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Abstract

Consider the stochastic delay differential equation (SDDE) with length of memory r
dX(t) = b(Xy)dt + o(X;)dB(t),

which has a unique weak solution. Here B is a Brownian motion, b and o are con-
tinuous, locally bounded functions defined on the space C[—r, 0], and X, denotes the
segment of the values of X (u) for time points w in the interval [¢,¢ — r]. Our aim
is to construct a sequence of discrete time series X" of higher order, such that X"
converges weakly to the solution X of the stochastic differential delay equation as h
tends to zero.

On the other hand we shall establish under which conditions a given sequence of
time series X" of higher order converges weakly to the weak solution X of a stochastic
differential delay equation.

As an illustration we shall derive a weak limit of a sequence of GARCH processes
of higher order. This limit tends out to be the weak solution of a stochastic differential
delay equation.
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Zusammenfassung

Wir betrachten die stochastische Differentialgleichung mit Gedéchtnis (SDDE) mit
Gedéchtnislédnge r

dX (1) = b(X,)dt + o(X,)dB(t)

mit eindeutiger schwacher Losung . Dabei ist B eine Brownsche Bewegung, b und
o sind stetige, lokal beschriankte Funktionen mit Definitionsbereich C[—r, 0], und X;
bezeichnet das Segment der Werte von X (u) fiir Zeitpunkte v im Intervall [¢,¢ — 7].
Unser Ziel ist eine Folge von diskreten Zeitreihen X" hoherer Ordung zu konstruieren,
so dass mit h gegen 0 die Zeitreihen X" schwach gegen die Lésung X der stochastischen
Differentialgleichung mit Gedéchtnis konvergieren.

Desweiteren werden wir Bedingungen angeben, unter denen eine gegeben Folge
von Zeitreihen X" hoherer Ordung schwach gegen die Losung X einer stochastischen
Differentialgleichung mit Gedéachtnis konvergiert.

Als ein Beispiel werden wir den schwachen Grenzwert einer Folge von diskreten
GARCH-Prozessen hoherer Ordnung ermitteln. Dieser Grenzwert wird sich als schwa-
che Losung einer stochastischen Differentialgleichung mit Gedéchtnis herausstellen.

Schlagworter:

stochastische Differentialgleichungen mit Gedéchtnis, schwache Approximation,
diskrete Zeitreihen, GARCH-Prozesse
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Chapter 1

Introduction

Convergence of stochastic processes

Let X := (X(t),t > 0) be a continuous stochastic process. Often one is inter-
ested in the distribution of certain functionals of the process, for instance of ¢(X) =
maxo<;<7 X (). In general it is difficult to determine the distribution of ¢(X). One
way to tackle this problem is to consider an appropriate sequence of processes X,
converging weakly to X. Sometimes the distribution of the functional under consider-
ation can be determined much easier for every X,,, and the distribution for X can be
obtained as a limit distribution. This is exactly the procedure of Donsker’s invariance
principle. Along this line we shall establish convergence results for weak solutions of
stochastic delay differential equations.

Stochastic delay differential equations

Stochastic delay differential equations (SDDE’s) have become widespread in the last
30 years. Phenomena of time delay occur in many different areas of the real world.
Stochastic delay differential equations are their mathematical reflection. A description
without time delay is nowadays not to think of. In physics it is the time of transporta-
tion of particles or information from one system to another. In financial mathematics
it is the time to react on developments in financial markets. In econometrics time
delay corresponds to the reaction time of the client to behave in a certain way. A first
survey on the theory of SDDE’s is presented in Mohammed [21] and Mao [19]. We
shall consider SDDE’s of the kind

X(t) = &), —-r<t<o0
{ dX(t) = b(X;)dt +o(X,)dB(t), t>0. (1.0.1)

Here B is a Brownian motion, b and ¢ are measurable, locally bounded functions de-
fined on C[—r, 0], and £ is a deterministic, continuous function on [—r, 0]. Furthermore
X is the segment (X (¢ 4 u))_r<u<o, where 7 > 0 denotes the length of memory. We
exclude the case r = oo which has been treated in Riedle [25]. In the case r = 0 the
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2 Introduction

system (1.0.1) is a stochastic ordinary differential equation. The aim of this work is to
approximate weakly the solution of (1.0.1). We shall construct processes X,, which will
converge weakly to the process X, where X is the unique weak solution of the system
(1.0.1). This will be done firstly if the coefficients b and ¢ are continuous and bounded,
secondly if they are continuous and locally bounded, finally we admit discontinuity
points for the coefficients b and o. The apg)roximating processes are constructed in a
first step as autoregressive time series (Xr:f)L)mENo on a time grid {mh : m € Ny} for
h > 0. The quantity h is called step length. In a second step X is extended to a
continuous process by linear interpolation. To indicate the correspondence to the step

length h, we shall denote the approximating processes by X rather than by X,,.

History of convergence results for stochastic processes

One of the first results on convergence of stochastic processes is the famous Donsker
theorem, see Billingsley [2]|, Theorem 10.1. If {¢} is a sequence of i.i.d. centered
random variables with variance 1, then the sequence of processes defined by

[nt]
1
k=1

converges weakly to a Brownian motion on [0, 7] as n tends to infinity. The Brownian
motion is a special case of a Markov diffusion with vanishing drift coefficient and
diffusion coefficient 1.

A general result on convergence of stochastic processes to a Markov diffusion is
presented in Stroock and Varadhan [28]. For each h > 0 let us be given a d-dimensional

Markov chain X® = (X(()h)7 X }(Lh), XQ(Z), ...) with transition probabilities

h h h
pl(ch)(XIgh)ﬂA) = P(X( )

h
(k+1)h € A|X15;h))a A e B (1.0.2)

In terms of the transition probabilities the following quantities are defined for ¢ > 0
and z € R?

1
(h) —_ - _ (h)
a(t,x) = h/Rd(y 2)p iy, (2, dY)
1
b (t,2) = o2 (t,2) = / (y =)y — 2)"p2), (@, dy).
h R4 [h]h'

A stochastic process X®(t) in continuous time is constructed by linear interpolation.
If there exist functions a and ¢ such that

aM(t, x) — a(t,z), oM?(t,x) — o(t,z), t>0 xcR?

uniformly on compact sets of R, xR?, then the sequence of processes X (M (t) converges
weakly to a Markov diffusion X with coefficients @ and ¢. This means, the process X
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is the weak solution of the stochastic ordinary differential equation
dX(t) =a(t,X(t))dt + o(t,X(t))dB(t), t>0, (1.0.3)

where B denotes a Brownian motion. The proof in Stroock and Varadhan [28| uses
that the weak solution of (1.0.3) solves a martingale problem. The same result in the
one-dimensional case can also be found in Gichman and Skorochod [6]. Here the proof
is performed by analysis of finite-dimensional distributions via characteristic functions.

In Jacod and Shiryaev [10] it is studied when a sequence of semimartingales con-
verges weakly. The theory in this book provides results for approximating processes
X,.(t) being piecewise constant processes. Here, in contrast to Stroock and Varadhan
[28], the underlying space is the space of right-continuous functions with left-hand
limits (cadlag-space).

A general guideline

Including the introduction this thesis consists of three chapters. As a first result in
Chapter two we will show in generalization of Stroock and Varadhan [28] that every
weak solution of a stochastic delay differential equation (SDDE) corresponds to one
and only one solution of a martingale problem. To approximate weakly a given SDDE
with a unique weak solution X, we will construct a sequence of continuous autoregres-
sive schemes (Xéf,z)meNo of higher order. We shall do it in such a way that the order

of (Xr(:;z)meNo increases to infinity as the step length h tends to zero. The schemes
(Xffg)meNo are extended to continuous processes X" (t) by linear interpolation. As
a main result we will give conditions under which the sequence {X ") (¢)} converges
weakly to the solution X of the given SDDE as h tends to zero. The occurrence of
time delay in the weak limit can be explained by the unboundedly increasing order of
the autoregressive schemes (Xf:}z)meNo as h tends to zero. There is a series of appli-
cations. We shall use the main result to establish the weak limit for a given sequence
of autoregressive schemes with unboundedly increasing order. We shall illustrate the
procedure for a sequence of GARCH-processes (X", p("2). We will give conditions
on the coefficients of the GARCH-processes under which the sequence of processes
(X p(M2) converges weakly as h tends to zero. The limit process will be the weak
solution (X, p?) of a SDDE. To emphasize the importance of the assumptions in the
main result, we shall give two counterexamples where the sequence {X®} does not
converge weakly to the solution process X. As a further application we shall use the
main result to prove the existence of a weak solution for a certain class of SDDE’s.
Every weak solution Y of an SDDE is a semimartingale. We shall approximate the
solution Y by a sequence of piecewise constant processes Y ") As mentioned before,
the processes YM take values in the cadlag-space. We shall give conditions under
which the sequence {Y(h)} converges weakly to the solution process Y. The proof of
the convergence result we shall perform with the help of semimartingale theory.



4 Introduction

Chapter three deals with a special class of stationary Gaussian processes. We shall
consider piecewise constant ARMA(p(h) + 1, ¢"™)-processes of unboundedly increasing
order of the kind

O

p()
YW, = v ) Y b+ > 0" hems1i, mEZ
Jj= i=

(1.0.4)
(h)  _ ()
Y, = Y[%] L teER
We will study under which conditions on the coefficients the sequence {Y(h)} converges
weakly. In this case we shall get a stationary Gaussian process as a limit. It turns out
to be the stationary solution of a stochastic equation of the kind

dY (t) = /0 Y(t 4 u) da(u)dt + dZ(t), t>0, (1.0.5)

-r

where Z is a certain mixture of a Brownian motion process B, indeed, the driving
force Z may be represented in the form

Z(t) = /O [B(t +u) — B(u)] do(u), t>0. (1.0.6)

—-q

The time delay in the drift occurs because of the unbounded increase of the number
of coefficients {ag-h)}. If ¢ = 0 and O'éh) = 1, then the driving force Z in (1.0.6)
is a Brownian motion. This case has been studied in Section 2.5 of Reif [23]. The
occurrence of the new kind of driving force Z in (1.0.6) is explained by the unbounded
increase of the number of coeflicients {ai(h)}. Based on the stationarity of the under-
lying processes we will prove convergence of finite-dimensional distributions by using
spectral densities. We will study the process Z in (1.0.6) and the stationary solution
process Y in (1.0.5) in detail. We will give explicit representations of Y in terms of
the underlying Brownian motion B and an Ornstein-Uhlenbeck process X.



Chapter 2

Stochastic Delay Differential
Equations Driven by a Brownian
Motion

2.1 Introduction

Let 0 < r < oo denote the length of memory. Furthermore let B = (By,..., B,)
denote an n-dimensional Brownian motion for n € N. Consider the following stochastic
differential delay equation with values in R? for d € N

X, = ¢
{ dX(t) = b(X,)dt+o(X,)dB(t), t>0, (2.1.1)

or in coordinate form

dX;(t) = bi(X)dt+ > 0y(X,)dB;(t), i=1,....d, t>0.

S8

Here
b: C([-r,0;RY) — RY o : C([—r,0;RY) — M(R>™), d,neN

are measurable functions, and X, denotes the segment (X (¢ + u))_,<u,<o of X at time
t. Note that X; € C([—r,0];R%). For x € C([—r,0]; R?) define the norm

2]l == sup [z(u)].
—r<u<0

Then C([—r,0];R?) is a Polish space. We assume for the initial segment Xy that it is
deterministic: Xy = £ for a function ¢ € C([—r,0]; R?). One can consider strong and
weak solutions for (2.1.1). In this chapter we will deal with weak solutions only.

5



6 Chapter 2. Stochastic Delay Differential Equations Driven by a Brownian Motion

2.1.1 Definition. Let £ € C([—r,0];R?) be an initial segment. A weak solution of
(2.1.1) with start in £ is a sextuple (2, F, {F:},Q, B, X) such that (Q,F,{F},Q) is a
filtered probability space, and B and X are processes defined on this space satisfying
the following four conditions.

1. B s a continuous n-dimensional Brownian motion martingale, and X is a con-
tinuous adapted d-dimensional process.

2. Xo =& Q-a.s.
3. [V 6(X)] + [|o(X,)|| ds < 0o Q-a.s. for all t > 0.
4. Equation (2.1.1) holds Q-a.s. for all t > 0.

We say that weak existence holds for the SDDE (2.1.1) if there is a weak solution of
(2.1.1) with start in §. We say that weak uniqueness holds for the SDDE (2.1.1) if all
weak solutions of (2.1.1) with start in & have the same law.

2.2 The Martingale Problem on C[—r, c0)

The aim of this section is to formulate the martingale problem on the function space
C([=r,00);RY) and to establish its connection with weak solutions of (2.1.1). Let
Q := C([—r, o0); R?) denote the space of all continuous R¢valued functions on [—r, c0).
We denote a generic element of 2 by m rather than by w. Define the coordinate
projection by
X°(t)(m) :=m(t), t>-r, meq
and the segment projection by
Xto(m) = (m(t + u))*TSlLSO; t> O, m € Q.
The natural filtration (M;);>_, on € is defined by
Miy:=0(X°(u): —r<u<t), t>-r
Finally define the following o-algebra on (2

M= \/ Mt.

t>—r

Then (2, M) is a measurable space. It is called the canonical space. The coordinate
and segment projection are measurable functions on ) with respect to the Borel-o-
algebra of R? and of C([—r,0]; RY). Define a metric on ) by

— 1
d(my,ms) = Z— sup (|mi(u) —mo(u)| A1), mq,ms € Q.

T—1 2T —r<u<T
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Then €2 is d-complete, and the o-algebra M equals the o-algebra generated by the
d-open sets. This is the well-known Skorochod topology. In the following lemma we
shall give a property of the Skorochod topology regarding unbounded time intervals.

2.2.1 Lemma. Let {P,} be a sequence of probability measures on C([—r,00);RY). If
the marginal distributions (P,)r on C([—r, T];RY) converge weakly to Qr for all T > 0
in the Skorochod topology on C([—r,T|;R%), and Qr on C([—r,T];R?) is a marginal
of a probability measure Q on C([—r,00);R%) for all T > 0, then the sequence {P,}
converges weakly to Q in the Skorochod topology on C([—r,00); RY).

Proof. Recall the notation Q = (C[]—r,00);R?). Let f be a real-valued bounded,
uniformly continuous function on 2. Then for all € > 0 there exists a 6 > 0 such that

|f(m) = f(m)| <

dim,m) <4§, m,m e Q.

€
2)1flloe’

Choose T' € N such large that >, 2% < 9. Let mpm denote the projection of m € Q
onto the finite interval [—r, T']. Define the continuous functions my(u) := m(u)l<ry+
m(T)1g>ry,w > —r and ¢(mrm) = f(myp). Then it follows by transformation of
measures that

DN

/ Fomyaruom) ~ | o(mrm) d(Pn>T<7rTm>' <
C([—r,00);R?) C([—r,T;R%)

/ Fomaim) — [ o(mrm) dem)' <
C([—r,00) Rd) C([ TT]‘Rd)

Since by assumption the sequence (P,)r converges weakly to Qr, the proof is finished.

[
Now fix a measurable vector function b = (b;)1<i<q from C([—r,0];R?) to R? and a
measurable matrix function a = (a;;)1<ij<a from C([—r,0];RY) to M*(R*9). Let
C5°(R%) denote the space of the real-valued, infinitely often differentiable functions on
R? with compact support. Define for all functions f € C°(R?) the operator

d

(L0 = Y b))+ 4 a0 G @), € (-0 R

=1 zg—

(2.2.1)
The domain of this operator for a fixed function f € C5°(R?) is C([—r,0]; R?), and it
takes values in R. Furthermore fix an R%valued continuous function £ on [—7,0]. We
shall now give a definition of a martingale problem for the operator in (2.2.1).

2.2.2 Definition. A probability measure Q¢ on (£, M) solves the martingale problem
associated with b and a with start in & if

1. Qe(Xg =€) =1.
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2. f(Xe(t fo (Lyof)(X2)ds, t >0 is a (My, Q¢)-martingale for all f € C3°(R?).

A probability measure Q¢ on (2, M) solves the local martingale problem associated with
b and a with start in & if

1 Qe(X§=¢)=1.

2. f(X°(¢) fo Lo f)(X2)ds, t > 0 is a local (My, Q¢)-martingale for all f €
Lo (®)

This formulation of the martingale problem differs from martingale problems in
other literature. In Stroock and Varadhan [28] the operator (L, f)(z) has the form

d

(o)) = S b)) +5 5 aslo)g (o), v

=1 3,j=1

This is the operator in (2.2.1) in the case r = 0. In Karatzas and Shreve [12] for ¢t > 0
a time-dependent operator Lj ,f is defined for time-dependent coefficients b* and a*
with increasing delay:

d

1 d 2f
th atf Z 0931 5 Z:: axlgmj (t))7 LS C([Oa OO);Rd)'

The formulation of the martingale problem with this operator does not take into
account an initial segment ¢ € C([—r, 0]; R?) for r > 0.

Now we shall come to the relation between the martingale problem of Definition
2.2.2 and weak solutions of stochastic delay differential equations. Firstly assume that

there exists a weak solution of (2.1.1) with start in £&. Then there exists a sextuple
(Q,F,(F), P, B, X) such that

j=1

holds a.s., or equivalently
dXi(t) = b;(X;)dt + Y 035(X,)dBy(t), t>0, i=1,....d. (2.2.2)
j=1
Define the probability measure

Qe(A) = P(X € A), AeM.
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We shall show that )¢ solves the local martingale problem of Definition 2.2.2 for the
coefficients b and @ = oo®, where T denotes the transpose. For f € C5°(RY) it follows
from It6’s formula that a.s.

FX(0) = Z [ S o axics

> 0.
Z/@xax] s)Nd< X, X;>(s), t>0

Using (2.2.2) and that d < X;, X; > (s) = (007);;(X) ds we see that

g (X () ds

1< f O2f
- 33 [ e X e

(X(1)) — F(X(0)) - / (Loaf)(X)ds, ¢ 20

|
~

is a local (F;, P)-martingale. Then by transformation of measures it holds that

FXC0) -~ [ a0, 120

is a local (M, Q¢)-martingale on the canonical space 2 = C([—r, 00); R?). This shows
that Q¢, the distribution of the solution process, solves the local martingale problem.
Since every distribution of the solution process solves the local martingale problem, it
holds that from uniqueness of the local martingale problem it follows weak uniqueness
for the system (2.1.1). We are also interested in the other direction. We would like
to establish that from weak uniqueness for the system (2.1.1) it follows uniqueness of
the local martingale problem. At first we need a result on weak existence.

2.2.3 Theorem. Assume that a probability measure Q) on (2, M) solves the local
martingale problem for the coefficients b and a = oo’ with start in &. Then there
exists a weak solution (X, B) of (2.1.1) such that Law (X (t):t > —r) = Q.

Proof. For t > 0 and m € C([—r,00);R?) define the time-dependent, measurable,

(M,)-adapted processes
(§(w))i—r<w<o, (M(V))o<v<t) Lim)=c0)y 0 <t <7

Bm) = { Em» <t

{ a((§(w))t—r<w<o, (M(V))o<v<t) Lim)=¢0)y 0 <t <7
(1) .7 <t.

S o

Q
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Then the restriction Q on C([0,00);R?), derived from Q on C([—r,o0);R), solves
the local martingale problem for the coefficients b* and a' with start in £(0) for the
operator

d 2

Ly £ ) = > Dar(a %Z N @0). 7€ Cl0.00) R,

Now we can apply Proposition 5.4.6 in Karatzas and Shreve [12]. By this proposition
there exists a sextuple (2, F, P, (F;), X, B) such that

{X(O) = £(0)
X(t) = X(0)+ [[b*(X)ds + [, 0%(X)dB(s), o'(c)T =a', t>0

holds P-a.s and Law (X (t) : t > 0) = Q. Define the initial segment
X(u,w) :=&u), —-r<u<0, wel.

Then for the sextuple (2, F, P, (F;), X, B) it holds that

Xo = ¢
X(t) = X(0)+ [7b(X,)ds+ [ o(X,)dB(s), t>0
a.s. Furthermore it holds that Law (X (¢) : ¢t > —r) = @. This completes the proof of
the theorem. N

2.2.4 Corollary. Weak uniqueness for the system (2.1.1) is equivalent to uniqueness
of the local martingale problem.

Proof. 1t suffices for the proof to assume that weak uniqueness holds for the system
(2.1.1). Let @1 and @y solve the local martingale problem. By Theorem 2.2.3 there
exist solutions (X', B') and (X2, B?) such that

Law(X'(t) :t > —q) = Q1, Law(X%(t) :t > —q) = Q.

But by weak uniqueness the laws of X! and X? are the same, hence it follows that

Q1 = Q. ]

2.3 The Martingale Problem in Discrete Time

In this section we shall construct a martingale problem on the canonical space in
discrete time starting from transition probabilities. The setting is the following. For
R € Ny define the measurable space (€2, M) by

N={-R;...;-1;0;1;2;...}, Q= RHN, M:= ®Bd

ieEN
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Define also the following measurable functions and sub-c-algebras
Xy(w)=wn), wel, M, =0X;:—R<k<n), n>-R.
Furthermore consider a function p

p: (RHFFL B — [0,1]

<x07"'7$7R;A) = p(l'o,...,.%,R;A)

such that
1. (xg,...,2_g) — p(zo,...,v_g; A) is measurable for all A € B
2. A p(xg,...,x_g; A) is a probability measure on B¢ for all

(zo,...,x_p) € (RY)HETL,

The function p is called transition probability of order (R + 1). Define for all f €
Cs°(R%) the operator

(Af)(xo,...,2_p) = /Rd(f(z) — f(xo))p(@0, ..., 2_g: dz), (Zo,...,T_g) € (Rd)RH-

Note that the integrand depends only on x, whereas the past values (xg, z1,...,7_g)
occur in the transition probability p. Fix an initial condition & = (§,...,{_r) €
(R4 F+L We shall now give an analogue to Definition 2.2.2 in discrete time, in gener-
alization to the case R = 0 in Stroock and Varadhan [28].

2.3.1 Definition. A probability measure Pz on (2, F) solves the martingale problem
associated with the operator A with start in & = (&, ..., & r) if

1. P(Xg =&, —R<k<0)=1.

2. F(XS) = SN AF(XE, ..., XP_p),n € Ny is a (M, Pe)-martingale for all f €
CRY) (X4l = 0).

In this setting the martingale problem in discrete time is always well-posed, that
means, there always exists a solution of the martingale problem, and this solution is
unique. The following lemma constructs the solution. The proof is elementary and
therefore omitted.

2.3.2 Lemma. P: solves the martingale problem for the operator A if and only if
Pe(X°pel g,....X;el0, X7 €By,....,X, € B,) (2.3.1)
=1r_.(&-r) .. 11, (&) / . / P(Tn_1,-- s Tn_1-gr; dzy) ... p(&; dry)

Bl n

forallT_g,....To,By,...,By,n €N with x; := & for —R < k <0.
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2.4 The Main Results

Regarding convergence of stochastic processes we shall follow the notations in Billings-
ley [2]. In this section we shall formulate and prove our main convergence results. All
applications will rely on these results. Our setting is the following. Fix a real number
0 <r < oco. We shall consider step lengths A > 0 for which

M=~ €N, (2.4.1)

h
In the sequel we shall always write "for A > 0" meaning "for all A~ > 0 such that
r/h € Ny". For h > 0 we shall consider R%valued series { X ,22) k> —r(™} in discrete
time with step length h given on any probability space (2, F, P). Define for A > 0 the
sub-c-algebras

o

50— (X P <k <m), m>—r®,
For h > 0 we are also given an initial function 5<h> e C([-r, O];Rd)_ Starting with the

series {X ,ﬁ’;} k> —rM} we assume that for A > 0 a stochastic process X satisfies
the following three conditions.

1. P(X = ¢®(in), —r® < i< 0)=1.

2. X is interpolated linearly between two discrete points (mh, X T(:,)l) and
((m+ 1)h, X:;)H ) for m > —r(,

h) h) h h
3. (XM, e gy = p(x ), ... ,ng;(h))h; ), keN,.
Here
p(h) : (Rd)r<h)+l <« Bl [0,1]

is a transition probability of order (r® +1). It follows that {X kZ P> _pm 18 a discrete
homogeneous Markov chain of rank (r(®) 4 1) with transition probability p® which
does not depend on k£ € Ny and with start in

(€™ (=), (€W (=r + h)),....£"(0)).

The domain of the transition probabilities p®» depends on h. For our purposes it is
necessary to have them defined on a common domain. Define for z € C([—r, 0]; R?)

P (@sT) = p (@(0), 2(—h), 2(~2h), ..., a(~r);T), T €B.
By this definition we have constructed transition probabilities
p" : C([=r,0];RY) x BT — [0, 1].

In slight abuse we have used the same notation p® for transition probabilities with
domain (R4)™"*1 and C([—r,0];R?). For simplification of notation we shall always
write

Lo XM = (XS0 X X ), me N,
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where {® stands for the procedure of linear interpolation. That means,
l(h)(x(O),x(—h),,x(—r)), YIS C([—T,O],Rd)

is a linearly interpolated, continuous function on [—r, 0] with values x(—ih) at time
points (—ih) for 0 < i < r®. Correspondingly, li:})LX(h) is a linearly interpolated,
continuous function on [mh — r, mh]. Then it holds for every x € C([—r,0]; RY) that

(Xxfz = z(0), X((:z)—l)h =xz(—h),... ’X((:%)—r(h))h = $(—7’)) S555 lg;,iX(h) = l(h)x,

where Mz .= 1" (2(0), 2(=h),...,z(—r)) for z € C([-r,0];RY). As a consequence of
the condition

h h h h
PX( € D13 = p™ (G0 X D) k€N

it holds for every integrable function g and for P ,,-almost all z € C([-r, 0]; R%)
mh
that

B(9(X = XUDIIXD =10) = [ gl = o(0)p® (s d2), m € Ny
R

Define further for each z € C([—7,0]; RY) and each € > 0

@) = g O )
) = g [ e aO)E ) )
MO = g ),

where M7 denotes the transpose of a matrix M (here a column vector). Note that
the first two integrals are taken over a bounded domain of R? since the integrals over
the whole R? need not exist. Those quantities have the following representation. If
a truncation function ¢ on R? is defined by ¢(z) := x1{jz <1}, then for all m € Ny it
holds for P y,-almost all z € C([-r,0]; RY) that

1
(@) = S BO(X(y — Xl X = 10a)

(m+1)h
1 h h h h h
a(@) = SEOXGy — XXy, — X)X @ = 10a)
1 h h h
AP(@) = S PIXG = X > el X® = 1),
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It follows that b is the truncated conditional expectation vector divided by the step
length A. The matrix a® is the truncated conditional second moment matrix divided
by h. Finally for each € > 0, Agh) is the conditional probability to jump into a next
state with distance greater than ¢, also divided by h.

Our aim is to let h tend to zero. We are interested in the case that the quantities
b (z) and a™(z) behave properly as h tends to zero. Therefore we impose the
following convergence conditions. Assume that there exist measurable functions b and
a such that for every compact subset K of the Polish space C([—r,0]; R?)

sup [b"(z) — b(z)] —— 0 (2.4.2)
zeK h—0
sup [|[a™(z) — a(z)]| — 0 (2.4.3)
zeK h—0
sup AW (z) —— 0. (2.4.4)
reK h—0

Finally define for each f € Cg°(R?) and for each = € C([—r,0]; R?) the operator
AN ) = [ (1) = ) o d2)

The following purely analytical lemma shows that the operators A® f per unit of step

length tend to the operator L, f in (2.2.1).

2.4.1 Lemma. Under conditions (2.4.2), (2.4.3) and (2.4.4) it holds for every com-

pact subset K of C([—r,0]; R?) that

sup |- (A®) ) (&) — (Lyaf) ()| — 0.

wck N h—0

Proof. Define for each f € C5°(R?) the function

H(z,x):= Z(z - x)zg—i(z) + % Z(z —x)i(z — I)]%(z)’ r,z € R

i=1 ij=1
Then by Taylor’s formula there is a constant C'y < oo such that

|f(2) — f(z) — H(z,2)| < Cflz —2* Vz,z € R%

Let L™ be the corresponding operator for the coefficients b and o

d

(L 1)w) = SO @) S0 + 5 3 )50 (a0). = € Cl-rOh R

i=1 ij=1
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Then we obtain

Loa®m @) — (2™ fyz) = L 2 — F (O™ (2 de
FAONE@ —aOnE = 5[ )~ o) )
1
— 2) — f(2(0)) — H(z, z(0))p"™ (z; d=),
by T HE0) ~ HE 0 )
which gives
FAPHE - L@ < ¢ [ 1) - HeO)p e ) (245)
h h |z—x(0)|>1
1
— Ctlz — 2(0)Pp™ (2 dz) (2.4.6
" h/5<|z_x(0)|§ e — (0 p® (2 dz) (2.46)
= z —2(0)p™ (z; dz
g il O d), (247

where 0 < € < 1 is arbitrary. The expression in (2.4.5) is lower or equal than

1

‘/ 2| flloop™ (z; dz) = 2|| fllo A (2), = € C([—r,0;RY),
h |z—z(0)|>1

which tends to zero uniformly on compacts of C'([—r, 0]; R?) by condition (2.4.4). The
term in (2.4.6) is not greater than

1
E/I (0)] Cp" (x5 dz) = Cy A (x),  x € C([=r, 0 RY),
2= >e

which also tends to zero uniformly on compacts of C'([—r,0]; R?) by condition (2.4.4).
Finally, the expression in (2.4.7) does not extend

d
%/l o T 2(0)p") (23 dz) = Oy 3 alP(2) < €CpKa x € O([—r, 0 R,

(h)

where the constant K, depends on the uniform upper bound for a,;” on the compact

set K. Since € was arbitrary, it follows that

1
sup |5 (A F)(w) = (L f) ()] = 0.

Obviously, for fixed f € C5°(R?) the operators (L f)(x) converge to (Ly.f)(z) uni-
formly on compacts of C([—r, 0]; R?). Therefore the lemma has been shown. O

For the moment we will confine our interest to the case that the limit functions b
and a are continuous and bounded. Recall the truncation function ¢(z) = xly<ny
for z € RY.
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2.4.2 Theorem. Assume that for h > 0 we are given a time series (nglz)mzf,,(m such
that with

1 h N

bO(x) = B — Xl X =102)
1 h h h h h

(@) =SBy — XX — X)X W = 1Wa)
1 h) (h

AP (z) = EP(|X((m+1) — XN > i) x () = 1))

there exist continuous, bounded functions b and a such that for every compact set K
of C([=r,0;R?)

sup [ (@) — b(z)] — 0

€K h—0

sup [la®(2) — a(z)| — 0.
rzeK —0

Assume that in addition

sup sup |b(h)(a7)| + ||a(h)(x)|| < 00.
h>0 zeC([—r,0};R4)

Furthermore suppose that instead of (2.4.4) for every e > 0

sup AP (z) — 0. (2.4.8)
zeC([—r,0);R%) h—0

The time series (Xgl})b)m> . 1s extended to a continuous process XM by linear in-

terpolation. If €M) — ¢, then the laws of {X™ : h > 0} are tight, and every limit

point solves the martingale problem associated with the functions b and a with start in
£.
Proof. Firstly, we shall establish the tightness of the sequence
{PM . 1 >0} := {Law(X™) : h > 0}.
Since by assumption & 0 &, it suffices to prove tightness for the restrictions of

PM | which are given on C([—r,00);R?), to C([0,00); R?). It follows from Lemma
2.3.2 that

3
H

f(X:Lh) (A(h f) (Xlzhv SR kar(h))h)’ ne NO
0

B
Il

a (Mpp, P®)-martingale in discrete time. Using the arguments in the proof of
Lemma 2.4.1 and the uniform boundedness of (" and a™, it is easy to establish that

1
sup sup |- (APf)(@)] < Dy < o0,
h>0 weC([-r,0)iRY)
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where the constant Dy depends on the bounds of f and its first two derivatives. Then,
using the just established martingale property, a simple calculation shows that

F(XS,) 4+ Dy(n—1)h, neN

is a nonnegative (Myy,, P™)-submartingale in discrete time. Now we can apply The-
orem 1.4.11 in Stroock and Varadhan [28]. By this theorem {P® : h > 0} is tight on
C([0, 00); RY) if for every € > 0 and T' > 0

Z P(h)(|X(Oj+1)h_X;h|Z€) — 0

h—0
0<jh<T

sup PW(|Xg| > 1) — 0.
h>0 I—00

But in our case we have that

PO(XE o — X5l =€) = EMAD X)) < sup AP (M),
z€C([—r,0];R4)

so that we obtain

S PO(XG gy~ XG2S (T+1) s AP@) — 0

0<jh<T z€C([-,0);RY) h=0

by assumption (2.4.8). This proves the tightness of the family {P™ : h > 0} on
C(]0,00); R?) and thus on Q = C([—r, 00); RY).

Next we shall establish that every limit point of { P : h > 0} solves the martingale
problem. Fix two time points 0 < #; < ¢ and a bounded, M,,-measurable, continuous
function ® on C([—r,00); R?). Then it was already established that for each h > 0

EO([f(Xay,) = [(Xfu) = D (AP HRX)]@) =0,

with

N
S
2
I
=
3
s
=
~—
—
|
~
—
I
>

[F1h AR
)= [ D)

i
for m € C([—r, 00);R?). Let for h > 0

wm(b) = sup fm(s) = m(®)], m € C(l=r, 00 RY)
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denote the modulus of continuity of the function m. By the Arzela-Ascoli theorem a
subset K of C([—r, 00); R?) is precompact if and only if

sup sup |m(s)| < oo, sup |wy(h)] — 0.
meK s>—r meK h—0

Let K be a compact subset of C([—r,00); R?). We assume without loss of generality
that for the initial conditions £™ it holds that

s¢m:0<s<rh>0}C K, *¢W(w)=W(s+tu), —r<u<o0

since we have by assumption that ¢™ 7 &. Then it follows from Arzela-Ascoli and
uniform continuity of f on compacts J of R? that

sup [F(m(( 1) = Fm()| < s |f(a)~ f)] 0.

mekK zy€Jr—y|< sup wm(h) h=0
meK

So we have shown that

uniformly on compacts of C([—r,00); R?). Since sup,cc((_ora) \(AT) (@) < oo, we

have that
[Z1h A(h) o Ah)
/[t (—f)(l(h)m[;:]h)du—/ (Tf)(l(h)m[%]h)du —0.

sup
11, h t h—0

meC ([—r,00);R4)

Next one checks easily with the Arzela-Ascoli theorem that the set

U {{"Wmpuy, :m € K,h >0} U{m, :m € K} C C([-r, 0); R%)

t1<u<ts

is compact. Therefore we obtain

sup sup | (Loaf) (W mpzn) — (Loaf)(ma)] <

meK t1<u<tg

sup (Loaf) (@) = (Lpaf) ()] — 0

z,2' €A, ||x—2' || oo <SUP,, e x Wi (h) h—0

by uniform continuity of b and a on the compact set A and by uniform continuity of
the derivatives of f. Furthermore we see that

Ah)
sup sup |(Tf)(l(h)m[%]h) - (Lb,af)<l(h)m[%]h)| <
meK t1<u<ty
A (h)
sup|(—f)( ) = (Loaf)(@)] =0,

T€EA h—
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where we have used Lemma 2.4.1 for the convergence in the last line. Thereby we have

shown that Z*) — Z uniformly on compacts of C'([—r, o0); R?) and boundedly with

to

Z(m) i= fm(ta)) = () = [ (Loaf)mdu, m € C((=r,00)RY),
t1

Note that the function Z(m) is bounded and continuous, since b and a were assumed

to be bounded and continuous. Now we are able to complete the proof. We have that

0=EW(zWd) = EW((Z — 2M)d) + EW(Z). (2.4.9)

The first summand tends to zero. Indeed, since { P : h > 0} is tight, for every ¢ > 0
there is a compact set B such that

PO(BO) < o [Z0(m)| < M, |Z(m)| < M
2M || @]

for all small h. Then the inequality

|EW((Z = Z")®)| < ||®]loe sup |Z(m) — ZP (m)| + EM(2M]|® ]| 1a¢)
meA

shows that the first summand in (2.4.9) tends to zero as h to zero. Since Z® is bounded
and continuous, the second summand in (2.4.9) tends to E?(Z®) by definition of weak
convergence, where () is an arbitrary limit point of {P® : h > 0}. So we have shown
that

E9(Zd) =0

for all My, -measurable, bounded, continuous functions ®, thus for all M,,-measurable,
bounded functions ®. Since it holds that Q(X§ = &) = 1, any limit point of {P") :
h > 0} solves the martingale problem associated with b and a with start in &. O

2.4.3 Remark. Assume that the obtained limit functions b and a = oo’ are such

that for the stochastic delay differential equation (2.1.1) with coefficients b and o weak
existence and weak uniqueness hold. Then the sequence of the laws of X converges
weakly to the law @ of the solution process with coefficients b and o. This comes
from the fact that by Corollary (2.2.4) there exists exactly one solution @ to the local
martingale problem if weak uniqueness holds. FEvery convergent subsequence of the
laws of X converges weakly to any solution of the martingale problem, that is to Q.
Therefore the whole sequence { Law(X™) : h > 0} converges weakly to Q.

We would like to loosen the assumptions of continuity of the limit coefficients.
Yan [31] treats the case of not necessarily continuous coefficients of stochastic ordi-
nary differential equations in the framework of strong approximation. We shall do it
for a certain class of stochastic delay differential equations in the framework of weak
approximation. The crucial point in the proof of our next theorem with not necessar-
ily continuous coefficients is a result for preservation of weak convergence under not
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necessarily continuous mappings, see Theorem 5.5 in Billingsley [2]: If a sequence of
measures Q" converges weakly to the measure @, and there are uniformly bounded
functions ¢ and ¢ such that

Qz: g (@) #—g(2), 2" — x) =0,

h—0

/ o (@) dQ" () — / g(2) dQ(x

2.4.4 Theorem. Assume that for h > 0 we are given a time series (XT(:,)l)mZ,T(m such
that with

then it holds that

1
VW (z) = EE<¢(X((:L)+1)h X(h)”h)X(h 1) )
M (p) — Lpiox® XMy ™) 1) () — ()
a(z) = n (DX nryn = X)) O(X iy ) 158 z)
1
AO@) = 3 PUXG g = Xl > el X® = 10)

there exist bounded measurable functions b and a such that

(h) ( n(R)
B — b()

h)

(@) — a(2)

h—0

for any sequence =™ approzimating x in the points where b and a are continuous.
Assume that in addition

sup sup ]b(h)(:z:)| + Ha(h)(x)H < 0.
h>0 zeC([-r,0];R4)

Furthermore suppose that for every ¢ > 0

sup AP (z) — 0.
z€C([~r,0[;RY) h=0

The time series (Xgl,z)mz,r(m is extended to a continuous process X" by linear inter-
polation. If €M) — ¢, then the laws of {X™ : h > 0} are tight. Assume that every

limit point Q of { Law(X™) : h > 0} satisfies for each T > 0

Q (/T 1(XS € DyUD,)du = 0) =1, (2.4.10)
0

where Dy, and D, denote the sets of discontinuity points of the functions b and a. Then
every limit point Q of {Law(X™) : h > 0} solves the martingale problem associated
with the functions b and a with start in &.
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Proof. The sequence
{PM . 1 >0} = {Law(X™M) : h > 0}.

is tight according to the proof of the preceding theorem. We emphasize once more
that we did not use continuity of the functions b and a to prove tightness. For m €
C([~r,00); RY) and fixed time points t; < t, recall the notations

to

Z0(m) = f(m((

t1

¢ (710 A
R)) — f(m([21h)) — AP mpuy,) du
1h)) — f( ([h] ) /Hh( h )( [£])

and

Z(m) = f(m(ta)) — fm(ty)) / (Lyaf)(ma) du

t1

from the proof of the preceding theorem. Our aim is to show that

0=EM(ZzM) — E9(Z®)

for every weak limit ) of the sequence {P") : h > 0} for every bounded, continuous,
My, -measurable function ®. Then @) will solve the martingale problem for b and a.
Fix a sequence of functions m" € C([—r, 00); R?) and a function m € C([—r, o00); RY)
with

h)

h—0

Since (# f)(z) remains bounded in x and h we see that

[F1h A(h) ta A(h)
[ G m ) du— [ G0 m,) du| 0.

Since by assumption

sup A" (z) — 0,
z€C([—r,0;R4) h—0

we have by the proof of Lemma 2.4.1 that for each compact set K C C([—r,0]; R%)

(h)
sup (1) (@) = (LV)(@)] 1= 0
with
(L9 1)(w) = Y@ ) + 5 3 )50 0). € ClrOh R
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In the proof of Lemma 2.4.1 we neither used continuity of the functions b and a.
Thereby we conclude that

b2 Ah) (h),, (h) ’ ®) £) (1P ) -
/t1 (Tf)(l m[z]h)du_/tl (LEna m[%]h)du h—0 0

Fix a time point u with t; < v < ¢ and an index [ with 1 < [ < d. Consider the
coefficient b;, all other are treated in the same way. If b; is continuous in the point
my € C([—r,0];R?), then it holds by the assumption of the theorem that

h h
b )(l(h)mf%)]h) — bi(ma).
It
)\?ih (m) == A({t; <u <ty:0b is not continuous in m,, }) = 0,
then

[ O sy o — [ nom)sim() d — 0

t t h—0

by dominated convergence. Thus we have that

Z20m®) — Z(m),

and hence by boundedness of Z and ¢ and continuity of ®
20 (™) @(m™) — Z(m)®(m)
provided that
Myt (m) = A{t1 <u<ty:my, € DyUD,})=0.

But by assumption (2.4.10) we have for each 7' > 0 that

T
Q(/ 1(X;eDbuDa)du:0) =1,
0

and thus Ay, 4, (m) = 0 Q-a.s. Now we can apply Theorem 5.5. in Billingsley [2| and
deduce that

0=EM(ZzM) — E9(Z®) =0

as required. O

2.4.5 Remark. In the case r = 0 a condition of the type

T
Q(/ 1(X56DbuDa)du:0) =1
0

appears in the framework of strong approximation in Yan [31]. Practically, this condi-
tion may be difficult to verify since the law of the limit point () is beforehand essentially
unknown.
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We seek therefore for suitable conditions on the sequence {P"} = {Law(X®)}
itself which will imply relation (2.4.10). To this end we assume from now on that the
limit functions b and a belong to the following special class of vector and matrix-valued
functions ¢ with domain C'([—r, 0]; RY)

o(x) = f((x(ui)ier,), « € C([=r,0;R?) (2.4.11)

for a finite index set I, C [—r,0] and a measurable function f with domain (R%)%.

We demand that
{y € (RN : fis not continuous in y} C (R%)%

is an at most countable set.

2.4.6 Example. The one-dimensional function
¢1(x) := sgn(x(—r)), =z € C[-r,0]

belongs to the class in (2.4.11), since zero is the only discontinuity point of the func-
tion f(y) = sgn(y) for y € R. However, regarded as a subset of C[—r,0] the set of
discontinuities of ¢1 is uncountable. Indeed, the set Dy, of discontinuity points con-
sists of all functions © € C[—r,0] with x(—r) = 0, and there are uncountably many
such functions x on the space C[—r,0]. The quadratic variation function

ho(2) =< & >= hmZ[x(um) —z(w)]?,  x e C[-r0

is not continuous in any point and does not belong to the class in (2.4.11).

Fix a function ¢ which belongs to the class in (2.4.11). We need one more technical
restriction on the initial condition & with respect to ¢. For each 0 < s < r define

A= {z € C([-r,0},R?) : z(u) = &(t +u), —r < u < —s}.

This is the set of all continuous functions which equal the by s shifted initial condition
¢ on the subinterval [—r, —s]. Now we impose the following condition

MO<s<r:AiNDy=0}=0. (2.4.12)

Under this condition one has the following implication for time points 7" up to the
length of memory r

Q(X§:§):1:>Q(/OT1(X3eD¢)du:0):1, 0<T <.
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2.4.7 Example. To understand the nature of condition (2.4.12) better take again
¢(z) = sgn(x(—r)), =€ C[-r,0].

For
S(u)=u—r, —r<u<0

we have that

AiNDg = 0, 0<s<r
AglmD¢ 7& @, SZO,

hence condition (2.4.12) is met by &. On the contrary, for & = 0 it follows that

T
Q(/ 1(X§ED¢)du:T):1, T>0
0

if Q starts in &, hence condition (2.4.12) is not met by &;.

Now let @ be a limit point of {P" : h > 0} with start in £&. Assume that the
functions b and a belong to the class of functions ¢ in (2.4.11), and that they fulfil
condition (2.4.12) for the initial condition £. Then we know for time points 7" up to
the length of memory r that

T
Q(/ 1(X;eDbuDa)du:o) =1, T<r
0

Next we consider the case T' > r. We obtain by Fubini

T T
£Q (/0 1(X° € DU D,) du) - /C([_ . (/O 1(m. € Dy U D,) du) dQ(m)
T
_ / </ 1(my € Dy U D,) dQ(m)) du
0 C([—r,00);R4)

T
= / Q(X; € DyU D,) du. (2.4.13)
0

We analyze the integrand further. We fix one component b; and use the special struc-
ture of b,

b(z) = fil(z(uw))ier,), =€ C[-r,0].
We have
Q(Xz € Dbl) = Q((Xo<u +ui))ielbl € Dfl)
= > ) QX (u+w) =yf), (2.4.14)

iEIbl k
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where y# denotes the i-th component of a discontinuity point y* € (R%)™ of the
function f;. By assumption there are at most countably many y*. If we know that for
each u > 0 and y € R4

QX®(u) =y) =0,
then it holds by (2.4.13) in combination with (2.4.14) that for all 7> 0

T
Q(/ 1(X;jeDbUDa)du:0) =1.
0

For each 6 > 0 the set {m : m(u) € Bs(y)} C C([—r,0);R?), where Bs(y) denotes
the open ball with radius ¢ around the point y, is open. Hence it is by Portmanteau’s
theorem enough to assume that for each y € R? and time point u > 0

lim P™ (X°(u) € Bs(y))—0

= 50
to ensure that Q(X°(u) = y) = 0 for every limit point @ of the sequence { P : h > 0}.
Intuitively speaking, it is forbidden that the sequence of measures P runs into a fix

state with positive probability. For later reference we formulate our considerations in
a lemma.

2.4.8 Lemma. If the functions b and o belong to the class of vector and matriz-valued
functions ¢ with domain C([—r,0]; R?) which belong to the class of functions ¢ of the
kind

¢(x) = f((2(u))ier,), = € C([=r,0;RY)
with at most countably many discontinuities of the function f, and it holds for the
matial condition & that

MO<s<r:AiN(DyUD,)} =0} =0,
where for each 0 < s <r
Af ={r e C([-r, 0; RY) : w(u) = &(t +u), —r <u < —s},

then the following implication holds: If a sequence {P™ : h > 0} of probability mea-
sures on C([—r,00);R?) is tight and one has for all states y € R? and time points
u > 0 that

lim P (X°(u) € Bs(y))—0,
h—0 6—0

then it holds for all T > 0 that

T
Q(/ 1(X;jeDbuDa)du:0) =1
0

for every limit point Q of the sequence {P™ : h > 0}.
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Our next step is to replace boundedness of the limit functions b and a by local
boundedness. To handle the case of local boundedness we shall perform a localization
procedure. This is extremely technical but unavoidable. This is done in the case r = 0
in Stroock and Varadhan [28]. We shall do it also for the case r > 0. It is necessary
to introduce a martingale problem for time points s > 0.

2.4.9 Definition. A probability measure Ps ¢ on (€2, M) solves the martingale problem
associated with b and a after time s if

1. Pe({X:=¢ X°(u)=¢&(s—1),—r<u<s—r}) =1
2. f(X°(t)) — fst(Lb,af)(XS) du,t > s is a (M, P¢)-martingale for all f € C5°(RY).
Let s > 0 be given and define the sub-o-algebra
M =10(X)u>s—r).
Consider a probability measure @) on (€2, M*~") with the property
QXT=mns) =1

for a given function n in C([—r,s];RY). The following lemma states that () can be
uniquely continued onto M.

2.4.10 Lemma. There is a unique probability measure 6, @s—rq Q on (£, M) such
that

1 (B o Q)(X°(u) = (w) : 1 S u < 5) = 1.

2. (0 Ops—rs) Q)(A) = Q(A) for all A e M.
Proof. For m in C([~r, 00); R?) consider the map

M Dm) = (m(1))uer
with values in C([s —r, 00); R?). Let §, be the point mass on C([—7, s]; R?) and define
QT x Ty) :=6,(T)(Qo®d ) (Iy), TyeM,,TyeM™
on X := C([-r, s|; R%) x C([s — r,00); RY). If one sets
X 1= {(a,8) € O((=r, sl RY) x C([s — 1,00, RY) : ay = .},

then X is a measurable subspace of X and it holds by construction that Q(X) = 1.
Now define = : X — C([~r, 00); R?) by

au), —-r<u<s

E((a, B))(u) = { Bu), u>s.
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Then the probability measure defined by
(6y @ong Q)(A) = O : S(x) € 4), A€M

is the unique probability measures with the desired properties. O
Now consider a finite stopping time on Q = C([—7, 00); RY) and a mapping m + Q,,
into probability measures on (€2, M) with

1. m+— @, (A) is M,-measurable for all A € M.
2. Qu(M : My(m) = Mygny) = 1 for all m € Q.

According to the preceding lemma it is possible to define for each m € € the probability
measure

5m ®T(m) Qm = 5{m(u):—r§u§7(m)} ®[T(m)—r;r(m)] (Qm|MT(m)—T))

where @, |yp-em—- denotes the restriction of @, on C([—r,o0);RY) to C([r(m) —
r,00); R?). The next lemma shows that the family {8,, ®;(m) Qm : m € Q} serves
as a a regular conditional distribution of a probability measure P ®.y Q. on (£, M).

2.4.11 Lemma. Given a probability measure P on (2, M), there is a unique probability
measure P @,y Q. on (Q, M) such that P ®-) Q. equals P on M, and {0y @+m) Qm :
m € Q} is a regular conditional distribution of P @,y Q.|M;.

Proof. Set for each I' e M

(P&, Q)(T) := / (s @r(y @un)(T) dP(m).

Q

For sets B € M; and I' € M we have by construction that for 7(m) <t
(Om ®r(my Q) (B NT) = 15(m)(6m @rm) @m) (L),
and hence for A € M-
(Om @r(m) @u)(ANT < EOD)rimy<ty = Lanr<a (M) (0m Srim) @rn) ()L r(m) <ty
Since 7 is finite, we obtain by letting ¢ to infinity
(Om @rtm) Qu)(ANT) = 14(m) (0 @r(m) Q) (T), A€ M. (2.4.15)

Therefore one sees setting I' = €2 that for A € M,

(P &r) Q)(A) = [ (b @1ty Qu)(A) dP(m) = P(4),
which shows that P®, Q. equals P on M. Next we prove that {3, @) Qm : m € Q}
is a regular conditional distribution of P ®,.) Q.|M,. Note that for each I' € M the
map
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is M,-measurable. Indeed, we have for T' = {m : m(uy) € T'y,...,m(u,) € T',} that
(Om @rm) @m)(T) = 1jo,uy) (T(m)) Qi (T)
n—1
+ > g (T(m)) Iy (o) -+ 1, (m(uy))
k=1

X Qm(m :m(ugyr) € Ty, ...m(uy,) € T))
+ Ly 00) (7(m))1r, (m(u1)) - - - 1p, (m(un)),

which is clearly M,-measurable. Finally by integrating (2.4.15) with respect to the
measure P ®.() Q. we obtain for A€ M, and ' € M

(P 1) QUANT) = [ (B Sy Qu) D) P 5. Q.)m).

A

The lemma has been shown. O
From now on we shall assume uniqueness of the martingale problem of Definition 2.2.2.
This is necessary to perform the localization procedure.

2.4.12 Lemma. Let the martingale problem for the coefficients b and a be well-posed
for every time s > 0 and for every initial condition & on [s — r,s]. Denote the family
of solutions by Ps¢. Then for every I' € M the map

(S,f) = s,&(r)
18 measurable.

Proof. The measurability is a pure consequence of the uniqueness of the martingale
problem. We refer the reader to Exercise 6.7.4. in Stroock and Varadhan [28|, where
the prove is given by a result on measurable inverses on Polish spaces. If A is the
(measurable) set of the probability measures P which solve the martingale problem
for b and a and start in some &, then F'(P) = £ is a continuous map onto the Polish
space C([—r,0];R?). Tt is one to one since the solution of the martingale problem
is unique. A one to one measurable map from any subset A of a Polish space onto
another Polish space has a measurable inverse by a theorem on Polish spaces. O

The following theorem compares solutions of two martingale problems with differ-
ent coeflicients.

2.4.13 Theorem. Let the martingale problem for the coefficients b and a be well-posed
for every time s > 0 and for every initial condition & on [s — r,s]. Denote the family
of solutions by Ps¢. Assume that there is a second set of coefficients b,a such that
b="band a = a on some open bounded set G € C([—r,0];R?). Then for £ € G it
holds for any solution P of the martingale problem for b and @ with initial condition
&: P equals Pye on M., where 7 = inf{t > 0:m, ¢ G}.
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Proof. For f € C5°(R?) define

O(t,m) := f(m(t)) —/0 (Lpaf)(my)du, t>0, mecC([—r o00);RY).

We have by assumption that

Fm(t)) - / (Lyaf)ma)du, 20

is a (M, P)-martingale. Hence the stopped process

tAT(m)
fom(tAT)) — / (Ls.af) () du

tAT(m)
= f(m{tAT)) — /0 (Lpof)(my)du=0(t AT(m),m), t>0

is a (M, P)-martingale. Now consider the family of probability measures
Qum = Prim)m, oy, ™ € C([—1,00); RY).

By the preceding lemma the map m +— @), is measurable. Here we used uniqueness of
the martingale problem. By construction the probability measure P ®r(y Pry,. equals
P on M. Since 0(t A7) is M -measurable, (0(tA7),t > 0) is also a (M, P @y Pr()..)-
martingale. Furthermore, for m € C([—r, 00); R?) we have by definition that

t

FOn(0) ~ [ (af)li)du, ¢ 2 7(m)

(m)

is a (Mg, Prm)m, .., )-martingale. This can be restated that for m € C([—r, 00); RY)

T(m)>

F(t)) - / (Louf) () du
tAT(m)
(f(ﬁ%(tAT(m)))— /0 (Lb,af)(mu)du> = 0(t,m)—0(t Ar(m),m), =0

is a (M, PT(m)mT(m))—martingale with start in £&. Then it follows from Theorem 1.2.10
in Stroock and Varadhan [28] that (A(t), ¢ > 0) is a (M, P®,(.) Py(,,.)-martingale. Once
again by uniqueness of the martingale problem we deduce that P ®r(y Prey, = Pog.
But by construction P ®; ) Py, equals P on M, and thus P equals Py ¢ on M,. The
proof of the theorem is complete. O
We are now able to prove a convergence theorem for not necessarily bounded limit

functions.
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2.4.14 Theorem. Assume that for h > 0 we are given a time series (X( h)m> b
such that with

1

(@) = T By~ Xl X® = 1"a)
1 h h h h)

a(h)(x) = hE(gb(X(m)H)h_Xﬁzlz)gb(X((m)H)h X )|l( () — l(h)x)
1

AP() = ZPIXG] = Xl > i X =10

there exist contz’nuous, locally bounded functions b and a such that for every compact
set K of C([—r,0]; R?)

sup |6 () — b(a)] — O
zeK h—0

sup [[a' (z) — a(x)| — O
zeK —0

In addition assume that the following uniform local boundedness condition holds

sup sup [ (z)| + |a™(z)|| < 00 VR > 0. (2.4.16)

h>0 ||z]|lec <R
Assume furthermore that for every e > 0

sup AW(z) — 0 VR > 0. (2.4.17)

llloo <R h=0

The time series (X( ))m> ) is extended to a continuous process XM by linear inter-
polation. Let the martingale problem for the functions b and a be well-posed for every
initial condition. If €M) — &, then the laws of {X™ : h > 0} converge weakly to

Q¢, where Q¢ denotes the unique solution of the martingale problem for b and a with
start in &.

Proof. Denote as in the preceding proofs
{PMW: h >0} = {Law(X™M) : h > 0}.

For each k € N choose a continuous function ¥; such that 0 < ¥, <1, ¥, =1 on
{l|z||oc < k} and ¥, =0 on {||z|l > k + 1}. Such a function exists since the map
x +— ||zl is continuous, and we can choose a map of the form Uy (x) = Op(]|z| 0)-
Now set for each £ € N

P (;T) i= Uy (2)p™ (2;T) + [1 — Up(2)]1p(2(0)), € C([-r,0;RY), T eB

where p denotes the transition probability for X*). Then for every measurable,
integrable function f it holds that

| @R (@ dz) = W) | " (@ d2) + L= U(@)]f (@ (0).
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Furthermore we see that

1
2@ = 5[ )
: h |z—z(0)|>€
1
— w@y [ eds)
h |z—xz(0)|>€ h—0

uniformly on C([—r, 0]; R?), since the last expression converges to zero uniformly on the
set {]|z]|e < k+1} in view of assumption (2.4.17), and Wy (x) vanishes for ||z|| > k+1.
Then it follows from Theorem 2.4.2 that the sequence of the corresponding probability
measures {Pk(h) : h > 0}, derived from p,gh), is tight. Furthermore define for £ € N the

quantities b,(ch) in terms of p,(ch)

b,gh)x = = 2z — (0 ;h) T dz
@) = g Ol a2
1
= Up(x)- z—z(0))pM(z; dz
CFy ACEECILCED

= V()b (z), x € C([-r,0];RY).

Then, using the assumptions of the theorem, b,(gh’) remains uniformly bounded in h and
x. The same holds for

) = g o)) )
= .I‘l _ Z2—x 2 —z(0))p"™ (z; d=
ST AN DICEOEED
= Ui(2)a™(z), =z € C([-r,0;RY).
Since
b (2) — Wi(@)b(a)
and

uniformly on compacts of C([—r, 0]; R?), and the limits on the right side are continuous
and bounded, it follows from Theorem 2.4.2 that for fixed k every limit point of
{Pkgh) : h > 0} solves the martingale problem for W (-)b(-) and Wy (- )a(- ). Now define
for each k € N the open, bounded set

Gr={z: |z < k}

and the stopping time
ri(m) = inf{m, ¢ G} = inf{|m(t)| > k} /0o, m € O([~r,00); R).
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Since Wi (- )b(-) = b(-) and Wi(-)a(-) = a(-) on Gy, it follows from Theorem 2.4.13
that any limit point Qj of {P,Eh) : h > 0} equals Pr on M,,. Here we used the

assumption that the martingale problem is well-posed for every initial condition. Now
let A be a set in M,,. Then it holds for s € N that

ANn{m, < sh} € Mg,

and therefore

By (Lanm, <)
is an s-fold integral over p,(eh). On {7x(m) < sh} it holds for z = m, that ||z|. < k
for u < sh, so that péh)(x; I') equals p™ (2;T) on this set. Therefore we have that

El(ch)(lAﬂTkSSh) - E(h)(lAﬁTkSsh)’
Letting s to infinity on both sides, we obtain by dominated convergence
B (1a) = B®(14).

Therefore Péh) equals P on M,, for all h > 0. We remind the reader of Lemma
11.1.1 in Stroock and Varadhan [28]: If

1. Pk(h) = P™ on M,, and 7, /" o0,

2. {P" : h > 0} is tight with limit point Q; and Q) = Q¢ on M, ,

then the sequence {P™ : h > 0} converges weakly to Q)¢ It suffices to apply this

lemma to obtain the desired weak convergence P — P:. The theorem has been

shown. O
2.4.15 Remark. We used in the proof that the coefficients b and a are locally bounded.
Note that the continuity of the coefficients on the space C([—r,0];RY) does not imply
their local boundedness. This comes from the fact that the space C([—r,0];R?), in
contrast to R?, is not locally compact.

The terms b and a™, used in all preceding theorems, are truncated expected
values. In practical it may be difficult to compute integrals over a bounded domain.
We present therefore alternative conditions which contain integrals over R?, but which
are more restrictive. Assume that for one 6 > 0

« 1
A @)= g [ e = w0 @ dz), w € Ol 0 R

remains finite. Then for x € C([—r, 0]; R?) the following expressions are well-defined
bW (z) =

aM*(z) =
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Now we are able to formulate the next theorem with continuous coefficients. This
version will play the most important role for applications in this thesis.

2.4.16 Theorem. Assume that for h > 0 we are given a time series (Xf:}z)mZ_T(h)
such that with

ph) (gj) = EE((X((’”)+1) _ X ))|l _ l(h)x)

* ! h h h R\t 7(h)
oM (z) = hE(()(((m)H) X%)(X((m)ﬂm X( )yt |l( X0 — ()
Ag’i) (x) = EE(‘X((m)—i-l) X( >’2+6“ )X h) _ l(h)x)

there exist continuous and locally bounded functions b and a such that

b* () — b(x) (2.4.18)
a™*(2) — a(z) (2.4.19)

uniformly on compacts of C([—r,0]; R?) and locally uniformly boundedly. Furthermore
assume that

sup  AFY*(x) —0 YR>0i=1....d (2.4.20)

[#]lc <R

The time series (Xf:,i)m> L~ is extended to a continuous process XM by linear inter-
polation. Let the martingale problem for the functions b and a be well-posed for every
initial condition. If €M) — &, then the laws of {X(h) : h > 0} converge weakly to

Q¢, where Q¢ denotes the unique solution of the martingale problem for b and a with
start in &.

Proof. 1t suffices to show that conditions (2.4.20), (2.4.18) and (2.4.19) imply the
conditions of Theorem 2.4.14 and then to apply this theorem. We have for x €
C([-r,0];R?) that

1 1 |z — x(0)]*+°
Ah) __/ ) (e g <_/—<h> 4
o h \z—x(O)\>6p (73 dz) < h Jra e*to P dz)

249

- i (Breeonr)

IN
(@)
ol
(%)
| —|
[]=
>
=
*
—~
8
N—
N—
L)
i
>
| I
V)
o



34 Chapter 2. Stochastic Delay Differential Equations Driven by a Brownian Motion

uniformly on bounded sets of C([—r,0];R?) by condition (2.4.20). Furthermore we
obtain by Holder

1
E / 12— 2(0)]s p™ (s d2) <
h |z—z(0)|>1

1 146
1 5 (] 45
(i [e—sope )™ (3 [ )
R4 |z—z(0)|>1

which tends to zero uniformly on compacts of C([—r,0];R?) by condition (2.4.20).
Finally, we obtain again by Holder

1
S ISEC FRCTOE
Z—T >

2 I
1 5 (] 715
(7 [ = o an) " (5 [ )
Rd |2—2(0)[>1

which tends to zero uniformly on compacts of C'([—r,0]; RY) by condition (2.4.20). It
is obvious that the limit relations just shown imply the desired result. O

We end this section with a generalization on initial conditions. In all convergence
theorems we considered deterministic initial conditions € of the processes X ™. It is
useful to replace them by random ones p). Denote by Xﬁf?,g) the time series which has

p" as initial condition. If the martingale problem for b and a is well-posed for every
initial condition ¢ (denote the solution by Q¢), and y is a distribution on C([—r, 0]; R?),
then the well-defined probability measure

Q) = / Qe(T)dp(¢), T e

solves the martingale problem for b and a with initial distribution p. Assume that
we have shown for every sequence of deterministic initial conditions £, tending to &,
that {X glh)) : h > 0} converges weakly to Q¢, where Q¢ starts in . If we know that
the distributions of p converge to a probability measure 1 on C([—r,0]; R?), under
which conditions can we deduce that the sequence {Xﬁ(ﬁ?)} converges in distribution
to @, where the initial law of @, is u? The next theorem answers the question. We
introduce the notation
e:={¢ i €N}

for an arbitrary random sequence {¢; : i € N}, which is typically the driving force of
the process X .

2.4.17 Theorem. Let for h > 0 the process X(?,% be defined in terms of the initial
p

condition p™ and the driving force €

Xf(;?g) = (I)(h) (p(h)7 6)7
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where (p™ | €) are assumed to be independent. Furthermore assume that & +— Qe is
continuous in the initial condition:

Een (f) — Ee(f)  for W — ¢

h—0

for every bounded, continuous function f. If

Law(Xg((h)))—>Q§ for § —>§

and Law(p™) — o C([-r,0];RY), then the laws of {X o 1+ h > 0} converge
weakly to Q,,.

Proof. The assumed independence of (p™, €) yields for every bounded measurable f
the relation

Bey (D= [ B,
C([-r,0];R%)

where " denotes the law of p®™. Our aim is to show that for every bounded,
continuous function f

Baw D= [ BPOG© Ee(f) du(©) = Bo(f).
C([-r,0l;R) C([~r0];R?)
By assumption of the theorem the sequence {,u(h) : h > 0} converges weakly to pu.

Since by boundedness of f the integrands are uniformly bounded in h, it suffices by
Theorem 5.5 in Billingsley [2]| to show that

B (f) — Ee(f) (2.4.21)

uniformly on compacts of C([—r,0]; R?). For a sequence £ converging to ¢ combine
the assumed relations

Egn(f) 55 BelD: Ben () =5 Eel))

h—0

to obtain uniform convergence in (2.4.21). The theorem has been shown. O

2.5 Applications

2.5.1 Approximation of a Given Stochastic Delay Diff. Equa-
tion

Assume that we are given the d—dimensional autonomous SDDE with length of mem-
ory r >0

Xg = ¢
{ dX(t) = b(X;)dt +0(X;)dB(t), t>0 (2.5.1)
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with deterministic initial condition & on C([—7,0]; RY), where
Xe=X({t+u), —-r<u<o

denotes the function segment. To ensure that we deal with real martingales instead
of local martingales, for this and all other delay equations in this subsection we shall
assume the following integrability condition

/0 ' o(X.) dB(s)

We shall now approximate this system weakly by a sequence of autoregressive time
series (X (h,)L)m> .. Thereby consider only those h for which 7®) = r/h € Ny. Recall

the notation 1) x® .= (x® - x " L)

mhy " (m r(h))

E < o0, t>0. (2.5.2)

2.5.1 Theorem. Assume that weak existence and weak uniqueness hold for the system
(2.5.1) for every initial condition, where the coefficients b and o are assumed to be
locally bounded and continuous. Let

e={en; :meN,j=0,...,n}
be a sequence of i.i.d. variables on some probability space with
E(El) = 0, E(61€1) = In, E(|61’1‘2+6) < 0

for some 6 > 0, where I,, denotes the identity matrix in dimension n. Let for h > 0
the discrete d— dimensional time series (Xf:g)mz_r(m be defined by

XM — M (mh), m=—r®, 0
X((:;)-i-l)h - X(h + o (lir?l)zX(h))h+U(h)(l£:i)zX(h)>\/ﬁem+17 m € Ny

for some functions b and o™ with domain C([—r,0];R?). The scheme written out
means that fori=1,...,d

X, =X+ bl Nh+ Z o (1 X M)V hepr 5, m € N,

mh

The time series (X( ))m> ) is extended to a continuous process XM by linear inter-
polation. If

and

(h)
@) — o)
uniformly on compacts of C([—r,0];R%) and uniformly locally bounded, then the pro-
cesses XM converge weakly to X, where X is the unique weak solution of the system
(2.5.1) with initial value §.
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Proof. The proof is a straightforward application of Theorem 2.4.16. Define the o-
algebra
g — (XM —r <t <kh), k>—r",

Then we have almost surely by independence of the sequence e that

(h) (h)
(h) h)y  _ b (15 X ) Cv®
P(Xyn € TF ) = P(( iy (l;ith(h Vhen i eI —{X,n HFmn)

= p(h)(lfs,)LX(h); '), m € Ny,
where for x € C([~r,0];R?) and T’ € B? the transition probability p™ is defined by
PP (z;T) = POP (UM z)h + o™ (1M 2)Vhe, € T — {2(0)}). (2.5.3)

As a consequence of (2.5.3) it holds for every measurable, integrable g and for P(h) ) x(”
almost all z € C([—r,0]; RY) that

[ ot = w009 s d2) = Bl @ + 0 1 P)Vher)),
]Rd
Therefore we obtain

AV (@) = BB AP x)h+ o™ (10x) Ve 2)

2446
(!b " |h+ZE ERIGR )\/ﬁﬁl,j!“é)ﬁ“)

I
= >

246
5/2
) (‘bgh)““)@rh%ﬁ+Z|a£,’;)<l<h>:c>|\|el,juz+ah“) —0

h—0
i=1

uniformly on bounded sets of C([—r,0]; R?). Furthermore we have that
(@) = BQM (M) + 0@ W) (Vi/h)er) = 0" (1Px) — b(x)
P (z) = E(OPIM2)Vh+ oW (P x)e) 0" (1MW z)Vh + o® (1M 2)ep)T)
= A oMY (1M g) 4 (6™ oMT) (1M ) — o0’ (z)

uniformly on compact sets of C([—r, 0]; R?) and uniformly locally bounded. This comes
from the fact that for a compact set K of C([—r,0]; R?) the set

K:={lWz:2zcK,h>0}
is compact, and it holds for example for the function b that

sup [0 (1M x) — b(x)| < sup [p" (1M x) — b(IM )| + sup [b(1 M) — b(z)] — 0.
zeK

zeK ek h—0
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Due to the integrability condition and weak uniqueness for the system (2.5.1) the
martingale problem for b and a = oo is well-posed. Now we obtain the assertion by
applying Theorem 2.4.16. ]

2.5.2 Remark. We imposed the integrability condition (2.5.2) to refer to solutions of
the martingale problem instead of the local martingale problem. A version of Theorems
2.4.14 and 2.4.16 supposing uniqueness of the local martingale problem is straightfor-
ward.

The process

v =y " o o(v"Y(B(t) — B(mh)), mh<t< (m+1)h
is called Euler scheme in numerical mathematics. Note that Y® is not interpolated
linearly between to time points mh and (m + 1)h. Rather the values of the Brownian
motion for all time points ¢ > 0 enter in Y "), Only the state y is discretized, the time
t is not. The series

{ Z((fjgl(%,; = ?h? ) 4+ o(ZM)(B((m + 1)h) — B(mh))
t T TR

is called a discretized Euler scheme. Then Z® is a random variable with values in
the space of right-continuous functions which is defined in terms of B only at dis-
crete time points. Thus the approximating processes X ® in Theorem 2.5.1 resemble
discretized Euler schemes with two modifications. Firstly, between two grid points
it is interpolated linearly to construct random variables on the space of continuous
functions. Secondly, the driving sequence € need not necessarily be distributed nor-
mally, but it is only required that it is centered with variance 1 and has finite absolute
(2 + §)-moments for some § > 0.

The stochastic differential delay equation

X, = ¢
{ AX(t) = b(Xp,t)dt+o(X,,t)dB(t), t>0 (2.5.4)

has time-dependent coefficients b and o and is therefore a generalization of system
(2.5.1). We assume that b and o are locally bounded and continuous in (z,t). Defining
for each z € C([—7,0];RY) and ¢ > 0 the time-dependent operator

a of 1<
(Li,af)(x) = Zbi(x’t)ax )+ 3 Z a;j(x,t) &B o ———(2(0)), a=o0"

=1

one sees that
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is a (My, Q¢)-martingale for all f € C§°(R?), where Q¢ is the distribution of the
solution process in (2.5.4). Now we shall approximate system (2.5.4) weakly. Let for

h > 0 the d-dimensional time series (X (h))mz_r(m be defined by

mh

x™M = XWX mb)h 4+ o™ AP X W mb)vVhen 1, m e Ny,

{ X = €M(mh), —r® <m <0
(m+1)h

where the sequence e¢ has the properties as above. The time series (Xf:,z)m>,,,(h> is
extended to a continuous process X" by linear interpolation. The transition proba-
bilities with domain C([—r,0]: R?) x B? for the schemes (X)), _ . become time-
dependent -

P (:T) = PO (1™, mh)h 4+ o™ (M z, mh)Vhe, € T — {z(0)}).
The following quantities defined for x € C([—r,0]; R?) and ¢ > 0

b (x,1) = % /R (2= 2(0)p{l), (s d2)
A (wt) = ¢ [ = a0)e = a0}, i a2

become time-dependent too. Repeating the arguments of the proof in Theorem 2.5.1
one sees that if
(h)
(h)
o (J},t) E) O'(ZL‘7t)
uniformly on compacts of C([—r,0];RY) x R, and uniformly locally bounded, then
(h)*
b\ (z,t) — b(x,t)
"V (x,t) — (00")(z,1)
uniformly on compacts of C([—r,0];R?) x R, and uniformly locally bounded. If

) — &, then it follows from the obvious time-dependent modification of The-

orem 2.4.16 that the processes X" converge weakly to the solution process X in
(2.5.4).

In the approximating time series (X;:g)mz_r(h) of Theorem 2.5.1 occur terms of the
form
h h h h
AN X)) e P A X )

which in principle may be difficult to compute, since the argument is a function on
C([—r,0]; R9). This difficulty may be overcome if we have a delay equation with point
delay. Then the coefficients have the cylindric structure

b(x) = b(z(w),...,2(u,)), olx)=3dx(w),...,v(u,)), z € C(-r0;RY
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for time points —r < u, ... < u; < 0 and functions b and & from n variables in R
In this case the terms

h h h h
pM (A (x ™ ,anj%h))h)), oM (xh >X<(m)77«<h>)h))
may be replaced by
7(h) (x(R) (h) ~(h) (v (1) (h)
b (X(m+[“%])h7 T ’X(m+[“7"})h)’ g (X(m+[%])h’ T 7X(m+[“T"])h)’

If we demand that

B(h)(x) — b(x), 5(h)(x) — o(r), =€ (RH"

uniformly on compacts of (R%)" we obtain for x € C([—r,0]; R?)

b () = B (a([H), . a([FHIh) —= Bl(w), ..., 2(un)) = bla)
uniformly on compacts of C([—r, 0]; R?), respectively for o. Therefore the sequence of
processes { X" : h > 0} determined by b(") and &) converges weakly to the solution
X of the SDDE with coefficients b and &.

Next we shall investigate the special case of linear coefficients. For simplification
of notation we shall restrict ourselves to the one-dimensional case. Then there exist
signed measures p and v such that

b(x):/ z(u) du(u), J(x):/ z(u)dv(u), x € C[—r,0].

—r -r

It is clear that the functions b and ¢ are continuous and locally bounded. The delay
equation has then the form

X, = ¢
{dX“) = X4 ) da(a)de [0 X (4 ) () dB(), >0, 2P

It is known that strong existence and strong uniqueness hold for the system (2.5.5) and
that the integrability condition (2.5.2) holds. We assume that the measures p and v are
approximated weakly by discrete measures " and v . The approximating measures
have mass only at time points (—jh) for j = 0,...,r""). Define for + € C[—r,0] the
quantities

(R

b;h) =P ({—=jn}), b (z):= /0 w(u) dp™ (u) = Zbﬁ-")x(—jh)

(h)

/ z(u) dv™ (u) = Zag.h)x(—jh).

oM =M ({=jh}),  o™(x)

-
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If the sequence of measures ™ converges weakly to the measure p, then we have by
definition that o 0
| swdn®w [ s dutw)

h—0

for any fixed element x of C[—r,0]. The following lemma shows that this convergence
is actually uniform on compact sets of C[—r,0].

2.5.3 Lemma. Let p™ and p be signed measures on [—7,0] such that the sequence
oM converges weakly to p. Then it holds that

[ e an ) [ st ante

-r -r

—>O

su
D h—0

zeK

for any compact set K of C[—r,0].

Proof. Assume that the statement is wrong. Then there exists a compact set K of
C[—7,0], a sequence of functions ) in K and a number § > 0 such that

[ @i - [ dota

—r —r

>4, Vh>0. (2.5.6)

Since the set K is compact, there exists a subsequence A’ of h such that

/ ~
™) — 3
h/—0

for an element 7 of K. Since by assumed weak convergence of {p®}
sup [|p™[|lrv < oo
h>0
we have furthermore that
0 !’ h/ 0 /
[ - [ s
Therefore we can estimate

[ wastw — [ e dota

<112 = #llalp™ v ——0.

< |/ " dpw) - [ #twdptu)
< |/ swdpw - [ 3w )
< |f " 3w) dp®) () / " 2 () dp ()

< §/3+46/3+46/3<8
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for all sufficiently small A’. But this is a contradiction to the assumption (2.5.6). O
This lemma shows that

W) — b(a), o) — ole), x € Cl-r,0)

uniformly on compacts of C[—r,0], if pointwise convergence is assumed. The next
theorem follows now from Theorem 2.4.16 and Lemma 2.5.3.

2.5.4 Theorem. Assume that we are given the linear SDDE

{ ¢Y§§ _ jer(t+10dp@th+jfTX(t+u)m4u)dB@)
Let € = {€,, : m € N} be a sequence of i.i.d. variables on some probability space with
E(e) =0, BE(d) =1, B(lea*) <o
for some § > 0. Let for h > 0 the time series (Xgl,z)mz,ﬂh) be defined by

xh 5 (mh) m = —r(h) ,0
h h r(1)_(h) v (h
X((m)+1)h = +Z] 0b§ h+zj 0 ] ((m)—j)h\/ﬁem'i‘l’ m € No.

The time series (qum)m> -~ is extended to a continuous process XM by linear inter-

polation. Define discrete measures on [—r,0] by

uW({=jh}y) = b, vW({—jh}) =0, j=0,...,r".
If
(h)
§ ﬁf

and

pM =y, W=y
as weak convergence of measures, then the processes X converge weakly to X, where
X is the strong solution of the above linear SDDFE with initial value .

2.5.5 Remark. Given cm arbitrary measure p it is always possible to define a sequence
of discrete measures p") which converges weakly to p. It is enough to set

"({0}) =0, pM({—jh}) = pl=jh. (=) + Dh).

Hence it is always possible to find an approzimating sequence X ™ with the following
property: In the evaluation of X m)+1)h enter directly the preceding values of XM itself
and not the whole function segment

W X0 )

mh> P (m—r(M))h

as in Theorem 2.5.1.
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Let us return to locally bounded, but not necessarily continuous coefficients. We
shall focus on one-dimensional delay equations with discontinuous coefficients in the
special case where they only depend on states at earlier times

ba(z) = ba{z(u): —r<u<A}), A>0, ze€C[-r0]
on(x) = oa{z(u): —r<u<A}), A>0, xe&C[-r0].

This is a stringent assumption and does not include the case r = 0 of stochastic
ordinary differential equations. We shall now formulate and prove an approximation
theorem for SDDE’s with coefficients bp and oa.

2.5.6 Theorem. Assume that weak existence and weak uniqueness hold for system

Xy = ¢
{ AX(t) = ba(X))dt+oa(X))dB(t), t>0 (2.5.7)

for every initial condition, where the coefficients ba and o are measurable, locally
bounded and fulfil the requirements of Lemma 2.4.8 for the initial condition &. Fur-
thermore it is assumed that o is bounded away from zero. Let for h > 0 the discrete

time series (X( ))m> L~y be defined by

Xf,f)b = §( (mh) m=—r"__...0
X0 oA X DY+ oA (1% X D) hepsr, m e Ny

for a sequence {€,, : m € N} of independent, standard Gaussian random variables

on some probability space. The time series (X(h)

mh)m> ~ny 18 extended to a continuous

process XM by linear interpolation. If €M — ¢, then X ﬁX, where X is the

unique weak solution of system (2.5.7) with mztml value &.

Proof. Denote as in the preceding proofs
P® = Law(X®).

For each k£ € N choose a continuous function ¥, such that 0 < ¥, <1, ¥V, =1 on
{||z]|ce < k} and Wy =0 on {||z||oc > k+ 1}. At first consider for each k& € N schemes
X ) with the bounded coefficients ¥bs and |Wioa| V a, where « is a lower bound
for the absolute value of oa:

XE = X0 4 (b ) (10 XN+ (0o a] V @) (109 X5 e n,  m € N,

We have that

1
S = X o X8O = 10) = () (1Pa)

(m+1)h
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and
(Wgba) (1M M)y —— (Urba)(2)

for any sequence ™ approximating x in the points where ba is continuous. For the
second moments we obtain

—qu’“(h — X270 k) — 10 1) = B(Wba)2 (1M 2) + (| Whon| V @) (1P )

(m+1)h

and
h(Wba)* (1M ™) 4+ ([Woal V o) (1M ™) 7 (UioA V a?)(x)

for any sequence (™) approximating x in the points where o is continuous. The
rescaled absolute (2 4 §)-moments for any 6 > 0 vanish in the limit:

h 517(R) vk, (h) _ 7(h
m+1)h mh )|2+ |lmi)LX () - l( )iC) hes0 0

—E(|X
uniformly for all € C[—r,0]. It follows from Theorem 2.4.4 that the sequence
(P . h >0} := {Law(X*™M) : b > 0}

is tight, and that every weak limit ()} solves the martingale problem for W;bs and
|Wion| V a if for each T > 0

T
Qr (/ 1()(712> S D(\Pkba) U D(‘\pka&‘\/a)) du = 0) =1.
0

To show the last relation we will use the special structure of the coefficients b, and
oa. By Lemma 2.4.8 it suffices to show that for all x € R and u > 0

lim P (X°(u) € Bs(x))—0.
h—0 6—0

At first we assume that v > AA. We have by construction that

-1

Y + (Tba) (I xR0,

=E

ﬁ.
i
%

T
|
—

+ (1Troal V@) (I XH M)V ey

1-1%]

=g

1=

Therefore conditioning on Fu, 2, yields
(HF1=1%DA

P(x5EY € By(x)) = B( / SR S O e Tl 1 O
Ll Bs(x) V 2mvk(h) 20k, (R)
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with
(21
k,(h)  _ k,(h) (h) yrk.(h)
. Xpprgpn ¥ 2 (Taba) (' XSO)h
i=[31-1%]
(711
v = (T30% V o) (1) X M),
i=[#]- (5]

Here we used the independence and normal distribution of the sequence €, and that
b and oa only depend on values up to time —A. Now we can estimate

lim P(X*"(u) € Bs(x)) = lim P(X[3}}) € Bs(x))
h—0 h—0 h

IN

1
lim / dw 0.
h=0.J Bs(x) QWOéQh[%] =0

Since W, also takes the value zero, we had to truncate from above by « to obtain

the convergence to zero. In the case u < A the random variable X [k%%z) is normally

distributed with mean and variance depending on the initial condition &™), and it
follows in the same manner that

lim P(X*™ (u) € Bs(z))——0.
h—0 5—0

Thus in view of Theorem 2.4.4 every limit point Q) of {P,gh) : h > 0} solves the
martingale problem for ¥;ba and |Uioa|V . Hereby most part of the work is done.
Define the stopping time

(M) = %rzlg{|m(t)| >k} /oo, meQ=][-r 00).

If one denotes by ) the unique law of the solution of

Xo = ¢
{dX(t) = ba(X,)dt+ oa(X,)dB(t), t>0,

then by Theorem 2.4.13 ) equals () on M;,. This comes from assumed weak unique-

ness and the fact that |oa| = |oa] V a. But it also holds that P,gh) equals P on
M,, using the definition of W) and using once more that « is a lower bound for |oa].
Now it follows from Lemma 11.1.1 in Stroock and Varadhan [28] that {P™ : h > 0}
converges weakly to ). The theorem has been shown. O
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2.5.2 Existence of Weak Solutions

We shall illustrate in the proof of the next theorem how the obtained results may be
used to prove weak existence for stochastic delay differential equations. For simplicity
of notation we confine to the one-dimensional case.

2.5.7 Theorem. Consider the autonomous stochastic delay differential equation

Xo = ¢
{dX(t) — b(X,)dt +0(X,)dB(t), t>0. (2.5.8)

If the coefficients b and o are bounded and continuous, then there exists a weak solution
of system (2.5.8).

Proof. The idea of the proof is to construct an approximating sequence of processes
X ™ and to show that the distribution @ of one possible limit point of {Law(X ") :
h > 0} solves the martingale problem for the coefficients b and 0. Let € = {¢,, : m € N}
be a sequence of i.i.d. variables on some probability space with

E(e1) =0, E(f)=1, E(e|") <o

for some § > 0. Let for h > 0 the d-dimensional time series (Xéfg)mz_rw be defined

XM= &(mh), m=—r" . .0
ton = X+ DU X Db+ o () X ) Vhensn, m e N,

The time series (X xg)mz_r(m is extended to a continuous process X ) by linear inter-

polation. Using the former notations we obtain

b (z) = EOIMz) +o(Mz)(Vh/h)e) = b(IMz) — b(z)

h—0

P (z) = EPpIPa)Vh+o(1Wz)e > = 2 (M) + (1MW x) — ()

uniformly on compact sets of C'([—r,0]; R?) and uniformly locally bounded. Also we
see that

AP (z) = %E(|b(l(h)x)h + o(IMz)Vhe |*) —0

uniformly on bounded sets of C([—r,0];R?). By uniform boundedness of b("* and
a™* the laws of the sequence {X ") h > 0} are tight, and every limit point @ solves
the martingale problem for b and a = 02 according to Theorem 2.4.16. Then ( is one
weak solution of system (2.5.8). O
We shall now treat the case of not necessarily continuous coefficients. In the next
lemma we will prove weak existence for SDDE’s with vanishing drift coefficients by
construction of not discretized Fuler schemes.
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2.5.8 Lemma. There exists a weak solution of the stochastic delay differential equation

Xy = €
dX(t) = o(Xy)dB(t), t>0
if the coefficient o with domain C[—r,0] has the following structure
o(x) = h(fi(z(wi))ier,), h: (R)I" —-R, fi:R—R

for a continuous function h and Lebesque measure zero of Dy, for each i € 1, C [—r,0]
provided that o is bounded and bounded away from zero, and the initial condition &
fulfils the assumptions of Lemma 2.4.8 for the function o.

Proof. We shall construct not discretized Euler schemes to prove weak existence. The
arguments are taken from Yan [31|. Define for each h > 0 the in the initial condition
¢ starting schemes

x® — x®

mh

"X W) (B(t) — B(mh))

mh

+o(l

for time points mh < t < (m + 1)h, which for all ¢ > 0 may be written as a stochastic
integral:

t
XM = ¢(0) + / a(l(h)X[(g])h)dB(s).
0

Since o is bounded, it follows from earlier used arguments that the laws of the sequence
{X™ b > 0} are tight on the space C[—r,c0). Then there exists a process X such
that a subsequence of {X®1 also denoted by {X"1  converges weakly to X. By
the almost sure representation theorem there exists a probability space (Q, F, P) and
a sequence of processes Y ") and Y with values in C[—7,00) and Brownian motions
BW"  all defined on Q, such that

Law(X™) = Law(Y®™) Vh >0, Law(X)=Law(Y), Y® — Y as,

and it holds a.s. on € that
t
v = ¢(0) + / o(IMY{))dBM(s), t> 0.
0 h

Our aim is to show that the law of Y solves the martingale problem for . The process
Y as almost sure limit of {Y "} is a continuous martingale with respect to its natural
filtration, since each Y™ is a continuous martingale, and for each ¢t > 0 the random
variables Yt(h) are uniformly integrable by boundedness of ¢. Furthermore it holds by
Theorem 2.2 in Kurtz and Protter [16] that

t t
/ YWay®™ — [ Y(u)dY(u), t>0
0

n U
h—0 0
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in probability. Since for every continuous martingale Z

2)(t) = 2%(t) — 2 / Z(u) dZ (),

it holds that [V "], converges to [Y](t) in probability, hence by uniform integrability
of [Y®], also in L'. Define for each y € C[—r,0]

oi(y) :=liminfoi(z), y € C[-r,0].

r—y

It holds for all 0 < s; < s5 that

E([Y](s2) = [Y(s1)) = lim B(y™],, — [y "],,)

h—0
= [ h = [ h
= mE [ (WYY du>E [ limo*(1PYW) du
h—0 51 l sy h—0 [ln

> B / o2(Y,) du.
S1

Now we use the special structure of o. One sees for t > r, where » > 0 denotes the
length of memory, and for o a lower bound of |o| that

t t
E'/ (Y, € D,)du < ZE/ LY (u+u;) € Dy,) du

i€l

t+u;
_ ZE/ 1(Y(u) € Dy du
icl, Tt

1 _ t+u; )
< Iy E/ (Y () € Dy)o? (V) du =: K.

’LGIO' +ul

Next we obtain by the occupation time formula

K < iZE/le(Y(u)EDfi)d[Y]u

a2

icly g
1 _
= —ZE/ f v (V) dz =0
[T“!‘Ulvt‘i‘uz} )
a? icl, Dy,

since we assumed that f; has Lebesgue measure zero, and the local time L*(Y) is finite
for almost all x. Since Y starts in &, we have by assumption on the initial condition
¢ that for all t < r

t
E/ 1(Y, € D,)du = 0.
0
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We have achieved so far that f; 1(Y, € D,)du =0 a.s. for all £ > 0. Then it holds by
dominated convergence that

t
y®), = /0 (MY )Y, ¢ Dy) du

u
h
t

t
e a2(Y)1(Y, ¢ D,)du = / o?(Y,) du
h—0 0 0

almost surely and in L'. This implies that a.s. [Y](t) = Otaz(Yu) du first for fix t > 0
and then by monotonicity a.s. uniformly for all ¢ > 0. Now for f € Cg°(R) we can
apply Ité’s formula on the space €2

V) = 1€) + [ Fr@ar + 5 [ rowdvie, o

Since Y is a martingale, the stochastic integral with respect to Y has expectation zero.
Therefore Y solves the martingale problem for o. The lemma has been shown. O
The next theorem relaxes the requirement for ¢ to be bounded away from zero and
admits drift coefficients.

2.5.9 Theorem. There exists a weak solution of the stochastic delay differential equa-
tion
Xo = ¢
dX(t) = b(Xy)dt+o(X;)dB(t), t>0

if b is bounded and measurable, and if o with domain C[—r,0] has the following struc-
ture

o(x) = h(fi(x(u;))ier,), h: (R =R, f:R—R

for a continuous function h and Lebesque measure zero of Dy, for each i € 1, C [—r,0]
provided that o is bounded and the initial condition & fulfils the assumptions of lemma
2.4.8 for the function o.

Proof. By Lemma 2.5.8 for each a > 0 there exists a weak solution of the system

Xy = ¢
{ dX°(t) = o(X?)dB(t), t>0.

for 0% := |o| V .. Then the function v := b/c® is measurable and bounded and
t 1 t
M(e) = exof [ A(XD)dBGs) - 5 [ Pxdsh ez 0
0 0

is a martingale. Then by Girsanov’s theorem there exists a weak solution of

{ Xg = ¢
AX°(t) = b(XP)dt+o*(X2)dB(t), t>0.
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The laws of the sequence {X* : a > 0} are tight. This follows from the tightness
criterion of Kolmogorov, see page 474 in Revuz and Yor [24|. We have for each a > 0

that
4

+38

4

e - Xl <s| [ ol +s| [ o0 aB

By the Burkholder-Davis-Gundy inequality the expectation of the second summand
may be estimated from above

4
<CFE

2

E / (X dB () / (02X du

Using boundedness of b and o we have for each 0 < s <t < T and for a constant (3
that
E[X(t) = X*(s)"] < It — 5],

from which tightness follows. Denote the laws of X by @* and the law of one limit
point by (). For each o > 0 we have by the martingale property of % that for
f € C§°(R) and for every continuous, bounded, M,,-measurable function ®

E9(Z°®) =0
with
Z%(m) = f(m(ts)) — f(m(t:)) + / (Lyge )ma)du), m € Clr,00).

Now note that

ap (0P @)@ < s o — 2@ pimyce) < 202
z€C[—r,0] z€C[—r,0]

Therefore we conclude that

Z%(m)——f(m(ts)) — f(m(t1)) + / 2(Lb,af)(mu) du=:Z(m), m € Cl[-r,0)

a—0 t
uniformly on C[—r,00), where Z% and Z are uniformly bounded. Using this uniform
convergence, the tightness of the laws of {X® : @ > 0} and the uniform boundedness

of Z* and Z we conclude that E?(Z®) = 0. Thus Q solves the martingale problem
for b and o, which is our desired result. O

2.5.3 A Continuous GARCH(p,1)-Model

We come now to another type of applications of Theorem 2.4.16. In Theorem 2.5.1 we
were given the stochastic delay differential equation and constructed approximating
discrete time series. One can also go the other way round. Now let us be given a
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sequence of discrete time series Z(". We are interested in a weak limit if it should
exist. We shall illustrate how to establish a limit process. In this subsection we deal
with time series from financial mathematics, called GARCH(p,1)-models. They are
defined as follows. Let (¢€;);en be a sequence of real-valued i.i.d. variables on some
probability space with

E(e)=0, E@@) =1, EE&) =0 , E(H=c+1, B(al*) <

for some 0 > 0 and for some constant ¢ > 0. Define for each h > 0 the following
two-dimensional scheme

h h h
X((m)+1)h = Xr(nf)L+P£nf)L\/_€m+1

h)2 (h)2
Pgm)ﬂ)h = vy + % me)z + Z ﬁ ot al” th hem—i—lv m € No.
(2.5.9)
In GARCH(p,q) the parameters p and ¢ are defined by
p = l4+max{j: 8y =0 Vj >;j}=p"+1
g = l+max{i:ay =0 Vi'>i}=1.

Then scheme (2.5.9) is a GARCH(p™ + 1,1)-process. The parameters

o >0, 8P =0, pM >0, a® >0

ensure that p( ,)l is strictly positive for m € Ny. We assume that p(™ = p/h € Ny. The
first parameter (p™ + 1) of those GARCH-systems will tend to infinity as h tends to
zero in the case p > 0. We did not specify any initial condition yet. Set

X((]h) =, p(llgfh = 5(_mh>27 m = Oa s 7p(h)7

where £ is a strictly positive continuous function on [—p,0] and z € R. As before
we interpolate linearly between discrete time points to obtain continuous stochastic
processes Z" = (X (h) | p(M2) How do we have to choose sequences of parameters that
the two-dimensional processes Z" converge weakly? This question is handled in the
following way. First calculate the quantity

1 h n)
EE((Z((m)-&-l) - Z( W) Fmn),  m € No.
If Z(" satisfies a.s
h h h h
P(Z0) 1y € TIFwmn) = P(Z 1 € Dlo (200, Z)_ o)), m € No,

then there exists a two-dimensional measurable function b such that a.s.

lE((Z(h) N F ) =Mz Lz

h (m+1)h (m )h) m € Np.
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Next identify b with a function of the space C([—p, 0]; R?) such that

h R) ( r7(h) (h)

6(2) = b (Zis - Zig_piirys) (@), =a(-imosipmy » - * € Cl=p: 0] R?).
Finally, examine if there exists a limit of b") on C([—p,0]; R?) and check if the con-
vergence is uniform on compact sets of C'([— ,O],RQ). We shall now see how this
procedure works for

20 — (X0 b2
Firstly, we obtain
L p(x® xM\g
h ( (m+1)h h’ mh) = 0.

Now consider

Lo (ny2 (h)2 o LAY B —1 )\ e
EE(P(m+1)h_th |?mh>:T+Z]—p ap Tt ( + al ))p

and identify with

(hy M (k) (h)
W)= 3 5 g —1

+ a(h)) z(0), z € C([-p,0;R?).

If we define a discrete nonnegative measure 4® on [—p, 0] by

. s" ‘
YW ({0}) =0, M ({—jh}) = —— 1< ™,

then we obtain the following representation in terms of the measure v

(h) 0 (h) _
bV (z) =~ - +/ x(u)dfy(h)(u)—i—(ﬁ - 1+a<h>) 2(0), =z € C([—p,0):R?).

—-p

Now we see how the coefficients have to behave to obtain a limit. If

() ) _
Yo _(5 1+a(h)) A A =,

then it holds for each x € C'([—p, 0]; R?) that

b (2) —— bo(x) = vo + / 2 (u) dy(u) — Az (0).

h—0 —p

Recall that the notation v*) = ~ means that the sequence of measures v*) converges
weakly to the (nonnegative) measure . We assume that v({0}) = 0. This convergence
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is even uniformly on compacts of C'([—p, 0]; R?) and locally uniformly bounded as we
have shown in Lemma 2.5.3. We have obtained so far that the drift of the distribution
limit has the form (0, b2), where by is given above. The diffusion coefficients are treated
in the same way. We investigate the behavior of

1 h h h h
S E(Zl g = 2o Zi = Zoi) " 1Fonn).
Using E(€}) = 0 one sees that
1 h) Ry, (h)2 h)2
FE(XG = XD Pl — ) Foun)
vanishes, hence the mixed term a5 is zero. Furthermore we have that
1 h h) h
T = X2 |Fo) = o
and after some calculations

1 2
FE (P = Pon )| Fon) = h(bgh)(lf:])lp(hﬂ)) +a™2ppMip 1),

If one demands that

aMVh — a,

h—0
then
ay () := h(vy" (1"2))* + ™ ha(0) — Fa’a?(0) = an(z), =€ C([-p,0;R?)

uniformly on compacts of C'([—p,0]; R?) and uniformly locally bounded. At last one
checks that

1 h h
EE<|X5T2+1>h—X;zr2+6|srmh> — 0
1 h)2 2446

E(| (m+1 W )TN Tmn) - 0

uniformly on bounded sets of C'([—p,0];R?). Now by application of Theorem 2.4.16
we obtain the following result.

2.5.10 Theorem. Under above assumptions the stochastic processes (XM, p")?) in
(2.5.9) converge weakly to (X, p?), where (X, p?) is the unique weak solution of

dX(t) = p(t)dW(t)
{ dp*(t) = [vo — A% (t) + fi)p p*(t +u) dy(u)| dt + cap*(t)dB(t), t>0
(2.5.10)

with parameters
vo >0, ANe€R, ~ anonnegative measure with v({0}) =0, « >0, c¢>0,

driven by a two-dimensional Brownian motion (W, B).
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Proof. We still have to check that weak existence and weak uniqueness hold for system
(2.5.10). This is clear in the case ca = 0, since we have a deterministic equation for
p? in this case. Therefore we assume from now on that ca > 0. First we shall show
that p?(t) remains strictly positive a.s. if p?(0) > 0 and p?(u) > 0 for all —p < u <0
a.s. Define the process

{ 6(0) = ca
do(t) = cag(t)dB(t), t>0.

Clearly, ¢ remains strictly positive a.s. and the process

po(t)
o) 7

is a.s. well-defined, and it lies in C*' which may be checked by Itd’s formula. Thus we
have by partial integration and by definition that

¢(t)dZ(t) + Z(t)do(t) = dp*(t)
S(H)Z'(8) dt + caZ()p(t) dB(t) = (vo+ \P(t) + / P(t+ ) dy(u)) dt

—-Pp

Z(t) =

+ cap(t)dB(t),

from which follows that

) = v ' u u u
Z'(t) = o0 ( o+ Ap(t)Z(t) —l—/_pqﬁ(lH— )Z(t 4 uw) dy( )) (2.5.11)
Set

to:=inf{t >0: Z(t) =0}, t, >0 (Z(0)>0).

Assume that ¢y < co. By definition of ¢y we have that Z'(¢y) < 0. But on the other
hand, it follows from (2.5.11) that Z'(to) > 0 a.s. since Z(ty) = 0. The contradiction
shows that Z remains positive a.s. Hence does p?, and system (2.5.10) is well-defined.
Note that strong existence and strong uniqueness holds for p?. Since we have assumed
deterministic initial conditions, p? lies in LP for every p. Hence it is enough to choose
a second Brownian motion W, which is independent of B, and set

X(t) = X(0) + / () dVV (),

which shows weak existence. Assume that there are two weak solutions (X, p?) and
(X, p?), driven by the two-dimensional Brownian motions (W, B) and (W, B) respec-
tively. Firstly, we have p? 4 p? by strong uniqueness. Since X is a stochastic integral
of p with respect to the Brownian motion W, and the same is true for X respectively,
it follows that (X, p%) = (X, p?). O
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If the measure ~y is zero, then system (2.5.10) is the stochastic ordinary differential
equation in Jeantheau [11]. If v = 0 and a = 0, then system (2.5.10) is a stochastic
ordinary differential equation which can be embedded in Pedersen [22].

In statistics it is interesting to know if there exists a stationary solution of stochastic
differential equations. Therefore we shall investigate the question of existence and
uniqueness of a stationary solution for the second component p* in system (2.5.10).
Writing G for p? we have to study the SDDE

dG(t) = <vo — AG(t) + /0 G(t+ u) d”y(u)) dt + caG(t)dB(t), t>0. (2.5.12)

—-p

We assume that @ > 0. In view of Theorem 15 in It6 and Nisio [9] there exists a
stationary solution of system (2.5.12) if

1 0
3> Il + 5t = [ 1dita)

p

Now assume that we have two stationary solutions Gy and G5. Then by linearity the
difference Z := G; — G5 solves

0

dZ(t) = (—/\Z(t) + / Z(t+ u) dv(u)) dt + caZ(t) dB(t).
-p

Our aim is to establish under which conditions £ (]|Zt|\go)t—>0, where Z; denotes the

function segment. The following argumentation is taken from Riedle and Mao [26] and
is therefore only presented roughly. Applying 1t6’s formula and using the estimation

1
allb < S+ 8)
one obtains for ¢(t) := E(Z?(t)) and s < t

¢(t) — ¢(s)

=2 < a2kl [ o

t—s/s /_p¢(v+u)d7(v)du

Since ¢ is continuous, one obtains for the upper Dini-derivative D, by letting s tend
tot

D.6(1) < (Po® 27+ ) /¢t+udv v).
Now consider the deterministic system

{x(U) = ¢(U)7 —p<U<0
i(t) = (Fa? =22+ [Y|)o(t) + [°, (t +u) dy(v).
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The zeroes of the characteristic function

0

== (a2 = 2n+ )+ [

—-Pp

e dv(v))

all have negative real part if A > ||y|| + (1/2)c*a?. In this case the deterministic
theory tells us that |z(t )]—t———>0 Furthermore it holds that ¢(t) < x(t). Therefore we
deduce that E(Z 2(25))t—>0 and, by using standard estimates, it holds moreover that
E (HZtII?,o)—;—%O Thus we have shown uniqueness of the stationary solution of system

(2.5.12) if the parameters satisfy
Ly
A > H’yH—i—§COz.

This is exactly the condition under which It6 and Nisio [9] showed existence of a
stationary solution of system (2.5.12). However, it is an unsolved problem to give an
explicit description of the stationary distribution, even if v is concentrated on the time
point {—p}. This comes from the fact that in an 1t6 formula for f(X(¢), X (¢ —p)) the
Malliavin derivative D(X (s)) occurs, see page 10 in Buckwar and Winkler [4].

2.5.4 A Continuous GARCH (p,q)-Model

In generalisation to scheme (2.5.9) consider for h > 0 the series

h (h)
X((m)+1) = X\ +pnVhemi

h h (h)2 (h h2
Pt = vy +B®p! )+§2ﬁ) -

qh

+a h)phﬂhemH—i—Za )p() Whed i m e Ny,

(2.5.13)
This is the general GARCH-model of order (p® + 1,¢™ 4 1). The parameters

\

o >0, M >0, gM>0, of”>0, o®>0

ensure that p( 2 is strictly positive for m € Ny. We assume that pi®) = p/h € Ny and
¢ =q/h e NO The above system is equivalent to

h
( X((m)+1) - X(h +th\/_ferl
(h)2 _ ()
{ Pryn = Yo +5% h + Zﬁ P(m— ])h

)2 h h
+aMpli%he? . + ; @ )(X((m)+1—i)h - X((m)—i)h>2’ m € No
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for deterministic initial conditions X" = z(u) on [—g,0] and p"* = £(u) on [—p, 0].

Assume that agh)

furthermore that

= 0 with exception of finitely many ¢ uniformly in h. Assume

o ﬁ(h) 1
= —— g, - ( + a(h)) — )\ AW =, aVh —q,
h—0

h h—o0 h h—0
oy

sup ——— < 0.

h>0 h

After some calculations one sees that in this case the stochastic processes (X, p(")2)
in (2.5.13) converge weakly to (X, p?), where (X, p?) is the unique weak solution of

dX(t) = pt)dW(t), Xo=z=
{ dp*(t) = [vo—i-)\p —i—f p*(t +u)dy(u)| dt + cap®(t)dB(t), t>0,

where ¢ = \/FEle;|* — 1. This is the same system as in Theorem 2.5.10. Only finitely
many ozgh) uniformly in & do not change the weak limit in comparison to GARCH(p, 1)-

models. This comes from the fact that the term

(h)

> TG +h) —2(™)? x e Cl-r0]

i

tends to zero as h to zero uniformly on compacts of C[—r,0] if i remains in a finite
index set. Now choose coefficients of the kind

ol = a(—ih)h, 0<i<q®

)

for a continuous function o on [—¢,0]. Then in the drift term for o2 the following
additional term occurs

o o
Za(—ih)(w((—i + 1)h) — z(—ih))? — : a(u)d[z](u) =: g(z), =€ C[-r0],

where [z] denotes the quadratic variation of . Here one has to be careful. Firstly, the
limit g(z) is infinite if x is a function of infinite quadratic variation. Furthermore, it
is not locally bounded and not continuous in any point x. Finally, the convergence is
not uniform on compact sets. So many conditions of Theorem 2.4.16 are not fulfilled.
But if we formally write down the limit process, then we obtain

dX(t) = pt)dW(t), Xo=z on [- q,O]

dp*(t) = [vg—i-/\p —l—f ,0 (t+u)dy(u f Xi](u)| dt
+ cap®(t)dB(t), =¢2 on [p,O].
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If p=gq and d[z](v) = &*(v) dv on [—¢, 0], then this system is equivalent to
dX(t) = p(t)dW(t), Xo=x on [—g,0]
dp?(t) = [Uo—i—/\p +f ,o (t +u) dy(u +f P2t + u)a(u )du] dt
+ cap’(t)dB(t), pp=¢& on [—g,0].
(2.5.14)
We emphasize once more that the limit (X, p?) in (2.5.14) is purely formal, and that by
no means we are able to prove with our tools that the sequence {(X™®, p"?2): h > 0}

converges weakly to this limit. For a discussion for coefficients Wthh have an even

more general form than ozz(h) = «a(—ih)h we refer to the next chapter.

2.5.5 Time Series with Fading Memory

In this subsection we will deal with a new appearance. We investigate what happens if
the order of the autoregressive schemes X ") remains constant for each 4 > 0. Then the
length of memory shrinks to zero. Fix a number R € Ny. For h > 0 a one-dimensional
time series X is given by

X" gf’” 0<i<R, ¢MeR
m " _ B 5 () (n)
Xiomsn = X\, +I:Lh)(th?X(m—1)h’;l'"X(m—R)h)h
+ a(h)(an,z,X((m)_l)h,...,X((m)_R)h)\/ﬁemH, m € N.

Here b and ¢ are measurable functions with fixed domain R+ for all h > 0.
By setting Yngh : (XTSZ)N X((:L) Do+ ,X((ZL)_R)h) we achieve that {Yn(ﬁl) :m € Ny} is an
R+ _valued Markov chain in discrete time with start in €. Its increments may be
written in the form

v oy — vy "p 4 s (v 'Y ey, moe N,

(m+1)h

where the vector function " and the matrix function ™ for y € RZ+D are defined
as follows

6(}7‘) (y) = b(h)(yo) cee 7yR>7 th) (y) = 07 1 S l S R

_(h (h . . .
éo)(y) = o™ (yo,...,yr), afj)(y)::O, i*+42>0, 0<i,j<R.

Note that Yi’(h) = X(h)

(m—1

p for 0 < < R. We obtain for the conditional expectation
of the second component Y1 ) of Y

1 1,(h) )y _ 1L

EE(Y(m(H Y >|§Y ) = g(Y(mH Y MY, meN,,
since Y( (ﬁ)l) = Ym}gh) is ?Y(h -measurable. The second component of the drift takes
the form

. 1
bt (y) = E(yo —y1), y€RFE,
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Here we see that the drifts do not behave properly as h tends to zero. Our preceding
theorems are for the sequence of Markov chains Y™ not applicable. Therefore we
shall drop again the lifting. Instead choose a real number r > 0 such that R/h < r
for all h > 0 which are lower than a given hg > 0. Then we can write the increments
of X" also in the following form

X ™

() — = 0P (1L X"+ 6P (1L, X"V henmr, m e Ny

with

(el
S
—~
8
~—
Il

b ™ (z(0), x(=h),...,x(=Rh)), x € C[-r,0]
cM(z) = o™ (x(0),x(=h),...,x(=Rh)), =z € C[-r,0).

If we now compute the conditional expectation of X we obtain in the common
fashion

() 5 () ™

1 (h)
_E(X mh? “H(m—1)h> """ (mfR)h)'

h (m+1)h
Then the drift takes the form

= Xl Ton ) = b (X

b*(z) = b (2(0), z(=h),...,z(=Rh)), x € C[-r,0].
Now there is an asymptotic behavior. It is easy to establish that

b(h)*(x) — b(x(0), z(0),...,z(0))

h—0

uniformly on compacts of C[—r, 0], if one assumes that b tends to a continuous
function b uniformly on compacts of REHD " In the same manner we obtain for the
second moments

h)* 2
A" (@) — 0(2(0), 2(0).....2(0))
uniformly on compacts of C[—r,0] if one assumes that o™ tends to a continuous
function o uniformly on compacts of RF+D - After those explanatory considerations
we are able to formulate and prove a theorem for time series with fading memory.

2.5.11 Theorem. Let (€,,)men be a sequence of i.i.d. wvariables on some probability
space with
E(e))=0, E(e) =1, E(e*™) < oo
for some 6 > 0. Let for h > 0 the discrete time series (XgL,z)mz,R be defined by
xh = ¢ o0<i<R &"eRr
(h) _ h) (h) 3 (h) (h)
X, = Xh +bh)(Xh h,X(m )h, . ,X(m L
+ J(h)(X( X e X Ve, m € Ny,
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The time series (Xﬁ?,)l)mz_R is extended to a continuous process X" by linear inter-

polation. If for the initial conditions

and

uniformly on compact sets of RED  then the processes X™ converge weakly to X,
where X is assumed to be the weak unique solution of the system

{ X(0) = ¢
dX(t) = bX(),X(t),..., X (1) dt +o(X(t), X(#),..., X (1) dB(t), t>0

with initial value € € R and continuous coefficients b and o with domain RUHD

Proof. The proof follows directly from Theorem 2.4.16 in its general form for coeffi-
cients with domain C[—r, 0]. If ¢ is an initial function on [—r, 0] with ¢(u) = &, then it
holds for a sequence ¢® of continuous functions with ¢ (—ih) = 52-(}’) for 0 <i<R
and ¢ (u) = 5}{” on [—r, —Rh| that

sup |6 (u) = o(u)| < |&g" — € + max & €| — 0,

—r<u<0 0<i<R

since all 52@ tend to & by assumption. O
In the linear case we have the following scheme

1 Y

xW _ g.(h) 0<i<R, ¢MeR
(h o x ™) R ()5 (h)
X(m)+1)h = +Zj —0 @5 X, h+(ZZ 00 X z)h) Vhem 1.

According to Theorem 2.5.11 it is enough to assume that

R

(h) (k)
& ﬁ& 0<:<R, ZCLJ ma, ZU —>a
7=0
to ensure that the sequence {X® : h > 0} converges weakly to the strong unique
solution of the system

{ X(0) = ¢
dX(1) = aX(t)dt+aX(t)dB(t), t>0.
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In slight generalization one can consider coefficients of the form b (xy, ..., zpm),
where R tends to infinity, but it still holds that R — 0. Assume that

uniformly on compacts of C[—r,0] for continuous functions b and o with domain R.
For h > 0 the corresponding time series (X, (h ))m> g takes the form

X = &Y 0<i<RU 5§h>eR
(h) _ (h) (h) (h) (h)
Ximsvn = Xm o (th’X(m 1) X(m rooy)
h) +(h
+ o (an})w X((m)—l)h’ X R(h) )Vhépi1, m €Ny,

Then the processes X ), derived from the time series (Xff,z)m> rm Dy linear inter-

polation, converge Weakly to X, where X is assumed to be the unique weak solution

of
{ X(0) = ¢
dX(t) = b(X(t))dt+ o(X(t)dB(t), t>0,

if only for the initial conditions @UL) — ¢ If b(z) = axr and o(z) = 1, then we

recover the one-dimensional Ornstein-Uhlenbeck process.

2.5.6 Counterexamples

The aim of this section is to discuss the assumptions of our convergence theorems. In
especially we are interested in what may happen if they are not obeyed.
Typically our convergence theorems had the structure: If for coefficients

A e AL —
h—0 h—0

in a certain sense, and the martingale problem for b and o is well-posed, then {X ")
h > 0} converges weakly. We shall show now that the by-clause "the martingale
problem is well-posed" may not be omitted. The following example gives a sequence
of coefficients ¢ which tend to a coefficient o, but the corresponding processes X
do not converge weakly. Define for each h, = 1/n,n € N and z € R

1 1
o")(2) i= 1 # hn)- 1~ € 26N) +1(z £ 0)- 1(— € 24N +1).
It is clear that
o) (2, )——0o(z) == 1(z # 0)

n—o0
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for every sequence {z,} C R approximating x € R with exception of the discontinuity
point x = 0. Take a sequence of independent, standard normally distributed random
variables (¢;);en and define the following time series in terms of o)

X((:”Zil)hn = Xﬁi@?ﬁ + U(h")(Xr(:ﬁz)\/ hnemsr, meNy, X =0,
Then one could think that the sequence {X ") : n € N} converges weakly. But it
does not. One checks easily by definition of ¢(*) that for each m € N

m—

1
1
X0 = (" V/haeina | 1(— € 2kN).
mhp, < - €i+1 <h € )

. n
1=

This yields
X (ha) LG, Xt 4 g

)
n/—o00 n''—oo

where GG denotes a Brownian motion, n’ the sequence of even numbers and n” the
sequence of uneven numbers. There are two different limit points, the whole sequence
{X N = N} does not converge weakly. What goes wrong? For the stochastic
differential equation

X(0) = 0
{dX(t) = o(X(1)dB(t) = 1(X(t) £ 0)dB(t), t>0 (2.5.15)

the martingale problem is not well-posed. There are at least two different weak solu-
tions X; = G and X, = 0. X7 is the weak limit of X)) and X, the weak limit of
X (h) - There are even infinitely many strong solutions of equation (2.5.15). Given a
Brownian motion B, denote by 7 a time where B(7) = 0. Then the continuous process
X defined by

X(t)=B(t), 0<t<7, X(t):=0, t>71

solves equation (2.5.15). There are infinitely many such times 7 in the one-dimensional
case.

We turn to another type of assumptions for discontinuous coefficients. We pointed
out the requirement for the asymptotic behavior of processes X"

lim P(X™(u) € Bj(x))—>0 Vz€R.
h—0 -

In the next example we shall construct a sequence of processes X where this condi-
tion is violated. Define for each h > 0

VW (z):=1(x=0) — 1(z=0)=b(z), z€R

h—0

oM (z):=0 — 0=:0(x), zeR.



2.5 Applications 63

The corresponding deterministic time series X " takes the form

W x®

(m+1)h = ““mh + 1(X¢(:})L = O), m € No, X(gh) = 0.

Then it holds for each m € N that Xf:,i = h. Therefore {X®™ : h > 0} converges

weakly to the process X = (0. This suggests that X is the weak solution of the
"stochastic" equation

{ X(0) = 0
dX(t) = b(X(t)dt+o(X(t)dB(t), t>0

for b(x) = 1(z = 0) and ¢ = 0. In other words, it should hold for X = 0 that
¢
X(t) = X(0) +/ 1(X(u) =0) du.
0

But this is not the case since the integrand is 1, X = 0 does not solve the "martingale
problem" for b and o which are the limit coefficients of b and ¢®. What goes
wrong? For y = 0 and h < ¢ it holds by construction that

P(X"(u) € By(y)) = 1,

and hence

lim P(X™(u) € Bs(y)) — 1, y=0.
h—0 6—0

This tells us that the requirement that the lower limit of such type should tend to zero
may not be omitted in the case of discontinuous coefficients. More exactly speaking, if b
is measurable and bounded, then the sequence of the linearly interpolated deterministic
processes, derived from the series
h h h h
xngﬂ)h = :L’£n2L + b(xgngb)h, m € N, :L’(() ) =0

is "tight". There exists x € C[0,T] such that the sequence {2 : h > 0} converges to
x uniformly on [0, T]. If

T
/ 1(xz(u) € Dy)du =0, D, :=set of discontinuity points of b, (2.5.16)
0

then x solves the equation dxz(t) = b(x(t))dt. If this is violated, as in the above
example, then the limit function z need not solve dx(t) = b(z(t))dt. Note that
(2.5.16) is the deterministic analogue to

Q@ (/0T1(Xo(u) € Db)du:()) _1

which we used in the formulation of Theorem 2.4.4.
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2.6 Solutions of Stochastic Delay Diff. Equations as
Semimartingales

We assume in the sequel that the reader is familiar with semimartingale theory. For
simplicity we restrict to the one-dimensional case. Suppose that the following stochas-
tic delay differential equation

Yo = ¢
{ dY (t) = b(Y;)dt +o(Y;)dW(t), t>0, (2.6.1)

driven by a Brownian motion W, has a unique weak solution. Then the solution Y of
(2.6.1) is a semimartingale with respect to its natural filtration . The characteristics
(B,C,v) of Y are for t >0

This comes from the fact that M(t) := fot o(Y,) dW (u) is a local martingale, and the
function t — f(f b(X,) du has bounded variation on compact intervals. Finally, v is

identically zero since the process Y is continuous. It is also necessary to consider the
modified characteristic C' which is defined by

C=C+h>xv—Y |AB(s)]

s<-

for a fixed truncation function h. Note that for the solution Y of (2.6.1) the char-
acteristics C' and C' coincide since the solution process Y is continuous, its jump
measure and predictable compensator v are zero, and the characteristic B is continu-
ous. Now consider for each i > 0 an adapted series {X,(:,)l :m € Ny} with increments

Uqgl,z = AXgL,)l = Xff,z - X((:)?fl)h (and Uéh) = Xéh)) in discrete time on the stochastic

basis (2, F, (3'“7(7?})1), P). Then the continuous-time process Y *) defined by

h h h
v W= 3 U,g,gzx[;; t>0

0<k<[f]

h’

is a semimartingale with respect to its natural filtration ¥ with start in Xéh). Note
that, in contrast to the preceding sections, Y™ is a random variable on D[0, 00), the
space of right-continuous functions with left-hand limits. We assume that D[0, c0) is
endowed with the Skorochod topology. Fix a truncation function ¢. Then, referring
to Theorem I1.3.11 in Jacod and Shiryaev [10], the characteristics (B®,C™ v®)) of
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Y have for t > 0 the form

( BY = Y EOULLIF)
0<k<[f]-1
o’ =0
~(h h) h h)
Y = X B@ULWITW) - ¥ |E@(U @ IF[
0<k<[£]-1 0<k<[f]-1
h
v([0,t] x g) = Z[] E(g (U((k+1)h)1{ o ¢0}|3—f,§h)), for g >0 Borel-mb.
\ 0<k<

We extend Y™ from a process on D[0,00) to a process on D[—r, o) by demanding
that it starts in the initial function £ € C[—r,0]. Jacod and Shiryaev [10] treat the
topic of convergence of a sequence of semimartingales. The aim of this chapter is
to give a second proof of Theorem 2.5.1 by means of semimartingale theory if the
coefficients b and o of the SDDE in (2.6.1) are continuous and bounded. We introduce
the notations

h h h
G YO =100 Y ), Y= (Y () cuso.
We shall work with the same truncation function ¢(z) = 21y <1} as in the preceding
sections. According to the setting of the previous sections assume that for h > 0

there are measurable functions 6™, ¢ A((;h), all defined on C[—r, 0], such that for all
k € Ny a.s.

1

b Y D) = EGUGL)IT0)
1

aM(ERY M) =SB U))190)
1

€

AP(IGY®) = SPUG )| > dF5)

for the filtration
Ty — oYM, ..., Y1), keN,

Now we are able to formulate and prove a theorem which is the semimartingale ana-
logue to Theorem 2.4.2. An important modification is that the limit coefficients have
domain D[—r,0].

2.6.1 Theorem. Let there be continuous bounded functions b and a such that for
every compact set K of C[—r,0]

sup " () = b(z)] — 0
€K h—0

sup |[a™ (z) — a(x)] — 0.
zeK h—0
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Suppose that the limit functions b and a are also defined on D[—r,0]. We demand that
they are bounded on D]|—r,0], and that uniformly on compacts of C[—r,0]

b(z™) PR b(z), a(z™) P a(zx),

where T s defined by 2™ (u) := x([%]h). Assume that in addition it holds

u
h

sup sup b (x)] + o™ (2)] < o0
h>0 zeC[-r,0]
and for each € > 0
sup AW (z) — 0.
zeC[—r,0] h—0
Then the sequence {Y' W : h > 0} is tight, and every limit point is a semimartingale
on D[—r,00) with start in & and with characteristics

v=0, B(t)(m)= /0 b(ma) du,  C(t)(m) = /0 a(my) du, m € D|—r, o)

fort > 0.

Proof. Our aim is to apply Theorem IX.2.11 in Jacod and Shiryaev [10] for tight
sequences. To this end we have to show first of all that the sequence {Y® : h > 0}
is tight on DJ[0,00). This we shall do by the tightness criterion Theorem VI.4.18 in
Jacod and Shiryaev [10]. We start with condition (iii) of that theorem and show that
the sequence of characteristics B is C-tight. By assumption we have that

h (h
B = > B Lo F)
0<k<[E]-1
(h) (7(R)y-(h) [in (h) (7(R) 3 (R)
= > @Y™= o™ (1, Y ) du.
0<k<[L]-1 0

One sees from Theorem 15.5 in Billingsley [2]| that a sequence of processes of the form

[L1h
I — / W du, g™ <K, K = -constant
0

is C-tight, since it holds for the modulus of continuity w;m (d) that w;m (§) < K.
Since the functions b® were assumed to be uniformly bounded, the sequence { B

h > 0} is C-tight. For the component C’t(h) we may write

o= Y B@OLLIT) - S Bl @2

0<k<[f]-1 0<k<[f]-1
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The second summand tends uniformly to the zero function on any compact interval
[0,7] in a.s. and in L' since

h PNE .
w2 ‘E@(U((kinh”f’"f(ch)) = swp o ) Ib(h’(lf%

0<t<T 0<t<T
== o<k<[L]- == o<k<[L]-

T
< b2 [=h? 0.
S iligH ||oo[h] o

Therefore it suffices to show that the sequence of processes in the first summand in
(2.6.2) is C-tight. But this sum can also be represented in an integral form, since we
have by assumption that

4]
h) h
> E(@UGL)IT) = /0 a<h>(zf%§ Y M) du.

0<k<[t]-1

Since the functions a™ are uniformly bounded by assumption, we have shown that
the sequence C'™ is C-tight. Consider for x € R the function g, () := (p|lz| — 1)T A 1
for p € N. Clearly, it holds that

9p(x) =0, x € B(0), suplg(z)| <1

z€R

Then we see that

(h) (h) (h) (7(h)y(h)
E(gp(U(k+1)h)1{U(<£>+1)h¢0}|~rfrkh ) < E(1{|U(:J)rl>h|> 1}|?kh ) = A% (lk:h Y¥)h.
This allows us to estimate
(h) (h) (h)
su * U = sup (v, '(|0,t] x < su E1,, « F
sup (g ) = sup (0.0 x ) < s |30 By 1T

0<k<[F]-1

= sup Z A(l h)Yh))h

0<t<T
0<k<[t]-1

T
< |[=]h sup At — 0,
[h] weClorg] P ( ) h—0

where the convergence is also in L. Therefore the sequence (g, * vM) is also C-tight.
Condition (ii) in the tightness criterion reads as follows

liTmﬁP(y(h)([O,N] x {x:|z| >a}) >€)=0.

But we have just seen that the sequence of random variables v ([0, N] X 1{jz>a})
for each a € R tends to zero in L', thus also in probability. Finally, condition (i) is
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met since Yo(h) = £(0) for all h > 0. Thereby, invoking Theorem VI.4.18 in Jacod
and Shiryaev [10], the sequence {Y® : h > 0} is tight on D[0,00). We shall now
come to the conditions of Theorem IX.2.11 in Jacod and Shiryaev [10]. According to
requirement (i) of that theorem we have to check the following conditions

B:—R.]  B™ —B(t)oy® hi(f 0 t>0

=Ry CP—C)oy® % 0 t>0

671 —R,]  gxv® h%o t>0, geCi(R).
We shall start with condition [3; — R, ]. Note that the random variable B" and the
(well-defined) random variable B(t)oY ) live on the same probability space (2, F, P).

We have to show that their difference tends to zero in probability. By assumption we
have that

[+]h
B = S BeU®,)I5Y) = / B0 (1%, Y ) du

0<k<[f]-1
t
B(t)oY® = / b(1,Y' ™) du.
0

Now we introduce a continuous auxiliary process Z( which equals Y at discrete
time points and which is linearly interpolated. Since

Iy =y oy Yy =1z, 20y =1z 0,

). (k—r(M)h (k—r(M)h

we have the following property

(h) wht (h) (el (h)
B = / b(h)(l[%}hY(h))du: / o (1), Z ™) du.
0 0

&

Furthermore it holds that Y(® = Z#'" if " (u) := m([%]h). Thereby we can rewrite
B(t) o Y™ in terms of Z" in the following way

— )

t t
B(t)oY™ = / b(1,ZM) du + / [b(1, 2™ — b(1,Z™)] du.
0 0

If K is a compact set on C[—r, 00), then

U {l[(ghm:meK,h>0}U{mu:mEK}

0<u<t

is a compact subset of C'[—r,0]. Therefore we obtain

sup sup [b" ( ]h )—b( ]hm)l<sup|b (&) = b(z)] — 0
meK 0<u<t [ h—0
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and

sup sup Im) —blum) < sup  swp [b(z) — (&) — 0,
meK 0<u<t i meK z,z'€A,||z—2'||co <wm (h) h—0

where w,, (h) denotes the modulus of continuity on C[—r,0]. Thus we have shown that

[£]h . t
/ b(h)(z[g}hm) du — / b(lym) du
0 0

—>O

Su
D h—0

meK h

having used uniform boundedness of b" and boundedness and uniform continuity of
b on compact sets of C[—r,0]. Furthermore we have that

sup sup [b(L,m™) — b(l,m)| < sup [b(z") — b(x)| — 0,
meK 0<u<t T€EA h—0

where we used the assumption of the theorem for the last convergence. Therefore we
can deduce that
h
|Bt( ) - B(t) e} Y(h)|1{z(h)eK} m 0

a.s. and by dominated convergence (all expressions are bounded) also in L'. Combin-
ing Theorem 15.2, relation (14.9) and Theorem 8.2 in Billingsley [2] we see that the
sequence {ZM : h > 0} is tight on C[0, 00), if only the sequence {Y ) : h > 0} is
tight on D[0,00). Now we split up in the following way
EIB" —Bt)oY®| = E(B" — B(t)oY®|1
| B; () o Y™™ = E(|B (&) oYM [Lizmexy)
E(IB" = B(t) o YW1y cxcey).

In view of tightness of the sequence {Z™ : h > 0} (which we already established)
there exists a compact set K such that for given ¢ > 0

E(IB" — B(t) o Y"1y exey) < tMe,

where the constant M depends on the uniform upper bounds for b and b. Then we
established that the expectation

h
E(B" = B(t) o YP |1 z0mery)

tends to zero as h to zero. Therefore Bt(h) tends to B(t)o Y™ in L' and in probability
as desired. Next we shall check condition [y7 — R, ]. We recall that the characteristic
C™ has the form

o = Y B@EOEE - Y |Bew i

0<k<[f]-1 0<k<[f]-1
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and that the second sum tends to zero in L'. For the first summand it holds that
[£]h t

/h a(h)(l[(ghY(h))du —/ a(l,Y™) du
0 0

repeating the arguments for a® and a instead of b and b. Therefore condition
[z — Ry] holds. It remains to check condition [07; — R;]. We shall do this for
[072 — R ] with the underlying function class C5(R), see Jacod and Shiryaev [10]. It is
the set of all continuous bounded functions which are zero in a neighborhood of zero
and have a limit at infinity. Let g. € Co(R) be given with the properties

P
— 0,
h—0

ge(x) =0, x€ B0), suplge(z)] <K < 0.
zeR

We already established that (g, * I/t(h)), therefore (g, * I/t(h))K tends to zero in L' for
each p € N. Hence does (g, * l/t(h)) for each € > 0. Therefore condition [075 — R4]
holds for v = 0, where v is understood to be defined on D0, 00). This means that
the sequence {Y® : h > 0} itself is C-tight. This means, every limit point @ of the
laws of {Y® : h > 0} is concentrated on C[—7, 00). We remark that condition (ii) of
Theorem IX.2.11 in Jacod and Shiryaev [10]
sup  [C)(m) <o, sup  Jgxulm)| < oo
meD[—r,00) meD[—r,00)

is met by assumption for C. To check condition (iii) we invoke that we already
established that v = 0. The functions

m — B(#)(m) = /0 b(ma) du,  m — C()(m) = /0 a(my) du

are continuous for all m € C[—r,00) and Q-almost surely for all m € D[—r, c0). We
have proved the theorem. O
If every random variable Yk(,}; ) is (2 + 6)-integrable for some § > 0, one needs not to

truncate. Assume that for A > 0 there are measurable functions b"™* a("*, Agh)*, all
defined on C[—r, 0], such that for all k£ € Ny a.s.

w/p(h 1 h h
DI Y®) = S EUGS )
/(R 1 h h
a®IY ) = S BUG 1T
hyx /5 (h 1 h h
A((S) (ll(ch)Y(h)) — ﬁE(’U((k-)&-l)hMQ—i_&’gjl(fh))‘

Exactly as in the proof of Theorem 2.4.16 we have the following implications

Vo > 0 sup Agh)* —0 = sup AW —0 Ve>0
z€C[—r,0] h=0 2€C[~1,0] h—0

sup |b(h)*(x) — b(x)] 7 0 = sup |b(h)(x) — b(x)| — 0
zeK - zeK -

sup [a™*(z) — a(z)] — 0 = sup |a"(z) — a(z)| — 0,
zeK h—0 zeK h—0
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and Theorem 2.6.1 is applicable for the not truncated expectations b(* and a(®*.

In the previous sections the approximating process X was linearly interpolated.
Is X also a semimartingale? The answer to this question is positive since a linearly
interpolated process obviously has bounded variation. Therefore X ) is a semimartin-
gale with characteristics (B®, C™ p®) = (X®) 0,0) with respect to its natural
filtration FX". This shows us the following: If a sequence of linearly interpolated
processes X" converges weakly to a continuous process Y of unbounded variation,
then this cannot be verified with the tools of semimartingale theory since the condi-
tions

8 —R,] B™-—Bt)oz® L0 t>0

—0
=Ry CM —Ct)oz® h% 0 t>0

are not fulfilled for the semimartingale components (B,C) of Y. It gives us also the
following warning about weak convergence of semimartingales: If a sequence of semi-
martingales X with characteristics (B(h),é'(h),l/(h)) converges weakly to another
semimartingale Y with characteristics (B, C, v), then it need not hold that the se-
quence of characteristics of X" converges weakly to the characteristics of Y for any
choice of all characteristics involved. Theorem VII.3.4. in Jacod and Shiryaev [10]
gives conditions for convergence of the characteristics if all underlying processes have
independent increments. We close this section with the following remark.

2.6.2 Remark. The strongest aspect in the theory of semimartingales in Jacod and
Shiryaev [10] is that also processes with jumps are included. But this thesis is restricted
to continuous processes.

2.7 Comparison to Literature

This section is devoted to citing already known results on approximation of stochastic
delay differential equations. There are two types of approximation: weak and strong
approximation.

We shall begin with weak approximation. A sequence of probability measures
{P™ . h > 0} converges weakly to another probability measure Q if N dp™ 0

J fdQ for all bounded, continuous functions f. In this chapter, with exception of the
preceding section, the domain of P and @ is the space C[—7, 00) endowed with the
Skorochod topology. But it is also to study the laws for a fixed time points T'. If

h
E(f(X7")) = E(f(X(T)))] — 0 (2.7.1)
holds for each T" > 0, then the sequence {Xi(ph) : h > 0} converges weakly to X (7). In

this case one can also say that the processes X" converge weakly to the process X,
since the random variables X}h) converge weakly to X (7") for all 7" > 0. Usually one
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goes one step further and investigates how fast the convergence in (2.7.1) is obtained.
A special class of continuous functions ¢ is picked out and the following property is
studied

B(@(X7") ~ E(@X(D)] < Kh°, >0,

where the constant K depends on the function ¢, the initial data and the time point
T, but not on the step length k. In this case the sequence of approximations X"
converges weakly to the process X with order (8 for the class of test functions ¢. In
Kiichler and Platen [15] the d-dimensional delay equation of the form

dX(t) = a(X(t), X(t—r))dt+ Y V(X (t), X(t —r))dB ()

is approximated weakly in the described sense with order 1 and with order 2. In
Buckwar and Shardlow [3] the d-dimensional delay equation

AX (1) = ( /_ X (t + ) da(u) + f(X(t))) dt + b(X (1)) dB(t)

is approximated weakly with order 1 in the case of continuous delay

V}wmw

Kloeden and Platen [13] treat weak approximation of higher orders for stochastic
ordinary differential equations. The arguments are based on an Ito-Taylor formula
and use the Markov property of the solution process.

In comparison to above cited authors, this thesis does not contain any estimations
of orders. An estimation of orders on the space C[—r, c0) has not been done yet. To
tackle this aspect, one has to investigate the inequality

< [ atwlgtu)|du

r

[E(6(X™M)) = B(o(X))| < K1, >0,

where ¢ belongs to a class of continuous test functions with domain C[—r,00). One
could also introduce an appropriate distance d between two probability measures on
C|—r,00) and study the relation

d(P™, Q) < KnP,

where P is the law of the process X® and @ the law of the solution process X.
Those inequalities are surely not easy to establish if X is the solution of a stochastic
equation, even in the ordinary case.

There is also weak approximation in another sense if it is known in advance that
the process X has a density p(7, ) at time 7. In this case one studies the inequality

sup |E(fr — z) — p(T,z)| < KhP, (2.7.2)

z€R



2.7 Comparison to Literature 73

where the functions f7 are certain algorithms depending on the approximations X "),
In Kohatsu-Higa [14] the diffusion with boundary conditions

{ dX(t) = b(X(t))dt+o(X(t)odB(t), 0<t<1

is studied. The stochastic integral is the Stratonovich integral. Note that due to the
boundary condition the process X is anticipative. Therefore the proof in Kohatsu-Higa
[14] contains Malliavin calculus. Concerning ordinary equations it is a success of the
Malliavin calculus to prove existence of a density if Hormander conditions are fulfilled.
In the one-dimensional case they reduce to the condition (&) # 0 or 6"(£)b(&) # 0 for
some n € N, if for the solution X it holds that X (0) = ¢. The existence of a density
for delay equations is proven in Bell and Mohammed [1] for the system

dX(t) = H(t,X) + g(t, X (t — r)) dB(t)

for a non-anticipating functional H. In Hu, Mohammed, and Yan [8] it is shown in the
case of point delay that X(T') € DV for the solution X. An inequality of the type
(2.7.2) has not been established yet for the approximation of densities of SDDE’s. A
proof of this inequality would use Malliavin calculus. This technique is not present in
this thesis.

We shall now cite results on strong approximations. Assume that the solution
process X and all approximating processes X" are defined on a common probability
space. Then one can measure the L'-distance between X and X®. The approxima-
tions X converge strongly to X with order ~ if

EIX - X(T)| < Kn

for a constant K not depending on h. Usually the approximation X ® is constructed
in terms of the driving force B of the process X. Strong approximations of SDDE’s
are treated in Hu, Mohammed, and Yan [8]. Equations of the form

dX<t> = h(ta H2<Xt)a QQ(Xt)) + g<t7 1_[1 (Xt)> Ql(Xt)) dB(t)

for projections II; of discrete type and ); of continuous type for ¢ = 1,2 are approxi-
mated by Euler schemes (discretization in state but not in time) with order 0.5. The
proof is based on Gronwall techniques alone. In Theorem 5.3 in Hu, Mohammed, and
Yan [8] an Ito6 formula is presented for ¢(¢,II(X;)) for discrete projections II of the
function segment X;. An SDDE with point delay is approximated by Milstein schemes
X ™ which converge strongly to the solution X with order 1 which is proven by means
of this It6 formula.
If the coefficients f and g of the following SDDE

dX(t) = f(Xy)dt + g(X¢) dB(t)
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satisfy a global Lipschitz condition, then the uniform estimation

E(sup |X{" = X(t)]) < KVh

0<t<T

holds for Euler schemes as is pointed out in Mao [18§].

It is also possible to firstly approximate the Brownian motion B by processes B
and secondly construct processes X in terms of B®. This direction was at first
followed in Wong and Zakai [30]. They consider processes X " of the kind

dXP(t) = m(XM(t), 1) dt + o(XP(t),t) dBM(t),

where B™ with bounded variation for each h > 0 is an approximation of the Brownian
motion B. Then one has the effect that the sequence { X" : h > 0} converges a.s. to a
process X uniformly on any compact interval, where the process X is the Stratonovich
solution of

dX(t) =m(X(t),t)dt + o(X(t),t) o dB(t),

or equivalently the It6 solution of

dX () = m(X(t),t) dt + o(X(t),t) dB(¢) + %J(X(t), 02 (X (8),1) dt.

The additional term ) 5
—o(X —0o(X
So(X(0),0) (X (1), 1) di

for X is explained by the fact that each B™ has bounded variation, and B(t) has
quadratic variation ¢t. How does the additional term for delay equations look like? An
answer is given in Twardowska [29]. The processes X® given by

dX®(t) = b(XM)dt + o(XM) dBM(t)
converge in mean square to the strong solution of the SDDE

dX (t) = b(X,)dt + o(X,) dB(t) + %Da(xt)a(xt) dt.

The term Do requires explanation. The Fréchet derivative Do at the point g may be
represented as an integral with respect to a measure fi,

wﬂwmz/awwm»

Then Do is defined as (Do)(g) := py({0}). In the case of point delay with

o(z) =a(x(ug),...,x(uy)), —r=u,<...<ug=0, z¢&C[—r0
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the Fréchet derivative and the quantity p,({0}) are given by

(D)9)(B) = 3 5 (gD Aw). 1wyl 0D = 5-(5(0),

1=0

For delay of the kind

o(z) = h (/_(:@D(a:(v))a(v) dv) , xeC[-r0

those quantities are

o)) = [ 1 ([ vlatnatas) viaa)sm)de, (o)) =0

This shows the following result of Twardowska [29]: The processes X converge
strongly to the Ito solution, if the diffusion coefficient does not depend on the actual
state in the case of point delay, or if the diffusion coefficient has the form o(z) =

B (J°, e@)a) dv).






Chapter 3

Weak Limits of ARMA-Series

3.1 Introduction

In this chapter we shall deal with strictly stationary processes. The distribution of
the initial condition is determined by the requirement of stationarity of the underlying
process.

3.1.1 Definition. Let I C (—oo,+00) be an index set. A stochastic process (Xi)er
18 strictly stationary if

d
(th cee 7th) = (Xt1+sa s 7th+5)
forall0 < t; < ... <t,,n e Nt €lt;j+sel, where < stands for equality in
distribution.

There exist other notions of stationarity than strictly stationary. Since we regard
only this type of stationarity in this section, we will omit the qualifier strictly in the
sequel.

We shall now introduce an important class of stationary processes in discrete time.

3.1.2 Definition (ARMA(p,q)). (Yo )nez is an ARMA(p, q)-process, if it is stationary
and if for everyn € 7Z

Yo +b0Y, 1+ . 4+ b0,Y = aoen +ar€,-1 + ...+ ay€n—yg, b, #0, a,#0, (3.1.1)
where (€,)nez is a sequence of independent, N (0, 1)-distributed random variables.
It is shown in Shiryaev [27] that, if the polynomial
P(z):=1+biz+...4+b,2!, z€C

does not vanish in the closed unit circle, then there exists a unique stationary solution
of (3.1.1). This solution has the spectral density

Q™™
f(A) = 2 [Ple ™2

ANER, E(Y,Yp) :/ (N dN, n€Z,

—T

77
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where Q(2) 1= ag + a1z + ... + a,2? for = € C. We assume that pi" := p/h € N

and ¢ = q/h € Ny for some nonnegative real numbers p and ¢. In the sequel

we shall write "for h > 0" meaning "for all A > 0 such that p® = p/h € Ny and
" = q/h € Ny". For h > 0 define the following scheme

qh

h—i—Za \/_€m+1 i, MELZL

vy o = v s e
Z Yol (3.1.2)

(m+1)h

(h)  _ ()
Y, = Y[ e t eR
The cases p = 0 and ¢ = 0 are included. If p or g are greater than zero, then
the numbers p® or ¢ tend to infinity as h tends to zero. The process Y® is
right-continuous stochastic process on the whole real line. The series (Yyi};?)mez is an

ARMA (p™ + 1,¢™)-process in discrete time. It is shown in Shiryaev [27] that it
admits a stationary solution if the polynomial

p

PW(z):=1— hZa Mg+l =1 — 2 — zh/ 2" da(u), z€C

—-p

does not vanish in the closed unit Clrcle Here o™ denotes the discrete measure on
[—p, 0] obtained from the coefficients a by

aM({—jh})=a", 0<j<p®.

It is shown in Reifs [23] that, if the sequence a'™ of discrete signed measures converges
weakly to a signed measure a on [—p,0] and @ € M~[—p,0], then P")(2) does not
vanish in the closed unit circle for all sufficiently small h. A signed measure a belongs
to M~ [—p, 0] if

0

vo(a) = sup{Re(A) : xa(A) = 0} < 0, XAmﬁ:A—/‘@wme recC.

—p
The spectral density is given by

1M ™

(M ()\) =
) 21 [P0 (=) 2

A €R,

where the polynomial Q™ is defined by

O

QM (2 Za \/_Z—\/_/Zhda(h u), z¢€C.

Here o™ denotes the discrete measure on [—g, 0] obtained from the coefficients (Ti(h)

by
W({=in}) = o, 0<i<q®.
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Note that no assumption on the measure o® is needed for the existence of a stationary

solution. We obtain for the covariance function of the series (Yrﬂ))mez in (3.1.2)

1 T (R) ( p—iNY|2
By®y®)y — o AR G|

o ) [P
I i)\mh|Q(h)(e7i>\h)|2

- LA RPATY )Y
2w )y [POI(e )2
2
1" ixmh f e dot (u) h2 d\
T o), PP
2
0 1)\u (h)
L do'™ (u)
_ 1 i [/ d\, mecz,
21 J o XM (A2

where we used the notation

(h) ( a—iMh i)k . 0o
h)(i)\) = P (Z ) = L 2 —el’\h/ e da(h)(u), A€eR.

T

Our aim is to establish a weak limit of the sequence of ARMA-processes Y as h
tends to zero.

3.2 Establishing the Limit

We assume that the discrete measures a®) and o converge weakly There are signed
measures a on [—p, 0] and o on [—g, 0] such that a¥) = @ and 0™ = o. In this case

the following asymptotic behavior of the covariance function of the series (Yrgz))mez is
suggested

. 2
1 m/h i ’ff)q el do-(h)(u)‘

E Y(th) Y(h) — . A+ d\
Do) = e ) P
2
0 i
1o f_qe da(u)‘
= i A\ = g (1), tER.
0 o) PP Geolt), €

The following theorem reinforces the suggestion.

3.2.1 Theorem. Assume that a) = a such that a € M~[—p, 0] and

0 0
‘e—ikh/ ei)xu da(h) (u) . / ei)\u da(u)
—-p -p

< K(1+M\)h (3.2.1)
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for some constant K and all sufficiently small h. Furthermore assume that o) —= &

such that 0 o
‘/ e do™ () — / ™ do(u)
—-q —-q

for some constant K and all sufficiently small h. Then it holds

< K(1+ Ak (3.2.2)

sup |[E(Y, Y™ = g »(mh)| — 0.
mEZL h—0

Proof. First we shall get rid of the uniformity in m and of the tails

‘f_q el/\u dO'( )
sup [E(Y DY) — guo(mh)| < / i\
A\|>7/h

meZ > [Xa(iN)]2
0 ix h 2 0 ix 2
1 /h ‘f_q e do ' )(u)‘ )f_q e “da(u)‘
L / | - | 0.
21 J e X (iN)[2 [Xa(IN)[?

The first integral is lower or equal than

o ||Tv
dX,
//\|>7r/h [Xa(iN)[?
which tends to zero as h to zero since for each a € M~ [—p, 0]

1 1
PICOVIEN P

(3.2.3)

The notation A(A) ~ B(A) means that there are constants C; < Cy such that 0 <

) < E N < (5 < oo for all A € R. Using the property ah — a, one can easily show

that also
1 1

PGNP T T+
uniformly for all sufficiently small h. For simplification of writing we introduce the
following notations for A € R

(3.2.4)

0

wh (\) = /0 M de®(w),  w) = / e do(u)

—q

2PN = xP(N),  2(N) = xa(iN).

For each A € R we have the pointwise estimation
[P |w]?

< ot dEE WDz = 2™ (wl + [w™hlw — w®)|
ECIERNER '

|22z |22
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Now we estimate every single term starting with w and w®

jwl + [w™] < ol + Sup lo ™Iy < co.
>0

By assumption (3.2.1) we have that

1 e—l)\h
|z — 2| < ‘ - — A+ K1+ M)A
2y N M2 2
< AhZZTJrK(lJr)\)h
J:

< Ci(1+M)h, [N <

Using the behavior of x, and x® in (3.2.3) and (3.2.4) we obtain

WO Gk 2]z — 2™
|22

) () < Cy(1+XH)7Y2h,  Cy = const.

As for the other summand it suffices to combine assumption (3.2.2)
lw —w|(\) < K(14 [A\Dh < C5(1+ X2k, Cs = const

with the behavior of x, in (3.2.3) to obtain

w| + [w|)|w — w®
(Jw] +|
[

) (A\) < C4(1+X)"Y2h,  Cy = const.

Now it holds that

h—0

h/ (1+ )72 dXx = 2hlog(m/h + (1+ 72/h?) /%) — 0,
A<

%
which completes the proof of the theorem. O

3.2.2 Remark. If for a given measure a on [—p,0] one chooses approrimating mea-
sures a by

alo) = a®({=p}) == a({-p}), o =a®({~jh}) :=a(~(+ 1)h,—jh],
hen
t aP = ¢

(respectively for o), and one can show by partial integration that the technical assump-
tions of Theorem 3.2.1 are satisfied both for a™ and o™.
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3.2.3 Remark. Since q,,(t) is continuous, we have shown by Theorem 3.2.1 that for
all T"> 0 it holds that

sup ]E(Y(h)Y(h)) — Qao(51— S0)] — 0.

S1 S0
0<s0<s1<T h—0

For h > 0 we defined in (3.1.2) a stationary sequence (Y,gz))mez with covariance
function E(S/[(Lﬁ)}L}/()(h)) depending on h. So far we established that those covariance
h
functions converge as h to zero uniformly to a function ¢,,(f). Now one can ask the
following question. Does there exist a stationary process (Y (t))icr on the whole real
line such that

EY()Y(0)) = quo(t), teR?

The answer to this question is positive. Set

Yoo(t) = Y(t) = /_O (/t 2ot — s) dB(s+u)) do(u), teR.  (3.25)

—00

Here B is a Brownian motion on the whole real line, and x, denotes the fundamental
solution for the measure a which is defined by

Ta(s) = 0, —p<s<0
z,(0) = 1
z,(t) = w4(0) + fot ffp Zo(s +u)da(u)ds, t>0.

By stochastic Fubini we obtain also the following representation for Y, ,

Yw(t):/t (/0 :(:a(t—l—u—s)da(u)) dB(s), teR.

—oo \J g
The function

Fuolt) = £(1) == / volt +u)do(u), tER

is called kernel function. Then the variable Y (t) = ffoo f(t — s)dB(s) is a moving
average over differentials of a Brownian motion weighted by the kernel function. Since
the kernel function vanishes for negative values one may also write Y (t) = fj;o ft—
s)dB(s). An interesting special case is if ¢ is the Dirac-measure dy0y in zero. Then
we obtain .
Yas, (t) = X(1) = / zq(t —s)dB(s), teR.
—00

Then X is the well-known Ornstein-Uhlenbeck process. This is a continuous Gaussian
process and the stationary solution of

dX(t) = (/0 X(t +u) da(u)) dt + dB(t).
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By the substitution s’ = s + u for fixed u we obtain the following representation of Y
in terms of X

Y(t) = /_z (/_tooma(t—s)dB(s—Iru)) do (1)
- /_Z(/_t;ua:a(t+u—s)d3 ) /Xt+u do(u), teR.

We see that Y is a linear mixture of an Ornstein-Uhlenbeck process X with mixing
signed measure 0. Hence Y is also a continuous Gaussian process. Furthermore, it is
strictly stationary since by stationarity of X it follows that

BY (1) /q /q X(t 4 w)X (w + ') do(u) do(u)

/ q / q E(X(t —w+u)X (1)) do(u) do()
—w)Y(0), tweR.
Our aim is now to show that
E(Y ()Y (0) = quo(t), teR.

First we shall establish this relation for the process X. A simple calculation shows
that

E(X(t)X(O)):/O ooxa(s)ma(s+t)ds:/0 T ra(s)za(s + [t]) ds, tER

Now we need the Laplace transform of the fundamental solution z,. It has the form

Ly 1
/0 e M, (t)dt = Oy Re(A) > vg(a),

as can be found in Reif [23]. By repeated use of Fubini we obtain

e - e )t ) </m “at) )

/ L0 Lim012a(8)Ta () e dt ds

e’} “+oo

(8)1{sz03Za(s + ) Lispiz0y ds) e it gt

/.

[ (.

:/OO(/OOO :pas—l—t)ds>e15tdt
/ E(X

(ee]

X(0)e ' dt, ¢e€eR,

[e.o]
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which by transforming back implies

E(X(t)X(O)):%/ ooeﬂtmdm teR.

Therefore we see by repeated use of Fubini that

E(Y(H)Y(0)) = /_ /_ BX(t+u—u')X(0))do(u) do(u)

:/_q
:/°°
/e

Atu—u) L o(u)do(u
!Xa0€N2dA> do(u) do(xd)

(/_q/_ql““ do(u) do(u ))d)\

femwu
XalIV)P

In view of Remark 3.2.3 we have obtained so far the following: The finite-dimensional
distributions of Y in (3.1.2) converge to the finite-dimensional distributions of Y,
where Y is given by (3.2.5). To give a proof for tightness of the sequence {Y ") : h > 0}
we need some more information on the limit Y. We start with the fact that Y solves
a certain stochastic equation.

3.2.4 Theorem. Let Y be the process defined by

Y(t) = /0 (/t xa(t—s)dB(s+u)) do(u), tER.

—q —00

1
27

A= quo(t), teR.

Then 'Y is the stationary solution of the following stochastic equation

0 0
dY (t) = (/ Y(t+u) da(u)) dt +/ dB(t +u)do(u), t>0 (3.2.6)
—q

which means in integrated form

+f[}w+mmww+[}w+w—mwwwxtza

Proof. We already established that Y is stationary and continuous. It is also clear that
Y is adapted to the filtration of the Brownian motion B. It remains to show that YV
solves (3.2.6). Here we use the property that Y is a mixture of an Ornstein-Uhlenbeck
process X

:/OX(t—f—u)da(u), teR.
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The process X satisfies for all real time points t; < ¢,

X(ty) = X(t1) + /i /0 X (s +w) da(w) ds + B(ta) — B(t1).

By inserting we see that

Y(t) - Y(0) = /_ (Xt + u) — X ()] do(u)

= /_ [B(t—i—u)—B(u)—l—/ ’ 3 X (s +w)da(w) ds] do(u)

- / B(t +u) — B(u) do(u)
+ // 7Xs—|—w+u)d0()da( w) ds

= /B(t+u) // (s +w)da(w)ds, t=>0,

which is our desired result. ]
Before we discuss the structure of the stochastic equation (3.2.6) we proceed with a
moment estimation for stationary solutions of this equation.

3.2.5 Lemma. Let Y be a stationary solution of

(/ Y (¢ + u) da( )) dt+/ dB(t +u) do(u), t>0
—q

with E(|Y (0)]?) < co. Then for each T > 0 there exist a constant K such that
E(Y({t)=Y(0)]) <Kt, 0<t<T.

Proof. We have by definition that

+/Ot/iY(s+u)da(u)ds+/Z[B(t—l—u)—B(u)]da(u), t>0,

and hence

V() —Y(0) < 2(/O / Y (s 4 u) da(u) ds)? + 2(/ [B(t 4+ u) — B(u)] do(u))?.



86 Chapter 3. Weak Limits of ARMA-Series

Firstly, we have by Fubini and Cauchy-Schwarz that

2

E((/O[B(t+U) B(u )]da(u)> )
/_q /_q B(t +u) = Bu[B(t + ') = B(w)]) do(u) do(v) <

[ [ VEEG = B B8 ) Bl diolw)
:/_ /_ t1/2t1/2 d‘O”(U) d]0|(u’) _ tHUHerV, > 0.

Secondly, we have the pointwise estimation

L) < [
< tlafrv /Ot /_i Y (s + w)|?d|a|(u) ds, t>0,

and hence

E(/Ot/ZY(s—I—u)da(u)ds)z < t||a||Tv/t/(;E(|Y(s—I—u)|2)d|a|(u)ds
:twmg//“ (1Y (0)[2) dlal(u) s

< tlalzvE(Y (0))T, ¢>0.
Therefore the lemma holds for the constant

K =2||o|[7y + 2[lall7v E([Y (0)]*)T.

Now we are able to prove the following theorem.
3.2.6 Theorem. Let for h > 0 the process Y ") be defined by
g
Y((mhzd)h = Y(h—i-Za (mj)hh—i-ZJh\/_em & MELZL

n _ 0
Yol = Y teR.

Let the assumptions of Theorem 3.2.1 be satisfied. Then the sequence {Y ™ : h > 0}
converges weakly to' Y, where Y 1is given by

Y (t) :/Z (/;xa(t—s) dB(s+u)) do(u), teR.
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Proof. It remains to establish the tightness of the sequence {Y : h > 0}. By
Theorem 15.6 in Billingsley [2] tightness will follow, if for all 7" > 0

h T h h h) h)
ego)tl Jt2 = }ILE%E(D/t(l ) - Ytg )|2|)/t(2 Y( | ) C( 2 t0>2
for all 0 < ty < t; < t5 < T and for a constant C. Since Y and Y are stationary,

and Y has covariance function ¢, ,, it follows from Remark 3.2.3 that

sup [ B(|Y = YV[?) = B(Y (s1) = Y (s0)*)| — 0.

0<50<51<T h—0
For Gaussian systems (A, B) with E(A) = E(B) = 0 it holds that
E(A?B?) = E(A*)E(B?) + 2(E(AB))* < 3E(A*)E(B?).

Now we can complete the proof in the following manner

= 3E(]Y(t) =Y (o)) E(Y (&) = Y(t)*)
BE(Y (t1 — to) =Y (0))E(|Y (t2 — t1) = Y (0)”)
3K(t; —to)(ta — t1) < 3K (ty — to)*.

h T h h h h
chone < BBV =Y VPE(Y - vP)

IN

For the last line we used Lemma 3.2.5. The theorem has been shown. O

3.3 Discussion of the Limit

For theoretical interest we will investigate the system

Yo = p
{dY(t) = (ff’pY(t+u)da(u)) dt+ [° dB(t+u)do(u), >0 (3.3.1)

in detail. Here p is an arbitrary random initial condition on [—p, 0] and B a Brownian
motion starting at time —g. The case of the stationary solution for system (3.3.1)
is included. Especially we are interested in the structure of the driving force. Its
differentiated form is

0
/ dB(t + u) do(u). (3.3.2)
—q
This stochastic differential cannot be written in the form
g(Yy, t,w)dB(t),

even for a coefficient g explicitly depending on w. The differential in (3.3.2) is not only
a differential of the Brownian motion at time point ¢, but a mixture of differentials
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for time points in the interval [t — ¢,t]. Hence existence and uniqueness for equations
driven by (3.3.2) are not covered by existence theorems with random coefficients in
Mohammed [20]. If we formally write down the integrated form and formally use
Fubini, then we obtain

//dBS—l—uda /_q/st—l—uda()

/_q/ dB(s 4 u)do(u) = / [B(t +u) — B(0)]) do(u).

In the preceding section we showed that Z; is the driving force of a weak limit of
ARMA-processes. We see that the random variable

um;:/:—Bmywm)

is Fp-measurable, if F denotes the natural filtration of the Brownian motion B. It
is common to collect Fp-measurable variables at the initial conditions. Then the
stochastic equation takes the form

Yo = p
{ Y(t) = p0)+1(0)+ [y [° Y(s+u)da(u)dt+ Z(t), t>0 (3.3.3)

with

Z@y:/fB@ddm,tzo.

q

One can interpret equation (3.3.3) such that for each w one solves a deterministic delay
differential equation for Z(w). We would like to study the process Z precisely. It is
easily seen that it is a centered Gaussian process. Its covariance is given by

E(Z()Z(s)) = / / Bt + u)B(s + ') do(u) do ()
= /_/_(t—i—u)/\(s—i—u')da(u)da(u’), t,s > 0.

A next important characteristic is the quadratic variation. Therefore we need a lemma.

3.3.1 Lemma. It holds for the quadratic covariation of the Brownian motion with
itself that a.s.

[B(- +u), B(- + u)|[(t) =t Lju=uy, —q<u,u/ <0, t=>0.



3.3 Discussion of the Limit 89

Proof. For u =it is known that a.s.

Z [B(t}y + u) — B(t} + u))*——t, ¢ >0.

0<ir<t n— o0
Let u # u/. We consider the dyadic partition of [0, ¢]. For
ti — 17 < Ju—1|
it holds that

E( Y Bt +u) = Bt} + w][B(t}, + ') = B{t} + )]

0<tr

n
7

IN

thr <t
= E[B(t, +u) — B(t} +w)E[B(t}, + ) — Bt} +u')]?
0 t

IN

£

IN

= Z (tr, —t1)? <t/2"——0, t>0.

n—oo
0<tn<t
Since
o0
n
E t/2" < oo,
n=1

the convergence is a.s. The lemma has been shown. O
Now we are able to calculate the quadratic variation of Z.

3.3.2 Theorem. For

Z(t):/o Bt +u)do(u), t>0

—-q

it holds that a.s.
0 ;0
[Z](t) = t-/ / Liy=yy do(u) do(u'), t>0.
—qY—q
Proof. We have to establish the limit of the sum

S 12(y) - ZE)P, t=0.

0<tr<t

By Fubini and linearity of the integral we see that

S 2(tn) - 2 = / [ wardotuyaot), 120

0<tn<t
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g (u,u’) == Z (Bt} +u)— Bt +uw)|[B(t!,+u)— Bt +u)], —¢<u,u <O0.

0<tr<t
According to Lemma 3.3.1 it holds that a.s.

" (u, v )——t Ly, —q <u,u’ <O0.

n—oo
Since )
allf < 5(a* + 1),

and hence a.s.

9w )lw) < 5 S 1B T ww) — B+ )

0<tn<t

1
+ 5 2 Bt +uw) - B+ w))? < K(w) < oo,

0<tn<t

we obtain a.s. by dominated convergence
/ / (u,u") do(u) do(u //tl{u wydo(u)do(u'), t>0.
n—ooo J_ .

3.3.3 Example. If the measure o is absolutely continuous with respect to the Lebesgue-
measure, then the quadratic variation of Z vanishes. For discrete measures

]

cr:Zai&{ui}, o, € R0}, —qg<u,<...<u; <ug<0

the quadratic variation is strictly positive

k
= (Zaf) -t t>0.
=0

Now we assume that o is absolutely continuous with respect to the Lebesgue-
measure do(u) = f(u)du. Then

0 0
2(t) = / B(t + u) do(u) — / Blt +u)f(u)du, t>0
—q —q
is a centered Gaussian process with vanishing quadratic variation. This resembles so
far a fractional Brownian motion. However we will see in the next theorem that Z is
differentiable in time, hence has locally bounded total variation. Therefore Z cannot
be a fractional Brownian motion.
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3.3.4 Theorem. For f € C! the process

Z(t) :/0 B(t+u)f(u)du, t>0

—q

1s differentiable, and its derivative is given by

Z'(t) = /O f(u)dB(t+u), t=>0.

Proof. For h > 0 we calculate explicitly

Z(t+h) — Z(t)

(/hh B(t+u)f(u—h)du—/OB(t+u)f(u)du>

—q —q

(/hh Bt + u) f(u) du — /0 B(t +u)f(u) du>

—q —q

+

= = e

/h Bt +u)[f(u—h) — fw)du, t>0.

—q
The summand in the second line equals
1 h h—q
E(/ B(t+u)f(u)du—/ B(t—i—u)f(u)du)
0 —q
and tends to
B(t)f(0) = B(t —q)f(—q)
as h tends to zero. Since f € C*, the summand in the last line converges to
0
—/ B(t + u)f'(u) du.
—q
Hence we obtain by partial integration
0
2(0) = BWJO) - Blt-f(-0) - [ Ble+wr(u)du

—-q

_ /Of(u)dB(t+u), t>0

as required. N

3.3.5 Remark. Since Z has differentiable paths, it is a semimartingale with vanishing
martingale part.
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We shall now turn to the case that o is a discrete measure on [—¢, 0]

k
Z(t)=> oB(t+u), o €R/{0}, —g<u,<...<u<uy<O0,
=0

If £ =0, then Z/0y is a Brownian motion martingale, and Z is a semimartingale. Its
paths are not differentiable. The question is if Z still is a semimartingale for £ € N
with respect to the natural filtration of Z. Consider A = Z — M for an arbitrary
FZ-martingale M. Then A has the form

A(t) =) 0iB(t +u;) + 00 B(t) — M(t).

=1

Since the process A(t) := Y% | 0;B(t + u;) neither has bounded variation nor is an
FZ-martingale, we deduce from this representation that A has unbounded variation.
This means, Z is no semimartingale for £ € N. Neither is the solution process Y
driven by Z in this case.

3.3.6 Remark. We see that the class of semimartingales is not closed under weak
convergence. In Theorem 3.2.6 we established that the ARMA-processes Y™ which
are semimartingales since they are piecewise constant, converge weakly to the process
Y which is not necessarily a semimartingale.

We return to the stochastic equation with arbitrary random initial conditions

{ Yo)o = p

dY,(t) = (ff)pyp(t+u) da(u)> dt+f£)q dB(t +u)do(u), t>0. (3.3.4)

Next we shall investigate the following question. If X, is the solution of

(Xp)O = p
dX,(t) = (fj’pxp(t+u)da(u)) dt + dB(t), t>0,

may then Y, be expressed in terms of X, as in the stationary case? We need to
introduce one more notation. Let x, be the solution of the corresponding homogeneous

system
(xp)o = p
drylt) = (J°,aplt +u)daw)) dt, 10 (3:35)

The next theorem shows that strong uniqueness and strong existence hold for the
system (3.3.4).

3.3.7 Theorem. The system (3.3.4) has one unique strong solution. It is given by

Y, (t) = z,(t) +/ /0 2o(t —s)dB(s+u)do(u), t>0, (Y,)o=p.
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Proof. Let Y and Y? be two solutions of the system (3.3.4). Then it holds for T :=
Yyl —Yv?

T(u) = 0, u<0

T(t) = [fy JO,X(t+s)da(u)ds, t>0.

Hence it follows from Gronwall’s lemma that T = 0 which proves strong uniqueness.
That

0 =)+ [ [t aBis + st 120

solves system (3.3.4) is verified by inserting

/Ot/_ti(s—i—u)da(u)ds—/Ot/_ixp(s—l—u)da(u)ds
+/0t /_p (/_Z/OSJruxa(s—l—u—v) dB(v+ 2) do(z)) da(u) ds = z,(¢)
—xp(0)+/z </Ot/p/os+uxa(s+u—v) dB(v + z) da(u) ds) do(z), t>0.

For the last line we used ordinary Fubini and that the fundamental solution vanishes
for negative values. It is verified with stochastic Fubini that for each fixed z it holds
that a.s.

/Ot/_p/08+uxa(s+u—u)d3(v+z)da(u)ds:/Ot(xa(t—u)—UdB(Hz).

Hence it follows that a.s.

/0 /_ Y, (s + u)da(u)ds = Y,(t) — Y,(0) —/ B(t+z2)— B(z)do(z), t=>0.

—-q
The theorem has been shown. m
As a special case we receive for the Ornstein-Uhlenbeck process X,

X,(t) = z,(t) + /Ot To(t —s)dB(s), t>0, (X,)o=p.

Now we are able to express Y, in terms of X,

Y,(t) = x,(t)+ zo(t — 5)dB(s + u) do(u)

zo(t +u—v)dB(v)do(u)

/]
- xp(t)+/0 /ut+uxa(t+u—v)dB(v)do(u)
I/

0 t+u
+ / Lt4u>0} / zo(t +u—wv)dB(v)do(u), t>0.
0
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In the last line we can replace the integrand by
Liruzoy (Xp(t +u) — 2, (t + u)).
Since for —p <t + u < 0 it holds that
X,(t+u) =z,(t +u),

we can omit the indicator function and obtain finally

Y,(t) =x,(t) + /_ / Tao(t +u —v)dB(v) do(u) (3.3.6)
+ /(—qu—p) X,(t+u)do(u) — /:qv_p) X,(t+u)do(u), t>0.

This is the desired representation of Y, in terms of the Ohrstein-Uhlenbeck process
X, with the same initial condition. The initial segment of the Brownian motion on
[—q,0] enters as well as the values of the solution z, of the homogeneous system.
Properties as stability, mixing are studied for the Ohrstein-Uhlenbeck process X, (t)
as t tends to infinity. The representation in (3.3.6) shows that then Y, has the same
asymptotic behavior as X, if the deterministic homogeneous solution z,(¢) tends to
zero for t — oco. In Theorem 3.2.4 we established that, if one chooses the initial
condition

0 t
p(t) = / (/ zq(t — s)dB(s +u)) do(u), —p<t<Oo,
¢ \Jooo
then Y, is a stationary solution of the system (3.3.4). We do not know yet if this the
only stationary solution. More exactly speaking, are there two different distributions of
the initial conditions p1, p2 such that Y, and Y, are stationary solutions of the system
(3.3.4)7 To tackle this question we start with a moment estimation for solutions of
the homogeneous system x,.

3.3.8 Lemma. The system (3.3.5) has exactly one strong solution. It is given by

z,(t) = p(0)x,(t) —l—/_ /_ zo(t — s +u)p(s)dsda(u), t>0, (3.3.7)

where x, denotes the fundamental solution. Moreover, if

0
B([ lp(s)ds) < o
—p
then it holds that
E( sup |z,(v)]}) < Ce ™' >0
t—p<v<t

for 0 <6 < —wvp(a).
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Proof. That the solution is unique follows from Gronwall’s lemma. That x, in (3.3.7)
is a solution is verified by inserting. In view of the representation for z, in (3.3.7)
we have by repeated use of the Cauchy-Schwartz inequality the following pointwise
estimation

0 0
|2()* < 21p(0)*|za(t)]* + 2||a||?rvp/ / |za(t = s+ w)]*|p(s)[* ds dla|(u), t>0.
—pJ—p

Hence it follows that

sup_|z,(0)]* < 2[p(0)]* sup |zq(v)|®

t—p<v<t t—p<ov<t

L+ 2alEep / / sup [7a(v — 5+ u)[2|o(s)|? ds dlal ().

p t—p<v<t

Taking expected values on both sides and using the estimation
2, ()| < Ke™®, t>0
for the fundamental solution we obtain

E( sup |z,(0)PP) < 2BE(]p(0)]*) e e

t—p<v<t

0
© ol KE ( / |p<s>|2ds) lore 15
—-p

which completes the proof. O
The next lemma estimates the L?-distance of the stationary solution Y, to any other
solution of (3.3.4).

3.3.9 Lemma. Let the process Y, be given by
0 t
Y, (t) :/ (/ 2ot — 5) dB(s +u)) do(u), teR.
¢ \Joo

Assume that Y is another solution of (3.3.4) with a square-integrable initial condition.
Then 1t holds that

E([(Y,): = Yil3) < Ce™", ¢ >0,

where (Y,); and Y, denote segments on the space C|—p,0].

Proof. We have in view of Theorem 3.3.7 that

Y,(t) — V(1 // volt — 8)dB(s + ) do(u), t>0,
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and hence

Y, (t) = Y (£)” < 2|z, (t)]* + 2 (/Z /(; To(t — s)dB(s + u) da(u)>2, t>0.

By partial integration the last expression is a.s. lower or equal than

2‘/_23(@%@) do(u)| + 2‘/_2 /_0 bolt— $)B(s + u) dsdo(u)

/|B dolw)|

i ‘/_q/_oo 'jja(t“S>”B<S+u>!dsdya|(u>2

2

< 2faa(t)

t>0.

The last expression in square brackets may be bounded from above by

0 0 2
y|a||Tv/ (/ Ke—5<t—s>|3(s+u)|ds) dlo|(u)
U

0 1 0
< ||0||Tve_25t/ 5/ K2855|B(S+u)|2dsd|a|(u), t>0,
490 J

where we have used the inequality

</_Ooo F(5)e d5>2 < %/_Ooo F2(s)e% ds

for all functions f > 0 such that the integrals exist. This yields for t > 0

E(|(Y,)—YillZ) < 2B( sup_ |z, (v)])

t—p<v<t

+ tiﬁﬁq(/_q/_ zo(w — 8) dB(s + u) do(u ))

< 2Ke _25t+4e25pe_25tE’/ |B(u |d|0|()

4|o|lrv 626136_2&]5(/ 5/ K?e%|B(s + u)|*d, s d|o|(u)),
00 )

where we used Lemma 3.3.8 for the estimation of the moments of x,. Since all expec-

tations involved are finite, the lemma has been shown. O
Now we are able to answer the question of the uniqueness of a stationary solution.
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3.3.10 Theorem. There exists exactly one stationary solution of (3.3.4) in the class
of stochastic processes with square-integrable initial conditions. This solution is given

by
0 ¢
Y(t) = / (/ xq(t — s)dB(s +u)> do(u), teR.
¢ \Jooo
Proof. This follows from Lemma 3.3.9 by a standard argument. O]

We saw that the Ornstein-Uhlenbeck process

X(t):/t zqo(t —s)dB(s), teR

—0o0

is an integral over a differentials of a Brownian motion weighted by the fundamental
solution. For the process Y we find that

0

0 pttu
Y(t) = X(t+u)do(u) = /_ /_ To(t+u—8")dB(s") do(u)

—q

— /O (xa(O)B(t +u) — /t+u B(s") dx,(t +u — s’)) do(u)

—q — 00

- /0 <xa(0)B(t+u)—/t B<u+s)dxa<t—s)) do(u)

—q — 00

t t

= 24,(0)Z(t) —/ Z(8)dxy(t — s) —:/ zq(t —s)dZ(s), teR.

—00 —0o0

The integral with respect to the process Z, which is not necessarily a semimartingale,
is defined by the expression on the left side following partial integration. Thereby we
have expressed Y as an integral weighted by the fundamental solution in analogy to
an Ornstein-Uhlenbeck process.

The last intention in this section is to approximate the following stochastic equation
with arbitrary random square-integrable initial condition p

Yo = p
{ avy(t) = (fi)pY(t%—u) da(u)) dt+f£)q dB(t +u)do(u), > 0. (3.3.8)

We already established that there exists a strong solution Y,. For two different initial
conditions standard estimations and a use of Gronwall’s lemma give that

E( sup [Y,,(s) = Y, (s)]*) < Krllpr — pallizcpop: T 20

0<s<T

Hence strong uniqueness holds for the system (3.3.8), and we have continuity in the
initial condition. Hence it suffices in view of Theorem 2.4.17 to consider the case of
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deterministic initial conditions £. For h > 0 define a process Y ") with initial condition

g(h) by

p<h) q(h)
Y((mhzrl)h = YX;L) + > ag'h)Y((mh)_j)hh + > Ugh)\/EGmei, m € Ny
J=0 i=0

h . . h h
where {¢; : i € Z} is a sequence of independent, standard Gaussian random variables.
Denote the corresponding discrete measures on [—p, 0] by a® and on [—¢,0] by o®.
Our goal is to show the following: If for the initial conditions &™) — & on the space

Cl—p, 0] and
" =aq, oM =0

as weak convergence of measures, then {Y (" : h > 0} converges weakly to the unique
strong solution of

Yo = ¢
0 0
{ dY (t) = (f_pY(t+u) da(u)) dt + [° dB(t +u)do(u), >0,
where B is a Brownian motion on [—¢,00). The time series (YT)S};L))m>_p(h) is not
stationary. It is not possible to analyze spectral densities as we did in the stationary
case. Furthermore, the weak limit Y is in general no semimartingale. Neither the
semimartingale theory can be used to obtain a convergence result. Therefore we have
to follow another strategy. We start with a lemma for processes S with vanishing

measures a(h) .

3.3.11 Lemma. Let for h > 0 a process S™ be given by
M)

S((ZL)+1)h = S?S?f)L + Z O_z(h)\/ﬁeerlfia m € Ny

=0
sW = o, " :S[(g])h’ t>0,

where {€; 11 € Z} is a sequence of independent, standard Gaussian random variables.
If o = o as weak convergence of measures, then {S™ : h > 0} converges weakly
to S, where S is given by

S(t):/_ (B(t+ ) — B)]do(u), >0

q

for a Brownian motion B on [—q, 00).

Proof. We shall prove the tightness of the sequence {S™ : h > 0} by the criterion
in Theorem 15.6 in Billingsley [2]. Recall that for a Gaussian system (A, B) with
E(A) = E(B) = 0 it holds that

E(A?B?) = E(A?)E(B?) + 2(E(AB))? < 3E(A?)E(BY).
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Since {St(h) :t > 0} is a Gaussian system we obtain for time points 0 < ¢ty <t < 1o
h h h h h h h h
BI85 - S{PPISE - SW1P) < 3E(1SY — SHYPE(ISL - SPP).

We calculate explicitly

[ -1 ¢ 2
B - S0 = B[ YoV,
j=[) =0
[2]-1 ¢ [2]-1 4
= FE Z ZU \/_€g+1 i Z ZUZ-(/h)\/EEj'Hw
tl] i=0 5 [%] =0

l
h
- [ / E(em_[%]ejw%pdo<h><u>da<h><u'>.
—qYJ—q

:\M

By independence, vanishing mean and standard variance of the sequence € the inte-
grand as function of (u, ') equals

where f denotes the number of elements of a finite set (here the indices j and j'). Since
by assumption the measures 0™ converge weakly, it holds that

sup/ / 1djo™|(u) dje™|(u) < C < .

h>0
This enables us to prove tightness. It holds that
TmB(|S5) — SEPPISY — S < sTmBE(sy - S E(SE - 517 P)
< 3(ty — 1) O(t, — to)C < 3C%(t, — ty)2.
Therefore the sequence {S™ : h > 0} is tight. For the convergence of finite di-

mensional distributions it suffices to prove convergence of the underlying covariance
functions. The same computation as above yields for 0 < t; < t,

E(St2 t1 / / t1 t2 (u,u) da(h( )da(h)(u')
—qJ—q
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with
[R]-1[R]-1
fin(w) = h Blej- 316y qy) o™ (w) do )
Jj=0 j'=0
B hﬂ{“<1<[t—21—10<J’<[’5—]—1 J—j':[ﬁ]—#’]}
I R ot

We see that ft(l}f ,)52<u, u') converges uniformly in (u,u’) to the function f;, 4, (u, w’) which
is defined by

(to—(u—u)VO)Aty), |U]|>]ul

ft17t2(u7u,) =
(t1 — (v —u)VO)Aty), |U]|<]ul

It is not hard to see that fi, ¢, (u, ) equals

ti+u—u)Viy—(u—u) Vi, [u]|>
{(1 u U) 2 (U U) 2 |U,|_|U| _E(Btl+u_Bu)<Bt2+U’_Bul>’

(ta+u —u) Vg — (W —u) Vi, [ <ul

Now we can finish the proof. We see that
B(Sy'S) = /[ . ™) (u,u') d(o™ @ ™) (u, o)
_q70

— for o (u, ') d(o @ o) (u,u') = E(S(t2)S(t)),

h=0" J—q,02

where we used uniform convergence of the functions ft(l}f 12 (u,u’) to fi, 1,(u,u’) on com-
pacts of (u,u’). The lemma has been shown. O
Next we need a purely analytical lemma which is proven in Lorenz [17].

3.3.12 Lemma. Let for h > 0 a deterministic function y™ be given by

wy = &y, —p® <i<o

(h) _ h (h), (h) (h) (h)
Ymiyn = Ymn T Zoaj Yomoih T Simetyn = Smn)s - m € No

h h
ORNING

for an arbitrary deterministic function s with value zero at time point zero. If

for functions s 7 uniformly on [0,T), for the initial conditions &™) P 13
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uniformly on [—p,0] and for the measures a'™ = a, then the functions y™™ converge
to the unique solution of the system

Yo §
{ y(t) = y(0)+ [, ff]p y(s +u) da(u) ds + s(t), t>0

uniformly on [—p,T].
Now we are able to prove the following theorem.

3.3.13 Theorem. Let for h > 0 a process Y™ be given by

no= e, pWsi<o
Y((mh)+1)h — h)+2ah)Yh) h—l—Za \/_em+1 _i, meN
Yt(h) _ Y(th)7 tZ —p,
(xR

where {€; 11 € Z} is a Sequence of independent, standard Gaussian random variables.
If for the initial conditions €M 0 ¢ uniformly on [—p,0] and for the measures

a) = a, oW = o, then the sequence of processes Y converges weakly to Y,
where Y s the unique strong solution of the system

Yo = ¢
{ Y(t) = Y0+ [y [° Y(s+u)da(u)ds + [° [B(t+u) — B(w)]do(u), t>0
with B a Brownian motion on [—q,o0).

Proof. By Lemma 3.3.11 the sequence of processes S defined by

oM
S((ZL)Jrl)h = S'I(TII:LF)L + > U(h)\/_Emei, m € Ny

z 0
s = o, S s{"]h, t>—p

converges weakly to the process
0

S(t) :/ (B(t + ) — B(w)]do(u), t>0,
—q

By the almost sure representation theorem there exists a probability space (Q F,P)
and a sequence of processes S and S with values in C[0, 00), all defined on Q, such
that

Law(S™) = Law(S®™) Vh >0, Law(S)= Law(S), S® — S as.
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Then the process Y® defined on Q by

v = i p“g <0

vy = mh+z oY b+ (S

a(h
(m+1h anli)ﬁ m € Ny

() _ (h)
Y= Yo 2

has the same distribution as Y®. By Lemma 3.3.12 {Y® : h > 0} converges a.s. to
the solution of

7asY

Y, =
{ Y(t) = Y(0) +f(f fi)p}_/(sjtu) da(u)ds + S(t), t>0.

Since Y has the same distribution as Y given by

Yo = ¢
{Y(t) = Y(0)+ [y /2, V(s +u)da(u)ds + S(t), t>0,

the proof is finished. n
We shall now return to GARCH(p,q)-models in financial mathematics. Let us recall
the general GARCH(p, q)-scheme

(h) (h)
X(m—H) - th pmh \/_Gm‘f‘l

h)2 h h) (h)2
pg’m?-&-l)h = U((] : ﬂ(h p Z ﬂ( (m j)h

qm

+aMplPhe? ) + Z ot pi

h€m+1 i m 6 NO.

\
The last line of this scheme may be rewritten as

(h)

(h)2 (h)2 Vg g —1 () Vha®
Pm+1)h — Pmh = Th + h +ta + ha th (Em —1)

p(Mvgh) ﬂ(h)
+ Z <T +a > hp( k)h + \/_ozk p ) \/E(Giwkk —1)
k=1

with the convention that 6,5,}1) =0 for k > p™ and a,gh) =0 for k > ¢™. Then this is
an ARMA-scheme for p™? with three modifications:

1. An additional constant term vy occurs.

2. The distribution of the driving force 7,, := €2, — 1 is not Gaussian.
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3. The most important difference is that the factors (oz,(ch) pgh) Wh wh) at Ny are

random.

Associate discrete measures £ on [—(p V ¢q), 0] with the set of coefficients m,gh) =

(h)
=+ a,(ch and ¢ on [—¢q, 0] with the set of coefficients gb,(C = a,(ch) Now assume the

follovvmg asymptotic behavior for the real numbers

—0 h—0

(h) (h) _
UO——>UO, —(ﬁ 1+a(h)) — )\, VhaW —
— h

and for the discrete measures
W — k on [—(pV q),0], \/Egb(h) = ¢ on [—q,0]

Under those assumptions it is suggested that (X®), p("2) converges weakly to (X, p?),
where (X, p?) is the solution of

dX(t) = p(t)dW (1)
dp?(t) = [ A2+ [° 0 t+u)dﬂ(u>} dt + cap?(t) dB(1)
+ [0 PPt +u)edB(t +u) dp(u), t>0

for a two-dimensional Brownian motion (W, B) and ¢ = /E|e;|* — 1. The integrated
form of the last differential is

/ / s)edB(s) do(u).

A proof of this heuristic result is unknown. Note that p? is in general no semimartin-
gale. Hence no semimartingale characterization is possible. On the other hand, it
is the weak limit of modified ARMA-processes, where we listed three modifications
which do not allow us to deduce convergence directly from the established result of
convergence of ARMA-processes. If especially p = ¢ and a = a(—ih)h for a contin-
uous function a on [—¢, 0], then ¢ = 0 and dr(u) = dvy(u ) a(u)d(u). In this case
we recover system (2.5.14) of the previous chapter.

3.4 Comparison to Literature
In this chapter, in contrary to the previous one, reference to literature is little. The
weak convergence of processes Y ") defined by

O
Y((mh)+1)h = +Za(h (mJ h—l—Za \/_em+1 _iy MEZL

(h)y __ (h)
Yo=Y tem
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is found in Reifs [23] in the case ¢/™ = 0 for all h > 0. We established that the weak
limit of {Y(h) : h > 0} is the unique stationary strong solution of

Y(t) =Y(0) + /o / Y (s + u)da(u)ds + / [B(t +u) — B(u)]do(u).  (3.4.1)

If o = 00}, then the last integral in (3.4.1) reduces to B(t). Gushchin and Kiichler 7]
treat the question of existence of a stationary solution of (3.4.1) if the driving force B
is replaced by a Lévy process.

The process Y can be interpreted as continuous-time analogue of ARMA-processes
Y, in discrete time given by

CLpYn + ap—IYn—l + ...+ alYn_p+1 + Yn—p = bOEn + b1€n_1 + ...+ bqen_q,

where the number of coefficients increases unboundedly as n tends to infinity. However,
if p and ¢ remain fixed for all n € N, one obtains another continuous-time analogue of
an ARMA-process called CARMA-process. It occurs in Fasen [5] in Example 1.1.11.
and is defined as follows. If ¢ < p and polynomials a and b are defined by

a(z)i=ap+...+a 2P+ 2P b(z) i=by+biz+ ...+ 020, 2 €C,

then one can formally write down a process Z in continuous time given by the stochas-
tic differential equation
a(D)Z(t) = b(D)DB(t). (3.4.2)

Here D denotes the differential operator with respect to ¢. The solution of (3.4.2) is
called CARMA (p, q)-process. The first letter "C" stands for "continuous". An explicit
form for CARMA (p, ¢)-processes can be constructed in the following way. At first a
p—dimensional process X is defined by

{DXi(t) = Xiq(t), i=1,....,p—1
DX,(t) = —a,X1(t) —ap_1Xo(t) — ... — a1 X,(t) + DB(t), t>0.

The compact form of this equation on R? is
dX(t) = AX(t)dt +edB(t), e=(0,...,0,1).

This tells us that X is an Ornstein-Uhlenbeck process on R?P with the following sta-
tionary representation

+oo
X(t) = / et~ dB(s), teR
if all eigenvalues of A, which equal the zeroes of the polynomial a, have negative real
part. Then the process

Z(t) = boXl(t) + b1X2(t> + ...+ quq+1(t), teR
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is a stationary solution of equation (3.4.2). From this representation we deduce that
in general the CARMA-process Z in (3.4.2) is a different processes than the process Y
in (3.4.1). The CARMA-process is the sum of components of a p-dimensional Markov
process, whereas the process Y is the solution of a stochastic delay equation. Also the
kernel functions f and spectral densities g have a different structure

1 [T . biw 1 e [0 e do(u)
Foanualt) = — / o209 o / getd=a® GO

21 J_o a(iw) " on o Xa(iw)
0 iu 2
oy L[V P (/\)_i‘f—qu do(u)
JCARMA = o —a(i)\) ) gy =9 |Xa(i>\>|2

Only in the case o = d(o) and z,(t) = e for A > 0 the kernel functions are the same.
In this case Z is a CARMA(1,0)-process

+o00
Z(t) = / 1{t25}e_/\(t_8) dB(S), t e R,

—0o0

also known as one-dimensional Ornstein-Uhlenbeck process. As already mentioned
CARMA-processes can be viewed as weak limits of ARMA-processes where the number
of coefficients is constant and the memory length shrinks to zero. We will illustrate
this for the CARMA(2,0)-process. Let the polynomials a of degree 2 and b of degree
0 be defined by

a(z) i==as+ayz+ 2%, bz):=1, zeC,

where the zeroes of a are assumed to have negative real part. Then define for h > 0 a
two-dimensional scheme (X1 X2(")) by

mh

X(léii)l)h - X;{gh) = X2'h
— XQ’(h) = —CLZX,rlr;}(lh)h — Cller;](lh)h + \/E€m+17 m € 7.

Then one sees after some computations that for Y := X1 it holds that

YV(EZ)JFQ)}L + (alh — Q)Y(ggrl)h + (CLQhQ — alh + 1)YT)(7,};L) = h\/ﬁém_i_l, m € 7.

We know from the beginning of this chapter that the covariance of (Yéﬁ))mez has the
following representation

By L [Tl QPR 1T Qe 2
2 POEE " 3w ) PEEP

e

hd\

—T
with

PW(2) := 14 (a1h — 2)z + (ash? —ayh +1)22, QW (2) := hWhz, zeC.
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By differentiating the nominator and denominator of the fraction vAQ®" /PM two
times with respect to h it follows for the asymptotic behavior of the spectral densities

that

2 2

S |

1
a(i\)

1
a9 + aq (1)\) + (1)\)2

1
21

27

\/EQ(h) (e—i)\h)

TP (e Ry = gcarma(A).

. 1
lim —
h—0 27
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