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Abstract: If two random variables are close to each other, then the same rela-
tion holds for their distributions. This statement cannot be reversed. Never-
theless, some non-trivial results can be proved in this in the opposite direction
if the question is formulated in the right way. Given two probability measures
on a general metric space let us try to construct two random variables with
these distributions which are close to each other. In this problem the distri-
bution of the random variables are prescribed, but we have the freedom to
“couple them”, to define their joint distribution at our taste.

We show that the questions how close two probability measures are to each
other and how close random variables can be constructed with such distribu-
tions are closely related. Such problems will be discussed here. In particular,
we introduce the notion of the Prochorov metric, the quantile transform and
discuss their most important properties. It is worth mentioning that these re-
sults are strongly related to a classical result in combinatorics, the Konig—Hall
theorem.

Introduction

If two random variables are close to each other, then the same relation holds for their
distributions. The converse statement does naturally not hold. For instance these two
random variables can be independent. But an interesting and non-trivial answer can
be given to the following question. Let two (close) probability measures p and v be
given on the Borel o-algebra of a metric space (X,p). Is it possible to construct a
probability space (€2,.4, P) and two random variables £ and 7 on it in such a way that
the distribution of £ is u, the distribution of 7 is v, and the random variables £ and 7
are close to each other? Naturally, in a detailed discussion we must tell explicitly what
we mean by closeness of probability measures and random variables.

In the study of this problem the following approach is natural: Put (92,4, P) =
(X x X, A x A, P), where x denotes direct product, A is the o-algebra induced by
the metric p, or more precisely by the topology generated by it, and P is an appropri-
ate probability measure on the space (X,.A). Furthermore, let us define the random
variables {(z1,z2) = x1 and n(x1,22) = x2, (x1,22) € X X X, on this space. After
the introduction of these objects the problem of constructing random variables with
prescribed distributions close to each other can be reformulated in the following way:
Let us construct a probability measure P on the space (X x X, A x A) whose marginal
distributions are the measures p and v, and which is essentially concentrated close to
the diagonal {(z,z), x € X}. In the investigation of this problem a classical combina-
torial result, the Koénig—Hall theorem (sometimes called the marriage problem), or more
precisely a continuous version of this result is very useful. We formulate these results,
and also write down their proofs in an Appendix.
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Konig—Hall theorem, (marriage problem). Let us consider n boys and n girls such
that some boys and girls know each other. (All acquaintances are mutual.) We want to
put these boys and girls into pairs (make married couples) in such a way that all persons
put into a pair know each other. This is possible if and only if an arbitrary group of the
girls knows at least as many boys as the number of this group.

In a more formal way: Let us consider a bipartitated graph consisting of two sets
Y =A{y1,-.-syn} and Z = {z1,...,2,} and a map Y x Z — {0,1}. We can interpret
the relation d(y,z) =1,y € Y, z € Z so that the points y and z are connected, while
d(y, z) = 0 means that they are not connected. For all sets A C'Y let us define the set
B(A) C Z which contains the points which are connected to one of the points of A, i.e.
let

B(A) ={z: z € Z, and there exists such any € A, for which d(y,z) = 1}.

There exists a factorization of this bipartitated graph, i.e. we can divide the points of
the sets Y and Z into pairs (yj, 2x(;)), Y5 €Y, 2x(j) € Z, j = 1,2,...,n, in such a way
that d(y;, zzjy) = 1 for all j = 1,2,...,n, and 7(j), j = 1,...,n, is an appropriate
permutation of the set {1,...,n} if and only if |B(A)| > |A| for all sets |A| CY, where
|C| denotes the cardinality of a set C.

The continuous version of the Konig—Hall theorem. Let r depots with stocks
' S
U1, U, ..., U and s plants with claims v1 ..., vs be given such that ) u; = > v. Let
j=1 k=1

certain depots and plants be connected by a route. We can satisfy all claims of the plants
by transporting the stocks of the depots on these routes if and only if the joint demand
of an arbitrary group of plants is not greater than the joint stock of the depots which are
connected by a route with one of these plants.

In a more formal way: Let us consider a bipartitated graph consisting of two sets
Y =A{y1,...,y-} and sets Z ={z1,...,25} and a map d: Y x Z — {0,1}. We connect
two points y and z, y € Y, z € Z, if d(y,z) = 1, and we do not connect them if
d(y,z) = 0. Furthermore, let two weight function u(y), u(y) > 0, y € Y and v(z),
v(z) >0, z € Z be given such that Y u(y) = > v(z). For all sets A CY let us define

yey z€Z
the set B(A) C Z by the formula
B(A) ={z: z € Z, and there exists such an y € A, for which d(y,z) = 1}.

There ezists a “transport function” w(y, z) > 0 with the properties

i.) o w(y,z) =uly) forally €Y,

z: d(y,z)=1
and > w(y,z)=wv(z) forall z e Z.
y: d(y,z)=1

ii.) The inequality w(y,z) > 0 holds only if d(y,z) =1,

if and only if the relation > wv(z) > > u(y) holds for all sets ACY.
z€B(A) ycA
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Problems

0.)

1)

Let us show that the conditions in the Konig—Hall theorem and in its continuous
version are symmetric for the sets Y and Z, i.e. these conditions remain valid, if
we replace in them (and in the definition of the set B(A)) the sets Y and Z.

Let two probability measures 1 and v be given on the o-algebra determined by the
topology generated by the metric of a separable metric space (X, p). Let B® =
{z: p(z, B) < a} denote the open neighborhood of the set B C X of radius «. Let
us assume that the measures p and v satisfy the condition u(B) < v(B%) + 3 for
all closed sets B C X with some numbers o« > 0 and 3 > 0. Then for all ¢ > 0 a
probability space (€2, .4, P) can be constructed, together with two random variables
¢ and 7 on this probability space with values in the space (X, p) whose distributions
are u and v respectively, and which satisfy the relation

P(p(§,n) >a+e)<B+e¢ (a)

Conversely, if two random variables £ and 1 with distributions p and v respectively
satisfy relation (a), then u(B) < v(B**¢) 4+ 3 + ¢ for all closed sets B.

If X is not only a separable, but also a complete separable metric space, then
under the above conditions relation (a) also holds with ¢ = 0. (In the proof of
this statement we may apply the result by which a uniformly compact sequence
of probability measures on a complete metric space has a subsequence which is
convergent with respect to the weak convergence of probability measures.)

Let a separable metric space (X, p) be given together with the Borel o-algebra .4
induced by the natural topology of this space. Let M denote the space of probabil-
ity measures on the space (X, .A), and let us introduce the following function d(-, -)
on the pairs of probability measures on the space (X,p): If p € M and v € M,
then

d(p,v) = inf{a: p(B) < v(B*) + « for all closed sets B C X},

where B® has the same meaning as in the previous problem. Let us show that
d(-,-) is a metric on the space M which metrizes the weak convergence in this
space, i.e. the relation u, = u, as n — oo, holds for a sequence of measures
o €E M,n=1,2,..., and u € M, where = denotes weak convergence, if and only
if d(pin, ) — 0. The space (M,d) is a separable metric space, and if (X, p) is a
complete separable metric space, then the same property holds for (M, d).

Remark: The property whether a metric generating a topology is complete or non-
complete is not topologically invariant, i.e. it is possible that a complete and a
non-complete metric generate the same topology on a space. There is a classical
result by which the space of probability measures on a complete metric space can
be endowed with a metric which induces weak convergence, and with which the
space of probability measures is a complete metric space. By the above remark this
result does not imply automatically that also the metric introduced in problem 2
has this property.
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We shall also prove the following Statement A:

Statement A: Let us apply the notations of problem 2. If pp, e M, n=1,2,...,1is a
sequence of probability measures on a metric space (X, p), and this sequence of measures
together with a probability measure p € M satisfy the relation p, = p, then there
exists a probability space (2, A, P) and a sequence of random variables £, n=1,2,. ..,
together with a random wvariable & on this space in such a way that the distribution of
&n 1S i, n=1,2,..., the distribution of € is u, and &, — & with probability one.

The proof of Statement A is based on the observation that in an appropriate con-
struction it can be achieved that the sets depending on the index n where the distance
between the random variables &, and £ is relatively large almost overlap each other.
This can be achieved if the joint distribution of the random variables &,, is appropri-
ately chosen. As a consequence, the almost sure convergence in Statement A is less
useful than it may seem at first sight. The deep results of the probability theory con-
taining ”with probability one ... ” statements depend on the joint distribution of the
random variables. On the other hand, Statement A allows the changement of the joint
distribution of the random variables.

The proof of Statement A is simpler in complete separable spaces, and in this case
the probability space where the convergent sequence of random variables is constructed
can be chosen in a very special way. To prove Statement A in this special case it is
useful first to solve the following problem.

3.) Let (X, p) be a complete metric space, p a probability measure on the Borel o-
algebra of this space. Let us consider the special probability space (2, .4, P) for
which Q@ = [0,1], A is the Borel o-algebra on the interval [0,1], and P is the
Lebesgue measure on the Borel o-algebra of the interval [0, 1]. On this probability
space a random variable can be constructed with values on the space (X, p) whose
distribution is p.

4.) Let us prove Statement A in the case when (X, p) is a complete separable metric
space. Show that in this case the probability space (£2,.4, P) where the convergent
sequence of random variables is constructed can be chosen in the following special
way: = [0, 1], Ais the Borel o-algebra on the interval [0, 1], and P is the Lebesgue
measure on the Borel o-algebra of the interval [0, 1].

5.) Statement A also holds for convergent sequence of probability measures on an arbi-
trary separable (not necessarily complete) metric space. (In this space the sequence
of convergent random variables has to be constructed on an appropriate (generally
very large) probability space (£2,.4, P).)

6.) Let &,, n = 1,2,..., and £ be (X, p) valued random variables, where (X, p) is a
separable metric space. Let us assume that &, = £, where = denotes stochastic
convergence. The distributions p,, of the random variables &,, and the distribution
i of the random variable £ satisfy the relation u,, = p, where = denotes weak
convergence of probability measures.

We have investigated the question that given two probability measures 1 and v on

4
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a metric space (X, p) how a pair of p distributed £ and v distributed 7 random variables
can be constructed which are close to each other. We have seen that informally saying
this question leads to the to the following “transport problem”: How can a system
of points with mass distribution p be transported with relatively few movements to a
system of points with mass distribution v? If the metric space (X, p) where we are
working is the real line with the usual metric, then because of the simple structure of
this space the “transport problem” we have to handle becomes considerably simpler.
In this case if some “natural evaluation of the transport cost” is considered (see the
subsequent problem 9, where such a problem is formulated in an explicit form) it is
useful to exclude the following possibility: There exist such pairs of numbers x; < x5
and z3 < x4 for which the point z; is transported to the point x4 and the x5 to the
point x3. In this case the transports 1 — x3 and o — x4 are more economic. The
following construction, called the quantile transform, excludes the possibility of such
non-economic transports.

To define the quantile transform we recall the following fact often used also in
mathematical statistics. If £ is a random variable with distribution F' on the real line,
then under some slight restrictions the random variable n = F'(£) is a random variable
with uniform distribution on the interval [0,1]. Conversely, if 7 is a random variable
with uniform distribution on the interval [0, 1], then ¢ = F~1(n), where F~!(z) is the
inverse of the distribution function F(z) is an F distributed random variable. In the
next problem we formulate the above result in a more precise and slightly more general
form.

7.) Let £ be a random variable with distribution function F(z) = P({ < x) and 7
a random variable uniformly distributed in the interval [0,1]. Let us define the
generalized inverse of the (not necessarily strictly) monotone increasing function
F(z) by the formula F~!(z) = sup{u: F(u) < z}. Then £ = F~!(n) is an F
distributed random variable. Conversely, let € be a random variable with uniform
distribution in the interval [0, 1] which is independent of the random variable §.
Then 77 = F(§,¢) = F(§) +€[F(£+0) — F(§)], where F(x+0) = h>l(§r}?—>o F(x+h),
is uniformly distributed in the interval [0, 1].

8.) Let F' and G be two distribution functions. If ¢ is a random variable with uniform
distribution on the interval [0,1], then the random variables £ = F~1(¢) and 7 =
G~1(¢), where the inverse functions F~1 are G™1 are defined in the same way as
in the previous problems, have distributions F' and G. If € is a random variable
with distribution F', and ¢ is an on the interval [0, 1] uniformly distributed random
variable independent of the random variable &, then the random variable 7 =
G~'(F(&,¢)) has distribution G. The distributions of the random vectors (€,7)

and (&,7n) agree.

In the problems of probability theory we sometimes have to construct two random
variables ¢ and 1 who have prescribed distributions p and v. Actually in the problems
of probability theory generally it is enough to give the joint distribution of the random
vector (&,7n). Two constructions which determine random vectors with the same distri-

5
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bution can be considered equivalent. Hence the construction of both random vectors
(€,7) and (£,7) given in the previous problem are called the quantile transform in the
literature. In the next problem we formulate an optimality property of the quantile
transform.

9.) Let ¢ and n be two random variables on the real line with distribution functions
F(z) and G(x), which satisfy the conditions E|{| < oo, E|n| < co. Beside this, let
us consider a convex function ®(z) on the real line. Then

E®(E—n) > /0 ® (F'(z) - G (z)) dz > —o0,

where F~1(x) and G~!(z) are the inverse functions defined in problem 7. If the
random vector is defined by means of the quantile transform, then the two sides of
the above inequality are equal.

9a.) Let £ and 7 be two random variables on the real line with distribution functions
F(z) and G(x), which satisfy the conditions E|{| < oo, E|n| < co. Then E|{ —n| >
[7 |F(z) — G(z)| dz, and the inequality can be replaced by identity if the pair
(&,7) is constructed by means of quantile transform.

Finally we formulate some problems different of the previous ones which may be
useful in some investigations. Their proofs apply some non-trivial facts from measure
theory like the existence of conditional distribution, the Banach decomposition theorem
or the Radon—Nikodym theorem which implies the latter result.

10.) Let three complete separable metric spaces (X, p;), i = 1,2,3 be given, and let
A;, i = 1,2,3, denote the o-algebra induced by the topology of these spaces. Let
i be a probability measure on the space (X7 x X2, A; x As) and v a probability
measure on the space (X2 x X3, A3 X A3z). Let us assume that the projections of
the measures 1 and v to the space X5 agree. Then there exists such a probability
measure P on the space (X7 x X5 x X3, 4; x Ay x A3) whose projection to the
space X1 X X is u, and to the space X9 x X3 is v.

Let us remark that if (X, p) is a complete separable space, then the direct product
of infinitely many copies of this space X x X x --- can also be considered as a complete
metric space with an appropriate metric p. Indeed, we may assume that the metric in
the space (X, p) is such that p(z,z) < 1 for all points x € X and z € X, by introducing
for instance the new metric p’(z, %) = min(p(x, z), 1) if it is necessary. Then the metric

=1
ﬁ((.’L’l,SL’Q,...),(531,3_32,...)) = 2—kp(.’13k,.’l_3k)
k=1
can be defined on the product space X x X x ---. The space (X x X x ---,p) is a

separable complete metric space with this metric.

It follows from the results of problem 10 that if ; and v are two probability mea-
sures on a complete separable metric space (X, p) and we want to construct two random

6
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variables ¢ and 7 with distributions p and v respectively which are close to each other
then we can apply the following approach. We introduce some auxiliary random vari-
ables ¢ and ¢ with values in the space (X, p) in such a way that the members of the pairs
(&,¢) and (77, ¢ ) are close to each other, £ is a u, 1 is a v distributed random variable,
and the distributions of ¢ and ( agree. Furthermore, by the remark made after prob-
lem 10 this approach can be applied also in the case if we want to approximate a series
of random variables &1,&5,... with a prescribed distribution with another sequence of
random variables 11,72, ... of possibly different distribution.

The statement of the previous paragraph can be slightly strengthened. Let us have
a p distributed random variable £ on a sufficiently rich probability space (£2,.4, P) and
a probability measure v on a product space X x X, where (X, p) is a complete separable
metric space. Let us further assume that the projection of the probability measure v
to the first coordinate of the product space X x X is the distribution p of the random
variable £&. Then a random variable n can be constructed on the probability space
(Q, A, P) for which the random vector (£,7) is v distributed. This means that if we
want to construct a coupled pair (£, n) with prescribed joint distribution on a sufficiently
rich probability space, then we may demand that the random variable £ (with the right
distribution) be fixed at the start. An analogous statement also holds if we consider two
sequences of random variables &£1,&2,... and 11,172, ... instead of the random variables
¢ and 7.

We shall prove the above statement in the next problem 11. We remark that a
probability space is “sufficiently rich” in the sense we need it if there exists an in the
interval [0, 1] uniformly distributed random variable in this space which is independent
of the random variable ¢ or the random sequence £1,&s,... which we want to couple
with an appropriate random variable or random sequence.

11.) let v be a probability measure on a product space X x X, where (X, p) is a complete
separable metric space. Let u be the projection of the measure v to the first
coordinate of the space X x X. Let £ be a p distributed random variable on a
probability space (£2,.A, P), and let us assume that there exists a random variable
X on this probability space (€2, A, P) with uniform distribution on the interval [0, 1]
which is independent of £&. Then such a random variable 7 can be constructed for
which the distribution of the random pair (£,7) is v.

12.) If ¢ and n are two random variables taking their values on a measurable space
(X, A), the distribution of £ is p and the distribution of n is v, then P(§ # n) >
Var (u, v), where Var (u,v) = sup |u(A) —v(A)|, is the variational distance between

AcA

the measures i and v. For arbitrary probability measures p and v there exist such
w1 and v distributed random variables £ and 7, for which the two sides of the above
inequality are equal.

Finally, we give a concise proof of two statements with the help of the above
results. The first of them is the functional central limit theorem which is also called the
invariance principle in the literature. The second statement enables us to deduce some
useful consequences of the functional central limit theorem. Before its formulation let

7
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us recall the following form of the central limit theorem.

Central limit theorem. Let &y ;, Kk =1,2,..., 1 < 5 < nyg, with some positive integers
nk, be a triangular array, i.e. assume that the random variables & j, 1 < j < ny,

2

are independent for a fized number k. Assume that E¢,; = 0, Efzj = 0}, o0,

Nk

<
lim U,%’j = 1. If beside this the triangular array &k i, k = 1,2,..., 1 < j < ny,
1

k—oo j=

satisfies the Lindeberg condition, i.e.

klim E&; j1(|k,j| >€) =0 for all numbers £ > 0,

n

where I(A) denotes the indicator function of a set A, then the sums Sy = > &k,
j=1

k=1,2,..., converge in distribution to the standard normal distribution as k — oo.

The functional central limit theorem, formulated below, says that under the con-
ditions of the central limit theorem also the following sharper statement holds.

Functional central limit theorem. Let & ;, k=1,2,...,1 < j < ng, be a triangular

n
array such that B¢y, ; =0, B2 = o? ; <00, klim > o ; = 1. Let us also assume that
9. b —00 jzl 9.
the triangular array &, K =1,2,..., 1 < j < ny, satisfies the Lindeberg condition. In-

l
troduce the partial sums Sk = > &k, k=1,2,..., 1 <1 < ny, and define the random
j=1

l
broken line Sk(t), 0 <t <1, k =1,2,..., in the following way. Put up; = Y, U/%,j:
j=1

it , let Sk(tgy) = Ski, Sk(0) =0, k=1,2,..., 1 <1< ny, and let the func-

Uk, =
k,n

tion Sk(t) ge linear in the intervals [0, Uk 1] and [tg -1, U], k =1,2,..., 2 <1 < ny.
Then the random broken lines Si(t), 0 <t <1, can be considered as random variables
taking values in the Banach space C([0,1]) of continuous functions endowed with the
supremum norm. The functional central limit theorem states that the distributions of
the random variables Si(t) (in the space C([0,1])) converge in distribution to the so-
called Wiener measure, i.e. to the distribution of a Wiener process W(t), 0 <t <1, as
k — oo.

13.) Prove (with the help of the results in this work, the central limit theorem, inequal-
ities for the maximum of sums of independent random variables and some basic
facts about Wiener processes) the functional central limit theorem.

The coupling results of this work can be useful also in the proof of the following
statement which may help for instance to understand why the functional central limit
theorem is a useful result of probability theory.

14.) Let pn, n = 1,2,..., be a sequence of probability measures on a separable (not
necessarily complete) metric space (X, p) which converges weakly to a probability

8
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measure o on this space. Let F be a measurable map from this separable metric
space (X, p) to some other separable metric space (Y, p1) such that the map F
is continuous with probability one with respect to the limit measure pg. Let us
consider the probability measures Fpu,,, defined as Fu,(B) = p{z: F(z) C B} if
B C Y is a Borel-measurable set, n = 0,1, ..., on the space (Y, p1). Prove with the
help of the result of Problem 5 that the probability measures Fpu,, converge weakly
the probability measure Fpug as — oo.

Remarks

The result of problem 1 was originally proved by V. Strassen. I learned about it and its
close relation to the “transport problem” and the Konig-Hall theorem, an important
method of combinatorics, from the works of R. M. Dudley. Let us remark that this
result gives a non-trivial answer to the question how closely two random variables or two
stochastic processes with prescribed distributions can be put to each other. Nevertheless
this result does not give a real help in most coupling problems. The reason for this
deficiency is that generally it is not simpler to check formula (a) for all closed sets than
to construct a coupling in an explicit way.

The result of problem 2 was proven by Yu. V. Prochorov, and the metric introduced
there is called the Prochorov metric in the literature. The result of problem 4 (and the
result of problem 3 which serves as basis for its solution) belongs to A. V. Skorochod.
The construction supplying the solution of problem 5 belongs to R. M. Dudley. The
generalization of problem 4 given in problem 5 is non-trivial. One could try to deduce the
result of problem 5 to problem 4 by embedding a separable metric space to a complete
separable metric space. Such an embedding is always possible, but it may happen that
the embedded space is a non-measurable subset of the larger space. Hence one cannot
get a solution for problem 5 in such a simple way.

The quantile transform is a well-known method in probability theory, and it is
frequently used in certain investigations. It is hard to relate its introduction to a
definite person. It is worth mentioning that the proof of the optimality property of
the quantile transform formulated in problem 9 is based on its reformulation for a
“transport problem”. It is the simple structure of the real line which enables us to
prove such an explicit result in this case.

The results of problems 10, 11 and 12 are more or less well-known for mathemati-
cians working in this subject. However, I had the impression that the answer to the
question how big freedom we have to construct random variables or random sequences
with prescribed distribution is not sufficiently well understood. Hence I thought it may
be useful to discuss some results which may help to study such questions.

The functional central limit theorem is a classical result of probability theory. Its
usual proof is based on the investigation of the convergence of probability measures.
The functional central limit theorem together with the result formulated in problem 14
explain why all “natural” functions of partial sums of independent random variables
have a limit distribution which is independent of the distribution of the summands and
can be expressed as the distribution of a functional of a Wiener process.
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Solutions

0.)

Let us define for all sets B C Z the set
A(B) ={y:y €Y, d(y,z) =1 for some z € B}.

We have to show that if the conditions of the Konig—Hall theorems are satisfied, then
|A(B)| > |B|. This statement is equivalent to the relation |Y \ A(B)| < |Z \ B|.
It follows from the conditions of the problem that |B(Y \ A(B))| > |Y \ A(B)].
Hence, it is enough to show that B(Y \ A(B)) C Z\ B. This relation holds, since
if y € B(Y \ A(B)), i.e. there exists an z ¢ A(B) such that d(y, z) = 1, then by the
definition of the set A(B) y ¢ B, i.e. B(Y \ A(B)) C Z\ B.

The analogous statement in the case of the continuous version of the Kénig—Hall
theorem can be proved similarly. In this case the statement we have to prove
is equivalent to the inequality > wu(y) < > w(z) because of the identity
yEY\A(B) 2€Z\B

> u(y) = > v(z). This inequality follows from the relation B(Y \ A(B)) C Z\ B.
yey z€Z

Let us define the probability space (2,4, P) with the following choice: 2 = X x X,
A is the o algebra generated by the topology of the space X x X, and P is an
appropriate probability measure on the measure space (£2,.4) we still have to define.
Put £(x1,x2) = x1 and n(z1,22) = x2. We solve the problem if we can construct a
probability measure P on the space (£2,.4) which satisfies the following relations:

a.) P(Ax X)=pu(A), P(X x A) =v(A) for all measurable sets A C X.
b.) P({(z1,22): p(z1,22) > v +¢}) < B +e.

We shall construct such a probability measure P with the help of the continuous
version of the Konig—Hall theorem.

First we define a bipartitated graph with an appropriate weight function. To do this
we introduce some notations. Let G(z, «) denote the ball with center x and radius
a in the metric space (X, p). Let x1,29,..., be an everywhere dense sequence on

oo
the space X, and let us fix a number € > 0. As |J G (x, %) = X, there exists such
n=1

N(e)

a number N = N(e) for which the set Wy = |J G (x,%) satisfies the relations
n=1

p(Wy) > 1— £ and v(Wy) > 1 — £. Let us define the sets Vi = G (g, £) \

k—1
UG(zj,£),k=1,...,Nand Vyy1 = X \Wn. Then Vj, k=1,..., N+ 1is a
j=1

partition of the space X, d(V3) < £,if 1 <k < NN, where d(A) denotes the diameter
of set A C X. Further, u(Vn41) < § and v(Vy41) < 5. We shall call the point xy,
the center of the set Vi, 1 <k < N.

We define the following bipartitated graph (Y, Z,d(-,-)): Y = {y1,...,ynst1} =
{‘/1, ey VN+1}, 7 = {21, ce ,ZN_H} = {‘/1, e ,VN+1}, d(yj,zk) = 1, if p(xj,xk) S

10
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a+5,1<j,k<N,and also d(yn+1,2x) = 1 and d(y;, zy+1) = 1 for all indices
1 <j,k<N+1. In all other cases we define d(y, z) = 0. (The relation d(y, z) =1
means that the points y and z are connected.) We also introduce the following
weight functions u(-) and v(-) on the sets Y and Z: u(y;) = u(V;), v(z;) = v(V;),
j =1,... 7N7 u(yN+1) = /’L(V’n-l—l) + /8; U(ZN+1) = V(Vn+1) + ﬁ We claim that
this bipartitated graph and weight function satisfy the conditions of the continuous
version of the Konig—Hall theorem.

The desired inequality obviously holds for such sets A C Y, for which yyy1 € A.

Indeed, in this case B(A) = Z, since yn+1 is connected to all points of the set

Z. If yny1 ¢ A then put Dy = (J V; and Dy = U Vj. In this case
V€A V;€B(A)

> u(y) =p(D1),and > w(z) =v(D2)+p, since yny1 ¢ A and zy11 € B(A).
yeA z€B(A)

Hence, it is enough to show that D} C Do, where D; denotes the closure of
the set D;. But if z € D;, then there exists such a set y; = V; € A whose
center x; satisfies the inequality p(z,z;) < £, thus G(z,a) C G (a:j,a + %) We
claim that G(z,a) C G (asj,a-l— %) C Dy, with this point x, hence D{ C D,
as we claimed. Indeed, if this statement did not hold, then there would exist a
point v € G (:z:j, o+ %), such that the element Vj of the partition {V7,...,Vyi1}
for which v € Vj; and its center x; have the following properties: The points
Vi and Vj are not connected in the bipartitated graph we have defined, hence
1 <k <N, and p(z;,zx) > a+ 5. But this is not possible, since d(V;) < £ and
thus p(zj, zx) < p(x;,v) + £ < a+ 2. We have shown the continuous version of

the Konig—Hall theorem can be applied to this system.

Let w(y,z), y € Y, z € Z be a “transport function” satisfying the continuous ver-
sion of the Konig—Hall theorem in the above system, and let us define the following
function wy (y;, z) with its help:

wi(yj, z6) = w(y;,z) 1 <j,k<N,
and wi(y;,25) =0, ifj=N+1lork=N+1.
This function wy (y, z) satisfies the following properties:

i.) wi(yj,zx) >0, and wi(y;j,2x) > 0only if 1 < j,k < N and p(z;,zx) < o+ §
i) > wilyy, 2) <uly;) = u(Vi), 2 wily, zr) < vlzk) = v(Vi).

z€Z yey
ii.) > wi(y,z) > 1— 0 —¢, because > wi(y,z) > >, w(y,z) —
yeY,zeZ yeY,z€Z yeY,2eZ

u(yn+1) —v(zn1) > 1+ 8 =2(8+ 5).

By the properties of the function wy(y, z) there is a function ws(y;, 2x) > 0, 1 <
J.k < N + 1, such that the function w(y,z) = wi(y,z) + wa(y, z) satisfies the
properties

> w(ys, z) = ulyy) = p(Vy), > wly,z) = v(z) = v(Vi)
z€Z yey

11
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We shall define a probability measure P which satisfies properties a.) and b.) with
the help of the function w(y, z). Put

w() v(C)

PO D)=y vy

w(yj,zk) ifC c Wj, D c Wy

with some indices 1 < j, kK < N + 1. In the general case let us define

P(C x D) = P(CNV) x (DNTL)).

_l’_
2
_l’_

.
Il
bl
I

After this definition the measure P can be extended from the above rectangular
sets to the whole o algebra A in a unique way. We claim that this measure P
satisfies both properties a.) and b.). Indeed, for all sets AC V;, 1 <j <N +1

P(Ax X)= NZHP(A x Vi) = wA) N+1w(y- zi) = u(A)
ot wVi) i ’

and this implies that P(X x A) = v(A) for all measurable sets A C X. The second
part of statement a.) can be proved similarly. On the other hand,

P((x1,z2): p(z1,22) < a+e) > Z P(V; x V)

(J:k): p(JZj amk)ga"'%

= > w(Vj x Vi)

(J?k) : ‘D(Jij axk)ga+%

> Z wi(V; x Vi) >1-p—c¢

y; €Y, 2 €Z

by the property iii.), and this statement is equivalent to condition b.)

Conversely, if property (a) holds, then for arbitrary closed set B {{ C B,n ¢
Batel c {(&,n): p(&€,m) > a+ e}, hence P(§ € B,n ¢ B*) < f+e. As{€ €
B} c {¢ € B,n¢ B>} U{n e B¢}, this implies that u(B) < 8+ ¢ + v(B**e),
and this is what we have to prove.

To prove the last statement of problem 1 let us make the following observation. If
X is a complete metric space, and P,,, n = 1,2,..., is a sequence of probability
measures on the space X x X whose marginal distributions are two measures p and
v which do not depend on the index n, then this sequence of probability measures
has a convergent subsequence if the weak convergence of probability measures are
considered.

To prove this statement let us observe that for all numbers € > 0 there exists such a
compact set K C X for which u(K) > 1—5, and v(K) > 1— 5. Hence the compact
set K x K C X x X and a sequence of probability measures P,, on the space X x X

12
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whose marginal distributions are p and v satisfy the inequality P,(K x K) > 1—¢
for all indices n. By some classical results in probability theory this implies that the
sequence of the probability measures P, is tight, hence it has a weakly convergent
subsequence.

Let P,,n=1,2,..., be asequence of probability measures on the space X x X with
marginal distributions p and v which satisfy property (a) with numbers €,, = % Let
P,..,k=1,2,..., be a convergent subsequence of this sequence, and let P denote

its limit. The marginal distributions of the measure P are p and v. We claim that a
random vector with distribution P satisfies property (a) also with the number € = 0.
Indeed, the sets of the form {(z1,z2): (z1,22) € X x X, p(21,22) > a+e} are open.
Hence

B > limsup P, ({(z1,22): p(x1,22) > a+e}) > P({(z1,22): p(x1,22) > a+¢€})

k—o0

for all numbers € > 0. This implies that
P ({(z1,22): p(x1,22) > }) = giﬂ%P({(xl,xg): plr,z2) > a+e}) <.

Problem 1 is proved.

Let us first show that the function d(-,-) is a metric. i.) d(u,pu) = 0. On the
other hand, we show that in the case d(u,v) = 0 p = v. Indeed, if d(u,v) = 0,
then pu(F) < v(F) for all closed sets F' C X, since F' = ()] F¢, and pu(F) <
e—0
ligriigf(y(Fs) +¢) = v(F). We show that also the identity p(F) = v(F') holds
for closed sets F. Indeed, as u(G) > v(G) for all open sets G, hence u(F) =
E1i£n0 u(Fe) > 611_1)1% v(F¢) = v(F). This implies that u(A) = v(A) for all closed or
open sets A. On the other hand, a probability measure is uniquely determined by
its values on the open sets, hence p = v. ii.) d(u,v) = d(v,pu). Let d(p,v) < «
with some number a@ > 0. We show that in this case d(v,u) < a. Let FF C X
be an arbitrary closed set, and let us define the set F/ = X \ F'*. We claim that
(F")* C X\ F. Indeed, if y € (F')* then d(y, X \ F'*) < a, that is there exists such
a point z € X, for which d(z, F') > «, and d(z,y) < «. This implies that y ¢ F,
hence (F')* C X\ F. With the help of this relation we get that 1—u(F*) = pu(F’) <
v(F))+a <v(X\F)+a=1-v(F)+a,ie v(F) < u(F*) +«. Hence d(v, u) <
«. In such a way we have shown that d(v,u) < d(u,v). Because of symmetry
reasons d(u,v) = d(v, p). iii.) d(p1, ps) < d(pa, po) + d(pz, ps). If d(p, po) = «,
(112, i3) = B, then s (F) < 1o (Fo4%) F ke, ia(FO¥) < pua((Fo+)349) + G4
for all numbers ¢ > 0 and closed sets F. As (F@t)8+¢) ¢ Fo+A+2¢ this implies
that 1 (F) < p3(F@TP+28) + o+ 3+ 2¢. Since this relation holds for all closed sets
F and numbers € > 0 it implies relation iii.).

We show that d(pn,n) — 0 if and only if p, = p. If d(pn,pu) — 0, then

lim sup p, (F') < p(F€)+e¢ for all closed sets F' and numbers e > 0. As F = [ F*,
n—00 e—0
lir% (w(F?®) +¢) = p(F). This relation implies the inequality lim sup g, (F) < p(F)

E— n—00

for all closed sets F', and this is equivalent to the statement u,, = u.

13
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To prove the other direction of the statement first we show that for all € > 0 there
exists an integer N = N(¢) > 0 and a partition Vi,...,Vy, Vi1 of the space X
which satisfies the following conditions: u(0V3) =0, k=1,...,N +1, d(V}) < €2,
k=1,...,N, and p(Vn41) < §, where 9A denotes the boundary of the set A
and d(A) its diameter. Indeed, let x1,z5,... be an everywhere dense set in the
space X. For all xy let us choose a ball G(xk,d) in the space X of center
and radius d; with some 0z such that % < 0y < &2 for which u (0G(z, 1)) = 0.

The union of these balls covers the whole space X. Let us choose such a number

N N
N = N(e) for which p ( U G(xk,dk)) < 5. Let Vvyr = X'\ ( U G(wk,ék)) and
k=1 k=1

k=1
Vi = Gz, 06) \ [ U G(xj,5j)), k=1,...,N. These sets satisfy the conditions
j=1

we have imposed.

For all closed sets F' C X let us define the set B(F) = U  Vk. Let us observe
k: VkﬂF;é@

that F' C B(F) C F° U Vyy. Further, lim  sup  |un(B(F) — w(B(F)| = 0,

n—00 [ closed set

because lim p, (Vi) = pu(Vi) for all kK =1,..., N + 1, there are finitely many sets

of the form B(F'), and all of them are the union of finitely many sets V. Hence
there exists a threshold index n = n(e) independent of the closed set F' such that

p(F®) = pn(F) = p(B(F)) = (V1) = pn(B(F)) = —¢

for all closed sets F. This implies that d(pn,pn) < e, if n > ng(e). Hence
lim d(un, 1) =0 as we claimed.

We show that the metric space (M, d) is separable. Let x1,z2, ..., be an everywhere
dense set in the space X, let Mg be the set of those discrete probability measures
which are concentrated in the finite subsets of the set {x1,x3,...} and the measure

of all points is a rational number. This is a countable set, hence it is enough to
show that Mg is an everywhere dense subset of the set M. This can be seen for
instance by a slight modification of the previous argument. This shows that for an
arbitrary measure y € M and number € > 0 we can choose a partition Vy,...,Vxy
of the set X and a number n > 0 for which the following statement holds: If
a probability measure v € M satisfies the condition |u(Vy) — v(Vi)| < n for all
numbers k = 1,..., N, then the measure v also satisfies the relation d(u,v) < e.
Since for all p € M Mg contains such a measure v, hence My is an everywhere
dense subset of the set M.

We show that if X is a complete separable space, then the same property holds for
the space (M,d). It is enough to show that if

lim  sup d(un, tm) =0,

=0 m: m>n

then the series p,,, n = 1,2, ... is relatively compact, i.e. it has a weakly convergent
subsequence. To prove this statement it is enough to show that for all numbers
e > 0 there exists a compact set K C X, for which p,,(K) > 1 — ¢ for all indices n.

14
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The statement from which we want to deduce the completeness of the space (M, d)
can be slightly weakened. It is enough to show that for arbitrary ¢ > 0 there exists
a compact set K = K (e) whose neighbourhood of radius ¢ K¢ = {z: p(z,K) < ¢}

satisfies the inequality p,(K¢) > 1 — ¢ for all indices n = 1,2,.... Indeed, let

us consider such sets K (¢27™) with €27 for all m = 1,2,..., and let us define

the set K = () (K(e27™)°2 ". Then p,(K) > 1— > €27 = 1 — . Hence
m=1 m=1

it is enough to prove that this set K is relatively compact, (that is, its closure is
compact). To show this let us recall the result by which a subset A of a separable
complete metric space is relatively compact if and only if this set A has a finite
0-net for all § > 0, i.e. there exists a finite subset of the space X such that for
arbitrary x € A the distance of x from one of the points of this finite set is less
than 0. This property holds for the above set K, since for all numbers § > 0 there
exists an integer m such that § > £27™. Further, the set K(¢27™)2 " has a finite
d-net for this m, and this is also a finite J-net for the original set K.

This weakened statement can be proved in the following way: For a fixed number
e > 0 let us choose an index ng = ng(e) such that the relation d(jn,, it,) < § holds
for all n > ng, and let Ko C X be a compact set such that pi,,(Ko) > 1— . Then

un(Kg/4) > finy(Ko) — § > 1 — § for all numbers n > ng. Let us choose such a
compact set K1, for which p, (K1) > 1 — § for all numbers n < ng. Then the set
K = K1 UK is compact, and p, (K¢) > 1 —¢ for all numbers n = 1,2, .... Indeed,
pn (K€) > ,un(KS/4) >1—¢,ifn>mng, and p,(K®) > un(K1) > 1 —¢, if n < nyg.
The statements of problem 2 are proved.
Let us observe that the space X has a partition X; = {A;, As,...} such that
d(A;) < 1, and p(dA;) = 0 for all indices j = 1,2,.... Here d(A) denotes the
diameter of the set A and OA its boundary. (This statement follows from the
argument presented at the start of problem 2, when it was shown that the relation
in = p implies that d(uq,p2) — 0.) By splitting further the elements of this
partition we get a more and more refined sequence of partitions X7 D Xy D --- X D
- of the space X such that the elements of these partitions satisfy the relations
d(Ajy .. ) <27%and p(0A;, . .) =0. (Aj, . € X.) Let us define a similar
sequence of more and more refined partitions )y D Yo D --- Vi D --- of the
intervals (0, 1] (endowed with the Lebesgue measure) in the following way:

k
Put yl = {Bl,...,Bk,...}, Bk = (bk_l,bk], bk = Z M(Aj), k= 1,2,..., and if
j=1
the sets By, ... = (bj, ... jx_15041....j. ], Of the partition Yy, are already defined, and
they are defined so that the indentity b;, . ;. —bj, ..., = (A4, ;) holds, then

split all intervals B, .. j, into subsequent non-overlapping intervals

Bj1,-~~,jk78 = (b.jlr"mjkvs_l’ bj17~~-7jk,s]v

of length 1t (A}, .. j..s)- These smaller intervals will be the elements of the partition
Vi1 of the interval [0,1]. After the definition of these partitions let us fix for all
integers £ > 1 and elements A;, . ;, of the partition X} a point x;, . ;. € Aj, . .-
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Now for all K =1,2,... we define a random variable £ (y) on the probability space
((0,1], B, A\) with values on the space X by means of the following formula: Put
En(y) = x4, 5 ify € Bj,.. .. We claim that the limit {(y) = klim &k (y) exists

for all y € (0, 1], and it is a u distributed random variable.

The above limit really exists, because for all y € (0,1] a uniquely determined
sequence of decreasing intervals B, . j,, k = 1,2,..., exists in such a way that
y € By, ... ;.- This implies that the sequence of points £, (y) € A;, ..., is a Cauchy,
hence also a convergent sequence.

The union of the o-algebras X%, £ = 1,2,..., generates the Borel g-algebra in
the space (X, p). Hence to prove that the above defined random variable £ has
distribution p it is enough to show that P (§ € A;, ;) = p(Aj, . ) for all
numbers £ = 1,2,... and sets A; . ;.. It follows from the construction of the
random variable § that if y € Bj, . ;, then £(y) € 14_13'17“_7jk, where A denotes the
closure of the set A. First we show that it follows from this fact and the relation

P (&(y) € 0Aj,,. ;) =0 for all numbers k =1,2,... and indices j1,. .., ji, (*)

to be proven later that £ is p distributed. Indeed, these relations imply that

P(E(y) € Ajy,gn) > P (E(y) € 45, ) — P (E(y) € A, 4
> A (th-n,jk) = U (Ajlznwjk) y

and summing up these inequalities we get that

1= ) PEWEA )= Y. n(4 ;)=L

15Tk J1se5Jk

As a consequence, the above inequalities are actually identities, and the distribution
of ¢ is .

To prove formula () let us observe that since p(9A;, . ;) = 0 for all numbers
e > 0 there exists a number § = §(g) > 0 such that the neighbourhood (9A;, . ;,)°
of radius & of the set 9A;, . j, satisfies the inequality p ((84;,,..;,)°) <e. Let us
choose an integer s so large that the diameters of the elements of the partition X}
satisfy the inequality J(Aji

max d(Aj
]/

100

............

jé) < g, hence in the case £(y) € 0A;, .. i P (&s(y), 045, j.) <

9. This implies that if £(y) € 9A;, . j,, then the indices ji,...,j. for which
y € Bj .. j are such that &s(y) € Ajrgn ,O(Aji,...,j;,aAjl ,,,,, jk) < g, hence
A

itoge C (045, . 5,.)°. This implies that

C {y: &(y) € Ajr g C (0A;, . ;.)° with some indices j;, ... et
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and

My: €(y) € 04, 5} < > A(Bjj....51)

(]iva];) Agi jéc(aAjl 55555 jk)(S

~~~~~

s
= ) p(Aj ) < i ((045,,..5.)°) < e
(ende) s Agr L jr COAG Gy )°
Since this statement holds for all ¢ > 0, this implies relation (%) and the statement
of problem 3.

We construct the random variables &,, with distribution u,, n = 1,2,..., and the
random variable & with distribution p simultaneously by means of the construction
of problem 3. The only novelty is that we apply the same partitions X7 C Xy C - --
in the construction of all random variables £,, n = 1,2,..., and £, and demand that
the boundaries of the elements A, . ; € &} of the partitions satisfy the relation
p(0A . 4.) = 0and p, (04, . ;) =0forall k =1,2,..., A; ; € X and
n = 1,2,.... We remark that it causes no extra difficulty to find partitions X}
with such elements whose boundary have the above property. Indeed, we can for
instance introduce a new probability measure ji = g + > 2771y, and construct
a sequence of more and more refined partitions of the spgce1 X in the same way as it
was done in the construction of problem 3 with the only difference that we replace
the measure p by the measure . Then the boundaries of the partitions satisfy
the desired requirement for all measures p and p,, n = 1,2,.... We claim that if
ln = b, then &, — & with probability one for the random variables constructed in
the above way.

Let us observe that if p, = p, then lim p,(A4,,.. ,.) = w(Aj .. ;) for all
n—oo

Jis---,Jk, since the boundaries of these sets have zero p measure. This rela-
tion and the structure of our construction imply that b, . ;. (n) — bj, . ;. for
all k=1,2,... and indices ji,...,jr as n — oo, where b;, ., (n) and b;, . ;, de-

note the right-hand side end-points of the intervals B;, . ; (n) and Bj, . ;, which
appear in the partitions Vi (n) and Yy of the intervals (0, 1] introduced during the
definition of the random variables &, and &.

For a fixed small number € > 0 let us choose a number k& = k(¢) for which
27F < &. Then the diameter of the elements Aj, .. j. of the partition X} are
less than 2% < . Let us choose a finite set Dy of k-tuples {j1,...,ji} for which

> p(Aj, ) >1— © . There exists an index no = no(e) such
(jla"‘?jk): (le?Jk)eDk 2
that the set

B(e) = B(k,e,ng) = U U (le,u-,jk A Bji,...jx ()

(J1,--»Jk)EDK n2>n0o

satisfies the inequality A(B(e)) < %, where AAB = (A\ B)U (B \ A) denotes the

symmetric difference of two sets A and B. The above relations imply that the set
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Bi(e) = U (Bj,.....j» \ B(e)) satisfy the relation A(B;(¢)) > 1 —e. Define
(Jlaa]k)eDk
the set Ba(e) = Bi(e)NYo N () Yon, where Yo, = (0, 1)\ U U {bj,,....;.(n)},
n=1 k=1 j1 ..... Jk

.....

k=1j1,-Jk
1 — £ also holds, since the set Bjy(g) \ B2(¢) is countable. Furthermore, if n > ng
and y € Ba(e), then p(&,(y),&(y)) < ¢, since in this case &,(y) and £(y) are in the
closure of the same set A;, ;. This implies that

A (limsup|fn —¢&| > 6) <e.

Since this relation holds for all € > 0, it implies the statement of problem 3.
Put X = X x [0,1], and let us define the measurable space (Q,.4) as 2 = X x

X x -+ x X x .-+, and A is the product of the o-algebras on the coordinate
spaces X and X. In the point w = (x,u,x1,x2,...) € Q let us define the random
variables ¢ and &, by the formulas ¢{(w) = z, &, (w) = z,, n = 1,2,.... The

measure P will be defined with the help of the measure & = p x A introduced
on the space X and appropriately defined conditional distributions @, ((z,u), A4),
n=1,2,..., where (z,u) € X = X x[0,1], and A C X is a measurable subset of the
space X. (The function @, ((x,u), A) is called a conditional distribution function if
Qn((z,u),-) is a probability measure on the space (X,.A) for all points (z,u) € X,
and @, (-, A) is a measurable function for all sets A € A.) The measure P will be
defined in the following way: The distribution of the first coordinate (z,u) € X is
it, the coordinates x,, € X, n = 1,2,..., are conditionally independent for fixed
(x,u), and the conditional distribution of the coordinate x,, under this condition is
Qn((z,u),-). In a formal way, put

PAx Ay x -+ x Ay) = / Ov((z,0), A1) - .- Qn((221), Ay)) dp(r) du
(z,u)EA
for all measurable sets A C X, 4; C X, j=1,...,n.

(By some non-trivial results of the measure theory the above formula and its ex-
tension really defines a probability measure P. It is worth mentioning that this
fact follows from such a result (the Tulcea—Ionescu theorem), which does not de-
mand some nice topological properties of the space. This is the reason why this
method can be applied in non-complete metric spaces which may not have good
nice topological properties.)

For all numbers k = 1,2, ..., let us define such a partition Ay = {41k, A2k, ... } of
_ 1 _

X for which d(A4; ) < o and p(0A4,5) =0, 5 =1,2,..., where d(A) denotes the

diameter and 0A the boundary of the set A. Let us define for all £k = 1,2,... an

1
index m(k) such that u ( U Ajyk) < = and p(A; ) >0 for all 1 < j < mf(k).
jzm(k)
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(To satisfy this latter conditions we can re-index the sets A; j if this is necessary.)
After this let us consider a series of numbers 1 = n; < ng < ng < --- such that

(A k)

for all numbers 1 < j < m(k)
and ng <n < Ngy1.

This is possible, since lim p,(A4; %) = 1(A; k) for all numbers k and j because of
the relation p(0A; ) = 0.

Let us introduce the numbers

min (p(A;j k), in(Ajk))
1(Ajik) ’

Clearly, 1— 75 < Ajpn < 1. Let us define the conditional distributions @y ((z, ), )
first only to some pairs (z,u) € X and n which satisfy certain conditions. Put

)\jvk7n = nk‘ S n < nk‘+17 J < m(k).

_ ,un(c N Aj,k)

nller ) O =2 T

if ng <n <npg1, v €Ak, 1 <5 <m(k),
and 0 <u <\, forallsets Ce A

On the domain where we have not defined the conditional distributions @Q,(-,")
yet we want to do this in such a way which guarantees that the projection of the
measure P to the n-th coordinate is u,. To do this let us introduce the numbers

m(k)—1

Py={1- Z min [pn (Aj k), p(A56)] |5 ne << ngga.
j=1

(This number is the u measure of that part of the set X = X x [0, 1] where we have
still not defined the conditional distribution @, (-,-)). Then let us also define the
following probability measures ji,, on the space X:

1 m(k)—1

fin(C) = pn(C) = Y min [ (Aj k), w(Ajp)]

- (€0 Ajk)
P,

, CeA,
,Udn(Aj,k)

j=1
and put

Qn((.’ﬁ,U),C> :ﬂn(c)7 lfCEAa ng §n<nk+17
and x € Aj i, j>m(k)orx € Ajg,j <m(k) and \j i, <u < 1.

We claim that
/ Qu((, 1), O)u( ) du = i (C), C € A (+)
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Indeed, if ny < n < ngyi1, then 1 < j < m(k) and in the case C € A

2(CNA;
[ @000 A ) du = g Ny PETEEED (0 )
,un(Aj,k)
. n(CNA;
— min (u(A; ). p(;0) PO (004,
P ( ],k)
m(k)—1
On the other hand, put B = X'\ U Ajx |. Then the system of sets {4, 5,1 <
j=1

J < m(k), By} supplies a partition of the space X. In particular, A;; N By = () for
all 1 < j < m(k). Observe that

/Qn((m,u), C N B)u(dz)du = pu,(C N By).
By summing up these identities we get relation (+), which means that the random

variables &,, have the prescribed distribution p,, for all numbers n =1,2,....

On the other hand,
(o) o

if (v,u) ¢ X1(k) C X, where £(x,u, 21, 22,...) = (z,u), and

1
nE<n<ngii1 k

P( sup  p(&n,§) =

m(k)—1

X1(k) =B x[0,1]U U {(w,u): xeAjr, inf  Aipn Sugl}.
=1 nE<n<ngi1
Hence
1
P sup  p(6n.€) > o | < X A(Xu(k))
ni<n<ng
m(k) 9
— — i , - < =
2 (1 min, ok )0+t <
Since

S (o 60> 1) <55 <
k=1

nE<n<ng

it follows from the Borel-Cantelli lemma that £,, — & with probability one if n — oo.

Let F be an arbitrary closed set. As F = (| F° = F, where F° denotes the open
0—0
neighbourhood of radius § of the set F', hence for all e > 0 there exists a d = §(g) > 0

such that p(F°) < pw(F) 4+¢e. As &, = ¢ stochastically, hence for all § > 0 and

20



Coupling methods in Probability Theory

e > 0 there exists such an index ng = ng(e,d) for which P (p(§,&,) > 6) < e.
Furthermore, {w: £(w) ¢ F°} C {w: & (w) ¢ F} U {w: p(én(w), E(w)) > 6}, hence
1—u(F) <1 —pn(F)+e, and u(F) + ¢ > u(F?) > pn(F) — ¢, if n > ng. This
implies that limsup p, (F) < pu(F') 4 2e. Since this inequality holds for all € > 0,

n—oo

this implies that lim sup p, (F') < p(F') for all closed sets F, i.e. p, = p.

n—oo

To prove that £ = F~1(n) is F distributed it is enough to show that

{winw) < F@)} C{w: F~ (n)(w) <o} C {w: n(w) < F(x)}.

The middle term is contained in the right-hand side term. Indeed, if F~1(n)(w) < z
then there exists such a number h > 0 for which F~1(n)(w) = sup{u: F(u) <
n(w)} < & — h. But this implies that n(w) < F(z). Indeed, if the relation F(x) <
n(w) held, then the number x would be in the set of numbers u whose supremum
defines the quantity F'~1(n), and this contradicts to the inequality F~!(n)(w) <
x — h.

To prove the left-hand side of this relation observe that if n(w) < F(x), then
n(w) = F(x)—h,and F~1(n(w)) = F~Y(F(x)—h)) = sup{v: F(v) < F(z)—h} with
an appropriate number A > 0. On the other hand, sup{v: F(v) < F(x) — h} < z,
because F'(x) is a function continuous from the left, and as a consequence F(v) <
F(x) — h implies that there exists such a number § = §(h) > 0, for which v < 2 — 4,
that is F'~(n(w)) = sup{v: F(v) < F(z)—h} < x—3 < z. Hence also the left-hand
side part of the above relation holds.

To prove that F(€,e) is uniformly distributed in the interval [0,1], let us define
the quantity z(z) = sup{y: F(y) < z} for all real numbers z. As the distribution
function F'(x) is continuous from the left, hence F(z) > x. Let us consider the
cases F'(z) = x and F(z) < x separately.

If F(z) = x, then F(u+ 0) < z for all numbers u < z, and {w: F(¢(w),e(w)) <
z} ={w: {(w) < z}. Hence P(F(§,e) <x) =P <z)=F(z) =u.
If F(z) < z, then F(z+0) >z, and

{w: F(f(w,e(w)) < z}
={w: f(w)<z}U{w: {(w) =2, F(2) +e(w)[F(z+0) — F(2)] < x}.

P (F(g, £) < :1:) = P(E<2)+ P(Ew) = 2) P (e(w)[F(z +0) — F(2)] < @ — F(2))

= F(2) + [F(z +0) - F(2)] (z”‘";of EZ; e

This implies the second statement of problem 7.

The results of problem 7 imply that the distribution of the random variable € is
F, and the distribution of 7 is G. Furthermore F (¢, ¢) is uniformly and 7 is G
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distributed random variable. To show that the distribution of the vectors (&,1)
and (&, 17 agree, it is enough to show that F~1(F(€,¢)) = € with probability one.
Indeed, this means that both random vectors can be represented (with the exception
of a set of measure zero) as the transformation of an appropriate in the interval
[0, 1] uniformly distributed random variable, (both coordinates of the vectors are
obtained as the transform of the same random variable) and the representation of
both vectors applies the same transformation.

The statement from which we can deduce the statement of problem 8 can be even
weakened a little bit. It is enough to show that P(F~'(F(£,¢)) < €) = 1, since
if one random variables is larger than another random variable with the same
distribution functions with probability one, then these two random variables equal
with probability one.

If £(w) = , then
FYF(£(w),e(w))) = sup{u: F(u) < F(z,e(w))},

and since F'(v) > F(z,e(w)) if v > z, this implies that F_l(F(g(w),e(w))) <z=
¢(w) in this case. Problem 8 is solved.

Let us remark that if £ and 1 are defined by the formula ¢ = F~1(¢) and n =
G~1(¢), where ( is a random variable with uniform distribution in the interval [0, 1],
that is these random variables are defined by means of the quantile transform, then
the two sides of the inequality investigated in this problem are equal. Let us first
prove this inequality in the special case when the distributions of both random
variables £ and 7 are concentrated in a finite subset X = {x1,...,2,}, 1 < 22 <
.-+ < xy, of the real line. Put p; = P(§ = z;), ¢x = P(n = x1), and let us consider
the joint distribution of the random variables £ and n r(z;, yx) = P(§ = zj,n = z),
1 < j,k <n. Let us introduce the quantities

’I"(Cl?j, Tk, y]7yk) = min (r(xjvyk)a T(mlmyj)) ’
T

max (5, Tk, Yj, Yi)
{zj,25,9;, s JEX X X XX X X Jr=w 230

Tj;<Tk, Yj <Yk

Let us observe that if the vector (§,n) is constructed by means of the quantile
transform, then » = 0 for the above defined number r. Furthermore, the condition
r = 0 and the distribution F' of the random variable £ together the distribution G
of the random variable 1 also determine the joint distribution of the vector (£, 1),
i.e. the property r = 0 characterizes the quantile transform.

Indeed, we may assume without violating the generality that the probability space
(Q, A, P), where the random vector (§,n) is defined has the following structure:
Q=X x X, Ais the discrete o-algebra on X x X, and the random variables are
defined as &(zj,xx) = zj n(xj, k) = x, 1 < j,k < n. In this space the measure P
with the property » = 0 we are looking for can be represented as the solution of the
following “transport problem”: Let us consider the bipartitated graph consisting
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of the pairs (zj,z;), 1 < j,k < n, attach the weights p(z;) = p; = P(§ = z;) to
the first coordinates and the weights ¢(zr) = qx = P(n = xx), 1 < j,k < n to the
second coordinates. Then let us consider such a transports where weights p; are
sent from the first coordinates z;, and weights gj, arrive to the second coordinates
Let r(j,k) denote the mass transported from the point z; to . Then P({ =
xj,m = x) = r(j,k) denotes a joint distribution with the prescribed marginal
distributions, and all joint distributions with such marginal distributions can be
presented in such a way. The condition » = 0 means that the transport of the
weights p; to weights g, is done in the following way: We transport the mass p;
from the point x; first to the place x1, then if some mass is still left to the point
Z2, then to the point x3, e.t.c. After this we transport the mass py from the point
x9 coordinate to the smallest point where some empty space is still left, then to the
next smallest space, e.t.c. Then we fill the smallest places where not all masses are
sent to from the points x3, x4, e.t.c. This means in particular, that the condition
r = 0 and the marginal distributions of the random variables ¢ and 7 determine
the joint distribution of the random vector (£, 7).

We claim that )
i E@ — pry E@ —_—m
€is F Setmibuted (€=n) (&—n), (b)
n is G distributed

where (£,7) is a random vector with marginal distributions F' and G such that
r=0.

Indeed, if the distribution of the random vector (£, n) is such that r # 0, then there
exists a quadruple (z;,zk,y;,yx), ©; < xf and y; < yj such that

T = T(xj7xk7yjayk) = min (T(xjayk)ar(mkayj)) > 0.

We show that in this case a new joint distributions 7(z;,x;), 1 < j,k < n, can
be introduced in such a way that the marginal distribution of a random vector
(§,1) with this distribution has marginal distributions " and G, and E®(§ —n) <

E®(¢ — 7). Furthermore, if ® is a strictly convex function then there is a strict
inequality in the last relation.

We shall define this probabilities in the following way.

F(@j,y5) = (@), y;) + 7

@k, yi) = (@, yi) + 7

7@, ye) =z, y6) — T

F(xkvyj) = r(zg, yj) r
7(z,y) = r(z,y) otherwise.

Then the marginal distributions of the random vector (&, 77) are the prescribed ones,
and

E®(E —7j) — E®(E —n) =7 (D(x; — y;) + Plax — yr) — P(2; — yi) — Pz — y5))-
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This expression is non-negative. Moreover, it is strictly positive, if the function
®(+) is strictly convex. Indeed,

Tj—Yj
Tj—Yp < < Tk — Yj,
Tr — Yk

hence the convexity of the function ® implies that
Dz —y;) + (e — yr) < (x5 —yr) + Bz —y;5),

(here we also exploit that (z; —y;) + (zr — yx) = (x; — yx) + (zr — y;),) and there
is a strict inequality if ® is a strictly convex function.

We show that the above relations imply formula (b). The proof of this statement
is simpler in the case when ®(-) is a strictly convex function. Indeed, the function
E®(£—n) takes its minimum somewhere if such pairs of vectors (£, n) are considered
which are prescribed at the left-hand of formula (b). By the results of the previous
paragraph this minimum is taken in the case r = 0. If the function ®(-) is convex,
but not necessarily strictly monotone, then for all € > 0 let us define the function
. (r) = ®(x) +ex? Then ®,(-) is a strictly convex function, and we get by letting
e — 0 the relation

®(§ —n) = lim @ (§ —n) > lim (¢ —7) = D€ — 7).

This implies the statement of problem 9 in the case when the distribution of the
random variables £ and 7 are concentrated in finitely many points.

If F and G are two distribution functions concentrated to a finite interval, then it
is useful to approximate these distributions by the discrete distributions F},(x) =

F <[n—nx]> and G,(z) = G (%) More precisely, it is worthwhile to approximate
the two dimensional distribution H (z,y) with marginal distributions F'(z) and G(y)
by the distribution H, (z,y) = H (M M), where [u] denotes the integer part of

n '’ n
the number u. By applying the result of problem 9 in the already proven case and
letting n — oo we get the desired results in this case.

The general case can be reduced to the previous case by means of an appropriate
limiting procedure. Let us truncate our random variables at the level u. We do
this truncation in such a way that if the vector (£,n) takes its value outside the
square [—u,u] X [—u,u], then the truncated version of this vector has its value in
the origin. Then carrying out the limit procedure u — oo we can get the result
of problem 9 in the general case. We make some comments which may be useful
when carrying out this limit procedure. The convexity of the function ® implies
that ®(z) > Ax + B for all real numbers x with appropriate constants A and B,
hence E®(€ —n) > —|A|E(|¢| + |n| — |B| > —oo under the conditions of problem 9.
Let us remark that by adding an appropriate linear function to ®(x) we can reduce
the problem to the case when ®(z) > 0 for all real numbers x, and ®(0) = 0.
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We may also assume that E®(§ —n) < oo, since the statement of problem 9 is
otherwise trivial. These remarks may simplify the limit procedure. At the left-
hand side of the inequality we can apply the monotone convergence theorem, and
at the right-hand side the lemma Fatou. We omit the details.

As f(z) = |z| is a convex function, the result of problem 9 can be applied in this
case. To finish the proof it is enough to show the identity

/0 F~Y(a) — G (x)| da = /_OO |F(z) — G(z)| dx.

This relation can be seen for instance by considering the domain
D = {(z,y): —oo < < oo, min(F(r),G(z)) <y < max(F(z),G(z))} C R?,

and calculating the area of this domain first by integrating with respect to the
variable y to get the left-hand side and then to integrate first with respect to the
variable x to get the right-hand side of this identity. (Observe, that the intersection
of the domain D with the horizontal line y = u is an interval whose end-points are
min(F~1(u), G7(u)) and max(F~(u), G (u)).)
Let v be the projection of the measure p or (what is equivalent because of the
conditions of the problem) of the measure v to the space X5. Furthermore, let
P(z, A) be the conditional distribution of the measurable sets of the form A x Xs
with respect to prescribed value x € X5 on the space (X1 x Xo, 41 X Ag, 1), and
Q(x,C) the conditional distribution of the measurable sets of the form X x C
with respect to prescribed values x e X2 on the space (X2 x X3, 42 X Az, v).
That is, let pu(A >< B = [z P dx) for all measurable sets A € A, and
v(BxC)= [,Q ~v(dx) for all sets C € As. (Such conditional distributions
eX1st on complete separable metric spaces.) Let us define the measure of measurable
sets of the form A x B x C in the space X; X X5 x X3 by means of the formula
P(Ax BxC) = [5P(z,A)Q(x,C)y(dxr). This measure can be extended to the
whole space az (X7 X X5 X X3, 41 X Ay X A3), and it has the required properties.

Let P(x, A), where x € X, A is a measurable subset of the space X, the conditional
distribution of the second coordinate of the space X x X endowed with the measure
v with respect to the first coordinate, that is let P(x,-) be a probability measure on
the measurable sets of the space X, P ( A) a measurable function for all measurable
sets AC X,and v(Ax B) = [, P w(dx) for all measurable sets A C X and
B C X. By a classical result of the probablhty theory (measure theory) such a
conditional distribution exists.

Let us consider the probability space (Q, 5, ), where @ = [0, 1], B is the Borel o-
algebra on the interval [0, 1], and A is the Lebesgue measure on the o-algebra B of
the interval [0,1]. We claim that a set of random variables ((z,u), u € Q = [0, 1],
x € X indexed by a parameter x € X can be constructed on the probability
space (@, B, ) in such a way that ((z,-) is a random variable with distribution
P(z,-) for all points x € X, where P(x, A) is the conditional distribution defined
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in the previous paragraph, and ((-, -) is a measurable function on the product space
X %[0, 1] with the natural product o-algebra. Actually we shall prove only a slightly
weaker statement. We only claim the distribution of the random variable ((z, )
agrees with the formerly given measure P(z,-) for almost all points = with respect
to the measure pu. But this is not a real restriction. If we replace the measures
P(x,-) by some other probability measures on a set of the points = with x4 measure
zero we get an equivalent version of the conditional distribution P(z, A).

The above statement can be proved by a natural adaptation of the construction
given in the solution of problem 3. In that problem we have described a possible
construction of a random variable on the probability space (Q, B, \) with prescribed
distribution on a separable complete metric space (X, p). We want to show that by
applying this method we can construct a measurable function {(z,u), x € X, u €
[0, 1] on the product space X x [0, 1] in such a way that for a fixed x € X ((z,-) is a
= P(x,-) distributed random variable on the probability space ([0, 1], B, A), where
B denotes the Borel o-algebra and A the Lebesgue measure on the unit interval
[0, 1]. We construct such a function ((x,u) by applying the method of construction
described in the solution of problem 3 with the following modification. We choose
such partitions X} whose elements Aj . ;. has such boundaries for which the
condition fi(0A;, .. ;) = 0 is satisfied, where the measure [ is the projection of the
measure v to the second coordinate of the space X x X. Then the properties of the
conditional distributions imply that P(zx, (0A;, )) = 0 for all partitions X} and
all (countably many) sets A;, . ; in these partitions except a measurable set of
x € X with p measure zero. Let us apply the construction described in problem 3
for all such points x for which the boundaries of all elements in the partitions have
zero P(x,-) probabilities. For the sake of a complete construction let us define
((x,u) = xg, on the exceptional set of points x, where zo € X is an arbitrary
fixed point. Let us observe that by applying this construction we get the function
((x,u) as the limit of discrete valued measurable functions. Then the limit of these
functions is also measurable. The random variables {(x,u) constructed in such a
way have the desired properties.

Define n(w) = ((&(w), x(w)) with the help of the above function ((z,u) and the
independent random variables £(w) and yw) appearing in the formulation of prob-
lem 11. (The idea behind this definition is that P({({(w), x(w)) € Bl{(w) = z) =
P({(xz,x(w) € B) = P(x,B).) We claim that this random variable 7 satisfies the
statement of the problem, that is P(¢(w) € A,n(w) € B) = v(A x B) for all mea-
surable sets A C X and B C X. Indeed, since the distribution of the random
vector (x(w),&(w)) is dv u(dx) on the space [0,1] x X, hence we get that

P(E(w) € A;n(w) € B) = E(I(§(w) € A)I(C(§(w), x(w)) € B))
= / </I(x € A)I({(x,v) € B)dv> p(dx)

= /I(.r € A)P(z, B)u(dx)
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~ [ PG BIu(dn) = (4 B),
A

where I(C') is the indicator function of the set C. In such a way we have solved
problem 11.

The measures p and v have a decomposition of the following form: p = v + uq,
v = v + vy, where the measure « is the “joint part” of the measures p and v, the
measures p1 and v are singular to each other. This means that there exists such a
set C' € A, for which the measure p is concentrated to the set C' and the measure
vy is concentrated to the set X \ C, that is p1(X \ C) = 0, and v41(C) = 0. To
see that such a decomposition exists let us consider a measure dominating both
measures p and v (we can choose for instance the measure “TJ”’ as this dominating
measure), let f(x) be the density function of the measure p and g(x) the density
function of the measure v with respect to this dominating measure. Let us define
the measure 7y as the measure with density function min(f(x), g(x)), the measure
as the measure with density function f(z)— min(f(z),g(z)) the measure v; as the
measure with density function g(x)—min(f(z), g(x)) with respect to the dominating
measure. Finally, define the set C' by the formula C' = {z: f(z) > g(z)}. This
decomposition satisfies the requested properties. Beside this, u(A)—v(A) < u(C)—
v(C) for all sets A € A. Let us observe that u(C) — v(C) = pu(C) — y(C) =
1 (C) = p1(X) = 1 —(X), which implies that sup (u(4) —v(4)) = 1 — v(X).
AeA

The quantities v(A) — pu(A) can be estimated similarly. As a consequence, we get
that Var (u,v) = sup |u(A) —v(A)| =1 —~(X). If £ and n are p respectively v
AcA

distributed random variables, then
P #n) =P Cin{n¢ C}) > u(C) —v(C) = Var (u,v).

To make such a construction where the two sides of the above inequality are equal
let us define the following probability space (2, B, P). Put Q@ = X U (X x X), and
let B be the natural o-algebra on the space () whose restriction to the set X is
A, and to the set X x X A x A. Let us define the measure P in the following
way. Let the restriction of the measure p P to the set X v, and to the set X x X
D - py X vy, where D71 = 111 (X) = 11 (X), that is D is the natural norming factor.
Let us define the random variables £ and 7 in the following way: If w =z € X,
than {(w) = n(w) = z, f w = (z1,22) € X x X, then {(w) = z1, n(w) = x2.
With such a definition the random variable £ is p and the random variable 7 is
v distributed random variable. Furthermore, P({ = n) = v(X) = 1 — Var (u, v),
since the restriction of the measure P to the set X x X is concentrated on the set
C x (X \ C), where {(w) # n(w). We have solved problem 12.

Remark: 1t had some technical reasons why the random variables which yield identity in
the inequality of problem 12 were constructed on the probability space 2 = X U(X x X)
and not on the space 23 = X x X, which might have been a more natural choice. But
if we had worked in the probability space 27, then the measure v should have been

27



Péter Major

concentrated to the diagonal D = {(z,x): € X}. On the other hand, there are cases
when this diagonal D is a non-measurable subset of the space 2; = X x X, and this
causes some problems. We wanted to avoid this difficulty and make a construction
which also works in such cases.

13.) It is enough to prove that under the conditions of the central limit theorem a
triangular array &, k = 1,2...., 1 < j < ng, and Wiener processes Wiy(t),
0<t<1, k=1,2,..., can be constructed in such a way that the distribution
of the random variables ék,j and & ; agree, and the random broken line S‘k,]()
defined with the help of the random variables ék ;j in the same way as the random
broken line Sy (¢) with the help of the random variables ;, ; satisfy, together with
the constructed Wiener processes Wy(t), the relation sup |Sk(t) — Wi(t)| = 0 as

0<t<1

k — 0o, where = denotes stochastic convergence.

Let us observe that the Lindeberg condition implies that lim sup o3 ; =0,
k—oo1<j<ny,
!
where 0']%,,]- = Eé‘,%’j. Let us consider the sequences ug; = > aiij, fix some € > 0,
j=1

1
of the form e = i where M is a positive integer, and define for all k = 1,2,.. ., the
subsequence 0 = my o < M1 < -+ < Mps, Mpr = Mpr(€), 1 <1r <s,s=s(k,e),
of the sequence 0,1,2,...,n; in the following way: Put my o = 0, and if my , is
already defined, then the number my ,; is defined as the number L > my , for
which ug 1, —Ugm, . > & Uk,L—1—Umk,r < € if Uk n), — Uk m, . > & and my 11 = ny,

u .
and 7 + 1 = s(k,e) is otherwise. Put us; = Foj , 1 < j < ng. Let us observe
k,’I’Lk
u —U —€
that lim  sup (@i, = Tmy—s — €l = 0, and the random variables T} ; =

k—00 1 <r<s(k,e) €

Skamk,rj - Sk7mk,7’j71

\/ukymk,j = Uk,mp,j_1
s

which 1 <r; < s(k,e), and Sk, = > & ;. Let us also observe that s(k,e) < e~
=1

satisfy the central limit theorem with arbitrary indices j for

The above results together with the coupling results of this paper (e.g.problem 2 or
Statement A can be applied) imply that such pairs of independent random variables
(TM, Xkj), 1 < j < s(k,e) can be constructed for all £ = 1,2,... for which
the random variables X, ; have standard normal distribution, the distributions of

the random variables T} ; and T k,; agree, and  sup
1<j<s(k,e)

Tk,j — Xk,j’ = 0, where

l -
= denotes convergence in probability. Let Zj;. = ) \/ﬂk,mkj — Uk,my, ;1 Lk j
j=1

!
Yiie = 3 \/ﬂknmc,j — Ukymy,_ Xkj, 1 <1 < s(k,e), and put Zo. = 0 and
=1

Yio0.e = 0, Then the relation  sup |Zg e — Yii,e| = 0 also holds. Since this
1<i<s(k,e)
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1
relation holds for all numbers ¢ of the form ¢ = i the relation

sup | Zrjier — Yiie| =0, andep —0if k — o0 (1)

1<i<s(k,ex)
also holds with an appropriate sequence e, k = 1,2, .... Because of the distribution
of the sequences (Zj j o, 1 < j < s(k,er)), Yajens 1 <j < s(k,ex) and the result
of Problem 10 a triangular array S‘,{’j and a sequence of Wiener processes Wi(t)
can be constructed in such a way that the distribution of the sequences ék,j and

€k,j, 1 < j < ny, agree for a fixed k = 1,2,..., and beside this the partial sums
!

Sk,l = Zl fkyj satisfy the identity Sk,mk,z = Zkvlygk, Wk(ﬂk,mk,z) = Yk’l’gk, 1< <
j=
s(k,ex). (Actually we construct directly the partial sums S, ; and not the random
variables £ ;. We do this under the condition that their values are prescribed
for certain indices and their distributions must agree with the distribution of the
corresponding partial sums of the random variables & ;. The Wiener processes
Wy () can be constructed in a simpler way by using its Markov property and some
basic facts about Wiener processes.)

We claim that the random broken lines Sy, (t) determined by the above constructed

triangular array f;w, k=1,2,..., 1 <j < nj together with the Wiener processes
Wi (t) constructed together with it satisfy the relation sup |Sk(t) — Wi(t)| = 0.
0<t<1

It follows from the construction and relation (1) that

Sk (Ukmy.,) — Wi(tin,m, )

sup =0,

1§TSS(1€761€)

and beside this lim  sup (@;m,, — @km,,_,) = 0. Hence to prove the functional
k—o0 1<r<sg ' '

central limit theorem it is enough to prove that

P ( sup sup ’Wk(u) — Wi (Ur,m,.,. )| > 5)
0<r<s(k,ex) Uk,my, . SUSUk,my .0y
< Z P ( sup ‘Wk(u> — Wi (Ug,my,. .| > 5) —0
0<r<s(her)  \HRme s SUSTRmL (2a)

P ( sup sup Sk(u) — Sk (Uk,my )

OST<S(k;7gk) ﬁk,mk,TSuSak,mk,r+1

>5)

< > r ( sup ‘S%(U) — Sk (Uk,my,)

0<r<s(k,er) uk’mk,rgugukvmk,vdrl

> 8) — 0
(2b)

as k — oo for all € > 0. Relation (2.2b) can be rewritten because of the structure
of the random broken lines Si(t) as

p
Z P sup Z Erhjl>e] =0 foralle>0. (2c)

0<r<s(k,er) Mk FISPSM, i1 j=mp,r+1
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The proof of relation (2a) is relatively simple, since the probabilities at its right-
hand side can be calculated explicitly. Indeed,

P sup (Wi (u) = Wi (tkm, ., | > €
ak,mkmgugak,mkm_i_l

€
=P sup [Wi(u)| > — =
0<u<l1 \/uk,mk,r+1 — Uk,my,,

<af1-o|——= :
\/uk7mk,'l‘+l - uk}amk,r

where ®(-) denotes the standard normal distribution function. Because of the

relation lim sup  (Uk,my,.,y1 — Uk,my,,.) = 0 we have
k=001 <r<s(k,en) 7 ’
£
1-® — —
. \/uk’mkﬂ“+1 - ukvmk,'r
lim — — =0.
k—oo ukymk,r+1 - ukvmk,r
s(k,ex)
The above relations together with the identity > (%k,my ., —Uk,m,,,.) = 1 imply
r=1

formula (2a).

The proof of formula (2c¢) needed to complete the proof of the functional central
limit theorem is more difficult. We describe one possible proof. Let us first observe
that because of the Lindeberg condition there exists some sequence & of positive

ng ~ ~
numbers, k = 1,2,..., such that klim dr = 0 and klim > Eg,%jl(|£k’j > ) = 0.
— 00 —)OOJ:1 ’

Let us fix such a sequence dy, and let us choose the decomposition ék,j = ék,j —|—E ko
with & j = &kl (151 > k) — B I(1Ek 5] > 6r) and & j = & (€k,5] < 0k) —
~ ~ . ng - . ng -2 =4 9 =92
E& iI(|&k,;| < 6k). Then khm > B, =0, khm > B& =1, B < 6 EE
—00 =21 —00 =1

and to prove relation (2c) it is enough to show that

P

Z P sup Z &ejl>e| =0 foralle>0,
OS’I"<S(I€,E}€) mk,r+1§p§mk,'r+l j:mk,r+1 (3&)

p =

Z P sup Z §rjil >¢€| —0 foralle>0.

0<r<s(k,ex) Mk, F1SPSM i1 J=mp +1 (3b)
Mk r4+1 N
> BE&,
. p — j=mp .41
We can write P sup > &yl >e| < ——Z—— by the Kol-
mk,r+1§p§mk,r+1 j:mk,T+1

mogorov inequality. We get relation (3.1) by summing up this relation for 0 < r <
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nk o
s(k,ex) and applying the relation klim S EEE ;=0.
—00 =1 ’

The proof of relation (3b) demands a more intricate argument. Let us observe that
the following version of the Kolmogorov inequality holds.

M, r41 4
» El > &y
= J:mk,r+1
Z gk,j >e| < .

c4

P sup

my,»+1<p<mg r41 J=mp e+l

j:mk,r+1
M r+1, is a semimartingale. (This follows for instance from the fact that the convex
function of a martingale is a semimartingale.) Then the above inequality can be
proved similarly to the proof of the Kolmogorov inequality with the help of this fact.

4
P -
Indeed, the sequence of the random variables ( > 5,{:7].) s p=mp,+1, ...,

4
Meg,r+1  _
We can prove formula (3b) with the help of a good estimate on E ( > &k j> )
j:mk,w"‘l
Indeed, we have

m 4 m m 2
k,r+1 k,r+1 k,r+1
+ + ) + -
E| Y &y < D B3| Y Bg
j:mk,r+1 j:mk,r+1 j:mk,'r““l
Mg, r41
2 Z 72
S 6]{; + 3 Sup (uk7mk,r+l - uk7mk,7‘) ESk:]
0<r<s(,er) j=mp e+l

(Here we have exploited that because of the relation Eg k; = 0 and the inde-

pendence of the random variables & k,; by carrying out the multiplications in the

4
ME,r+1  _

expression F ( >, & | we get asum whose summands are the expected
j:mk,'r+1

value of products of the random variables £, ;. Those summands which contain a

term with power one equal zero.) The above relations imply that

P =
Z P sup Z §ril > ¢

mk,r+1§p§mk,r+l

0<r<s(k,er) Jj=mpg +1
9 Nk =2
6]@ + 3 Sup (uk,mk,’r'+1 - uk7mk,7‘) Z Egka]
0<r<s(,ex) J=1

<

o4
T =2
Formula (3b) follows from this inequality, since klim EY &, =1, klim o = 0,
—oo ] — 00

and lim sup  (Ukmypry — Ukymy,) = 0.
k—o0 0<r<s(k,exr)
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14.) Let us consider a sequence of random variables &, with distribution p,, n =
0,1,2,..., on the space (X, p) such that the random variables &, converge with
probability one to the random variable £y as n — oo. This is possible by the result
of Problem 5. Then also the Fpu, distributed random variables n,, = F§&, con-
verge to the F g distributed random variable ng = F§p with probability one. This
implies the statement of Problem 14.

Appendix

The proof of the Konig—Hall theorem. The necessity of the condition is obvious. We
prove sufficiency by induction with respect to the size of the set Y. If |Y'| = 1, then the
statement is obvious. Let us assume that we know the sufficiency of the condition for
Y| = k < n, and let us prove it for |Y| = n. We distinguish two cases:

a.) There exists a set A C Y such that 0 < |A| =k <n, and |B(A4)| = |A].
b.) For all sets A C Y such that 0 < |A| <n |B(A4)| > |A]|.

In case a.) we claim that the conditions of the theorem hold for both pairs of sets
Y=A Z=B(A) andY =Y \ A, Z = Z\ B(A) and the restriction of the function
d(y, z) to these sets Y x Z. Then the inductive hypothesis implies the sufficiency of the
condition in case a.) In case Y = A, Z = B(A) this statement is obvious. If Y =Y \ 4
and Z = Z\ B(A) let us consider the set C C Y\ A. Put C = CUA. Then |C| = |C|—k,
|B(C)| > |C], and B(C)NZ > B(C)\ B(A). Hence |B(C)NZ| > |B(C)|—k > |C| -k,
and |B(C) N Z| > |C|, as we have claimed.

In case b.) let us consider a point z; € Z, for which d(yi, 2;) = 1. Let us pair the
point y; with the point z;. To complete the proof of the theorem it is enough to show
that the sets Y =Y \ {y1} and Z = Z \ {2,} satisfy the conditions of the theorem in
case b.). But this is obvious, since in case b.) |B(A)NZ| > |B(A)| —1 > | A] for all sets
AcCZ.

The proof of the continuous version of the Kdonig—Hall theorem. The necessity of the
condition is obvious also in this case. We prove the sufficiency of the conditions by
means of the original Konig—Hall theorem.

k.
Let us first consider the special case when there is an integer N such that u(y;) = Nj

for all y; € Y and v(z) = % for all z; € Z, where k; and p; are integers. In this case

let us define the following bipartitated graph: Y = {(y;,m(j)),y; € Y, 1 < m(j) < k;},
Z = {(n), 5 € 2, 1 < n(l) < m}, d((g,m(), (n(D)) = d(ys, ). Then
the bipartitated graph (Y, Z,d(-,-)) satisfies the conditions of the Koénig—Hall theorem.
Indeed, it is enough to check the conditions of the Konig-Hall theorem for those sets
A C Y for which in the case § = (y;,m(j)) € A with some points (y;,m(j)) € Y also
the relation (y;, k) € A holds for all points (y;,k), 1 <k < k;. On the other hand, this

condition agrees with the relation > w(z)> > wu(y) forall A€Y.
2€B(A) yeA

32



Coupling methods in Probability Theory

Hence there exists such a pairing of the elements of the sets Y and Z, in which
the points ¢y and z in a pair satisfy the relation d(y,z) = 1. Put w(y,z) = 1, if

y and z are in a pair, and w(y,z) = 0 otherwise. Then the function w(y;,z;) =
1
N > w(y, z) satisfies the statement of the theorem in this special

7=(y;j,m(3)),1<m(j)<k;
z=(z1,m(1)),1<n; <p;
case.

The general case can be reduced to the already proved situation with an appro-

priate approximation. We can assume without violating the generality that » u(y) =
yey

> v(z) =1. For all N =1,2,... let us define the following system approximating the

z€Z

original one. Put Y =Yy =Y U{r+1}, Z =2y = ZU{s+ 1}, d(y,2) = dn(y,2) =
d(y,z),ifyeY, z € Z, and d(yr41,2) = dn(Yr41,2) = d(Y, 2s41) = AN (Y, 2s41) = 1,
(this means that the points 3,11 and zs41 are connected to all points of the other set),

N N
un(y) = %: ifyeY, oy(z) = [ U(Z)], if z € Z, where [u] denotes the integer
part of the number u, beside this un(yr+1) = > (u(y) —an(y)) =1 — > an(y),
yey yey
and Un(ys+1) = Y. (v(z) —on(2)) = 1 — > on(z). Let us observe that this new
z€Z z€Z

system also satisfies the conditions of the theorem. Indeed, if A C Yy, then the set

of points By (A) of Zx connected to a set A C Yy is By(A) = B(A) U {z,,1}, and

Youn(y) < u(y) < X w(z) £ X On(2) +ON(2s1) £ X On(2). If

yEA yeEA 2€B(A) z€B(A) 2€B(A)

Yrp1 € A, then By(A4) = Zy, and Y an(y) < 1= Y on(2). Hence the already
yeA z2€Z

proved part of the Theorem can be applied in this case. :

Let us consider for all N =1,2,... a “transport function” wy(y,2), y €Y, 2 € Z
satisfying the theorem. As 0 < wy(y, z) < 1 for all points y € Y, z € Z, and numbers
N =1,2,... asubsequence N — oo of the integers can be chosen in such a way that
the limit w(y, z) = kh_)rréo wn, (y, z) exists for all points y € Y and z € Z. This function

w(y, z) satisfies the theorem.
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