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1 Introduction

This paper brings together two important convergence results in empirical
process theory. One is the convergence in law of the uniform empirical process
(u.e.p.) to the Brownian bridge. This result is originally due to M. D.
Donsker [Don52] who carried out an idea by J. L. Doob [Doo49]. The other
one is the following: If ), is the uniform empirical distribution function
(u.e.d.f.), then

Ba(t) = nGu(), t>0,

converges in law to a Poisson process with rate 1, see e.g. [AHES84] or
[KLS80]. We want to call the process f3, the rescaled (uniform) empirical
distribution function (r.u.e.d.f.). Although being nowadays a standard exer-
cise in empirical process theory, the origin of this result has remained, up to
this day, unknown to me.

The Brownian bridge, closely linked to the Brownian motion, and the Poisson
process are two fundamental stochastic processes, the relevance of which goes
far beyond being limit processes in asymptotic statistics. They appear in
all kinds of applications of probabiliy theory. The empirical distribution
function (e.d.f.) and derived processes (such as the empirical process) are an
important fields of study in mathematical statistics, see for example [SW86]
or [vdWW96]. These volumes both contain a profound treatment of up-to-
date empirical process theory with particular focus on statistical applications.

The aim of this paper is to prove the asymptotic independence of the u.e.p.
and the r.u.e.d.f. In order to properly specify the task, some mathematical
formulae are necessary. Let Uy, Us,... be independent, uniformly on (0, 1)
distributed random variables, and G the distribution function of U;. The
corresponding empirical distribution function (u.e.d.f.) G, is given by

1 n
nl(t) = — 1 , t , n>1.
G,(t) n; (U<t} eR, n
We want to call the u.e.p. a,, it is defined by
an(t) = Vn(G.(t) — G(t)) = Vn(G,(t) — t)
1 n
— %Z (Lqu,<ty —1),  t€0,1], n>1.
k=1
The r.u.e.d.f. (3,, introduced above, can be written as

3|+
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Finally, let By be a Brownian bridge on [0, 1] and N a Poisson process with
rate 1 on [0,00). Then,

(D) a, N By and
(1) B, - N

are well established. We are going to prove that, if furthermore By and N
are stochastically independent of each other, then

(1) (an, Bn) 2 (Bo, N).

The . stands for “law”, and 2, denotes convergence in law - Or convergence
in distribution.

Before tackling the proof let me say a few words about the implications of
(IIT). Tt is, in my opinion, quite a remarkable result. The fact that the
convergence extends from the individual sequences to the joint sequence is,
although not to be taken for granted, hardly surprising. But By and N are
independent, while «,, and (3, — if derived from the same sequence {U,} —
are clearly not. Consider a fixed ¢t € [0,1]. One implication of (III) is that
a,(t) and f3,(t) are asymptotically independent. This may seem plausible,
since they are deterministic transformations of G,,(t) and G,,(%), respectively.
But (III) states even stronger that the whole processes are asymptotically
independent — and that although «,, and 3,, are linked via the strongest form
of stochastic dependence there is: Knowing one means knowing the other.

When it comes to proving the result, the first question arising is: weak
convergence — but in which measurable spaces? Apparently these must be
different ones for (I) and (III). Customarily one takes a Borel-o-field, thus
it comes down to choosing a topological space, which desirably is metrizable
and separable.

Let us have a look at the processes involved. By and «,, live on [0,1]. N
and 3, have [0, 00) as their largest “common ground”. They could as well be
treated on finite time interval, but that would be somewhat unsatisfactory.
All process except the Brownian bridge By have discontinuous paths. This
strikes out, for example, the nice, separable metric space (C[0, 1], || - ||o0) —
the space of continuous functions on [0, 1].

But the trajectories of all processes are right-continuous, and the left-hand
limits exist in all points. Such a function is called a cadlag function — “con-
tinue a droite, limites a gauche”. The space of all cadlag functions is usually
denoted by DJ0, 1], or D|[0,c0), depending on the domain of the functions.



An element of DI0, 1], or any cadlag function on a compact set, stays bounded,
just as a continuous function does. Hence the sup-metric || - ||« is a possible
metric for D[0,1]. Tt induces the topology of uniform convergence or short,
the uniform topology. However, this metric is unsuitable for D[0, 1], due to
several reasons. First, (D[0, 1], ]| - ||o) is not separable (see e.g. [JS02], page
325). Second, and more severe, there are measurability problems. The em-
pirical process is not measurable with respect to the uniform topology. In
fact, Donsker’s original proof of (I) was flawed, because he used this topology.
In 1956, A. V. Skorokhod [Sko56] proposed a different, coarser topology,
which he called J;-topology, but which usually is refered to as the Skorokhod
topology. It is separable, metrizable (the metric is denoted by d in this paper),
it solves the measurability issue, and — as some examples in the 3. section
demonstrate — it also declares a convergence more natural to functions with
jumps.

Nowadays, D[0, 1] is by default equipped with this topology and simply ref-
ered to as the Skorokhod space. The other two important papers on D0, 1]
are Kolmogorov [Kol56] and Prokhorov [Pro56]. The analogue on D[0, o0) is
due to C. Stone [Sto63].

Thus, (I) is modeled in the Skorokhod space D[0,1], (II) is modeled in the
Skorokhod space D]0,00), and (III) in a natural way in the product space
D|0,1]x D[0, 00). Primarily this means the product of the measurable spaces,
but in this case the product of the Borel-o-fields is the same as the Borel-o-
field on the product topology (cf. Lemma 5.1).

The mathematician always has the generalization in the back of her or his
mind. Instead of being uniformly distributed, let the Uy, Us, ... pertain to an
arbitrary distribution function F', and let F,, be the empirical. Then,

al (t) == /n(F,(t) — F(t)), t € R,
and
ﬁf’f(t) = n(Fn(T + %) — Fn(t)), teR,

for any fixed 7 € R, are feasible generalizations of «,, and f3,, respectively.
They both have paths in D(—o0,00). These processes also converge in law
(to some limit processes yet to be specified), and one conjectures that the
limits are independent as well. We want to treat the problem in this general
setting.

We will show that, if ' is continuous' and if some further regularity con-
ditions hold, (af’, BI'T) converges in distribution in the Skorokhod product

1t seems that the result holds as well if this restriction is removed. See remark on
page 76.



space D(—00,00) X D(—00,00). We will specify the limit, show that it is the
Cartesian product of two independent processes, and derive (IIT) as a special
case.

This endeavor breaks down into basically two tasks:

(A) Derive a weak convergence criterion in the space D(—00, 00) x D(—00, 00)
and

(B) show that (af, 85°7) satisfies it.

The criterion (A) is Theorem 5.5, (B) is the content of Theorem 5.9.

The standard method of proving weak convergence of stochastic processes
is as follows: Prove the weak convergence of the finite-dimensional distri-
butions, and show that the sequence is tight. The key argument here is
Prokhorov’s theorem [Pro56]. For example, this method is used to show that
the partial sum process converges to the Brownian motion in (C[0, 1], ]| ||oo)
(Donsker’s theorem [Don51]). The principle transfers with little alteration to
(D]0,1],d) and D[0, 00). We will show that it extends as well to D(—o0, 00) X
D(—o00,00). It is, however, only feasible, if the finite-dimensional distribu-

tions are known, and there are other approaches as well, see e.g. the intro-
duction of [JS02].

This leads us to the content of the thesis. I am going to derive the main result
(A) gradually and in a detailed manner. I start by introducing the space
DJ0, 1], develop the basic concept, then move on to D(—o00,00), and finally
to D(—00,00) x D(—00,00). It is explained, how each stage builds upon
the previous one, and the differences between the spaces and the respective
convergence results are pointed out. Along the way we prove (I) and (II) -
as a warming up to (III).

The outline of the thesis is as follows: In section 2 (Preliminaries) we gather
together important results and definitions. It is for two purposes that these
are put at the beginning (and not just as references in the appendix). First,
they reveal the basic notions we will deal with, and thus indicate roughly
the direction we are headed. Second, it is convenient for the reader to have
them recapulated beforehand.

Section 3 is devoted to the space D0, 1]. We introduce the Skorokhod metric
on D[0,1] (subsection 3.1), and develop a weak convergence criterion that
realizes the principle described above, including a moment-type tightness
criterion (subsection 3.3), and finally, as an example of its application, show
(I) (subsection 3.4).

Section 4 repeats the program for the space D(—o00,00). The Skorokhod
topology on D(—00,00) is defined (subsection 4.1), and an analoguous weak



convergence result is proved (subsection 4.2). In subsection 4.3 we derive the
D(—00, 00)-version of the tightness criterion from subsection 3.3. A short
discussion of other possible tightness criteria is added. In subsection 4.4 we
show (II), with 3, and N embedded in D(—o00, ), i.e. they are set to 0 on
the negative time axis.

Section 5 then deals with the Skorokhod product space D(—o0, 00)x D(—00, 00).
It is explained that this product space can be identified with the space of
all cadlag functions R — R?, and how the Skorokhod topology on this
space (which is declared analoguously to the one one D(—o00,00)) relates
to our product topology. Subsection 5.1 contains the weak convergence cri-
terion (Theorem 5.5). In subsection 5.2 we apply this criterion to prove the
weak convergence of (o, 35°7) for continuous F (Theorem 5.9). We deduce

(atn, Bn) =, (Bo, N), thus solving the initial task. The section ends with a
suggestion how to overcome the unsatisfactory restriction of F' being contin-
uous.

Some remarks on the literature. The main reference of this paper is Patrick
Billingsley’s “Convergence of Probability Measures” [Bil99]. This book’s first
edition dates back to 1969. Although recent results have been added in the
2nd edition, it falls short of covering the entirety of what is known today.
Nevertheless it is still the number one reference in this field. Partially due to
these historic reasons [Bil99] features a stage-wise development from C10, 1]
to DJ0, 1] to D[0, 00). Other books I have consulted include [Pol84], [EK86],
[Whi02] and [JS02]. Most of these volumes consider the space D0, c0) right
away, or a more general version of it, without paying extra attention to
D[0,1]. In particular, [JS02] gives an exhaustive treatment of weak conver-
gence on D[0, 00), and it certainly qualifies as one of “the industrial-strength
treatises now available” (Billingsley in the preface to [Bil99]).

The space D(—o00, 00), according to my knowledge, does actually not exist in
the literature. This is due to the fact that for most applications of stochastic
processes the semi-infinite time interval suffices. While it is quite a substan-
tial step from D[0, 1] to D[0, c0), D(—00, c0)-theory is qualitatively not much
different from D]0, co)-theory. My definition of the Skorokhod metric do, on
D(—00,00) follows Billingsley’s [Bil99] construction of a D[0, co)-metric by
means of the Skorokhod metric d on D[0, 1]. Billingsley adopts a suggestion
of T. Lindvall [Lin73], who in turn follows W. Whitt’s approach on C0, c0),
[Whi70]. Whitt also suggests another metric on D[0, c0), [Whi71].
Lindvall’s paper furthermore contains a weak convergence criterion, which
roughly goes like this: A sequence of processes in D[0, 00) converges if the
sequences of every (or at least sufficiently many) finite restriction of the
processes do. [LR85] provides the analogue for the k-dimensional Skorokhod
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space. This tells us that weak convergence on the infinite time interval is
basically the same as on finite intervals, but it is otherwise not useful as a
starting point for our problem.

Results taken from other sources are always indicated as such. Nevertheless,
I would like to say a few extra words about what is my own contribution
and what is not. (III) is of course an idea of my supervisor, Professor Dr.
D. Ferger. He also indicated the possible extension to a general distribution
function.

Section 3 serves as a preface and does only contain well established facts.
Most of it can be found in a more compressed form in [Bil99]. Theorem
3.81s 13.1in [Bil99]. Example (III) on page 13, the proofs of 3.6 and 3.5
(a) are my ideas. Using the Markov inequality in 3.8 is my supervisor’s
advice. 3.10 and 3.11 are adopted from [Fer03a].

Although Section 4 is still primarily a preface, according to my knowledge,
none of its content is contained elsewhere in this form. As mentioned
above, I did not find the space D(—00,00) in the literature. The de-
finition of the metric d, is my own. I took a lot of care re-working
any results from D[0,00), and did not just “assume” their validity in
D(—00,00). In particular, formulation and proof of Theorem 4.9 are
my work. Also, compare this Theorem to Theorem 4.1 on page 355 in
[JS02]. T did 4.18 and 4.19 by myself.

Section 5. The basic idea of 5.5 is due to my supervisor. The proof, as it
is here, is a slightly changed version. I added the formulation 5.8. All
examples in section 5 are ideas of mine. The two essential tools in the
proof of Proposition 5.10 are ideas of my supervisor, i.e. using (80)
and the Taylor expansion of the exponential function — and of course
using characteristic functions. My supervisor pointed out to me the
limit of 37 see also [Fer03b]. Apart from that, the generalization
from (o, 3,) to (af, BE7) is my work.

Appendix. Lemmas A.1 (ITI), A.3, A4 and A.5 are my ideas, Lemma A.7
uses ideas from the proof of (12.33) in [Bil99].

The thesis contains six illustrations, which were created using MS Excel.



2 Preliminaries

This section gathers together basic notions and results we will use.

Two Remarks on Notation.

(1) X, 2, X denotes the convergence in distribution of X, to X, which
is equivalent to the weak convergence of the corresponding distribu-
tions. I thereby justify the notation P, 2, P for measures P, and P,
meaning that P, weakly converges to P.

(IT) Whenever the members of a finite set M are declared by writing M =
{z1,...,2,}, and M is a subset of an ordered space, usually N or R,
then zq,...,x, are supposed to be ordered according to their indices.

2.1 Some Measure Theory

Definition 2.1 (7w-system) A system of sets is called a m-system, if it is
closed under the formation of finite intersections. (See also [Bil99], page 9.)

Definition 2.2 (Separating class) Let (2,.2/) be a measurable space. . C
o/ is called a separating class for o7, if any two probability measures that
agree on . also agree on the whole of «7. (See also [Bil99], page 9.)

Proposition 2.3 (Uniqueness theorem for probability measures)
If .7 is a w-system, generating the o-field of , then . is a separating class
for o .

Proof. See e.g. [Bil95], Theorem 3.3, page 42.

Proposition 2.4 Let (2, .27) be an arbitrary measurable space. Furthermore
let S be a metric space, and AB(S) its Borel-o-field. If h,, and h are functions
from Q to S with h, — h pointwise, and h,, is (&7, B(S))-measurable for
alln € N, then h is (o7, %(S))-measurable, too.

Proof. See [Bil99], Appendix [M10], page 243.



Proposition 2.5 Let (h;)ier be a family of functions h; from a set S into
measurable spaces (§2;, o). Furthermore, let h be a function from a measur-
able space (0, 7) into S. The function h is (o, o{h;|i € I})-measurable if
and only if each mapping h; o h is (<, o7;)-measurable.

Proof. See [Bau92], Theorem 7.4, page 42.

Proposition 2.6 Let (0, %), (22, 9%) be measurable spaces and . a gen-
erating class for 5. The mapping h : 1 — €y is measurable if and only if
h='(S) € @ forall S € 7.

Proof. See [Bau92], Theorem 7.2, page 41.

Proposition 2.7 Fori=1,...,n let (), %) be a measurable space and F;
a genemtmg class of the o ﬁeld ;. Su ;)pose each F; COntams a sequence of

sets {F "V such that F TQ; (i.e. F .. and UF =Q;). Then
F1 XX Fy={F1 X .. X F,|F; € Z,i=1,..,n}

generates the product o-field. o ® ... ® <.

Proof. See [Bau92], Theorem 22.1, page 151.

Remark. The assumptions are met if each .%; contains €;, i = 1, ..., n.

Proposition 2.8 Let T}, k € N, be separable topological spaces. Then
#(1[ 1) = Q) 2(T5).
kEN kEN

or in words, the Borel-o-field of the product of the Ty, k € N, is the product
o-field of the Borel-o-fields of each of the Ty,.

Proof. See [Els02], Theorem 5.10, page 115.



2.2 Prokhorov’s Theorem

Definition 2.9 (Tightness of a measure) Let S be a metric space. A
probability measure P on (S, %(S)) is tight, if for every € > 0 there exists a
compact set K such that P(K) > 1 —e.

Proposition 2.10 If S is separable and complete, then every probability
measure on

(S, B(9)) is tight.

Proof. see [Bil99], page 8, Theorem 1.3.

Definition 2.11 (Tightness of a sequence) Let S be a metric space. A
family & of probability measures on (S, Z#(S)) is tight, if for every € > 0 there
exists a compact set K such that P(K) > 1 —¢ for every P € &. A family
of random variables is tight if the family of their respective distributions is
tight. (See e.g. [Bil99], page 59.)

Definition 2.12 (Relative compactness) Let S be a metric space. A
family & of probability measures on (S, #(S)) is relatively compact, if every
sequence in & contains a weakly convergent subsequence. (See e.g. [Bil99],
page 57.)

Remark. The annex “relative” refers to the fact that the limiting measure
of such a converging subsequence does not need to be an element of &.

Corollary 2.13 A weakly converging sequence {P,} of probability measures
on (S, %(S)) (with S as above) is relatively compact.

Proof. Immediate corollary of the definition of relative compactness.

Theorem 2.14 (Prokhorov) Let S be a metric space and & a family of
probability measures on (S, B(S)). Then

(1) If & is tight, then it is relatively compact.

(2) If & is relatively compact, and if S is complete and separable, then &
18 tight.

This means, for a family of probability measures on the Borel-o-field of a sep-
arable, complete metric space, tightness and relative compactness are equiv-
alent.

In this paper we will only make use of (1).
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2.3 Some Probability Theory

Theorem 2.15 (Continuous mapping theorem) Let S; and Sy be two
metric spaces, and X, X,, n € N, random variables in (S1, #B(S1)) with

X, 5 X. If h = Sy — Sy is (A(S1), B(S2))-measurable and £ (X)-a.e.

continuous, then h(Xp) =, h(X).

Proof. See for example [Fer02b], Theorem 5.3 or [Wel02], Proposition 3.4,
Remark 3.1 or [Bil99], Theorem 2.7, page 21.

O

Theorem 2.16 (Uniqueness of characteristic functions) Let X be a ran-
dom wariable in RF. The distribution of X is uniquely determined by its
characteristic function px : RF — C:

ox(t) = BetX), t € RF.

Proof. Cf. e.g. [Bil95], page 382.

Theorem 2.17 Let X, X,,, n € N, be random variables in R¥, and v, o,
their respective characteristic functions. X, converges in law to X if and
only if pn(t) — (t), t € R*, pointwise.

Proof. See e.g. [Bil95], Theorems 26.3, page 349, and 29.4, page 383.
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3 Weak Convergence in D|0, 1]

This section is altogether of purely introductory nature and only contains well
established facts. It explains the main principles and lays the foundations for
all later considerations. The content is mostly taken from [Bil99], sections
12, 13 and 14.

We introduce the Skorokhod space D[0, 1] and establish a criterion for weak
convergence in this space, Theorem 3.9. In the last subsection 3.4 we show,
as example of the application of Theorem 3.9, that the uniform empirical
process converges in law to the Brownian bridge.

3.1 The Skorokhod Space D|0, 1]

Definition 3.1 Let D = DJ0, 1] be the space of all real functions = on [0, 1]
that are right-continuous and have left-hand limits, that is

(i) for 0 <t <1, z(t—) exists, and
(ii) for 0 <t <1, z(t+) exists and equals z(t).

Functions havings these properties are called cadlag functions (“continue &
droite, limites a gauche”).

The elements of D have even nicer properties than above’s definition claims.
A function z € D has at most countably many discontinuity points and is
bounded in the || - [|s-metric (cf. [Bil99], page 122).

D is usually equipped with a different than the uniform metric, the Sko-
rokhod metric, which is defined as follows. Let A denote the class of all
homeomorphisms A : [0,1] — [0, 1] with A(0) = 0 and A(1) = 1. Recall that
a homeomorphism is an invertible, continuous function whose is inverse is
also continuous. An equivalent way of characterizing the elements of A is
to say, A is a strictly increasing, continuous mapping from [0, 1] onto itself.
Note here the small significant word onto, stating that A is surjective.

Now, for x,y € D,

de,y) = WA= id]w V2o A~ o) 1)
= inf{sup () —t|V sup [2(A(t)) —y(t)[}.
ACA “4e0,1] te[0,1]

Although it might not look like it at first glance, it is actually not very hard
to get convinced that d is a metric. Symmetry and the triangle inequality

12



follow pretty straight forward from the group properties of A. For example,
note that, if A is an element of A, so is A~!, and it holds

sup |a(t) — y(A(1)] = sup [2(A7'(s)) — y(s)|. (2)

t€(0,1] s€[0,1]
This provides the already the symmetry. We are not going to prove that d
is metric, but refer to [Bil99], page 124.
(D,d) is a separable metric space (cf. [Bil99], page 128). However, it is
not complete (for an example see [Bil99], Example 12.2), but this is of no
relevance to us. First of all it is “fixable”, in the sense that one can declare
a complete metric equivalent to d. Second, we will not need completeness, d
- as defined above - is fully sufficient for our purposes.
The topology induced on D by the metric d is called Skorokhod topology. The
term “Skorokhod metric” then specifies a metric only up to the fact, that it
induces the Skorokhod topology. Whenever we use it, we mean d. Since the
identy on [0,1] is an element of A it is clear that d is always smaller than
or equal to the sup-metric. Hence the Skorokhod topology is coarser than
the topology of uniform convergence, i.e. more sequences converge. In order
to give an idea about convergence in the Skorokhod topology, consider the
following three examples. All functions are defined on [0, 1], and O denotes
the function identical zero.

Convergence with respect to =] d Lo-metric
M (1- %)]1[0’%) — L1 yes yes yes
(II) L1 1y — Ty 1no yes yes
(III) Ippoay—0 no no yes

The two not-so-obvious claims, i.e. middle column, last two lines, are treated
in Lemmas A.2 and A.3 in the appendix. It should be mentioned that the
Skorokhod topology on C[0, 1], i.e. the topology induced by d restricted to
C'[0, 1], coincides with the uniform convergence topology there. (cf. [Bil99],
page 124). Keep in mind, that the Skorokhod space D is “completely metriz-
able”, i.e metrizable with a complete metric.

Let 2 be the Borel-o-field in (D, d). If we talk about D we mean the mea-
surable space (D, Z), unless it is stated otherwise.

3.2 Some Basic Tools

We introduce two notions that will repeatedly appear throughout the paper:
the projection and the grid.
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For any ¢ € [0, 1] the projection m; : D — R assigns to x € D its value at the
point ¢, i.e.

() = x(t). (3)

Throughout this paper, T'= {t1, ..., t;} shall denote a finite subset of [0, 1],
having k elements 0 < t; < ... < t; < 1. Then define

D — RF i x (2(ty), ... 2(ty)) = (1, (2), ..., ™, (2)). (4)
Lemma 3.2

(1) my, M are continuous.

(2) If 0 <t <1, then m; is continuous at x if and only if x is continuous at
t.

Proof. See [Bil99], pages 133 and 134.

Suppose now that o = {so, ..., sy} satisfies 0 = 59 < 57 < ... < s, = 1. We
call such a set a grid on [0, 1], or simply a grid. The mesh of a grid is given

We define a function A, : D — D :

{0t e

A,z is piecewise constant, takes the value z(s;_1) on the intervall [s;_1, s;),
and agrees with z at ¢t = 1.

Lemma 3.3 Let {0,,} be a sequence of grids with 6(c,,) — 0 as m — oo.
(This of course implies |o,,| — 00.) Then

d(A,, x,x) — 0. (5)

Proof. See [Bil99], Lemma 3, page 127.
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3.3 A Criterion for Weak Convergence in D|0, 1]

In C10, 1], the space of all real continuous functions on [0, 1] (equipped with
the sup-metric), we know that a sequence of random variables converges if
it is tight and all finite-dimensional distributions converge. For the proof
of this result, it is essential that the projections m; are continuous. It is
an application of the Continuous mapping theorem, for which it suffices that
the function is almost everywhere continuous, but the projections 7; are even
continuous on C[0, 1].

Now we want to carry over this principle to D|0, 1], but here we face the
dilemma that the 7; are in general not continuous. But with the elements
of D being quite well behaved (at most countably many jumps), there are
still sufficiently many ¢ € [0, 1] for which 7, is almost everywhere continuous.
Of this fact we convince us first (Proposition 3.4), and then show that this
indeed suffices (Proposition 3.7).

Consider a probability measure P on (D, Z). By Tp we denote the set of all
t € [0, 1], for which the projection m; is P-almost everywhere continuous, i.e.

Tp = {t € [0,1]|P({z € D|m, is continuous at z}) = 1}. (6)
The set Tr has a convenient property.

Proposition 3.4 Tp contains 0 and 1, and its complement in [0,1] is at
most countable.

Proof. The proof makes use of Lemma 3.2, cf. [Bil99], page 138.

This already completes the first step towards our end, to prove Theorem 3.8.
We know that the set T is in a certain sense good-natured. We show next
that this is actually good enough. For any subset T} of [0, 1] define

F(Tp) = {m7'(A)| T C T, finite, A € %’(]R‘T‘)}. (7)

We prove in Proposition 3.7 that, if T is dense in [0, 1] and contains 0 and 1,
F(Ty) is a separating class for 2. This will be done by applying Proposition
2.3, hence we need to show that % (T}) generates 2 (Proposition 3.5), and
that it is a m-system (Lemma 3.6).

Proposition 3.5 Let Ty be a dense subset of [0, 1], containing 0 and 1. Then
of{m|t € To} = o(F(Tp)) = 2. (8)
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Proof. The proof consists of three parts.
(a) o(F(Ty)) C o{m|t € Ty}

(b) o{m|t e Ty} C 2

(¢) 2 Co(F(Th))

That o(F(Tp)) equals o{m|t € Ty} is relatively easy to see. One could as
well consider it as a known fact and skip (a). But since (b) and (c) are much
easier to prove directly than the respective inverse inclusion, we close the
circle by giving a reminder how (a) can be proved.

Proof of (a). Write o(%#(1y)) as o{mr|T C T finite} and note that
o{mp| T C Ty finite} C o{m|t € To} is equivalent to saying mr is (o{m|t €
Tv}, ZB(R¥))-measurable. The latter follows by a suited application of Propo-
sition 2.5. Using the notation from Proposition 2.5, take I = {1,...,k},
S = Rk? (QZVQZL) = (Rﬂ%)(R))? hi =m : RF — R : (ylw--uyk) = Yi,
i =1,...,k, furthermore (Q, &) = (D,o{m|t € Ty}) and h = 77 : D — RF.
Keep in mind that Z(R*) = o{m|i = 1,..., k}.

Proof of (b). We show that m; is (7, Z(R))-measurable for any ¢ € [0, 1],
and hence for all t € Ty. From Lemma 3.2 we know that my and 7 are
continuous, so they are measurable. Recall that & is the Borel-o-field on D.
Now let 0 < t < 1. We apply Proposition 2.4, i.e. we specify a sequence of
measurable functions converging pointwise to m;. The following one will do:

hon(2) = m/tHnllx(s) ds

Because of the right-continuity of x, h,,(z) — m(s) as m — oco. It remains
to show that the h,, are indeed measurable. We do so by proving their
continuity. Let z, — z in (D,d). Then z,(s) — xz(s) for all continuity
points s of z, i.e. for Al-almost all points in [0,1]. Furthermore, (z,) is
bounded, since it converges. So by Lebegue’s Dominated convergence theo-
rem, hy,(z,) — hn,(z) as n — oco. Hence, h,, is continuous for all m € IN.

Proof of (c). We show, the identy map id : (D,o(#(1y))) — (D, 2)
is measurable. Again, we do so by applying Proposition 2.4. For m € IN
choose a grid o, = {50, ..., Sk(m)}, where d(0,,) < % and all sq, ..., Sp(m)
are in Ty. This is possible due to the density of T and the fact, that
it contains 0 and 1. The mapping A, defined in the previous subsec-
tion is (0(.Z (1)), Z)-measurable. This can be seen as follows. For y =
(Y05 - Yr(m)) I RE(™+1 et V,,y be the element in D taking constant value
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Yi—1 on [si—1,5;), 1 <i < k(m), and taking the value yy () at t = 1. Clearly,
Vo R D is continuous (relative to the Euclidean and Skorokhod
topologies), and hence is measurable with respect to (Z(R¥™+1) @), Since
Ty, 18 (0(F(Tp)), B(RF™*1))measurable, A,,, =V, o 7, is measurable
as a composition of measurable mappings. Finally, lim,, .., A, * = x by
Lemma 3.3. By Proposition 2.4 the identity map on D is (o(F(1p))), Z)-

measurable. .

Remark. For (8) to hold, it is not necessary that 7j contains 0, since the
elements of D are right-continuous at 0. This merely simplifies the proof.
All sets Tjy that will be of interest to us, do contain 0. However, (8) is wrong,
if Ty does not contain 1.

Lemma 3.6 For an arbitrary subset Ty of [0,1], F# (1y) is a w-system.

Proof. We have to show, that for two arbitrary elements of .#(Tp), say
7 (A) and mg!(B), with T = {t1,...,t;}, A€ B(R*) and S = {s4,...,5},
B € B(R!), there exist a natural number m, a set U = {uy,...,uy,} C Tp
and a measurable set C' C R™, such that

nr (A)N7g(B) = ;' (C)

The natural choices of U and C' must be U :=T U S, and C' the intersection
of the appropriate projections of A and B into R™. When we want to write
this down properly, finding a good notation is tricky, since we need to assure
that we “project into the right coordinates”. I suggest the following: M :=
{1,...,m} is the index set of U. Then let I+ = {iy,...,ix} C M be the index
set of those points in U which are also in T', i.e. 1, is defined by w;, = t, for
v=1,..., k. Likewise, we define Is = {ji, ..., i} by the relation u;, = s, for
v=1,...,0. Then

AM . — {(yl, o Ym) € ]Rm‘(yh, oY) EA Yy, €RVYI € M\IT},
and
BMm) .— {(yl,...,ym) € ]Rm‘(yjl,...,yjl) €B, y,cRVie M\IS}.

Take C := A™ N B Clearly, A™ and B™) are in Z(R™), so is their
intersection C', and it holds

7, (C) = {x € D‘ (z(ui), .., x(uyy)) € A, (2(uz,), ..., z(uy,)) € B}

= (A) Nrg'(B).
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Proposition 3.7 If Ty is dense in [0,1] and contains 0 and 1, then F (1)
1s a separating class for 9.

Proof. Propositions 2.3, 3.5 and Lemma 3.6 instantly yield the claim.

We are now ready to formulate the main result of this section.

Theorem 3.8 Let {P,} be a sequence of probability measures on (D, P) with
the following two properties:

(1) {P,} is tight.
(2) There exists a measure P on (D, 9) such that

P,om;! <, Po o for all finite T C Tp. 9)
Then P, -2+ P in (D, 2).

Proof. By Prokhorov’s theorem (2.14) we know that {P,} is relatively
compact, i.e. there exist a subsequence {P!} and a probability measure Q)
on (D, Z), such that

P ZQ.

For a finite set S = {s1,....,s} C [0,1] the function 7¢ = (7ms,,...,7s,) is
continuous at x € D if and only if 7y, ..., T, are continuous at z. By the
o-additivity it follows that mg is QQ-a.e. continuous, if each component is, i.e.
if all the sy, ..., s; lie in Ty. Hence, by the CMT (Theorem 2.15):

Pl omg! Z. Qo 5, for all finite S € T. (10)
On the other hand we know that
P on;! ~Z, Po T, for all finite T' € Thp, (11)

since a subsequence of a (weakly) converging sequence necessarily has the
same limit. From (10) and (11) follows

Pory'=Qong!, for all finite U € Tp N T. (12)
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Let Ty = Tp N Ty and Z (Tp) be defined as in Proposition 3.5. Then (12)
states that P and @ agree on .# (Tp). All we still need to show is that .Z (1)
is a separating class for &, i.e. checking the conditions of Proposition 3.7.
By Lemma 3.4 Tp and Ty have both at most countable complements in [0, 1]
and both contain 0 and 1. Hence the same is true for their intersection Tj.
Since each ball in [0, 1] is uncountable, T} is dense in [0, 1]. By Proposition
3.7 Z# (1)) is a separating class for Z.

In order to really turn Theorem 3.8 into a useful tool for proving weak con-
vergence in (D, ), we still need a handy criterion for tightness. The next
theorem is formulated using random variables rather than probability mea-
sures, but note that this is a change in notation only. Notably, it allows us
to write down expectations.

We write {X,,} for a sequence of random elements in (D, Z). These may or
may not be defined upon common background probability space. We assume
here - for reasons of simplicity - that all random elements are defined on
the same probability space (2,27, P). X,,(t), t € [0, 1] then denotes the real
random variable 7, o X,,. (Recall that we have proved measurability of m;.)
Finally, Tx := Tp, , where Px is the distribution of X.

Theorem 3.9 Let X, X1, Xs,... be random variables in (D, 2). Suppose
that

(1) (Xn(tr), oo, Xn(tr)) = (X (t1), .., X ()

as n — 0o for points 0 <t <ty <..<tp<1inTy,

(2) there exist a non-decreasing, continuous function F on [0,1] and real
numbers a > 1 and b > 0, such that for all0 <r<s<t<landn>1
holds

B(1X0(s) = X ()1 Xa(t) = Xa(s)|") < (F() = F()",
and

(3) X(1-)=X(1) a.s.

Then X, 2 X in (D, 2).

Remarks.
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(I) Condition (1) is another way of saying mr o X, 2, 7r o X, where
T = {ty,....tx}, and is of course equivalent to (9), with P and P,
being the distributions of X and X, respectively.

(II) Because of Theorem 3.8, all that needs to be proved is tightness of

{Xn}-

Proof of Theorem 3.9. This is essentially the same as Theorem 13.5 on
page 142 in [Bil99], except for two differences:

(a) Assumption (3) is exchanged for: X (1) — X (1 —6) -2+ 0as § — 0, and

(b) instead of assumption (2) we have: Forall 0 <r <s<t<1,n>1and
A > 0 shall hold

P(1Xa(s) — Xar) | A1X ()~ Xuls)] 2 A) < 335 (F ()~ F()", (1)

with «, # and F' as above.

Since almost sure convergence implies convergence in probability, (3) follows
from (a). So all we do here is show that 3.9 (2) entails (13). This is a simple
corollary of Markov’s inequality:

Y*

P(Y]=7) < (14)

for all 7 > 0, k > 0 and random variables Y, for which E|Y|* exists. Take
r=Xk=band Y = (X,(s) — X, (1)) (X,(t) — X,.(5)), then (14) turns into

P (| X (5) =X (1) || X (1) =X (5)] > A?) < %EUXn(S)—Xn(T)|b|Xn(t)—Xn(8)|b)-
Note that
| X (s) = X (1)[| Xn(t) — Xn(s)| = A’

= | Xn(s) = Xu(r)| 2 A, [Xn(t) = Xu(s)| 2 A

= [Xn(s) = Xn(r)| A Xn(t) — Xn(s)] 2 A,
and hence

P (|Xn(s) = Xo(r)| A [Xo(t) = Xa(s)| > A)

< HE(Xa(s) = Xa(n)'1Xa () = Xau(s)]")
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3.4 The Uniform Empirical Process and the Brownian
Bridge

Now we use Theorem 3.9 to show that «,, from the introduction converges
in law to the Brownian bridge By. As mentioned before, our focus is not
on the space D[0, 1], and the second section is a preface. So the following
serves in the first place as an example of the application of Theorem 3.9.
It points in the direction we are heading, though. The sequence {a,} will
appear again in the essential forth section, but in a way more generalised
guise and embedded in D(—o00,00). We will then refer to Lemma 3.11.

Let Uy, Uy, ... be a sequence of independent, identically uniformly on [0, 1] dis-
tributed random variables. The empirical distribution function of Uy, ..., U,
is

Golt) = %anﬁ}, te o1 (15)
k=1
Let
an(t) = V/n(Gu(t) —t) (16)
= %Z(I{ngt} —t), t €[0,1].
k=1

a, = {a,(t)|t € [0,1]} is a random element in (D, ) and is called the
uniform empirical process. Below is a realisiation of ag.

0,8

0,5

0.2 A

02
0,2 4

0,5 4

-08-

Let furthermore By = {By(t)|t € [0, 1]} a Brownian bridge, i. e.
Bolt) = B(t) — tB(1), e [0,1], (1)
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where B is a Brownian motion. A typical realisation of a Brownian bridge is
shown below.

It holds:

a, =+ B,  in(D,9). (18)

This result was first published by Donsker (cf. [Don52]). In the remainder
of this section we will prove it by the means provided above, i.e. we have
to check the conditions of Theorem 3.9. First, we show that the finite-
dimensional distributions of «, converge to those of By (Proposition 3.10)
and then prove in Proposition 3.11 that {«,} satisfies 3.9 (2).

Lemma 3.10 Let 0 <t; < ... <t, <1. Then
R
(an(tr), oy an(tm)) = (Bo(t), ..., Bo(tm))- (19)

Proof. Let I' € R™*™ be the matrix whose elements in the -th row and
j-th column is t; At; —t;t; (4,7 = 1,...,m). It is known that for 0 < s <t <1
holds

cov(By(s), Bo(t)) = s(1 —t), (20)

which can easily be derived from (17). Hence the vector (By(t1), ..., Bo(tm))
has a centered multivariate normal distribution with covariance matrix I.

22



Now consider random vectors & := (Liy,<t,}; - L, <tm}), = 1, ...,n. These

are independent and identically distributed. Each has mean p := (4, ...

and covariance matrix I', because for 0 < s <t < 1:

, tm)

cov(Lyvi<sy, Lwiny) = E(Li<g Lwieny) = Blu<g Bl,<iy = s—st. (21)

Note the following two things:

n

(a) By the multivariate CLT: == > (& — ) =, N(0,T).

vn
i=1

(0) 2 206 = 1) = (@), s (b))

The lemma is proved.

Lemma 3.11 For0<r <s<t<1 holds

Ela(s) = on(r)[*an(t) — an(s)]* < 6(r — s)(t — ).

Proof. We introduce some short-hand notation. Let
Yy = 14.q(Uk) — (s — 1), k=1,..,m,

and
Zy = 1 q9(Ug) — (t — 5), k=1,..m.

Recall that

and
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Let us call M the left-hand side of (22). Then

M = Elan(s) — on(r)]*lan(t) — an(s)[?
= E[%(ZYIC)Q(ZZ/%)Q]

1
= - > EYYZ:Z
1<i,j,k,1<n
The Y}, and Z; have each mean zero (k = 1,...,n), and any two of them are
independent as long as their indices differ. Hence, EY;Y;Z;Z; is zero if any

of the indices i, j, k, [ differs from all others. So we only need to deal with
those summands whose indices appear in pairs.

M =S EV?Z + 3 (]EYiQZf +EY2Z2 + 4]EY;YjZiZj> (23)
=1 1<i,j<n
ij
We are left to compute these four expectations.

EY?Z; = E[(1,5(Us) — (s = 1)* (L5, (Ui) — (t = 5))?]
= E[(14.g(Ui) — 2(s = )L (Us) + (s = 7)?)
(L (Ui) = 2(t = )L (U) + (t = 5)°)]
= E[(t — 9)*14(Us) = 2(s = )t = )" L) (Us) + (s = r)* Uy (U2)
—2(s — 7“)2(75 - S)ﬂ(s,t](Ui) + (s — 7’)2(25 — 5)2}
= (s—7)(t—5)*+ (s = 1) (t — s) = 3(s — r)*(t — 5)?
=(s—r)t—s)[(s—r)+(t—5)—3(s—r)(t — s)]
Note that the last factor is smaller than 1, thus we have EY;>Z? < (s —r)(t —

s). By similiar computations as the one above one finds that EY;?Z?, EYZ?
and EY;Y;Z,Z; are also bound by (s —r)(t — s). Therefore from (23):

M < n-(s—r)t—3s) +nn—1)-6(s—7r)t—s)

M < (s—r)(t—s)[%—i—(in_l] <6(s —r)(t— ).

The next theorem summarizes all our results so far.

Theorem 3.12 «,, = {«,(t)|t € [0,1]}, defined by (16), converges in distri-
bution to the Brownian bridge By.

24



Proof. We apply Theorem 3.9 with By and «,, in the roles of X and X,
respectively. Lemma 3.10 takes care of condition 3.9 (1). Note that T, =
[0, 1], since By has continuous paths. But the set Tg, is of no relevance here.
We know that (3.10) holds for all collections {t1,...,t,,}. In particular, the
paths of By are continuous at 1, condition 3.9 (3) is satisfied.

Finally, (22) implies 3.9 (2): take F(t) = v/6t, a = b = 2 and note that
(s —7)(t —s) < (t —r)% Hence, the sequence {a,} is tight and converges in
distribution to By.

Final remark. The content of the last theorem is also treated in [Bil99] in
Theorem 14.3.
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4 Weak Convergence in D(—00, )

This section presents the content of the previous section rewritten for D(—o0, 00).
Again, we follow the approach of [Bil99] (section 16), introducing a metric
doo 00 D(—00,00) by means of the metric d. This approach is originally due

to Lindvall ([Lin73]). Billingsley and Lindvall treat the space D]0,00), but
the main concept is basically the same.

4.1 The Function Space D(—o0,00)

Definition 4.1 Let D, = D(—00, 00) be the space of all functions z : R —
R, that are right-continuous and have left-hand limits, that is, for all ¢t € R,

(i) z(t—) exists, and
(i) z(t+) exists and equals x(t).

Elements of D, too, have at most countably many discontinuity points.

The next step is to declare a metric on D,,. This will require some prepa-
ration. First, note that for any real a,b with a < b, we can define the space
Dia, b] analoguously to D0, 1]. All results we have for D[0, 1] apply to D|a, b]
just as well.

Definition 4.2 For any a < b let
Dia,b] := {m a,b] = Ri|Va<t<b:3z(t—);Va<t<b:Ia(t+),z(t+) = x(t—)}

In order to mathematically embody the idea of identifiabilily of D[a,b] with
DJ0,1], let

0 :10,1] — [a,b] : t — a+ (b—a)t.

@ is a bijection, its inverse is

t—a
“1ia,b 1] =t .
o] 0]t 20
Now,
¢ : Dla,b] — D[0,1] : x +— z 0 . (24)

The mapping ¢ compresses a function defined on [a, b] along the time axis
and moves its domain to [0, 1]. ¢ is an isomorphism. It holds

¢~ : D[0,1] — Dla,b] : x — z 0o "
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We define the Skorokhod metric on Dla, b] by

d[a,b] (;U, y) = d[O,l] <¢(:C)7 ¢(y))7 (25)

where djo 1) = d as defined in (1). Thus, ¢ is also a isometry.

We use the following short hand notation. For any positive m let
D,, := D[—m,m]

and
A = dj_p,m]-

The Borel-o-field on (D,,,d,,) shall be called Z,,. Furthermore, define for
m > 1 a function g,, : R — R as follows:

1 if [t <m—1,
gm(t) =< m—[t| if m—1<|t| <m,
0 it m < |t],

and let

Um t Dog = Dy 2 = (G - T) | [—mm]-

The mapping v, cuts the graph of x € D off at —m and m, and bends
the ends down to zero. This definition is valid for any real m > 1, but we
will need m only to be integer-valued. With these notations we are ready to
declare a metric on D.:

=3 (1A (o). )| (26)

m=1

Knowing that d,, is a metric, it is easy to see that d., is a metric, too. We
want to call Z,, the Borel-o-field on (D, d).

Lemma 4.3 (D, ds) is a separable metric space.

Proof. cf. [Bil99], page 170, Theorem 16.3.
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The question remains, why we have brought in 1,,,. Why not take

as metric on D, instead of d,,? The answer shall be illustrated by the

following example. As mentioned in the previous section, in D]0, 1], it holds
1 1

0.3—2) — [0.3)

)2

2 n

which remains true if we replace % by any 7 € (0,1). However, it fails for

7 = 1. In (D]0,1],d), ]1[0 -1 does not converge to 1[g 1), neither does
]l[l 1] to 17p,1). This is due to the fact that every A € A is fixed at 0
anﬁ 1. For a detailed argumentation see Lemma A.4 in the appendix. It
immediately follows that, e.g.

1[_1’1_l) _H]l[—l,l) in D[—1,1]
From (27) we see that functions x,, € D(—00,00) converge x with respect to
d if and only if for all integers m > 1

—m,m]-

Hence we know that

]1[_171_%) B ]1[_1’1) in (Doo’doo)

now the indicator functions being defined on the whole of R. But of course,
in a sensible extension of D[0, 1]-theory to D(—o00, 00), these functions must
converge. We see that problems occur, when the limiting function has a dis-
continuity at a cut-off point. Here the 1, help out by making each function
continuous before it is cut off. More detailed explanations can be found in
[Bil99], pages 167 through 169.

4.2 A Criterion for Weak Convergence in D(—o00, 00)

We repeat the program of section 3.3. The results will either be proved
by making use of the corresponding statement in the D0, 1]-case, or the
respective proofs can be adopted with little notational change. In the latter
case the proofs are omitted.

Recall the projections 7y, mp. We extend their definition to D, i.e. m, mr
are defined as before by (3), (4), respectively, but for all £ € R and (finite)
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T C R. Of course, any function on R or a subset of R is a valid argument
of m; and mp. We use the same notation regardless of the particular domain
space.

Furthermore, recall .#(1}), specified by (7). We now assume T to be a
subset of R.

Proposition 4.4 Let Ty be a dense subset of R. Then o{m|t € To} =
o(F(1h)) = Dso-

Proof. We only show o{m|t € Ty} = Pw. The equality o{m|t € To} =
o(F (1Tp)) is easy to get: o{m|t € T} C o(F(1p)) is trivial, and the inverse
inclusion follows by the same argument as in the D]0, 1]-case. In fact, the
proof is literally the same as the one of 3.5 (a). Now that we work with
o{m|t € Ty} instead of o(F(Tp)), let us abbreviate:

S =L (Ty) = {r; " (A)|t € Tr, A € BR)},

thus o() = o{m|t € Tp}.

Proof of () C Z.: We show, for t € R, m; is (P, B(R))-measurable.
It is so as a composition of measurable mappings. For the scope of this proof
let WLO’”, 0 < s < 1, be the projection from (the metric space) D|0, 1] into
R (as it is defined in (3)). We know that a1 s (2, B(R))-measurable
for every s € [0,1] (Proposition 3.5). Now let ¢ € R be arbitrary and
m € N such that m > [t| + 1. Recall the functions 1, : Dy — D,, and
Gm = ¢ : D,, — D|0,1], the latter defined by (24). From the definitons
of the metrics d,, and d,, it is immediately clear that these two functions
are continuous, hence measurable with respect to the corresponding Borel-
o-fields. Finally, note that

0,1
T = 7T<[p*1](t) O Om © Py

Proof of 7, C o(.): The first step is to show that ¢, : Doe — Dy, is
(0(-), Dpn)-measurable. Let T,,, := (ToN[—m, m|)U{—m,m}, and note that
it is dense in [—m, m]. For reasons of clarity we will call ﬂt(m) the projection
with the domain D,,,. From Proposition 3.5 we know that ¥ = a{ﬂt[o’l]|t €
(Ty N [0,1]) U{0,1}}. By analoguous argument holds Z,, = o{m\"™|t € T, }.
Hence, it suffices to prove that 1, is (J(y),a{ﬂgm)ﬁ € T,,})-measurable.
We apply Theorem 2.6, and show that

Y ((m™)7HA)) € o(F)
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for all A € Z(R) and t € T,,,. The key is to notice that

1" (Y (1)) = Y (2) () = g ()T () = g (£)(2)
We distinguish two cases:

(I) t € {—=m,m}:
It holds z(t)g,,(t) = 0 for all z € D, hence

st -{),

These two sets are elements of o(.%).

(IT) t € (—m,m) N T:
It is g (t) # 0, and we can write

G (™) (A)) = {2 € Du|m™ (bn(2)) € A}
{2 € D |gm(t)m(z) € A}

1
{z € Do|m() @ A}

This set evidently lies in o(.%), too.

Now we know that v, is (6(.%), Z,,)-measurable. Using this result we show
next: doo(+,y) : Doo — R is (0(), Z(R))-measurable for every y € D,

Note that for y € D, dpn(-,y) is (D, B(R))-measurable, since it is Contln—
uous. Then d,, (¥, (+),y) is (0(#), Z(R))-measurable (composition), and so
is

dele9) = 3 5 (1A (). n0)))

m=1

(countable sum of measurable functions).

This means, o(.%) contains all (open) balls. These are just the sets d (-, 4) ([0, €)),

£ >0,y € Dy. The space (Dw,ds) is separable, hence o() contains all
open sets and consequently the whole o-field Z,,. (For a detailed argumen-

tation see appendix, Lemma A.5.) The proof is completed.
]

Lemma 4.5 For any Ty C R, (1) is a w-system.
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Proof. See proof of Lemma 3.6.

Proposition 4.6 If Ty is dense in R, then F(Ty) is separating class for
Do

Proof. This follows by Theorem 2.3 from Proposition 4.4 and Lemma 4.5.

Now consider a probability measure P on (D, Zs). As before, let
Tp := {t € R|P({z € Du|m is continuous at z}) = 1}. (28)

Despite the same symbol this definition can not be mixed up with (6), due
to the different domain of the measure P.

Proposition 4.7 The complement of Tp in R is at most countable.

Proof. See [Bil99], page 174.

Now we can formulate and prove the generalisation of Theorem 3.8.

Theorem 4.8 Let {P,} be a sequence of probability measures on (Deo, Poo)
with the following two properties:

(1) {P,} is tight.
(2) There exists a measure P on (Deo, Pwo) such that

1

P,oms <, Po T for all finite T C Tp. (29)

Then P, Z, Pin (Dooy Do)

Proof. The proof is the same as the one of Theorem 3.8, just take Proposi-
tion 4.7 instead of 3.4 and Proposition 4.6 instead of 3.7.

31



4.3 A Criterion for Tightness in D(—o0, c0)

As before in D|0, 1], we still need a nice tightness criterion in order to make
use of Theorem 4.8. In this section we state and prove Theorem 4.9, a
D .-analogon of Theorem 3.9, which will be used in subsection 4.4 to show
tightness of {3,}. There are actually several possibilities of tightness criteria
that work for this particular sequence. For a short discussion see the remarks
at the end of this subsection.

Theorem 3.9 is more or less a citation from [Bil99]. This book also treats
the space D[0,00), but does not contain a similiar result for this space. A
proposition of this type can be found, for example, in [JS02](Theorem 4.1,
page 355), but for the proof the authors just refer to [Bil99]. I am going
to give a detailed proof of Theorem 4.9 in this paper, which, of course, is
inspired by Billingsley’s proof of Theorem 3.9. As before, when we derived
the metric do, a few details must be taken care of when moving from D[0, 1]
to D(—o00,00). Therefore, theorem and proof are organised in this separate
subsection.

Just like 3.9, Theorem 4.9 is formulated in terms of random variables. That
way, notation gets more convenient. All random variables we consider are
defined on the same probability space (€2, .o/, P). We denote the distribution
of the random element X by Py, and write T'x for Tp, .

Theorem 4.9 Let X, X1, Xs, ... be random variables in (Do, D). Suppose
that

<
as n — oo for points t; <ty < ... <ty inTx, and

(2) there exist a non-decreasing, continuous function F' : R — R and real
numbers a > 1 and b > 0, such that

B(1X0(5) = Xa(r) PIXa(t) = Xals)]") < (F(1) = F(r))",
holds for allr < s <t, andn >1
Then X,, Z, X in (Dooy Do) -

Remarks.

(I) Theorem 4.9 states convergence in law. I refer to it as a tightness
criterion, because assumptions (1) and (2) imply tightness, from which
by Theorem 4.8 convergence follows.
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(II) The main and almost only difference to Theorem 3.9 is the absence of
a third condition similiar to 3.9 (3). The point 1 plays a special role in
D0, 1]-theory, since the value of a D|0, 1]-function at 1 is not connected
by any continuity-type relation to values at neighboring points. It does
not play any special role in D(—o00, 00).

But in fact, 3.9 (3) is a pretty strong condition, it is far from being
necessary. Take, e.g., a constant sequence {P,}, where P, has all
the mass concentrated in one point x, and that = has a jump at 1.
Condition 3.9 (3) is just one way to ensure (in combination with the
convergence of the finite-dimensional distributions) that forall ,7 > 0
there exist a 0 < 0 < 1 and an ng € IN such that

P(|X,(1-) = X,,(1=8)| >¢) <n, vV n > ng,

ie. X, (1 —0) converges to X, (1—) for all n at the same rate. This
condition is indeed necessary (cf. [Bil99], Theorem 13.2 and the sub-
sequent corollary, in particular (13.8), see also bottom of page 141).
Note that this does not impose any condition on X (1) or X,(1).

The rest of this subsection is devoted to the proof of Theorem 4.9. Some
preparation is necessary before we get to the actual proof. Let us temporarily
return to the space D = DJ0, 1].

For an arbitrary function z : [0,1] — R we can define

w(z,d) == sup |z(s) — s(t)], 0<é6<1 (30)

|s—t[<o

The functional w is called the modulus of continuity and characterizes con-
tinuous functions the following way.

Lemma 4.10 The function = : [0,1] — R is continuous if and only if
w(x,0) — 0 as § — 0.

Proof. cf. [Bil99], page 80.

For an arbitrary subset T of [0, 1] let

we(T') := sup |z(s) — 2(1)]. (31)

s,teT
Another way of expressing w(z, d), using w,, is

w(x,0) = sup w([t,t+9]), 0<é6<1 (32)
t€[0,1-0)
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Now let S = {so, ..., s, } be a grid on [0, 1] (cf. subsection 3.2), and 0 < § < 1.
A grid is called d-sparse, or short a §-grid, if

Si—Si_1 >0 Vi=1,..,v,

i.e. the distance between two neighboring grid points is greater than §. Let
Z0(0) be the set of all §-sparse grids on [0, 1], i.e.

0(0) = {{50, oS Y €Nysg=0,8, =1,8—5;,1>0Vi=1, ...,I/} (33)

We want to call the grid S a §-grid with soft boundaries, if
Si—8i71>5 Vi:2,...,V—1,

i.e. all intervalls must be wider than ¢ except those at the left and the right
end. Let .#1(9) be the set of all 4-grids with soft boundaries on [0, 1], i.e.

Vv E IN,SO :O,SV = 1,81'—51',1 >oVi= 2,...,V—1}.

100) = {{30, ey Sut

Now define the following two moduli:

w'(x,0) := inf max w,[s;_1,5;),
Fo(6) 1<i<v
and
w(x,0) == inf max wy[s;—1, ;). (34)

#1(8) 1<i<v
The modulus w’ plays the same role for D[0, 1] as w does for C[0, 1].

Lemma 4.11 The function z : [0,1] — R is an element of DI0,1] if and
only if w'(z,9) tends to zero as 6 — 0.

Proof. cf. [Bil99], page 123.

O

The purpose of w will become clear later. First, we introduce another mod-
ulus. Let Z5(6) be the set of all triples {t1,¢, %2}, where 0 <t; <t <ty <1
and ty —t; < 4, and

w(z,0) = sup {|z(t) — a(t:)| A lz(t) — 2(t)[}- (35)
Z0(8)

34



We now turn to the question how these moduli are related to each other.
Obviously,

w(x,d) <w'(x,d) (36)

for all z and ¢, since the infimum on the left side extends over a larger set.
Moreover, it holds

w"(z,0) <w'(x,0), (37)

(cf. [Bil99], page 131, (12.28)). There can be now general inequality like (37)
in the opposite direction (allowing appropriate multiples), as the following
example illustrates (taken from [Bil99]). Let

Yn ::]I[O 1y, n>1. (38)
It holds

w"(yn,0) =0 for all § > 0
(y,, has two constant pieces),

W(Yn,0) =0 for all 6 > 0

(take the grid {0, %, 1}), but

, 0 ifd<
w(y"’(s):{1 if 5>

(n>1),

n>2).

Sl=3=

There is an inequality in the opposite direction if we take into account addi-
tional information about the behaviour at the end points.

W', g) < 24{w”(:c, S)V [2(8) — 2(0)| V |z(1—) — 2(1 — 5)\}, (39)

(cf. [Bil99], page 132, (12.32)).
For our purpose here we primarily need a relationship between w” and .
There we have

w(z, g) < 6w"(z,9) (40)

This can be shown by the same means as (39) and is treated in Lemma A.7
in the appendix.
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Finally, we define w,,, w,,, w,, and w! to be the corresponding functionals for
functions living on [—m, m] or on a superset of [—=m, m|. The definitions look
exactly the same except that 0 and 1 are replaced by —m and m, respectively.
Then it is easy to see that, for example,

J

" 5 — n m —), 41
Wl (2,8) = 0 (pn(2), 5-) (a1)
which may as well serve as a definition. The same is true for w,,, w,, and
w, . This makes it also immediately clear that all results (36),(37),(39) and

(40) hold as well, in particular
A 5 "

We explicitely want to allow this notation for functions x defined on the
whole of R, i.e. w;,(z,0) = w;, (®|[—mm],9), likewise for wy,, Wy, and wy,.

The next proposition establishes a link between these moduli and the problem
at hand, to prove Theorem 4.9.

Proposition 4.12 Let m > 0 and Y be a random element in D[—m,m)],
furthermore a > 1, b > 0 and p a finite measure on [—m,m]. If, for positive
numbers X\ and 0, holds

P(Y(s) =Y(r)|A[Y(#) = Y(s)| = A) < %u“(n t] (43)

forall —=m <r < s <t <mwitht—r < 20, then a constant ¢ (depending
only on a and b) exists such that

P(w),(Y,6) > X) < %u[—m,m] sup  pUt t 4+ 20].

te[—m,m—24]

Proof. If we write down the proposition for [0, 1] instead of [—m, m], then it
is an immediate corollary of Theorem 10.4 on page 112 in [Bil99]. The case
[—m, m| can be treated in an absolute analoguous manner, or, even easier,
can be derived from the [0, 1]-case by considering (instead of Y and p) the
random variable ¢,,(Y") and the finite measure o on [0, 1], defined by

”O(Sat] = /}J(‘;Om(s)v ‘:Om(t)]v 0<s<t<Ll

If we know that the theorem holds for these, then by the relation (41), it also
holds for Y and pu.
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Corollary 4.13 Let Y be a random element in D[—m,m], a > 1, b > 0
and F a non-decreasing, continuous function on [—m,m]. If, for positive
numbers 6 and \, holds

1 a

P(Y () = V(I A V() - Y(3)] 2 ) £ 15 (F(8) = F(s)) (44)

forall —m < r < s <t <m witht —r <20, then a constant ¢ exists such
that

2a—1

P (i (Y, 5) > \) < c(%)% [F(m) — F(-m)] [w(F, 49)]

Proof. pu(s,t] :== F(t) — F(s) for all —=m < s < t < m defines a finite
measure on [—m, m|. Due to the continuity and monotony of F' we have

plt,t+0)=F(t+6)—F(t)= sup |F(s)— F(r)| =wp([t,t+9]),

s,rE[t,t+0]
and the modulus of continuity (cf. (32)) of F' reads as

wy(F,0) = sup  plt,t+4].

te[—m,m—¢

Since the mapping t — ¢!, (t € R,a > 1) is monotonuous and continuous
as well,

wh N (F,6) = sup p* Mt t+ 9]

te[—m,m—4]

Then, (44) is the same as (43), thus by Proposition 4.12,

P (wy, (Y.0) > \) < <55 [F(m) — F(=m)|wy! ™' (F, 29).

Because of (42) we have the following implication
Wiy, 8) = A = 6w (y,20) > A,

hence

2a—1

6

) < c<g>2b [P (m)—F(—m)| [, (F.45)]

P (i, (Y 5) > \) < P(wl,(Y,25) > %
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This finishes the preparations. We are now ready to prove Theorem 4.9. We
will make use of the following proposition, which is the D.-equivalent of
Theorem 16.8 in combination with the subsequent corollary, to be found in
[Bil99]. Theorem 16.8 is formulated for D|0, 00), the proof works just the
same.

Theorem 4.14 A sequence of random variables {X,} in (Doo, Do) is tight
if and only if the following two conditions hold.

(1) For allt in a dense subset Ty of R holds

lim limsup P(|X,,(¢)| > a) = 0. (45)

a—00 n

(2) For every m € IN and € > 0 holds

%incl) lim sup P (1, (X, ) > ) = 0. (46)

Proof of Theorem 4.9. This proof is based upon the demonstration of the
analoguous result for the D|0, 1]-case, as to be found in [Bil99] (see remarks
at the end of this subsection).

We have to show that the assumptions of Theorem 4.9 imply those of The-
orem 4.14. In fact, 4.14 (1) follows already from 4.9 (1), while 4.14 (2) is a
conclusion from 4.9 (2).

We start by showing 4.14 (1), which is the easier part and literally the same
as in D0, 1]. Billingsley treats it in three lines on page 141. Here, it is written
down in a more detailed way. Suppose we have 4.9 (1). Tx is dense in R (see
Proposition 4.7), and takes on the role of Ty in Theorem 4.14. Let pu and pu,
be the distributions of X (¢) and X,,(t), in other words y := P o X' o 7;*
and 1, ;= Po X tom, '. By the assumption we have X, (t) N X(t), which
is the same as p, Z, p. This means, {u,} is a weakly convergent sequence
of probability measures on the complete and separable metric space R, hence
it is tight (cf. Corollary 2.13 and Theorem 2.14 (2)). Recall the definition of
tightness (2.11): for every € > 0 exists a compact set K € R such that

p(K)>1—¢,  nel.

K is bounded and hence contained in a set of the kind (—a,a) for a suited
a > 0. Therefore: for every ¢ > 0 exists an a > 0 such that

pn(—a,a) >1—¢,
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and consequently
P(X,(1)] 2 a) = 1, [(~00, ~a] U [a, 00)] < &,
This holds for all n € N, hence
limsup P(| X, (t)| > a) <e. (47)

If (47) holds for an ay it holds also for all a > @y (monotony of measures), so
this is just the definition of the convergence

lim limsup P(| X, (t)| > a) = 0.

This completes the first part of the proof and we turn to the second part,
deriving 4.14 (2) from 4.9 (2). With the preparation we have put in so far,
this is not longer than the first part. First of all, 4.9 (2) implies

P(1Xa(s) — Xalr)] A X (8) = Xu()] 2 A) < 535 (F(1) ~ F ()" (48)
for all r < s < ¢, A > 0 and n € IN. This follows by exactly the same
argument as in the D[0, 1]-case (Markov inequality, cf. proof of 3.9). The
next step is to note that (48) holds as well if we restrict r, s and ¢ to be from
the intervall [—m,m], and t —r < 24 for any positive 0. This means that the
assumptions of Corollary 4.13 are met. In order to argue precisely at this
point we have to note the following two things. If X, is a random variable
in (Do, o), then Xvsm), defined by

XM (w) = Xn(w)) w €,

[—m,m]’

is a random variable in (D,,, Z,,), and for this random variable holds
(X)) = (X)),  wete [-mm]

This means that the distributions of X,, and X{™ (which are measures on
Do and 9, respectively) are the same on sets that are only defined by
values at times ¢ within the intervall [—m, m], especially

P(1X0(8)= Xa(MIAIX ()= Xo(5)] = A) = P (IX0(5) =X () AXE (1) =X (5)] = A).
for all —=m < r < s <t < m. To this xm (in the role Y') we can apply

Corollary 4.13. It yields

P(in(X08) 2 3) < o) [FOm) — F(=m)]uZi ™ (F,46).
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This holds for all n € N, m € IN and § > 0, hence

lim sup P (i (X, ) > A) < c(%)% [F(m)— F(—m)] [wn(F, 46)]

n

2a—1

. (49)

Since F' is continuous, due to 4.10 the right-hand side goes to zero as § — 0,

(lsin(l) lim sup P (@,,(X,,6) > A) =0, m € IN.
This completes the proof of Theorem 4.9.

Remarks.

(I) A few words about how this proof differs from the D[0, 1]-case: The
central piece of the proof is Theorem 4.14, its counterpart in D[0, 1] is
the following.

Theorem 4.15 A sequence {P,} of probability measures on (D, D) is
tight if and only if the following two conditions hold.

(1) Ty is a dense set in [0, 1] containing 1, and for each t € Ty holds

lim limsup P(|X,,(t)] > a) = 0.

(2) For every e > 0 holds

(lsim lim sup P(w'(X,,,d) > ) = 0. (50)

—0 n

This can be found in [Bil99] as Theorem 13.2 and the subsequent
corollary. The main difference between 4.9 and 4.15 is that in the
second conditon of 4.9 we have w instead of w’. This accounts for the
fact, that the cut-off points at —m and m are chosen arbitrarily.

It means that in D[0, 1] one uses relation (39) in the place of (40) to
derive from Proposition 4.12 a corollary, similiar to 4.13 but involving
w’ instead of w.

Since (39) has a more complicated structure than (40) the proof is in
fact more complicated in the D[0, 1]-case. Also keep in mind, in D]0, 1]
we need an additional assumption (cf. 3.9 (3))
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(IT) The discussion promised at the beginning of this subsection consists of
citing the following, alternative tightness criterion from [JS02]. Briefly,
it states, if the converging sequence as well as the limit are point
processes, then convergence the finite-dimensionals automatically im-
plies convergence in law. In detail, let 2 be the following set of se-
quences:

% = {{tn}} t, € (0,00]¥Vn € Nit, <t,y ift, <oojt, — oo},

i.e. the elements of 2 are unbounded, increasing sequences of posi-
tive numbers. The value 400 is allowed, too, and the sequence must
be strictly increasing as long as it is not co. We want to call a sto-
chastic process X on [0, 00) a point process or a counting process if its
trajectories lie in the following set ¥, the set of all counting functions:

¥V = {z:[0,00) — ]R‘x = Z]l[tn,oo)v {t.} € 2},
n=1
i.e. a counting functions is an element of D|0, c0), which is increasing
and piecewise constant, it may be bounded, but has only jumps of
height one.

Proposition 4.16 If X,,,n € IN and X are point processes, and if the

finite-dimensional distributions of X,, converge to those X, i.e.
(Xntr), oo Xatr)) == (X (1), X (1))

as n — oo for points 0 < t; <ty < ... <t in Ty, then X, 2, X in
DJ0, c0).

Proof. see [JS02], page 354, Theorem 3.37.

O

I just mention this here in order to give an idea of what else is pos-
sible. Therefore we do not worry at this point about details such as
what exactly the metric on D0, c0) may look like. D|0, co)-theory is
analogue to D(—o00,00), and extensively treated in standard volumes
such as [JS02], [Bil99], [Pol84] or [EKS6.

The criterion is obviously very handy for the example {3,} in the next
subsection. It applies directly to 3, if restricted to [0,00), or would
need to be adjusted in a suitable way for the whole real line.

However, we will make use of Theorem 4.9, which we have proved
thoroughly and which works also for the sequences we deal with later
on in section 5.2.
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4.4 The Rescaled Empirical Distribution Function

We now present an example of weak convergence in (Dy, Zwo). This will

be 3, Z. N , mentioned in the introduction. The paths of these processes
are naturally defined on D[0,00). We view them as random elements in
(Doo, P) and treat them with the theory developped so far.

Let Uy, Us, ... be a sequence of independent, identically uniformly on [0, 1]
distributed random variables. Recall the empirical distribution function of
Ul, ceey Uni

Gn(t) = %Zﬂ{ngt}, teR. (51)
Let
&@%:"GJ%%:§¥q@§%y tER. (52)

k

We want to call 8, = {(,(t)|t € R} the rescaled empirical distribution func-
tion of Uy,...,U,. It is a random element in (D, Zs). The figure below
depicts a path of 316, which is formed by the same realisation of Uy, ..., Ug
as the path of ay shown on page 21.

16
14
12

10 4

0 2 4 G ] 10 12 14 16 18 20

Let N = {N(t)|t € [0,00)} be a Poisson process with rate 1. We define N to
be the following random element in (Deo, Zoo):

~ 0, ift <O,
N@y:{N@) 150 (53)
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Theorem 4.17 3, Z, N in (Deoy Do) -

For the proof we need the following two lemmas.

Lemma 4.18 Let —oco < t] < ... < t,, < o0o. Then
¢ = -

Proof. In the analoguous Lemma 3.10 we used the Central Limit Theorem.
The limiting vector here does not have a normal distribution, a different
approach is necessary. We are in the lucky situation though, that the con-
verging vectors and the limit vector all are discrete. Proving the convergence
of the elementaNry probabilities will lead to the aim.

Since §,(t) = N(t) = 0 for all ¢ < 0 and n € IN, we can assume without loss
of generality that 0 < ;. The key is to see that

Z{ ) = (Ba(t1), Bultz) = Baltr), -, Bultm) = Balbm-1), 1 = Baltm))

has a (m—+ 1)—d1men81onal multinomial distribution (see appendix, Definition
A.8). The claim then follows by a variant of the Poisson limit theorem (see
appendix, Lemma A.9). Since we are considering convergence for n — oo we
may as well assume that ¢,, < n. In this case the multinomial distribution

1 — - —
of Z{™Y has parameters n, b oah %, 1—to (Ift; <n <ty

_ ti—t,_ t;
then the parameters are n, &, =t G-l ] — 20 . 0.)

Let 0 < by < ... <k, < m, k; € ]N~for i = 1,...,m. The random vec-
tors (Bn(t1), ..., Bu(tm)) and (N(t1), ..., N(t,)) both admit only such vectors
(k1, ..., ky) with positive probability.

P ((Bu(t): s B(t)) = (k. i)
- ]P(Z M = (e Ky — Kty o — K1, 1 — km))

n

T
kil(ko — ki) ...(n — k) Ln n n
B n! (b = t)R TR (b — g )Em TR (1 tm)n—km
(n— km)!nka \k:ll (ko — k1) (b — kmer)! n
) constant with respect to n —etm
. L o) A (el S L e tm
k' (ke — k) (b — k)
= ﬁ (ts — i)t ettt (with tg == ko :=0)
i=1 (i — ki 1) B
= PN (), N(t)) = (ko o))
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Lemma 4.19 Forr <s<t, s,r,t € R holds
E|Bn(8) = Bu(r)[|8u(t) = Bu(s)] < (s =)t — ).
Proof. For the time being, assume r, s and ¢ to lie in [0, n]. Recall
= 1

thus

3

ﬂn(t) - ﬁn(s) = ﬂ(i i](Uk)'

)
k=1 n’n

Note that this random variables is a.s. non-negative, so we can drop the
absolute values

E[ﬁn@)_ﬁn(ﬂ} [ﬁn(> n ] [Zﬂ r s Uk } [Z]l st Ul]
= S B[15 40 s 400 + SB[tz 210013, 100)]

k#l
Each summand in the left sum is zero since U, cannot lie in two disjoint
intervalls at once. Due to the independence of Uy and U, (k # 1), each
summand in the right sum equals n=2(s — r)(t — s), hence

B[80(5) = 6u()] [Bu(t) = Bu()] = nln=1) (L) () < (s=n)e-9)
(54)

Now we drop the restriction from the beginning. For arbitrary real numbers
s <t holds

(0 if n <s,

1-2 ifs<n<Ht,
EITCARY SO

L if s <0<t,

0 if t <0,

\
n

so in any case Bl s ¢(Ux) < =2, and the inequality (54) holds as well.
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Proof of Theorem 4.17. Apply Theorem 4.9. Lemma 4.18 implies 4.9
(1), and lemma 4.19 yields 4.9 (2).

With view of the generalisation of (3, that we are going to deal with in
section 5.2, one might ask, why we do not treat the general case right away
(which would plainly motivate the use of D(—o00,c0) instead of D0, 00)). I
would like to give two reasons for my choice: First, the special case is easier
to overlook. The main idea is better to get at, since it is less blurred by
technical details. Second, the content of Lemma 4.18 will neither be used
again later nor refered to, and speaking of technical details, the proof would
be unnecessarily lengthy in the general case.
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5 Weak Convergence in the Skorokhod Prod-
uct Space

We give a criterion for weak convergence in D(—00,00) X D(—00,00) of
the same type as Theorems 3.8 and 4.8, that is convergence of the finite-
dimensional distributions and tightness. We will see that tightness of both
“component sequences” already suffices (cf. Lemma 5.2).

Take the product space

E =Dy x Do,

naturally equipped with the product topology, which is induced, for example,
by the metric

e((l"l, ), (yl,?h)) 1= doo(T1,41) V doo (T2, 42)-

(E,e) is a separable metric space.

The elements of E are pairs of functions R — R. Often one wishes to
interpret the elements of £/ as mappings themselves. For example, they can
be viewed as functions R? — R?, whose first component depends only on the
first argument, and the second component only on the second argument, i.e.
the pair (z,y), 2,y € D, is assigned to the mapping

(s,t) — (x(s),y(t)), s,t € R. (55)

However, the standard - since more convenient - interpretation of elements
of E is as functions from R to R?, i.e. (x,y) gets assigned to the mapping

t— (z(t),y(t)), te R (56)

One usually identifies the Cartesian product of function spaces as a space of
functions mapping into the Cartesian product of the range spaces. This, of
course, is only feasible if the functions have the same domain.

Note that (55) and (56) are fully compatible, knowing one of them means
knowing the other, neither does “contain more information” than the other.
It is best to stick to regarding the elements of F primarily as pairs of func-
tions, and not exclusively think of interpretation (56). Confusion may arise
from the following. Let D, (R?) be the space of all cadlag functions from
R to R?. Now, if z and y are elements of D, it is easy to verify that
(z,y), interpreted as t — (z(t),y(t)), is an element of D, (R?). Vice versa,
if 21t (21(t), 22(t)) is an element of D, (R?), then the components z; and
z9 are one-dimensional cadlag functions. This is simply due to the fact that
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a vector converges (in R¥) if and only if all its components do. Thus, we can
identify Do, x Dy, with Do (RR?). On the latter one may, of course, define
a Skorokhod topology as well (see e.g. [JS02], page 327), and the question
arises, how does this Skorokhod topology relate to the product topology on
Do X Dy. The answer is, it is strictly finer (cf. [JS02], page 329).

I am not going to describe the Skorokhod topology on Dy, (RR?), but in order
to exemplify the difference, I would like to resort to the spaces D|0, 1] x D[0, 1]
(equipped with the product topology) and Dyy1)(R?) (equipped with the
Skorokhod topology), respectively. This keeps things simpler but illustrates
the point well enough. The Skorokhod topology on Dy y (R?) is, for example,
given by the metric

d? (2, z,) = inf { sup [A(t)—t|Vsup |z1(A()—2(t)|}, 21,22 € Dpyy(R?).
ACA " 40,1 t€[0,1]

(57)

The only difference to (1) is that the second (and only the second) absolute
value denotes the vector norm in R%. Suppose (z,y) and (z,,9,), n € IN,
are elements of D|0,1] x D[0,1]. We know, (z,,y,) converges to (z,y) in
DI0,1] x D|0,1] if and only if z,, — x and y,, — y in D[0,1]. According to
Lemma A.1 this means, there exist sequences {A%’}, {\?'} C A such that

() —2(AD (1) =0
{’/\fnit)) xt( = uniformly in ¢ € [0, 1], (58)
n —
and
() — g2t
{’/\?{2)((25)) y; ()] —0 uniformly in ¢t € [0, 1]. (59)
n e

According to (57), (2, yn) converges to (z,%y) with respect to d® if and only
if (cf. Lemma A.10) there exists a sequence {\,} such that

|20 (t) — z(Aa(t))] — 0O
| yn(t) — y(An(t))| — 0 uniformly in ¢ € [0, 1]. (60)
An(t) — t
This is evidently a stronger condition than (58) and (59) together. For
(Zn,yn) to converge in Dy 1j(R?) the sequence {\,} of time deformations

must be the same in every component. In order to show that condition (60)
is indeed strictly stronger, take the following example:

ni=1
g [07%_%)
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)
From Lemma A.2 we know that (x,, y,) converges to (z,y) in D[0, 1] x D0, 1],
but it does not converge with respect to d® (Lemma A.11).

It becomes clear how to construct an analoguous example on the whole real
line. Thus the topological space D, (IR?) has less convergent sequences and
more open sets than D, X D,,. Here, “less” and “more” are meant in the
sense of a strict set inclusion. Moreover one can conclude, Dy, (R?) has less
compact sets, but this does not have to be a strict inclusion.

However, we are not concerned with the Skorokhod space Dy, (R?). The space
Dy o) (R¥) is extensively treated in [JS02]. The book [EK86] examines the
even more general space Dy .o)(M), where M is an arbitrary metric space.
[Whi02], section 12, sheds further light on the differences of the k-dimensional
Skorokhod topology and the weaker product topology.

We deal with elements of D, i.e. one-dimensional cadlag functions, and
pairs of those. One goal is to prove stochastic independence, so the natural
choice of the space we model things in must be product space. We use
results from D..-theory and extend them by product space argumentations
to Dy X Deo.

Let

E = Do @ Do = 0(Doo X D).

Lemma 5.1 & s the Borel-o-field on E.

Proof. cf. Proposition 2.8. Separability is needed.

5.1 A Criterion for Weak Convergence in the Space
Dy X Dy

Before we state and prove theorem 5.5 we introduce some more notation and
present three small lemmas that will abbreviate the proof.

Recall the projection 7 from the previous section. Now we deal with pro-
jections of the following kind: Let S = {s1,..., 8¢}, T := {t1, ..., £;}. Then

s B — RISHITE. (x,y) — (ms(x), mr(y)) = ((x(sl), o x(sk), y(th), ...,y(tl)),
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(61)
where z and y are elements of D.,. In particular,
ms0: B — R (2,y) — ms(z) = (z(s1), ..., z(s)),
and
mr E— R (2,9) = mry) = (y(t), - y(8).
Let T, Ty be arbitrary subsets of R and

F (T, Ty) = {nglp(A) S,T finite, S C T, T C Ty, A € ggg(]R\SHITI)}.

Now consider a probability measure P on (E,&). We will often write P =
(PM, P?). This shall mean, P(") and P® are the marginal probabilities of
P, each on Z, i.e.

PY(A)=P(Ax Dy) VYA€ .,

PY(B)=P(DyxB) VBeE Dy.
Keep in mind that this defines PV and P® from P, but not vice versa.

Lemma 5.2 Let {P, = (P", P”)} be a sequence of probability measures
on (B, &). If {PV} and {P?} both are tight in (Deo, D), then so is {P,}.

Proof. This is a corollary of Tikhonov’s theorem. Let € > 0. According to
the assumptions there exists a compact set K; C D, such that

PO(K) >1— g VneN,

hence

PO(DN K1) = Po((Doo \ K1) % Do) < g
Likewise, there exists a compact set Ky € D, such that
€

P (Do \ Ky) = Py(Doo X (Do \ K3)) < 5

By De Morgan’s law:
[(DOo \ K1) x Doo} U [Doo X (Do \ KQ)]
= (Doo X Do) \ (K1 X Doo) U (Do X Do) \ (Do X K3)
= E\ [(Ki X Do) N (Do X K3)]
= FE\ (K x Ks)
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Therefore:
P (E\ (K x K)) = Pn([(Doo \ K1) % Dso] U [Dao % (Do \ Kg)]>

< P.((Do\ K1) % Doo> —I—Pn<DOO X (DOO\K2)> <e

and
Pn(Kl XKQ) >1—c.

By Tikhonov’s theorem, K := K; x K, is compact in the product space
(E,e). Hence {P,} is tight.

Lemma 5.3 Let P = (PW, P®) be a probability measure on (E,&), and
ST finite subsets of Tpay, Tpe), respectively. Then wsr is P-a. e. continu-
ous.

Proof. Let Aj, As C D, be the discontinuity sets of mg, mr, respectively.
Then A; x Do and Do, x Ay are the discontinuity sets of mgp and mp .
This can for example easily be seen by the convergence characterization of
continuity.

From previous considerations we know that 7g is P(M-a.e. continuous, and
that 77 is P®)-a.e. continuous (cf. proof of Theorem 3.8), i.e.

PW(A}) = P(A; x Dy) =0,
PP (Ay) = P(Dy x Ay) = 0.

Note that
TS T = (7TS,®7 W@,T)u

and keep in mind that a vector-valued function is continuous at a point, if

every component is. Hence, the discontinuity set of mgr is (A; X Dy) U
(Doo X Ag)

P([A1 X Do) U [Dso x Ag]) < P(A; X Doo) + P(Dso x Ap) = 0.

ms,r is Q-a.e. continuous.

Lemma 5.4 Let .y and 5 be arbitrary system of sets. If /1 and %5 both
are m-systems, their Cartesian product J = .1 X S5 is a w-system, too.
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Proof. Let A, B € 7. Then there exist sets Ay, By € .% and Ay, By € %
such that A = A; x Ay and B = B; X B,. Because of the assumption:

C:=(A1NB)) x(A2NBy) eT
The claim reads:
D :=(A; x Ay) N (B X By) € I,
which becomes evident when noting that the sets C' anc D both equal

{(xay>‘x € Alwr € Blay S Blay € BZ}

Theorem 5.5 Let {P, = (P, P,gQ))} be a sequence of probability measures
on (E,&) for which holds:

(1) {PVY and {PP} are both tight.
(2) There exists a measure P = (P, P@) on (E,&) such that
P,omgh % Pomgh, (62)
for all finite S and T', S C Tpwy and T C Tp).
Then P, -2 P in (E,&).

Before we prove Theorem 5.5, we rephrase it in terms of random variables.

Mainly we do so in order to have a more descriptive formulation of condition
(62).

Corollary 5.6 Let {Z, = (X,,Y,)} be a sequence of random variables in
(E,&). If

(1) the sequences {X,} and {Y,} are tight, and

(2) there is a random variable Z = (X,Y) in (E, &) such that

G

(X (1), oo X (58), Ya(£1), o Ya(12)) = (X (1), 0, X (1), Y (1), .., Y (11))
(63)

for all k,l € N, sq,...,s, € Tx, and tq,....,t; € Ty,

then Z, =y

o1



Proof of Theorem 5.5. The proof follows the same pattern as the one of
Theorem 3.8. Quite a few details require special attention, most of which we
have already accounted for by Lemmas 5.1 5.2, 5.3 to 5.4.

From Lemma 5.2 we know that { P, } is tight, and due to Prokhorov’s theorem
it is relatively compact. Here it is important that & is the Borel-o-field
on E (Lemma 5.1). Thus we have a subsequence {P!} and measure ) =
(QW, Q) on (E,&) such that P! weakly converges to Q. If S and T are
finite subsets of Towm and Toe, respectively, then mgr is ()-a.e. continuous
(Lemma 5.3), hence

G

P o Wgép Z, Qo 7T§}F, S, T finite, S C Ty, T C Ty .
On the other hand, (62) implies

P.ongh - Pomgh, S, T finite, S C Tpa), T C Tpe.
Therefore, if Th := Tpa) N Ty, and Ty := Tpe) N The),

Qomgy=Pomgy vV S, T finite, S C T}, T C To.

This means, P and ) agree upon the class .Z (71, T3). We are left to show
that .7 (1, T3) is a separating class for &. First of all, since Trq), Ty, Tpe
and T have at most countable complements in R (Proposition 4.7), the
intersections 77 and 75 are dense in R. Hence .#(7}) and .#(T3) are both
m-systems (Lemma 4.5) and generate both D, (Proposition 4.4). By Lemma
5.4 the product

F(T)) x F(Ty) =

{75 (A) x 77 (B)|S, T finite S € Ty, T C Ty, A € BRI, B c B(R)}

is a m-system, and it also generates & (Theorem 2.7). Therefore it is a
seperating class for &. Finally,

F(11,Ty) D F (1) x F(T),

which implies, that % (T}, T») is a separating class, too.
|

As the last proposition in this subsection we state and prove a slightly simpler
version of Corollary 5.6. In order to do so, define two further classes of sets.
For Ty C R, let

G(Ty) == {r7'(A) x 73" (B)| T C Ty, |T| < 00, A, B € BR"™)} (64)
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and
H(Ty) = {mpp(C)|T C Ty, |T| < 00, C € BRI} (65)

77 ¢ Doy — RITV and 757 : E — R?7! are the projections defined in subsec-
tion 4.2 and by (61), respectively. Apparently

9(1o) € A (To). (66)
Moreover, we have the following result.

Lemma 5.7 % (1)) x F(Ty) = 9(Ty).

Proof. The inclusion “D” is evident, we are left to show .7 (1) x .7 (Tp) C
4(T,). Let T and S be finite subsets of Ty, and A € Z(RI"!), B € #(R¥).
Reproduce the construction of the sets U, A™ and B(™ from the proof of
Lemma 3.6. U = {uy, ..., uy} is the union of 7" and S and thus contained in
Tg. Then

17t (A) x w5t (B) = m (A™) x m (BM™).

Any set in F (1) x Z (1) can be written as the left-hand side. The right-
hand side is an element of ¢(Tj).

One can also show % (T, Ty) = (1)), but Lemma 5.7 suffices to prove the
following proposition.

Theorem 5.8 Let {Z, = (X,,Yn)} be a sequence of random variables in
(E, ). If

(1) the sequences {X,} and {Y,} are tight, and
(2) there is a random variable Z = (X,Y) in (E, &) such that
((Xn(t1>a ) Xn(tk)7 Yn(t1)7 ) Yn(tk)) i ((X(tl)a ) X(tk)a Y(t1)7 ) Y(tk))
(67)
forallk € N, ty,....t, € Tx NTy,

then Z, “. 7.
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Proof. We use the notation from Theorem 5.5, i.e. P, = (Rgl), quz)) and
P = (PW, P®) are the distributions of Z, = (X,,Y,) and Z = (X,Y),
respectively. Condition 5.8 (2) is the same as the weak convergence of the
corresponding distributions, i.e.

4 2 _ .
P, o 7TT}[ — Po 7TT?1T, V finite T' C Tpa) N Tpe).

Just like in Theorem 5.5 we can conclude that there exist a measure () and
a subsequence { P/} such that

G

Pl ompl Z, Qo T V finite T' C Tihay N Tea,
hence
Po 7T7_ﬂ71T =Q O7T£1T V finite T C TQ(1) ﬂTQ(z) NTpa) NTp). (68)

Call Ty := Ty NTge NTpay NTpe . Then (68) implies that P and @ agree
on the class

H(Ty) = {mp7(C)| T finite, T C Ty, C € BR™)}.

Keep in mind that 77 r : (2,y) — (7r(x), 77(y)) is a function from D, X Do
into R?7!, and not into RI”!. In particular, (68) does not (only) imply that
P and @ agree on the (much smaller) set

{77 (A) x ;' (A)| T finite, T C Ty, A € BR")}.
From Lemma 5.7 and (66) we know
H(Ty) > F(Ty) x F(Th).

We are left to show that .Z (1) x #(Tp) is a separating class for &, which
works just the same as to show the corresponding claim for .7 (T}) x .Z (1),
as done in the proof of 5.5. The key is: Tj is still a dense set in R. Apply
(in this order) Proposition 4.4, Proposition 2.7, Lemma 4.5, Lemma 5.4 and
Theorem 2.3.

The question arises why we did not put Lemma 5.7 first, proved Corollary
5.8 and skipped 5.5 and 5.6 altogether. The answer is, to emphasize that
condition 5.8 (2) is very little weaker than, and in the context of the proof
equally strong as 5.6 (2) - a fact that may seem counterintuitive at first, and
which took me some time to realize.
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Moreover, 5.8 (2) is usually not harder to show than 5.6 (2). For example,
look at the proof of Proposition 5.10: Replacing sy, ..., s, by ti, ..., %, would
mean a change in notation only.

Another way of deducting Theorem 5.8, instead of introducing the sets ¢4 (1j)
and 7 (Ty), is as follows. One can show, that, if a random vector in RF
converges in law, then every sub-vector (i.e. any vector consisting of a subset
of the components) does as well. The fastest way is probably by the CMT.
Then,

Tor(Xn, Yy) = wor(X,Y) V S, T finite, S,T C Tx N Ty
follows right away from
mrusaus(Xn, Ya) = mrosrus(X,Y) VS, T finite, 5,7 C Tx N Ty.

From there one can conclude that (with the notation of the proof above) P
and @ agree on the class .% (1y, Tp), which is a superset of .7 (Ty) x % (1),
and then continue as in the proof above.

This argumentation makes it also immediately clear that 5.8 (2) and 5.6 (2)
are equivalent if Tx = Ty. But note, that, if Tx # Ty, 5.8 (2) is technically
a stronger condition than 5.6 (2), and thus 5.8 is not a direct corollary of 5.6.
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5.2 The Limit of the Common Distribution of the Em-
pirical Process and the Rescaled Empirical Distri-
bution Function

We now come back to the initial problem. We apply Corollary 5.6 to (o, 5,)
and by doing so prove the asymptotical independence of «,, and (3,,. So far we
have just considered the uniform empirical process and the rescaled uniform
empiricial distribution function. Now we drop this restriction and re-define
a, and f3,, allowing the random variables they were derived from to have an
arbitrary distribution function F'. Moreover, the time point 7 around which
B, is stretched may as well be arbitrary. So far, 7 has been zero. We will
write af and S in order to indicate the difference to the uniform processes
we dealt with in sections 3.4 and 4.4, respectively. We are going to prove,
that, for continuous F, (ol 35°7) converges to a random variable (B, Np),
where By and Ny are two independent random elements in D, yet to be
specified. This will be the content of Theorem 5.9.

Let F' be an arbitrary distribution function, and {X,} a sequence of i.i.d.
random variables, being distributed according to F. Define of = {af'(t)|t €
R}, n € N, to be the following random element in D:

al (t) = /n(F,(t)— F(t)) = % Z (Lix<y — F(1)), t € R. (69)

Below is picture of a realisation of afy, where F is the standard normal
distribution function.
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Let furthermore 7 € R be arbitrary, and 37 = {B857(t)|[t € R}, n € N,
defined as

GET) = n[Fur+ D)~ Fa(r)],  tER,
22211(7’7+%](Xk), iftZO,

B ZZZI _]l(T—i—%,T](Xk)’ if t <0. (70)

Here we have a picture of ﬁfg, with 7 = 0 and the same F' as above, also
formed by the same sample as the graph above.

10 4

Then, let v, := v57 := (af', 357). This is a function of X1, ..., X,, and a
random element in (E,&). Its distribution is determined by F' and 7.

We assume from now on that the following two conditions hold.
Condition C.1 F is continuous.

Condition C.2 F' has both, left- and right-hand side derivatives in 7. Call
the former p; and the latter g, i.e.

F(r+h) — F(7)

01 = }lll;I(l) Y (71)
and
. F(r+h)-F()
02 = }LI{I(I) - : (72)

Here are two examples where Condition C.2 is not satisfied. In both cases
take 7 = 0.
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(I) F is the distribution function of a x? distribution, i.e. a Chi-sqared
distribution with one degree of freedom. The right-hand side derivative
at 0 is +o00, F'is continuous.

(IT) Take F to be the following:

F'is continuous at 0, but the right-hand side derivative does not exist.

We still need to specify the potential limit process of ~y,,. Let By = {By(t)|t €
[0, 1]} be a Brownian bridge. For any, not necessarily continuous distribution
function F', the process B; = B = {B;(t)|t € R}, definded by

Bi(t) == By(F(t)), teR, (73)

has also trajectories in D.,. By has continuous paths, and F' is an element
of D, it is then easy to verify that B; has cadlag paths, too. We also want
to allow the notation BI' = By o F, meaning an w-wise definiton. Below
is a picture of a typical trajectory of BY, where F is the standard normal
distribution function.
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Furthermore, let Ny, Ny be two Poisson processes with the following proper-
ties:

e N; and N, are independent of By, and of each other.

e N; has rate g;, 1 = 1, 2.
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e N, has, as usual, right-continuous trajectories while those of N; are
left-continuous, i.e. the value at a jump point is always set to the left-
hand limit. Note that this leaves the finite-dimensional distributions
unchanged.

Then, No = No(e1, 02) = {No(t)| t € R}, defined by

<N, t <0,
Nol) = {N2(t), t>0,

is a random variable in Dy.. In analogy to £, — N (cf. Theorem 4.17), we
have: If Conditions C.1 and C.2 hold, then 3" — Ny in Dy (cf. [Fer03b]).
Finally, let M := M7 := (B;, Ny). Now here is the paper’s main result:

Theorem 5.9 If Conditions C.1 and C.2 are fulfilled, then vE™ converges
in distribution to M in (E,&).

Proof. According to Corollary 5.6, three things need to be verified:

(a) {al'} is tight.

(b) {857} is tight.

(c) For all finite sets {t1,....,t,n} € T, and {s1,...,5,} € Tk, it holds

(af(tl), e al (), BET(51), oo 557(310))

Z, (Bl(tl),...,Bl(tm),]%(sl), ...,No(sp)>. (74)

Part (c) is the content of Proposition 5.10. We do not need to bother what
T, and Ty, look like, since (74) holds for all collections {ty,...,t,} and

{51, .., 8}
By re-enacting the proofs of Lemmas 3.11 and 4.19 we find that for all r, s, ¢t €
R,r<s<t,and n € N,

Ela, (s) = ag, (r)*[og, (t) — o, (5)”

< 6(F(r) — F(s))(F(t) — F(s)) < 6(F(t) — F(r))*

and
E|5Y7(s) = BT (m)]16y7(t) = By (5)]
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< (F(r) = F(s))(F(t) = F(s)) < (F(t) — F(r))*.

Hence, {a'} and {357} both satisfy 4.9 (2). Here is where we need Condition
C.1, the continuity of F'.

Furthermore, the finite-dimensional distributions of both sequences converge.
This follows as a special case from Proposition 5.10, or it can be deducted
analoguously to Lemmas 3.10 and 4.18, respectively. Thus {«f'} and {357}
satisfy 4.9 (1) as well, and so by Theorem 4.9 they both are tight and converge

in distribution. .

Proposition 5.10 Let 7 € R and F : R — [0, 1] be an arbitrary distribution
function. If Condition C.2 is satisfied, then (74) holds for all t; < ... < t,,
and s; < ... < sp.

It is important to notice that it does not suffice to show the convergence in law
of the finite-dimensional distributions of a” and 357 separately. Here is the
point where the independence of the limiting processes - and the dependence
of the two converging sequences - come into play.

When we proved the convergence of the finite-dimensionals for «,, (Lemma
3.10), we applied the Central limit theorem, while for 3, (Lemma 4.18) we
showed the convergence of the probablilities of the elementary events using
a Poisson-limit type result. Obviously, neither approach can be succesfull
here.The vector (Bj(t1), ..., B1(tm), No(sl), . No(sp)) has a “mixed distribu-
tion”, i.e. some components have discrete, others have continuous (marginal)
distributions.

We prove Proposition 5.10 by showing the convergence of corresponding
characteristic functions (cf. Theorems 2.16 and 2.17). There are two im-
portant principles when it comes to computing characteristic functions (see
e.g. [Bil95] or [Miil91]).

(I) The characteristic function of a random vector with independent com-
ponents is the product of the characteristic functions of each compo-
nent.

(IT) The characteristic function of the sum of independent random variables
is also the product of the individual characteristic functions, but all
being the function of one single variable.

Ny is a process with independent increments, so its finite-dimensional dis-
tributions can be written as the linear transform of independent random
variables. B is linked to the Brownian motion, a process with independent
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increments, so its finite-dimensionals can as well be expressed as a linear
function of independent random variables. Hence, (I) allows us to compute
the characteristic function of (By(t1), ..., Bi(tm), No(s1), ..., No(s,)).

As for (af(ty),...,al (ty), BE7(s1), ..., BF7(s,)), we basically have to deal
with sums of mutually independent indicator functions. Here we can make
use of (II).

Now let us turn to the proof itself. But before we do so we have to declare
some notation. In order to make the whole calculation a little bit easier to

follow, we re-label the time points. Let

Yn = (Oén(tl), -"aan(tm)7ﬁn(rl)v "'7ﬂn(TQ)’ﬁn(Sl)’ ""ﬁn(sp))’ ne ]N’

and

Y = (31(t1), oy Bi(t), No(11), ..., NO(Tq)aij(Sl)v "'7N0(SP))’

where t; < ... <t and 7 < ... <71y <0 <51 < ... <5, Furthermore we
introduce the following short-hand notation:

r = (T1,...,2m) €R™,
= (yl; ...,yq>T S ]Rq,
z = (21,..,2,)" €RP,
Tgr1 = 8o :=0,
fk = F(tk) (l{} = 1, ...,TTL), fm+1 = 1, fo = O,
A= Z—f] X,
j=1
Wy = ij (k=1,...m), fma1 =0,
j=k
k
fk = Z_y] (k: 17"'7Q>7 50 = 07
j=1
p
v = sz (k=1,...p), Vpt1 := 0.
j=k

Finally, set ty to —oo and t,,,11 to +00. The characteristic function of any
random variable X shall be denoted by ¢x.

The main work is to compute the characteristic functions of Y and Y;,, which
is the content of the next two lemmas.
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Lemma 5.11 The characteristic function ¢ : R™T4? — C of Y is

m—+1

vz = on{ = 33 0 ARG~ o)

k=1

+ Z Ql(eigk — 1) (rgr — 1) + Z Qz(ewk — 1)(sk — Skl)}-

k=1 k=1
Proof. In the first step we compute the characteristic function of (Bj(t1), ..., B1(tm))

According to (17) and (73), there exists a Brownian motion B on [0, 1] such
that
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By(t1) By(F(t1))
By (tm) By(F(tn))
1 0 0

01 0

0
—fi 1
0 —f2 1
00 10 —f,.| |1
0 0 01 —f, 1

Bo(f1)
BO(fm)
—h
—f2

0 _fm—l
_fm

0 00
0

1 ... 10
1 ... 1

B(f1)

B(fm)
B(1)

B(f1)
B(f2) = B(f1)

B(fm) = B(fm-1)
B(1) = B(fm)

The first matrix is m x (m+ 1), the second (m+1) x (m+1). Their product
is the m x (m + 1)-matrix

1-fi —h
I—fo 1—fy
H=|1-fs 1—-f;
l_fm 1_fm

Call the vector on the right

distribution is known.

B N,y (0,T)

—f
—f
L—fs
11— fm

B(m+1)'

—h
—f2
—fs

1_fm

—h
—f2
—fs

_fm

It has independent components, its
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with

fi 0 0 0
0 fo— N 0
L=1: : = diag(fx — fo—1)b=1,...m+1-
0 Jm = fm—1 0
0 1— fm

Knowing the distribution of B+ we also know its characteristic function.
Let a := (a1, ...,amy1)" € R™L. Then (cf. Lemma A.12)

1
P pin+n (@) = exp < - §GTF@)

and (cf. Lemma A.13)

.....

We give this term a more descriptive shape.

I-fi 1=fr ... 1—=fn

T
i 1—=fo ... 1—fn
HTy = : - : =
S L= fm
Tm
i —f2 . —fn
S =i+ A+ 1
2o —fimi s w A+ pae
ST —fir 4+ x, A+ o,
>0 —fix A
I' is a diagonal matrix, thus
m+1
(H"2)"TH 2 =Y (fi = fr-0) (A + )’
k=1
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and
m+1

-----

k=1

Now we determine the characteristic function of (No(r1), ..., No(r,)).

]Yo(’r'l) —Nl(—’l"l) -1 -1 ... -1 Nl(—Tl) —Nl(—TQ)
No(72) _ — Ny (—r9) N o -1 ... —1 Ni(=7r3) — Ni(—r3)
NO&TQ) _Nl&_rq) O 0 _‘1 Nl(‘_rq)

Call the matrix R and the vector on the right Nl(q). The distribution of Nl(q)
again is known. It has independent components, and the k-th component
has a Poisson distribution with parameter o;(ry 1 — %), k = 1, ..., q. Hence,
with a := (aq, ..., a,) € RY,

@qu)(a) = exp { Zq: 01 (k1 — i) (€5 — 1)}

k=1
(cf. Lemma A.14). Note that
-1 0 0\ (wn ~Y &1
BTy — -1 -1 0 Z/.z _ _yl._ v 5.2 |
1 -1 ... —1) \y, H— £
therefore (cf. Lemma A.13)
SO(NO(TI) ,,,,, No(rq))(y> = @RN§P>(?J) = gOpr)(RTy)
q
= €xp { Z 01(Tht1 — Tk)(eigk - 1)}
k=1

As for (Ny(s1), ..., No(sp)) we have

No(s1) 10 ...0 No(s1)
N()(Sg) _ 1 1 0 NQ(SQ) — NQ(Sl)
Ngésp) 1 1 | Ny(sp) —'NQ(spl)
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The vector on the right has independent components. The k-th component
has a Poisson distribution with parameter gs(sy — sx_1), k = 1,...,p. Fur-
thermore

1 1 ... 1 21 ;-):1 Zj 141

01 ... 1 29 §:2 Zj 120}

0 0 1 2p 2p vp
and hence

D
SO(NO(Sl) ,,,,, No(sp))(y) = eXp { Z 02(s5k — sp—1)(e"* — 1)}
k=1

Since By, Ni and N, are mutually independent, the vectors (B (t1), ..., Bi(tm)),
(No(r1), ..., No(ry)) and (No(s1), ..., No(sp)) are as well. This yields

V(@9.2) = P s ®) Psoin),Sotra)Y) Pisiosn),.Fo(s,) (?)
1 m+1
= — N2(fr = fre
eXP{ 5 ;(Nk + A)*(fe = fe-1)
£ 0 — D — ) + 3 oa(e™ — 1) (s — m}
k=1 k=1

and the lemma is proved. .
The next lemma deals with the characteristic function of Y,,. Here we have
to distinguish two cases depending on the location of the time points. The
distribution of Y,, looks different if one of the ¢; coincides with 7.

Lemma 5.12

(1) If T # t; for all 1 < i < n, then there is a w € {0,...,m} such that
tw < T < tws1. If nis large enough that t, < 7+ and 7+ 22 < tyq,
the the characteristic function 1, : Rt — C of Y, is

Un(z,y,2) = eM\/ﬁ{ Zill(fk - fk—l)e%
+€W\/ﬁ+1[ i [F(r 4+ 22) — F(1 + )] (e" — 1)
k=1
+i [F(T 4 %) — F(r + %21)] (e —1)]} .
k=1
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(75)

(2) If T =ty for aw € {1,...,m} and n is large enough that t, 1 < 7+ =
and T+ 22 < tyq, then the characteristic function iy, : R4 — C of
Y, is

EE

wn(xay>z> = eiA\/ﬁ mzj: (fk - fk l)

ZMw

LS}

kz_:( ete — 1 )[F(T#—W%)—F(TﬂL%“)]
Z:“erl_ n

e Vn zi:(w_n[F(rJr%)—F(TJrskT‘l)]
(76)

Proof. Part (1) will be treated in a detailed way. Afterwards we point out
how part (2) differs and present the important intermediate results.
Suppose that the assumptions of (1) hold.

Un(z,y,2) =Eexp { i (Yo, (z,y,2)) },

where (-, -) denotes the usual dot product.

<Yn7 (IL‘, Y, Z)) = Z an(tj)xj + Zﬁn(rj)yj + Z ﬁn(sj)zj



We want to call the expression in the squared brackets ¢, x, that is

A 1 m q p
Gk 7= %‘f‘% Z xj]l(—oo,tj](Xk)+Z _yjﬂ(T_i_%’T](Xk)‘i‘Z ZJ]I(T,TJF%](X’“)
j=1 j=1 j=1

Since the X, k£ € IN, are i.i.d., we have

wn(a:?y?z) = EeXp {Zicmk} = ﬁEeiC”7k = <E€i<n7l>n‘
k=1 k=1

Denote X; by X and let
Z = Z(X) = (Zl, -'-7Zm+q+p>

= (]l(—oo,tl](X)) ceey ]l(—oo,tm] (X)7 1(7-}—%77} (X)7 ceey ]1(7-+%177-](X)7 ]1(7',7'—1-%}()()7 ceey ]1(7-77-+%‘°](X)) .

Then
Co1=—F4=+—F4 x;Z; + —YjLmtj T 2 Zmq+j- (77)
\/ﬁ \/ﬁ j=1 j=1 j=1

Z is a random element in {0, 1} "7"?. Under the assumptions of 5.12 (1),
the order of the time points is fixed (with respect to n), and we distinguish
m + q + p + 2 disjoint events depending on between which two of adjacent
time points X falls. This leads to (at most) m+q-+p+1 different values that
Z takes on with positive probability. Table 1 on page 69 lists these events,
their respective probabilities and the corresponding value of Z. Note that
there are two lines containing the same Z-value.

Let 0, be the n-th root of ¢, (z,vy, 2), i.e.

0, =E etln1,

Because of (77) we can write down the expectation 6, as a sum of m+q-+p+1
summands.

= S e @[A“Lé%}}(mtk)_pw)
—l—gexp z[in—i—inj;ilxj—kg—%]}(f?( + ) = F(r+ )
D Z[AﬁLnj%xﬁj”ﬁ]}<lw<7+;—k>w< 4 )
+exp{4in+Lnél%}}(mwﬂ> P+ )4 (et ) - Fi()



> 1> M) g1 7 Jo sonfep T 9[qR],

0 o ' 0o 0 T T ("D [T —200—)
| | |
” ” ”
| | |
0 o , 0 0 | 1 T (™) — (") [ ¢1=)
| | |
0 o , 0 " 0 , 1 I | (") — (1% +2)d [+ 2™)
\\\\\\\\\\\\\\ | |
0 0o 0 T 1 1 | (B+)d— (s +0d | [+ +2)
| | |
” ” ”
| | |
0 o+ T T 4 1 T (e +4)d — (1) | [+55 +2)
\\\\\\\\\\\\\\ - - ________________________\°-____________d_-_____________________
I I 0 0 1 1 I () — (5 +2)d | [t +2%)
” ” ”
” ” ”
T O 0 0 1 1 T (Tas T4 = (q; + 04 | a5 +2 = +4)
“““““““ R e e et B bl e T
0 0 0 0 1 1 | (@5 +9)d = (g | [VF g 4 1)
| | |
| | |
” ” ”
| | |
0 o 0 0 I 0 (g — (") | [
| | |
0 o' 0 0 0 0 (“Dd — 1 (00— ‘™4g)
[G+20) . [tes) | [t L [t | [Moo—) ... [FHPgoo—) |
(x) ol Tl Yol b I
12X ;1 (X)Z joonfep (1> x)d I
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N m+1 Z.u]g
0, = 6\/7;{ Z €\F (fx — fe-1)
k;éerl
—i—Zexp{ Mw“—l—ék}}( ( —i—ﬂ) F( +7;Z—k))
—i—Zexp ,u +1+V4}(F(T+%)—F(T+%))
—Werl r s
+€ \/ﬁ (.fw-i—l_fw—*—F(T—{_gl)_F(T_‘_;p))

We split the last summand and add it to the others in a suitable way. Note
that (telescoping sum)

q

F(r+-t) = F(r) - ; (F(r+ =5 = F(r + ) (78)
and _

F(r+22) = —F(r) - :1 (F(r+ %) = P(r+ =) (79)
Hence i

sk

On —ef[ S (i — fie 1)

41

I R
FELae - 0lFr ) - Fo 5] )

and ¢, (z,y, z) = 07 looks like (75).
As for 5.12 (2), the possible values of Z and the respective probabilities are
shown in Table 2 on page 71. This leads to the following expression for 6,,.
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i i T T (") [T —2'00—)
o
, | , —MA ¢7—m
| | T ” I T (™) — (M) | [T ™)
| ﬁ e | ) .
’ ’ m | | | ” I 0 (=g —(m+9d | [+ 2177™)
! 610 S P S i T
\\\\\\\ ,\\\\\\\\\\\\\L\\\\\\\\\\\\\\,\ H O Ad+bv@|Am‘L+ A Tu &
““““ o ' 0 I 11 Lo
0 ” | ,
|
| | | »
| | I ” I 0 (m+4)d — (D) | [+55 + 1)
| T T R e
X A 0 T‘wow‘\\‘mw (T = (w+2)d | w4292
\\\\\\\\\\\\\\\\\ .. ‘_” |
I I m 0 0 T |
I I |
| m | 0 0 (v + 0 — (45 + ) | [45 + 2 s +2)
0 1 0 L R o Ty
: e B il o 0 (g + 0 = (Fm)g | [T 4
\\\\\\\\ 0 | 0 0 1 L 0
0 | | ,
| | |
m | 0 m 0 0 () — (M) | [ )
| ﬂ 5
|
0 0 0 0 ' 0 o 7 0
) “ [+ 5, +2) [ ) (300 ) E@S\{ _E"owwwiﬂ‘aﬁoo\v
sy ety Bt By (x) ol
)b ol W ok o S )
I3 X 1 (X)Z joonfep
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Y m+l TR
On = 6\/5{ Z eV (fi — fi1)
kw, w1
+Z€Xp{ ——l—{k]}( (7’4—%)—17(7'—1-%))

Zexp{ Mw“ + I/k]}(F(T + Z—k) —F(r+ E))

ALTES| (U

+e vr (fw+1—F(7'+i—p))+ evn (F(t+ =) = fu-1)

The last two summands equal

i fap41 i plw
e vn (fw—|—1 - fw) + € v (fw - f’w—l)
itwg1 4 Tk+1 Tk i Sk Sk—1
—e v Y (R ) — F( +E))—eﬁ (F(T+g)—F( T))
k=1 k=1

Use again (78) and (79). Hence

z)\ m+1 oy
6, — e [zm—f“)f

tpw 4
+evn S (e® — 1)[F(r + 2£2) — F(r 4 )]
in-{—ki:lp
+e vh Y (e — D)[F(r+ %) — F(r + 21|,
k=1

and ¢, (z,y,z) = 0] is given by (76).

Proof of Proposition 5.10. We show ¢, (z,y,2) — ¥(z,y,2) as n — o0
for all z € R™, y € R? and z € R? (cf. 2.16, 2.17). We restrict ourselves
to the case 5.12 (1), it will be obvious that the second case works absolutely
analoguous and leads to the same result.

We use the following limit theorem. If, for complex numbers x, x,, n € IN,
r, — x, then

(1+75) —e (80)
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Hence, in order to prove

wn(‘ru y) - Z/)(513‘7 y)a
it suffices to show that
1
Call the left-hand side h,, and the right-hand side h. By Lemmas 5.12 and

5.11 we have

by m+1 U
hy, = n'eﬁ{ Z(fk_fk 1)evn

k=

+€w\%+l [ S[F(r+ 22) — F(r + )] (e — 1)

f=1
m+1 \

= nZ(fk_fk—l)(eﬁ( ) )
k=1

and
1 m—+1
h = 5 ;(NH—)\) (fro—fr—1 +Z 01(e—1)(rg41—7rk) +; 02" —1)(sp—5_1).

We are done when we have proved the following three convergence statements
(i.e. we show the convergence of each of the three summands separately).

m—+1 m+1
a) 0> (fi — fi) (eVn M) _q) —>——Z e+ N2(fi = fior)
k=1

) exp {%(/\ + ps1) } ZH[F(T + L) — P(7 + )] (e — 1)
— > o€ = i = 1%)
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c __
@72 1 ce C.

The fact that it converges uniformly on compact sets in C, allows us to write

== (A ) i A pp)? 1
evn Zl—l-%()\—%-,uk)—%—l—O(ﬁ).

This yields

= ny [ﬁ(wﬂk) _& Z:’“) +o(%)} (frx = fe-1)
= Zi\/ﬁ()\+ﬂk)(fk—fk—1)——Z(Mk+/\)2(fk—fk—1)+0(1)

The last step is to notice that S 7" i/n(A + pu)(fx — fr_1) equals zero.

(Note that this is true for the sum but not each summand.)

m~+1 m+1 m
Z()“",uk)(fk_fk—l) = Z()\+Mk)fk—2(/\+ﬂk+1)tk
k=1 k=1 k=0
= )‘+Z(Nk_ﬂk+1)fk:/\+Zxkfk:/\_>\
k=1 k=1

Proof of (b). Since exp{\/L'ﬁ()\ +u)} — 1 as n — o0, it suffices to show

lim n[F(T + T"%) — F(1t+ %’“)} = 01(Tk+1 — Tk)-

n—oo
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This can be seen as follows. Recall the definition (71) of ¢; and that r; <0
(j=1,...,q).

n[F(T+”T+1) —F(T—l—%’“)] = n[F(T—l—T’“T“) —F(T)} —n[F(T—i—%’“) —F(T)]
_ Tk+1F(T+TkT+1>_F(T) —rkF(T+%>_F(T>

— Tg4+101 — TkO01 = Ql(rkﬂ - Tlc)

Proof of (c). By the same means as above show

lim n[F(T + %) —F(r+ s’“n’l)} = 09(Skp — Sg_1)-

Thus, having proved (a), (b) and (c), we know that h,, — h, which implies

by (80) v, (z,y) — t¥(z,y) and by Theorems 2.17 and 2.16, Y, Z,y,
Proposition 5.10 is proved. .

The following corollary (and last proposition in this paper) takes us back to
the special case we started from. Recall the processes an,, By, 3, and N,
defined by (16), (17), (52) and (53), respectively. Let By = {By(t)|t € R}
and &, = {a,(t)|t € R} be By and «,, embedded in D, i.e.

> e BO(t>7 te [07 1]7
Bolt) = {0, t¢[01],

and
an(t) = Vn(Gu(t) - G(t), teR,
B {an(t), teo,1],
0 a.s., t ¢ [0,1],
where G' denotes the distribution function of a Uniform(0, 1) distribution,

and G,, the corresponding empirical distribution function.

Corollary 5.13 (&, 5,) N (Bo, N) in (E,&).

Proof. We have a,, = al, B, Z B0 and By Z B¢. Moreover, the left-hand
side and right-hand side derivatives of G at 7 = 0 are 0 and 1, respectively.

Note that a Poisson process with rate 0 is a.s. identical zero, hence NZ
No(0,1). The function G is continuous, so by Theorem 5.9,

~ <z <z > L 5 O
(O‘Twﬁn) = 77?70 = M0 = (BlG? N0<Ov 1)) = (BO>N)'
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Concluding remark. The question remains what happens if we drop the
restriction of F' being continuous. I conjecture that the convergence state-
ment of Theorem 5.9 holds just as well. Recall that Proposition 5.10 does
not require continuity of F. It does require Condition C.2, though, i.e left-
and right-hand side derivative in 7 must exist. From the proof of 5.10 it is
obvious that we cannot expect any sensible limit without this restriction.
The Continuity is needed when we apply Theorem 4.9 to show tightness of
{al'} and {857}, Condition (2) of Theorem 4.9 is very well suited for these
sequences if F' is continuous, and in particular for the “standard special case”
{&,} and {8,}. We can identify the distribution function F' with the F' in
4.9 (2), the latter being required to be continuous. Since the continuity
is essential in the derivation of Theorem 4.9 (cf. (49)), there seems to be
no “easy fix”, in the sense that Theorem 4.9 could be easily adjusted to
accomodate discontinuous F' as well. But (the good news) 4.9 is just one
possibility of proving tightness, it sufficient but not necessary. To sum it up,
with the means provided in this paper we get the convergence statement 5.9
only for continuous distribution functions F'.

Here is my idea how to get around. I suggest two different approaches for
{a'} and {857}, Concerning {357} T would like to point to the alternative
tightness criterion 4.16. It cannot be applied directly. It is formulated for
processes on D[0,00), and only for point processes in the classical sense,
meaning the process may only jump by one at a time. As long as F' is
continuous, 357 has only jumps of height one, but if F' has a discontinuity
at, say, to (i.e. the distribution has mass concentrated in ty), then 327 has
a jump of more than one at nty with positive probability. I expect that the
proposition can be extended in an appropriate way to such “labelled point
processes” .

As for {a'}, we know that {«,} is convergent in D[0, 1] (cf. Theorem 3.12).

ol is the quantile transformation of a,,, i.e. af = a, o F. It is easy to

verify that the quantile transformation D[0,1] — D(—o00,00) : & +— x o F is
continuous on C10, 1], i.e. Z(By)-a.e. continuous. I do not know whether
it is continuous (with respect to 2 and Z,,). By the CMT (cf. 2.15) of
converges to B hence {al'} is relatively compact (cf. Corollary 2.13). We
cannot conclude, though, that {af'} is tight, since (D, ds), as we have
declared it, is not complete (cf. Theorem 2.14 (2)). Here is another obstacle.
We need tightness of both sequences {a} and {357} to show tightness of the
product sequence v>™ (Lemma 5.2), which implies its relative compactness
(Prokhorov’s theorem, cf. 2.14). What to do? Either one tries to show that
relative compactness also transfers from the components to the Cartesian
product (which won’t work as nicely as it does for tightness), or one makes use
of the following: Although (D, dw) is not complete, the induced Skorokhod
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topology is metrizable with a complete metric. Just like in (D, d) (see remarks
on page 13), there exists a complete metric, say d;o, which is equivalent
to doo (see [Bil99], pages 168 and 170). Completeness is a property of the
metric, while separability is a topological property. Tightness is a topological
property, too (its definition involves compact sets), which means, if {al'} is
tight in (Duo,ds), then it is just as well tight in (D, ds), because the
topologies of both metric spaces agree.
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A Lemmas and References

In the subsequent lemmas, dealing with Skorokhod convergence, we will em-
ploy the following characterization.

Lemma A.1 The following are equivalent:
(I) x, — z in (D[0,1],d).

(II) There ezists a sequence {\,} C A such that

Tp(An(t)) — 2(t) uniformly in t € [0, 1], (81)
An(t) — ¢ uniformly in t € [0, 1].

(III) There ezists a sequence {\,} C A such that
| 2, () — x(Aa())| — O uniformly in t € [0, 1], (82)
An(t) — t uniformly in t € [0, 1].

Proof. This is an immediate corollary from the definiton of the metric d,
keeping in mind the definition of infimum and supremum. (II) is a citation
from [Bil99], page 124. The equivalence (II)-(III) follows right away from
(2): If {\,} satisfies (81), then {\, 1} does satisfy (82).

Lemma A.2 ]1[0 l_l) — ]1[07%) Zn D

2 n

Proof. Apply A.1 (IT). Take A, to be the linear interpolation of the three

points (0, 0), (% — %,%) and (1,1), i.e. A, lifts % — % up to % and is linear

otherwise, or explicitely:

t 11
) 1-27 t<§_ﬁv
An(t) = VAT WS B |
1+2 1+5 =2
Then
<l fort<i-l,
An(t) = 1 11
25 fOI'tZQ——,
n
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Lemma A.3 ]l[ ) 0w D.

1 11
27 n’2

Proof. Apply A.1 (ITI). Suppose there is a sequence {\,} C A satisfying
(82), then, with x, = ]l[%_ 1y and ¥ = 0,

|z, (t) — 2(Aa(2))] =

which does not converge to zero uniformly in ¢ € [0, 1].

1
o)

|

=

3-35 )

Lemma A.4 1[071_%> - 1o,1) in D.

Proof. Apply A.1 (IIT). With z,, = 15,_1, and x = 11y we have

([0, 1)) = @ ([0, 1)) = {0, 1}

for all n € IN. Therefore (82) implies, that there exists an ny such that
(A (1)) = 2,(¢) vVt e [0,1],n > n,

because otherwise

sup |z(An(t)) =z (t)] =1
te(0,1]

for infinitely many n € IN. That means
Loy (An(t)) = 2(Ap(t)) = xp(t) = ]l[o,pi)(t) =0 Vi>1-— =,

hence

which is a contradiction to the strict monotony of \,,.

Lemma A.5 Let S be a separable metric space and 7 be a o-field on S. If
T contains all open ball, then B(S) C 7.
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Proof. This is a standard topology argumentation. Let A be countable,
dense set in S, which exists according to the assumptions. Then, let B the
set of all open balls with rational radii around the elements of A. The system
B is a countable base of the topology S, hence every open set is a countable
union of elements of B. But B is a subset of .7, hence, with .7 being a
o-field, every open set is contained .7, so is the o-field generated by all open

sets. .

Recall the moduli w and w”, defined by (34) and (35):

UA)('I7 5) = ,51%1(%) gliaéiwx[siflasi)a
w”(x,0) = sup {|x(t) —x(t)| A |x(ty) — x(t)|},
To(9)
where
S1(0) = {{30, oSl €Nyso =08, =1,8—5,1 > Vi=2, ...,1/—1}.
and

F(0) = {{tl,t,tQ}‘o <t <t<ty <1 ty—t; < 5}.
The following inequality is repeatedly used in the proof of Lemma A.7.
Lemma A.6 It holds

|2(s) — z(t)] Ala(tz) — =(t)] < 20" (z,0) (83)
for all functions x € D and all 0 < t; < s <t <ty withty —t; <6.

Proof. This is (12.33) in [Bil99], but the formula there contains a typo. The
inequality is not hard to get, though. We show: if |z(s) — z(t1)] > w"(z,9),
then | z(te) — z(t)| < 2w"(x,0). The assumption implies by the definition of

"
w7

|2 (ts) — 2(s)| < w'(x,9)
and
|2(t) — z(s)| < w'(z,0),

hence

| z(te)=z(t)] = [x(t2)—w(s)+a(s)—x(tr)| <[x(te)=z(s)|+]x(s)—a(tr)] <2uw"(x,0).
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Lemma A.7 For each x € D and § > 0,

w(, g) < 6w’ (x,9).

Proof. Let a > w"(z,8). It suffices to prove w(z,2) < 6a. The first step
towards this end is to show that z cannot have two jumps exceeding 2a
within the distance smaller than § of one another. Suppose there are two
points u; < us at which x has jumps of height larger than 2a. If us —uy < 9,
then there exist points s; and s, such that s < u; < so < ug and us —s1 < 6.
Since the left-hand side limit of x at each point exists, we have

5111/1%1 |z(u) — z(s1)] = |z(u1) — z(w—)| > 2a.

Thus by moving s; sufficiently close to u; one can always achieve that
| z(u1) — z(s1)] > 2a,
and by the same means
|2(uz) — 2(s2)] > 2a,
hence
|z(u) — z(s1)| A|x(uz) — x(s9)| > 2a.
But this is a contradiction to
|2(u1) — x(s1)] Afw(uz) — z(s2)| < 2w"(x,6) < 2a,

which must be true due to Lemma A.6. Therefore u; and u, have a distance
of at least ¢ from one another.

Next, we construct a grid S = {so, ..., sy} on [0, 1] (cf. subsection 3.2) having
the following properties:

(I) S;i — Si—1 S(S V’izl,...,]{?,
i.e. the mesh of S is less than or equal to §.
(II) S; — Si—1 >% \V/Z:2,,k—1,

ie. Sisa %—grid with soft boundares.

(IIT) If there is a point u € [0, 1] for which holds | z(u) — x(u—)| > 2a, then
u€s.
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Such a grid can be obtained as follows. Take all points u € [0,1] with
|z(u) — x(u—)| > 2a, plus the endpoints 0 and 1. This leads to a grid
S = {5, ..., ¢}, which has, as shown above, the property §; — §;_; > ¢ for
i =1,...,k. New points are added the following way:

e In the interval (S, §1): Successively add the points §; — 9, §; — 20, ... as
long as they still greater than 0.

e In the interval (50, 51),7 =2,...,7 —1: If §;—5;,_; > 9, add the midpoint
2%l Tterate.

e In the interval (5;_,, 5;): Successively add the points §; ; +0,5; | +
20, ... as long as they are smaller than 1.

It is evident that the thus obtained grid S = {sy, ..., s} satisfies conditions
(I) to (I11).
From (I) and (III) we are able to deduct the following property:

We[si—1 — s;) < 6a Vi=1,..,r.

Keep in mind, that x,d and a are connected via the relation a > w”(x,4).
Again, Lemma A.6 will be the key argument. Let s, 1 < t; <ty < s;. What
we need to show is | z(t;) — z(t2)| < 6a. Let

oy :=sup {s € [t1,12]| sup |x(u) —z(t)] < 2a}. (84)

t1<u<s

In words, o is the point where the graph of x first exceeds 2a-distance from
x(tq) to the right of ¢;. This is the same as

inf {s € [tl,tg]’ |z(s) — z(t1)| > 2a}, (85)

but only if this infimum exists, that is, if the set is not empty. In this case
we want oy to equal ¢9, and thus use definition (84) instead of (85). Likewise

oy :=1inf {s € [t;,t2])| sup |z(t2) — z(u)| < 2a}. (86)
s<u<ta
Claim
092 < 01, (87)

Proof: Suppose o; < 05. Then there exist points s and ¢ such that o; <
s,1 < o9,

|z(t;) —z(s)| >2a and |z(ty) — x(t)] > 2a. (88)
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Due to the properties of the supremum and infimum we can move s and ¢
arbitrarily close to o; and o3, respectively, and by doing so, always arrange
s < t. Since ty — t; < 0 (property (I)), we have by (83),

|z(t1) — z(s)| A|x(te) —x(t)] < 2w"(x,0) < 2a,

which contradicts (88), therefore (87) must hold.
Thus, we summarize,

o |z(t) —x(01—)| <2a (due to (84)),
o |z(01—) —z(01)| <2a (due to property (III)),
o |z(0y) —z(ta)] <2a (due to (86)and (87)).
Hence, by the triangle inequality,
|z(t2) — z(t1)| < 6a.
This proves the lemma, because

Wy[sic1 — 8) = sup | 2(t2) — x(t1)| < 6a,
t1,t2€[si-1—5;)

and since S = {s1,..., 52} € (%),

2 ) = j ) N < ) N <
U)($, ) ;ﬁfg) gzag)fj wx[tsztz) = lrgzag)?f wx[szfla 31) = 6a.

This holds for all a > w"(z,§), hence w(z, $) < 6w (z,§).

Definition A.8 (Multinomial distribution) Let X = (X,..., X}), k£ >
2 be a real random vector. X is said to have a multinomzial or polynomial
distribution with parameters n,ps,...,pr (n € IN, Zlf pi = 1), if

n!

N rll...rk!pll e P
for all 7 = (r1,...,7) € {0,...,n}* with 3 r; = n.

Interpretation: Suppose the possible outcomes of random experiment are
the k different events Ay, ..., Ay, occuring with probabilities py, ..., px, respec-
tively. Suppose further that the experiment is carried independently n times.
Then P(X = r) is the probability that the event A; occurs exactly r; times,
i=1,...k. (See also [Miil91], page 303.)
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Proposition A.9 (Poisson limit theorem) Let {X,} be a sequence of real
random variables, with X,, having a Binomial distribution with parameters n
and p, such that lim,_,. np, =: A > 0. Then

n

k

)\k
e

P(X,=k)= ( ) pﬁ(l —pn)"_k — T k=0,1,2, ..,

as n — 00, which implies that
X, -5 Poisson(A),

where Poisson(A) denotes a random variable having a Poisson distribution
with parameter \.

Proof. See, e.g. [Miil91], page 155.

Lemma A.10 The following are equivalent:
([) (xnayn> - (x,y) imn (D[O,l](R2)7d(2))'
(II) There ezists a sequence {\,} C A such that

| 2, () — x(A\n(£))] — O uniformly in t € [0, 1],
| yn(t) — y(An(t))] — 0 uniformly in t € [0, 1], (89)
An(t) — t uniformly in t € [0, 1].

Proof. Just as in Lemma A.1, (z,,y,) — (z,y) is equivalent to: There is
{\.} € A with

{| (@ (1), yn (1)) = (2(An (), y(Au(t)))] — O uniformly in ¢ € [0, 1],
An(t) — t uniformly in ¢t € [0, 1].

The former of the conditions is equivalent to

{rmnu) — 2(Aa(1))] = 0

() — O (B)] — 0 uniformly in ¢ € [0, 1].
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Lemma A.]_]_ (]1[07%7%), 1[0’%+%)) xad (1[0’%)7 ]1[07%)> Z'n, D[O,l}(]R?)'

Proof. Apply A.10. With z,, = ]1[0’%7;), Yn = ]1[0,%+;) and xr =y = 11[0’%),
suppose there is a sequence {\,} C A such that (89) is fulfilled. Then

|20 (t) = 2(An(®))] + [y(Aa(t)) = yn(D)]
> | zn(t) = 2(An(t)) + y(Aa(t) — yn(t)]

|2 (t) — yn(t)]
1 if

(t
1
—;S <§—|-—

N | —

This means, | 2, (t) — (A (2))] + |y(An(t)) — yn(t)| cannot converge to zero
uniformly in ¢, which implies that none of the two summands does either.

Hence (89) cannot be true. .

Lemma A.12 Let X be normal random vector in R*, having expectation
p € RY and covariance matriz ¥ € R¥*. The characteristic function @x :
R* — C of X is given by

. 1
ox(2) = Eet®X) = exp{i(z, ) — ) %2, z € R".

Proof. cf. [Fer02a], Satz 5.4.

Lemma A.13 Let X be a random variable in R*, A € R™*, b€ R™ and
Y = AX + b a.s., moreover let ox : R¥ — C and ¢y : R™ — C be the
characteristic functions of X and Y, respectively. Then,

pv(2) = gy (AT2),  zeR™

Proof. cf. [Fer02a], Satz 4.6 (3).

Lemma A.14 Let X be a random wvariable having a Poisson distribution
with parameter . The characteristic function px : R — C of X s given by

px(t) = Ee™ = exp{A(e” - 1)}.

Proof. cf. [Miil91], page 301.
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