section 7. For background in nonstandard
probability see, e.g., [1] or [11]. As usual, we work in an w;-saturated non-
standard universe.

This research was supported in part by the Vilas Trust Fund at the Uni-
versity of Wisconsin.

2 Discrepancy of probability spaces

A standard probability space (€2, F, i) is only understood to have a finitely
additive measure p on an algebra F of subsets of a nonempty set () with
1(22) = 1 unless we explicitly assume countable additivity (also termed o-
additivity). In this and the next section, we only work with standard prob-
ability spaces.

We first give a formal definition of the notion of discrepancy, which mea-
sures how close one probability space comes to extending another.

Definition 2.1 Let M = (Q, F,pu) and N = (2, G, v) be probability spaces.
Define the outer measure v so that

7(B) = inf{v(C) : BC C € G}
for any B C Q. Define the discrepancy d(M,N) of M from N by
d(M,N) = sup{p(B) — u(B) : B € F}.
Define the bi-discrepancy between M and N as the sum
do (M, N) = d(M,N) + d(N, M),

It is easy to see that if N extends M (denoted by M C N) then
d(M,N) = 0, and in particular that d(M, M) = dy(M, M) = 0. Note
that the outer measure v as defined here may be different from the usual
outer measure defined in a textbook on measure theory (see [5] or [12]),
where a countable covering is used. The following lemma shows that the
discrepancy function is non-negative and satisfies the triangle inequality.

Lemma 2.2 Let M = (Q, F, 1), N =(Q,G,v) and P = (Q,’H, p) be proba-
bility spaces. Then



(a) dM,N) =sup{|v(B) — u(B)|: B€ F}, and 0 < d(M,N) < 1.
(b) The function d(-,-) satisfies the triangle inequality

d(M,P) <dM,N)+dWN,P).
Proof. (a) For any B € F, we have #(B) + #(Q\ B) > 1, and hence
7(Q\ B) = p(\ B) = (1 =v(B)) = (1 = p(B)) = =(#(B) — u(B))-
This means that if 7(B) — u(B) < 0, then
[7(B) = w(B)| = =(#(B) = u(B)) < v(Q\ B) = p(Q\ B) < d(M, N).

When 7(B) — p(B) > 0, it is obvious that |7(B) — u(B)| < d(M,N). By the
arbitrary choice of B, we have sup{|7(B)—u(B)|: B € F} <d(M,N). The
opposite inequality is clear. Hence d(M,N) = sup{|7(B) — u(B)|: B € F},
which implies that 0 < d(M,N) < 1.

(b) For any B € F, we have v(B) — u(B) < d(M,N). Let ¢ be any
positive real number. There is a set C' € G such that B C C' and v(C')—¢/2 <
v(B). Similarly, there is a set D € H such that C' C D and p(D) —¢/2 <
p(C). Add the three inequalities together and rearrange to obtain

p(D) — pu(B) < dM,N)+ (p(C) —v(C)) + € <dM,N) +dN,P) +e.

Since p(B) < p(D), we have p(B) — u(B) < d(M,N) + d(N,P) + €, which
implies the desired triangle inequality by taking arbitrary choices of B € F
and e >0. m

Lemma 2.2(a) shows that in the special case that M, N are complete
countably additive probability spaces with the same underlying o-algebra
F = G, the discrepancy d(M,N) is equal to the total variation distance.

Theorem 2.3 The bi-discrepancy do(-,-) is a pseudo-metric on the family
of all probability spaces on €.

Proof. The bi-discrepancy is clearly symmetric, and the triangle inequal-
ity follows from Lemma 2.2 (b). =
The following example shows that in general, the discrepancy d is not a

pseudo-metric because d(M, N') # d(N, M).



Example 2.4 (a) Let N be the probability space such that Q = [0,1), G be
the set of all finite unions of disjoint sub-intervals a,b) in [0,1), and v be the
Lebesgue measure restricted to G. Let M be the Borel probability space on
0, 1) with the Lebesgue measure. Let () be the set of rational numbers in [0, 1).
It is clear that 7(Q) = 1 and pu(Q) = 0, and it follows that (M, N) =1 but
AN, M) = 0.

(b) Here is a finite example. Let m be a positive integer greater than
3 and Q = {1,2,...,m}. Let F be the algebra generated by the partition
{123 U {{i} : 3 < < m} and let p({1,2}) = 2/m, pu({i}) = 1/m for
3<i<m. Let G be the algebra of all subsets of ) and let v be the uniform
counting probability measure. It is easy to check that d(M,N) = 0 and

dN, M) =1/m.

The outer measure 7 associated with a finitely additive measure v is used
to define the discrepancy. We shall also consider the inner measure v. The
outer and inner measures are then used to extend v to its completion v °.

Definition 2.5 Let N = (2,G,v) be a probability space. Let v be the inner
measure such that for any B C Q, v(B) = sup{v(C) : B 2 C € G}. The
completion of N is defined as the probability space N¢ = (Q, G, v°) where
G¢={B C Q:u(B)=vDB)}, ve=rvlg. N is said to be complete if
Ne=N.

Here is a collection of easy facts that will be needed.

Lemma 2.6 (a) N¢ is a finitely additive probability space extending N .

(b) If N is a countably additive probability space, then so is N, which is
the completion of N in the usual measure-theoretic sense.

(¢) N¢ is complete.

(d) If M C N, then M C N*.

(e) dy( N N€) =0 and d(M,N) = d(M°,N©).

(f) dM,N) =0 if and only if M C N*©.

(g9) d(M°,N¢) =0 if and only if M C N©.

(h) da( M, N€) =0 if and only if M= N°.

Proof. The result (a) is essentially known. We include its proof for the
sake of completeness.
We first show that G¢ is an algebra. For any E € G°, we have

VQ\E)=1-y(E)=1-v(E) =r(Q\E),
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and hence (0 \ F) € G°.
Next, take any B; € G¢ for « = 1,2. For any given € > 0, there exist sets
C;,D; € G for i = 1,2 such that D; C B; C (; and

v(C;) —€/4 < v(B;) = v(B;) <v(D;)+¢€/4.

It follows that

Let B = B; UBy,C = CyUCy, and D = Dy U D,. Then D C C, and
C\D=(Cy\D)U(Cy\ D) C (Cy\ Dy)U(Cy\ Dy).

Therefore

0 < 5(B) — v(B) < v(C) — (D) = v(C\ D) < v(Cy \ D)+ 1(Co\ D) < €

Hence v(B) = v(B), and B € G°.
If B1 N B2 = @, then D1 N D2 = @, and
v(By) +v(By) <

v(Dy)+e€/4+v(Dy) +€/4=v(D)+¢€¢/2 < v(B)+¢€/2,

which implies 7(B;) + 7(Bs) < (B) by arbitrarily choosing € > 0. Since it
is easy to verify that v(B) < ©(By) + 7(By), we have v(B) = v(By) + v(Bs).
Hence (a) is proven.

For (b), assume that A is countably additive. Then B € G¢ if and only
if there exist C', D € G such that D C B C C and v(C'\ D) = 0. Thus N¢ is
the completion of A in the usual measure-theoretic sense.

For (c), we first show that v¢ = v. Take any B C . Since the set
{ve(C) : B C C € G°} contains the set {v(C) : B C C € G}, we have
v¢(B) < v(B). On the other hand, take any £ € G° with B C E. For any
given € > 0, there exists a set D € G such that D O F and v(D)—e < v°(E).
Thus, 7(B) — € < v¢(E). Then v(B) < v¢(E) follows from the arbitrary
choice of €. By taking the infimum on all the £ € G¢ with B C E, we obtain
that 7(B) < v¢(B). It follows that v¢ = v. Therefore, (G°)¢ = G° and
(vo)=ve ie., (N =N"

For (d), note that for any B C Q, u(B) < v(B) < »(B) < i(B). If
B € F¢, then we must have v(B) = v(B) = (B), and hence B € G° and
ve(B) = u(B). (d) is shown.

For (e), note that d(N¢,N') = sup{v(B) — v¢(B) : B € G°}. By the
definition of N¢, we know that v “(B) = (B) for B € G°. Hence d(N¢,N) =



0. Since M€ is an extension of N, d(N, N¢) = 0. Hence dz(N, N°) = 0, which
together with the triangle inequality implies d(M, N') = d(M*, N©).

Now we consider (f). First assume d(M,N') = 0. For any given B € F,
Lemma 2.2(a) implies that 7(B) = u(B) . Thus

v(B) = 1-#(Q\ B) = 1 — u(\ B) = u(B) = (B),

and hence B € G° and v¢(B) = u(B). Therefore M C N°¢. On the other
hand, if M C N¢ then d(M,N¢) =0, and 0 < d(M,N) < d(M,N*) +
d(N¢,N) = 0. Hence d(M,N) = 0.

If d(M°, N¢) = 0, then (e) and (f) imply that d(M,N') = 0 and M C N*.
By (c¢) and (d), M¢ C (N°)¢ = N° Tt is obvious that if M® C N¢, then
d(Me,N€) = 0. Hence (g) is shown.

(h) follows from (g) easily. m

Theorem 2.7 The bi-discrepancy dy(-,-) is a metric on the family of all
complete probability spaces on ).

Proof. By Lemmas 2.2 and 2.6. m

The following proposition shows that the operation of countably additive
extension is a contraction for the discrepancy function.

Proposition 2.8 (a) If N can be extended to a countably additive probability
space o(N) = (2,0(G),v7), then d(M,o(N)) < dM,N).

(b) Suppose that both M and N can be respectively extended to countably
additive probability spaces o(M) = (Q,0(F), ) and a(N) = (Q,0(G),v°).
Then:

(1) d(o(M),a(N)) =
(2) d(o(M),a(N)) <

Proof. (a) follows easily from the fact that for any B C (),
vo(B)=inf{v?(C): BCCeo(G)} <inf{v(C): BC C e g} =1uv(B).
To prove the equality in (b)(1), we first observe that

dM,o(N)) = sup{v?(B)—u(B): Be F}
< sup{v?(B) —p’(B): B €a(F)}
= d(oc(M),a(N)).
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The proof of the other side of the inequality is more involved. Assume that
d(M,o(N)) < 6. Let € be the set of all B € o(F) such that there exists a
set C' € 0(G) with B C C and v?(C) — p°(B) < 6. Thus, £ contains the
algebra F. We show that £ is a monotone class.

Let Ay D A; D --- be a decreasing chain of sets in £ and A =), A,,. For
each n there is a set C,, € 0(G) such that A, C C, and v?(C,,) —pu7(A,) < 6.
We may take the C,, so that Cy 2 C; O ---. Let C = (),C,. Then
Aeco(F), Ceo(G), and

V7(C) = u7(A) = Tim p7(C,) = lim 17(A4,) = lim (v7(C,) — u7(A,)) < 8
so Aeé.

Now let By € B; C --- be an increasing chain of sets in £ and let
B =, Bn. For each n choose a set D,, € o(G) such that B, C D,, and
vo(D,)—p’(By,) <0. Let E,, =(\-_, D,. Then E,, € 0(G), B,, C E, C D,,
and Ey C Ey C ---. It follows that v7(E,) — pu?(B,) < 0. Let E =, E,.
We have B € o(F), E € 0(G), B C E, and

vo(E) = p(B) = lim v7(E,) = lim p%(By) = lim (v7(En) = p°(B,)) <9,
and hence B € €.

We have shown that £ is a monotone class. By the Monotone Class Theo-
rem (e.g. see [5], p.15), £ is the o-algebra o(F) generated by F. This proves
that d(oc(M),o(N)) <6, and it follows that d(c(M),o(N)) = d(M,a(N))
as required.

(b)(2) follows easily from (a) and (b)(1). =

Example 2.9 Let N and M be the spaces from Example 2.4 (a). N is the
restriction of Lebesgue measure to the algebra of finite unions of intervals
in [0,1), M is the restriction of Lebesque measure to the Borel algebra, and

dM,N) =1. We note that M = o(N), so
0=dWM,ocN))=d(o(M),cN)) <dM,N)=1.

Thus both the inequalities in (a) and (b)(2) of Proposition 2.8 hold strictly
in this case.



3 Discrepancy of product spaces

In this section we show that the discrepancy from one product probability
space to another product probability space is dominated by the sum of the
discrepancies of the respective factor spaces. The same result also holds for
o-product spaces.

Definition 3.1 Given probability spaces My = (Qq, F1, 1) and
My = (Q2, Fo, 1), let

My @ My = (21 X Qo F1 @ Fa, 11 @ pa)

denote the product space. In this product, F1 @ Fo is the set of all finite
unions of rectangles Ay X Ag where Ay € Fr, Ay € Fy, and

(111 ® p2)(Ar x Az) = p1(Ar)pa(Az).

The following result shows that the discrepancy is preserved for product
spaces when one factor space is fixed. When both factor spaces are changed,
the discrepancy of the product spaces are dominated by the sum of the factor
discrepancies.

Theorem 3.2 Let./\/l1 = (Qlafla/il); Nl = (Ql,gl,l/l), MQ = (QQ,fQ,Mg),
and Ny = (g, Ga, 113) be probability spaces. Then

(a) d(./\/ll X MQ,Nl X MQ) = d(Ml,Nl).

(b) d(N1 @ Mo, N1 @ Ny) = d(M3, Ny).

(¢) d(My ® Mo, Ny @ Ny) < d(My, N1) + d(Ma, N3).

Proof. (a) We first prove d(M; @ Mo, N7 ® Ms) < d(My,Ny). Let
§ > d(My,Ny). Let B € Fi @ F». Then B is the union of a finite family
of rectangles D; x E;,1 < ¢ < K for some positive integer K, where each
D; € Fy and FE; € F5. One can arrange things so that the sets F; are pairwise
disjoint. For each ¢ we have v1(D;) — pu1(D;) < 6. We may therefore choose
sets C; € Gy such that for each 1 <i < K, D; C C; and v1(C;) — 1 (D;) < 0.
Let C = Uyc;ex Ci ® E;. Then C € Gy ® Fy, B C C, and (11 ® p2)(C) —
(1 @ po)(B) < §. This proves desired inequality.

Next consider the other side of the inequality. Take any A C §2; and any
F e G ®F with A x Qs C F. Then F' is the union of a finite family of
rectangles G; x H;,1 <1 < L, where each GG; € G; and H; € F5. One can
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arrange things so that the sets H; are pairwise disjoint. Since A x 2y C F,
we must have U<« H; = (s, and A C G, for each 1 < ¢ < L. Thus,

M @uw)(F) = > n(Gua(H) > > vi(A)us(H;)
1<i<L 1<i<L
= T(A) Y pa(Hi) = 7i(A).
1<i<L
Hence, 11 ® (A x Q9) > 71(A), which implies that for any A € F,
Vi(A) = m(A) S v @ p2(A x Qo) — (11 ® p2) (A X ).

Therefore, d(M1,N7) < d(M; @ My, N1 @ Ms), and (a) follows.
The identity in (b) can be proven similarly.
By (a), (b) and the triangle inequality in Lemma 2.2,

= d(Ml,Nl) + d(M27-/\/’2)7

dM; @ Moy, N1 @ N3) < d(M; @ My, N1 @ Ms) + d(N1 @ Mo, N7 @ N3)

and hence (c) is proven. m
Corollary 3.3 For any probability spaces My and M,
(M) ® (M2)" C (My @ My)".
Proof. By Theorem 3.2 (¢) and Lemma 2.6 (e),
d((M1)° @ (Ms)®, My @ My) < d((My)e, My) +d((M3)°, M) =040 = 0.

The result now follows by Lemma 2.6 (f). =

Finally, we consider discrepancy under the operation of o-product. We
first give a formal definition for the o-product.

Definition 3.4 Let M; and My be countably additive (also called o-additive)
probability spaces.

M ®7 My = (1 X Qo, F1 @7 Fo, 1 @7 pi2)

denotes the o-product space. This is the countably additive probability space
generated by the finitely additive product space M @ Ms.
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Theorem 3.5 Suppose My, N1, My, and Ny are countably additive proba-
bility spaces. Then

d(M; ®° My, Ni @7 N2) < d(MlaN1> + d<M27N2)'

Proof. Since M1 X’ M2 = O’(Ml ® Mz) and N1 X7 NQ = U(Nl ®N2),
Proposition 2.8 (b) and Theorem 3.2 (c) imply that

d(M1 @7 Mo, N1 ®7N3) < d(M; @M, N1 RN) < d(My, N1)+d(Ma, N3),

and the result follows. =

4 Loeb extension and Loeb equivalence

From this section onwards, we work in an w;-saturated nonstandard universe.
An internal probability space M = (Q, F, i) is understood to have a finitely
additive (and hence *finitely additive by transfer) measure p on an internal
algebra F of subsets of a nonempty internal set 2 with p(2) = 1, unless we
explicitly assume *o-additivity. Note that the values of p are in *[0,1]. We
let °M = (9, F,°u) be the standard probability space where (°u)(B) is the
standard part of pu(B) for each B € F.

The Loeb probability space generated by an internal probability space
M = (Q,F, p) is defined as the structure L(M) = (Q, L(F), L(p)), where
L(F) is the set of all B C Q such that

sup{°w(A) : B2 A€ F} =inf{°’u(C) : BC C € F},

and L(u)(B) is defined as the above supremum.

Then Definition 2.5 implies that L(M) = (°M)°, which is a finitely addi-
tive probability space by Lemma 2.6(a). However, Loeb in [10] showed that
L(M) is, in fact, a complete o-additive probability space. Moreover, Lemma
2.6 (e) shows that dy(°M, L(M)) = 0.

The following definition gives a natural way of comparing two internal
probability spaces on the same set.

Definition 4.1 Given two internal probability spaces

'M = (QJF7M)7N: (97g7l/)7
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we say that N Loeb extends M if L(G) 2 L(F), and L(v) D L(u) (which
simply means that L(v) is an extension of L(u)) as a function.

We say that M is Loeb equivalent to N if they generate the same Loeb
space, L(M) = L(N).

Remark 4.2 (a) If N is an internal extension of M, i.e., G D F andv 2 pu,
then N' Loeb extends M.

(b) M is Loeb equivalent to N if and only if M Loeb extends N and N
Loeb extends M.

(c) The Loeb extension relation is transitive.

By transfer, the function *d(-,-) can be defined on the family of internal
probability spaces on a nonempty internal set 2. When there is no ambiguity
we will abuse notation by writing d(M, N) instead of *d(M,N'), dropping
the star.

Lemma 4.3 Let M, N be internal probability spaces.

(a) dM,°N) = “(A(M, N)).

(b) d(L(M), L(N)) = °(d(M,N)).

(¢) N Loeb extends M if and only if d(M,N) = 0.

(d) N Loeb extends M if and only if for every B € F there exists C € G
such that B C C' and v(C) ~ u(B).

(e) M is Loeb equivalent to N if and only if do( M, N) = 0.

Proof. (a) It is obvious that for any internal subset B of €2,
inf{°»(C) : BC C e G} =°(inf{v(C): BC C € G}),
and thus °(v(B)) = °v(B). Hence

d(°M,°N) = sup{°v(B) —°u(B): B e F}=sup{°(v(B) — u(B)) : Be F}
= (sup{((B) — u(B)) : B € F}) = *(d(M,N))

(b) By the definition of Loeb spaces and by Lemma 2.6(e) and (a) of this
lemma,

d(L(M), LN)) = d((*M)*, (*N)*) = d(°M, °N) = *(d(M, N)).

(c) N Loeb extends M if and only if L(M) C L(N), i.e., (>M)° C (°N)“.
By Lemma 2.6(g) and (b) of this lemma, it is equivalent to d((°M)¢, (°N)¢) =
°(d(M,N)) =0.
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(d) If d(M,N) = 0, then Lemma 2.2 (a) implies that for each B € F,
v(B) =~ p(B). Since 7 is an internal outer measure, there exists a set C' € G
such that B C C and v(C) ~ v(B), and hence v(C) =~ u(B).

Next, assume that for each B € F there exists C' € G such that B C
C and v(C) =~ u(B). Take any standard positive real number e. Then
v(B) — u(B) < v(C) — u(B) < €, which implies that d(M,N) < e. Since
d(M,N) is a non-negative hyperreal number less than any standard positive
real number, we have d(M,N') =~ 0.

(e) follows easily from (c). m

In the case that F C G, the Loeb extension relation behaves in a simple
way.

Corollary 4.4 Suppose M, N are such that F C G.

(a) N Loeb extends M if and only if v(A) =~ u(A) for all A € F.

(b) Let P be the subspace of N with the algebra H = F. N Loeb extends
M if and only if P is Loeb equivalent to M.

(c) If F = G, then N is Loeb equivalent to M if and only if N Loeb
extends M.

The Loeb extension relation between stars of standard spaces also takes
a simple form.

Corollary 4.5 Suppose M = *M, and N = *Ny where My and Ny are
standard probability spaces on the same set ).

(a) N Loeb extends M if and only if My C (Np)©.

(b) M and N are Loeb equivalent if and only if (M) = (Np)©.

Proof. Part (a) follows from Lemma 2.6 (f) and Lemma 4.3 (b) and (c).
Part (b) then follows easily. m

In this paper, by a hyperfinite set we will mean an internal set whose
internal cardinality is a finite or infinite hyperinteger, that is, an element of
*N. Using the next example, one can easily find different internal probability
spaces M, N on a hyperfinite set 2 such that M and A are Loeb equivalent
and have the same internal algebra F = G.

Example 4.6 Let Q) be a hyperfinite set. Let M = (2, F,u), N = (2,G,v)
be internal probability spaces such that F = G = the set of all internal subsets
of Q, and the sum ¥,¢c o |n({w}) —v({w})]| is positive infinitesimal. Then M
and N are Loeb equivalent.
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The Loeb extension or Loeb equivalence relation is much more difficult
when it is not assumed that F C §; see the open questions at the end of
this paper. The following example shows that one can indeed find different
internal probability spaces M, N that are Loeb equivalent, but (1) one is a
proper extension of the other, or (2) neither internal algebra is an extension
of the other.

Example 4.7 Let Q be a hyperfinite set. Suppose N = (,G,v) is an in-
ternal probability space such that G is the set of all internal subsets of 2,
and Sy and Sy are disjoint internal subsets of 0 such that v(S;) =~ 0 and
card(S;) > 1 fori = 1,2. For a given i = 1 or 2, let F; be the set of all
internal sets U C ) such that U either contains S; or is disjoint from S;,
and let M; = (0, Fi,v|x). Then My and My are Loeb equivalent to each
other and to their proper extension N, but Fy and Fy are not extensions of
each other.

Let us now consider the space (Zq, *ds) of all internal probability spaces
on €2, endowed with the internal pseudo-metric *ds. Let Lo be the space
of all Loeb spaces on 2 with the metric of the standard bi-discrepancy ds.
Let 7 be the Loeb operation from Zg to Lg, where 7(M) = L(M) for each
internal probability space M on ).

Theorem 4.8 The Loeb operation induces an isometry from the nonstan-
dard hull of the space (Zq,*ds) of internal probability spaces to the space
(Lq,ds) of Loeb spaces, and (Lq,ds) is a complete metric space.

Proof. By Lemma 2.2, (Zq, *ds) is an internal pseudo-metric space. Then
*dy(M,N') = 0 defines an equivalence relation on Zg. Let :/Z\.Q be the set of
equivalence classes, and let the equivalence class of M be denoted by M.
For M, N € T, define do(M,N) = **dy(M,N). Since 0 < *d(M,N) < 1,
do(M, N') is finite for all M, N. It is well known (see, for example, [11]) that
the nonstandard hull of a metric space is a complete metric space. The same
proof shows that the nonstandard hull of an internal pseudo-metric space is
also a complete metric space, and hence (IQ, dg) is a Complete metric space.

Define a mapping 7 from Zg, to Lg by letting W(M) m(M). By Lemma
4.3(d), 7 is well-defined and a bijection from Zg to Lg. By Lemma 4.3(b),
we have

do( M, N) = “dy(M,N) = do(L(M), LIN)) = do(R(M), 7(N)),
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and hence 7 is an isometry. Since (fg, 6/1\2) is a complete metric space, so is
(ﬁg,dg). | |

5 Uniqueness of the Loeb product

We show in this section that for any two given Loeb spaces, their Loeb
product (or the Loeb o-product) is uniquely defined. We begin with a formal
definition of the internal product.

Definition 5.1 Given internal probability spaces My and My, M @ M,
will denote the internal product space, where F; & Fy s the set of all hyper-
finite unions of rectangles Ay X Ag, and (1 @ po) (A X Ag) = p1(Aq)pa(As).

The following theorem shows that the Loeb product is well defined in
terms of factor Loeb spaces. That is, the Loeb product space L(M; @ Ms)
depends only on the Loeb spaces L(M;) and L(My), and not on the internal
probability spaces M; and Ms that generate the Loeb spaces L(M;) and
L(M,).

Theorem 5.2 (a) If N1 Loeb extends My and N Loeb extends My, then
N, @ Ny Loeb extends My @ Ms.

(b) If My is Loeb equivalent to N7 and My is Loeb equivalent to Ny, then
My ® My is Loeb equivalent to N7 @ Ns.

Proof. (a) By Lemma 4.3(c), we have d(M;,N7) =~ 0 and d(Ms, N3) ~
0. It follows from Lemma 2.2(a) and Theorem 3.2(c) that d(M; ® My, N7 ®
N;) = 0. By Lemma 4.3(c) again, N7 @ N, Loeb extends M; @ Mo.

(b) follows from Remark 4.2. =

We now turn to o-additive probability spaces.

The following example shows that an internal *o-additive probability
space N need not be Loeb equivalent to an internal subspace that *o-
generates it.

Example 5.3 Let N be the star of Lebesgue measure on [0, 1], and let M be
the star of the subspace of finite unions of half-open intervals in [0,1]. Then
N is not Loeb equivalent to M.
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Proof. The set of hyperrational numbers in *[0, 1] has measure 0 in N/
but any superset in F has measure 1 in M. =m

For a pair of internal *o-additive probability spaces, there is a second
notion of product to be considered.

Definition 5.4 Given two internal *o-additive probability spaces My and
My, My ®7 My will denote the internal *o-additive probability space gener-
ated by Ml & Mz

The next theorem shows that the Loeb o-product is well-defined.

Theorem 5.5 Suppose My, N1, My, and N5 are *o-additive internal prob-
ability spaces.

(a) If N7 Loeb extends My and Ny Loeb extends Mo, then N1 ®7 Na Loeb
extends Mi ®7 Ma.

(b) If N1 is Loeb equivalent to My and N5 is Loeb equivalent to Mo, then
Ni ®7 Ny is Loeb equivalent to My @° M.

Proof. The procedure for proving this theorem is exactly the same as
that of Theorem 5.2 except using Theorem 3.5 instead of Theorem 3.2(c). m

6 Hyperfinite probability spaces

The Loeb o-product is especially simple when one of the factor spaces is
hyperfinite. A hyperfinite probability space is an internal probability
space M such that F is a hyperfinite set. (Note that we do not require 2 to
be hyperfinite.)

Remark 6.1 If at least one of the internal *o-additive probability spaces
My and My is hyperfinite, then the internal product space is the same as the
internal o-product space.

Corollary 6.2 Suppose that M, N are internal *o-additive probability spaces
and either M or N is Loeb equivalent to a hyperfinite probability space. Then
M @7 N is Loeb equivalent to M @ N

Proof. By Theorems 5.2 and 5.5 and Remark 6.1. m

In view of Corollary 6.2, it is natural to ask which internal spaces are
Loeb equivalent to hyperfinite probability spaces. The rest of this section
deals with that question.

17



Proposition 6.3 Suppose M and N are internal probability spaces, and M
s hyperfinite.

(a) If N Loeb extends M, then N has a hyperfinite subspace P that Loeb
extends M.

(b) If N is Loeb equivalent to M, then N has a hyperfinite subspace that
is Loeb equivalent to M.

Proof. We prove (a) first. By Lemma 4.3, for each B € F there is a set
F(B) = C € G such that B C C and v(C') = u(B). The function F' may be
taken to be internal. Let H be the hyperfinite subalgebra of N generated by
the range of F', p = v|yy and P = (Q,H, p). Then by Lemma 4.3, P Loeb
extends M.

For (b), note that L(M) C L(P) € L(N) C L(M). Hence L(M) =
L(P). m

An atom of M is a set B € F such that B # () but there is no A € F
such that ) € A C B. Note that this is the notion of an atom in the Boolean
algebra on F, which is different from the notion of an atom in the measure
algebra on F modulo the null sets.

Proposition 6.4 Suppose N is an internal probability space. Then the fol-
lowing are equivalent.

(a) N is Loeb equivalent to some hyperfinite probability space.

(b) There is a hyperfinite set S of atoms of N with v({Jges S) = 1.

Proof. Assume (a). By Proposition 6.3, A/ has a Loeb equivalent hy-
perfinite subspace M. Let & be the set of all atoms of M that are also
atoms of N'. We claim that v({JgesS) ~ 1, so (b) holds. Suppose not. Let
D = Q\ Uges S- Since M is hyperfinite, D is the union of a hyperfinite set
U of atoms of M, so D € F. No element of U is an atom of N, so there is
aset £ € G such that E C D, and for each set H e U, ) C (ENH) C H.
Then whenever A,C' € F and A C E C C, we must have A = () and D C C,
so v(C'\ A) > °v(D) > 0. This means that £ ¢ L(F), which contradicts
the assumption that M is Loeb equivalent to N/. Hence it proves the claim.

Now assume (b). As in the last paragraph, let D = Q\ (JgegS. Let
M be the hyperfinite subspace generated by the partition S U {D}. Then
F CG. Let B€G. Then B = (BND)UJges(BNS). For each atom
E of N, either E C B or ENB = (. Hence B = (BN D)UUpcspcpE-
Let A = Upespcpl and C = AUD. Then B = AU (BN D) C C with
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v(C\ A) = v(D) =~ 0. Hence B € L(F). By Lemma 4.3, M is Loeb
equivalent to A and (a) holds. m

Corollary 6.5 If N is an internal probability space with no atoms of in-
ternally positive measure, then no hyperfinite probability space M is Loeb
equivalent to N .

Example 6.6 Let N be the star of Lebesque measure on [0,1]. Then the
above corollary implies that no hyperfinite probability space M is Loeb equiv-
alent to N

7 Some questions

We include a few open questions in this final section. In each question, M
and N are assumed to be internal probability spaces.

Question 7.1 Suppose N Loeb extends M. Must N have an internal sub-
space that is Loeb equivalent to M ? What if M is assumed to be hyperfinite?

Assuming a negative answer to Question 7.1, one can ask the following.

Question 7.2 Suppose N Loeb extends M and N is hyperfinite. Must M
be Loeb equivalent to a hyperfinite probability space?

Question 7.3 Suppose M is Loeb equivalent to N, and let H be the internal
set algebra generated by FUG. Must there be an internal probability measure
A on H such that M is Loeb equivalent to (2, H,\)? What if M and N are
assumed to be hyperfinite?

We conclude with one more open question.

Question 7.4 Let M and N be internal *o-additive probability spaces. Must
the product M @ N be Loeb equivalent to the o-product M @7 N ¢

In the case that at least one of the spaces M, N is Loeb equivalent to a
hyperfinite probability space, the answer is “yes” by Corollary 6.2.

In the case that the spaces M and N are stars of standard spaces, M =
*My and N = *N, by definition we have

MOIN =*(My@Ny), MRN =*(MoR7 Np).
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Therefore, in view of Corollary 4.5, Question 7.4 takes a standard form.

Let Mgy and Ny be standard countably additive probability spaces. Must
(Mo ® .Nb)c = (Mo’ No)c?

We have not been able to find an answer to this question in the literature,
but we conjecture that the answer is “no” in the case that M, and N are
both equal to the unit interval [0, 1] with Lebesgue measure.
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