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Abstract. We consider a stochastic delay differential equation with exponentially stable drift and diffusion driven by a general
Lévy process. The diffusion coefficient is assumed to be locally Lipschitz and bounded. Under a mild condition on the large jumps
of the Lévy process, we show existence of an invariant measure. Main tools in our proof are a variation-of-constants formula and
a stability theorem in our context, which are of independent interest.

Résumé. Nous considérons une equation différentielle stochastique retardée a dérive exponentiellement stable et conduite par un
processus de Lévy général. Le coefficient de la diffusion est seulement supposé satisfaire une condition lipschitzienne locale et
étre borné. En supposant une condition additionnelle faible sur les grands sauts du processus de Lévy, nous démontrons I’existence
d’une mesure invariante. Les principaux ingrédients de la preuve sont une formule pour les variations des constantes et un théoréme
de stabilité par rapport aux perturbations des conditions initiales, qui sont d’un intérét indépendant.
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1. Introduction

The main purpose of this paper is to show existence of an invariant measure for a stochastic delay differential equation
of the form

axX (1) = ( / X( +s)u(d8)> dt + F(XO(—) dL (1), (1
[—a,0]

where L is a Lévy process, « a positive real, and u is a signed Borel measure on [—a, 0]. The diffusion coefficient
F may be a function on R or a functional depending on the segment (X ( + s5): —a <s <t) of the solution X. If
the underlying deterministic equation, that is Eq. (1) with F = 0, is exponentially stable, it may be expected that
the stochastic equation has an invariant measure under suitable conditions on F. Existence of invariant measures has
been shown for an increasingly general class of coefficients F. In 1982 Wolfe [25] dealt with the case where p is a
(negative) point mass at 0 and F is a constant. In 2000, Gushchin and Kiichler [10] extended to the case of the general
delay measure . More recently, Reif} et al. [21] considered nonlinear coefficients F'. They assume a global Lipschitz
condition on F, boundedness of F', and continuity of F' with respect to the Skorohod topology. In each of these works
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the analysis depends on a variation-of-constants formula for Eq. (1). In the case of global Lipschitz F, such a formula
has been proved in [22].

The theory of stochastic equations in a setting beyond globally Lipschitz conditions has been vastly extended
during the last years in the field of stochastic partial differential equations, see, e.g., [4,5,9,12,18,19] for some recent
developments. Also in the field of stochastic delay differential equations there is interest in results on equations with
coefficients that are not globally Lipschitz. In particular, models in financial mathematics can naturally involve a
combination of delay, processes with jumps, and locally Lipschitz coefficients [23], formula (3.6).

Our main contribution here is extending the results of [21] to equations with diffusion coefficients that are only
locally Lipschitz instead of globally Lipschitz. Moreover, the continuity with respect to the Skorohod topology is
relaxed to a condition that is considerably better suited for verification in examples. Included in our analysis is the
proof of a variation-of-constants formula for (1) for locally Lipschitz F'.

If the diffusion coefficient F is only locally Lipschitz with linear growth (see Definition 4.1 for the precise formu-
lation), the eventual Feller property and the variation-of-constants formula, which play a key role in [21,22], do not
follow from the results given there. Establishing these results is the main content of this article. We do so by approxi-
mating the locally Lipschitz diffusion coefficient by globally Lipschitz coefficients in a suitable sense. The difficulty
is to verify that the solutions of the equations with the approximated coefficients converge to the solution of (1) in an
appropriate sense and that the limit inherits the desired properties. It turns out that the reduction steps in the proof of
the variation-of-constants formula in [22] have to be changed. The extension to locally Lipschitz coefficients has to
be done before increasing the generality of the other components and these steps have to be adapted accordingly. The
proof of the eventual Feller property is based on new estimates, which relax the conditions on F even in the globally
Lipschitz case. Moreover, we prove a stability theorem.

Two comments on the form of (1) are in order. First, in the spirit of [20], Chapter V, we present our results for the
one-dimensional equation. At the cost of more complicated notation our arguments can be extended to equations in R”.
Second, (1) is formulated with a linear drift term. However, nonlinear drift terms are covered as well by our theory,
due to the generality of the noise processes that we allow. By doubling the dimension and including deterministic
components in the process L, locally Lipschitz nonlinearities in the drift are included.

One may wonder how rich is the scope of equations with bounded locally Lipschitz coefficients. On one hand, our
generalization is interesting from a theoretical point of view. An important question is what stochastic perturbations
that can be added to a stable linear delay differential equation so that the stability persists in the form of existence
of an invariant measure. Our results are a natural step in expanding the generality if this theory. On the other hand,
natural transformations of equations with unbounded globally Lipschitz coefficients may yield equations with bounded
coefficients that are only locally Lipschitz, a situation that fits in our setting (see Example 7.4).

For other approaches to stochastic delay differential equations and invariant measures, see, e.g., [6,15-17].

The outline of our arguments is roughly as follows. If the diffusion coefficient F in (1) maps the Skorohod space
of real valued cadlag functions on [—«, 0] into itself and satisfies a suitable locally Lipschitz and growth condition,
then it is known that Eq. (1) has a unique solution X for any initial process on [—«;, 0] (see [13]). The solution itself
is, however, not a Markov process. Instead, one can consider the segments X; = (X (# + a))—a<a<o of the solution
process. If a solution X (¢) of Eq. (1) is such that all of the segments X; have the same distribution, then the solution
itself is stationary as well. Therefore we want to apply the Krylov—Bogoliubov method to the segment process, and
for that we need the state space to be separable. If the driving process L has continuous paths, (X;); takes values
in C[—«, 0], which is separable with the supremum norm | - ||s. In general, L may have jumps and then (X;); is a
process with as state space the Skorohod space D[—«, 0] of cadlag functions. This space is not separable under || - |0,
but it is separable when endowed with the Skorohod metric. In order to apply the Krylov—Bogoliubov method and
obtain an invariant measure, we need the eventual Feller property (see (13) and (14) in Section 4) and tightness of the
segment process given by (1). We follow the approach of [21], where the tightness is obtained by means of suitable
estimates on the semimartingale characteristics.

In Section 2 we give a brief review of the facts about the Skorohod space and deterministic delay equations that
we need in the sequel. In Section 3 we obtain the variation-of-constants formula. In Section 4 we give a precise
formulation of the input of Eq. (1) and introduce the segment process. Section 5 deals with tightness of the segment
process. The stability theorem is proved in Section 6 and the Markov and eventual Feller properties and the existence
of an invariant measure are established in Section 7.
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2. Preliminaries

All the processes we consider are defined on the same filtered probability space (§2, F;, F, P). Since we are going
to work with a Markov process whose state space is the Skorohod space we recall some facts about it. For a < b,
let D[a, b] and Dla, co) denote the linear spaces of all real-valued cadlag functions defined on [a, b] and [a, 00),
respectively. Similarly, for 7y > 0, let D[0, 9] denote the space of adapted cadlag processes on [0, f9] and likewise
DI[O, 00). On Dla, co) the Skorohod metric is given by

ds(@,¥)=__inf )(Ilfp o & =Yl + lIAI),

reAla,00
where Ala, 00) is the set of all increasing [a, 0c0) — [a, 0c0) homeomorphisms and

A1) — A(s)
t—s

liAll = sup

a<s<t,s#t

log

The space (Dla, 00), ds) is complete and separable. Similarly, there is a complete separable metric on Dl[a, b], which
we also denote by ds.

We will also use a weaker metric on D[—«, 0]. Consider an arbitrary § > «. We extend a ¢ € D[—«a, 0] to ¢ €
D[—8,0] by ¢(t) = ¢(¢) for t € [, 0] and @(¢) =0 for t € [, —a). Let the metric dg on D[—a, 0] be defined by

dg(@,¥) :=dpi—p01@. V), @, ¥ € D[—a,0],

where dp[_g,0) denotes the Skorohod metric on D[—8, 0]. It is straightforward to verify that dg (¢, ) < ds(¢, ¥) for
all ¢, ¥ € D[—«, 0], where d still denotes the Skorohod metric on D[—«, 0]. The metric dg is actually independent
of B and one could even choose 8 = oo.

Lemma 2.1. (1) (D[—«, 0], dp) is a Polish space.
(2) dg and ds generate the same Borel o -algebra B(D[—«, 0]).

Proof. (1) The set A := {p: ¢ € D[—«, 0]} is a closed subset of D[—g, 0], which is a Polish space. Indeed, Skorohod
convergence implies almost everywhere convergence and we can finish the argument by right continuity of the limit.

(2) As dg < dg, the dg-Borel o-algebra is contained in the ds-Borel o-algebra. For the opposite inclusion it
is enough to show that finite-dimensional sets, that is, {¢p € D[—«, 0]: (¢(s1), ..., ¢(sy)) € C}, where C € B(R")
and —a <51 <--- <s, <0, are in the dg-Borel o-algebra (see [3], formula (15.2) on p. 157). This is obvious as
D[—a, 0], dg is a subspace of (D[—8, 0], dp[—g,07)- O

Next we collect some results on the deterministic delay equation

t
x(t)=<p(0)+/ </ x(s—i—a)pc(da)) ds fort>0,
0 [—,0]

2
x(a) =¢(a) forae[—a,0].

Here o > 0, p is a finite signed Borel measure on [—«, 0], and the initial condition ¢ € D[—«, 0]. The results
that we need can be found in a more general framework in [8]. However, we can give these results in a more
easily accessible way as follows. According to [7], Theorem (i), p. 972, for each ¢ € D[—«, 0], there exists a
unique function x : [—«a, 0c0) — R whose restriction to [0, 00) is continuous and which satisfies (2). Indeed, the map
v f[_a’o] Y (a)(da) is a bounded linear map from C[—a«, 0] with the uniform norm into R. Therefore it is also

bounded on the Sobolev space Whi—a, 0], as Wh! s continuously embedded in Cj. Since each ¢ € D[—«, 0] is
bounded and measurable, we have (¢(0), ¢) € M I'=R x L'[—«, 0]. Hence we may apply [7], Theorem (i), to obtain
a unique solution x to (2.6) of [7]. By Fubini theorem x is the unique solution of (2).

To stress the dependence on the initial condition, we denote the solution of (2) by x(-, ¢). The solution corre-
sponding to initial condition ¢(s) = 0 for —a < s < 0 and ¢(0) = 1 is called the fundamental solution and denoted
by r.
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The following variation-of-constants formula for x (-, ¢) holds,

t

x(t,(p):r(t)w(O)—f-/ r(t—s)/ o(s+a)u(da)ds, t=>0, 3)
0 [—a,—5)

where the inner integral is considered to vanish for s > «, hence the outer integral is actually from O to ¢ A «. Indeed,
by Fubini and substitutions one can verify that the right-hand side of (3) satisfies (2) and therefore equals the unique
solution x (-, ). By similar arguments one can rewrite formula (3) as

0
x(t,go)ch(O)r(t)—i—/ / r(t4+s —a)p(a)da u(ds) fort>0. )
[—a,0] Js

The delay Eq. (2) is said to be stable if the fundamental solution » converges to zero as t — oo. The condition

vo(u) := sup{ReA: reC, A —/
[

. e u(ds) = 0} <0 (5)
—a, ]

implies the even stronger property of exponential stability of all solutions, i.e., there exist y, K > 0 such that
lx(z, 9)| < Ke V'||g|loo for all £ > 0 and for any solution x(-, ) of (2). Indeed, for the stability of the fundamen-
tal solution see the text below Corollary 4.1 on p. 182 of [11], and then the exponentrial stability of arbitrary solutions
with initial condition ¢ € D[—«, 0] follows by direct computation from (3).

It is clear from (2) that each of its solutions x (-, ¢) is absolutely continuous on [0, T'] for every T > 0 and even
continuously differentiable on («, c0). If (5) holds, then (2) yields the exponential decay of the derivative x (-, ¢)
directly.

3. Variation-of-constants formula

This section establishes a variation-of-constants formula for Eq. (1). The major point is to show existence and unique-
ness for equations of variation-of-constants form.

Recall that for two local martingales M and N their quadratic covariation process is denoted by [M, N]. Recall
also that for r > 0, fot [dA(s)]| ( fooo |dA(s)|) denotes the pathwise total variation on [0, 7] ([0, c0), respectively) of a
process A € D[0, co). The next two definitions are taken from [20], Section V.2, pp. 250-251.

Definition 3.1. Let 1 < p < 00. For a process X € D[0, 00) set

IXlsr :=

x|
suplX O],

and let SP[0, 0o0) denote the Banach space of X € D[0, 0o) for which || X || ,use is finite. Further for a local martingale
M with M(0) = 0 and a cadlag adapted process A with paths of finite variation on compact intervals a.s. and
A(0) =0, set

Jp(M, A) = H [N, N]},é2+/ |dA(s)]
0

Lp

For a semimartingale Z with Z(0) =0 set
Z = inf j,(M, A),
1Z1l zr Z=111t1/1+A]p( )

where the infimum is taken over all possible decompositions Z = M + A where M is a local martingale with M (0) =0
and a A is a cadlag adapted process with paths of finite variation on compact intervals a.s. and A(0) = 0. Further-
more, let gﬁ [0, 00) denote the Banach space of all semimartingales Z with Z(0) = 0 such that || Z|| g» is finite. For

to > 0, the analogous Banach spaces of processes only defined on [0, ty] are denoted by é P10, tg] and_gp [0, 10].
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For 1 < p < oo there exists a constant ¢, such that
1Zllsr < cpll Zll (©)

for all semimartingales Z with Z(0) = 0 (see [20], Theorem V.2, p. 252). For a process X € D[0, co) and a stopping
time T, the pre-stopped process X' ~ is given by

(XT))(@) = X)) (@) o<t <)) + X (t AT (@) =) (@) y>7@)=0;, @€ 2,1>0.

Observe that X7~ e D[0, c0).
The following definition from [22] is essentially from [20], p. 256.

Definition 3.2. A map W :D[0, co) — D[0, 00) is called functional Lipschitz if for any X, Y € D[O0, 1p]:

(a) for any stopping time T, XT~ = YT~ implies ¥ (X)T~ =w(¥)T—;
(b) there exists a (positive finite) adapted increasing process K such that

¥ (X) (@, 1) =¥ (Y)(w, )] < K(w,1)sup|X (v, ) — Y(w,5)|.
s<t
Definition 3.3. A map ¥ :D[0, co) — D0, 0o) is called locally Lipschitz functional with linear growth if it satisfies:
(a) forall X,Y € ID[0, 0o) and all stopping times T
X' =y —= wvxX)—=ww)';
(b) for each n € N there exists an adapted increasing process K, such that for all t > 0 and all w € £2,

¥ (X)(w,1) =¥ (V) (@, 1) < Kn(w, 1) sup| X (w,5) — Y (w,5)]
s<t

whenever | X (w, $)|, |Y (w, s)| <n forall s <t;
(c) there exists a positive increasing adapted process y (t) such that

¥ (X)(.1)] <y (o, t)(l 4 sg;;\)((w, s)|) for all X € D[0, 00).

Notice that by (b): X = Y® implies ¥ (X)" = ¥ (X)", for any X,Y € D[0, oo). Therefore, for U € D[0, #9]
we can define ¥ (U) € D[O0, fo] unambiguously, simply by extending U to [0, 00). Notice also that any functional
Lipschitz map is a locally Lipschitz functional with linear growth.

In the sequel we will need the following condition on a function g : [0, fo] — R.

Condition 1. Forevery Y € gp [0, 9] and Z € gOO[o, to0l,
/ g(-—s)Y(s—)dZ(s) € H"[0, 1]
0 £
and

< RIYlIsrio,,00 1 Z1l H>[0, 101
HP[0.10] - =

H /O g — )Y (s—)dZ(s)

where t) > 0, R > 0 and 1 < p < 00 are given constants.
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Lemma 3.4. Let 19 > 0 be given and let g satisfy Condition 1 for some p and R. Assume that ¥ is locally Lipschitz
with linear growth, ¥ (0) = 0, and such that the processes K,(t) and y(t) are constants. Let Z € g [0, to] with

||Z||goo < m and let J € é” [0, to]. Then for any stopping time T the equation

. T—
X0 =J1""0+ (/ gt =¥ (X)(s—) dZ(S)) (1), 0=<t=1,
0
has a unique solution X € SP(0, to]. Moreover, X is a semimartingale if J is.

Proof. For each n € N and X € D[0, 1] let X™ () := (X (t) A n) V (—n), t € [0, 19]. Now define ¥":D[0, 9] —
DIO, 7] by

(X)) =w(X™).
Then ¥" is functional Lipschitz: (a) is immediate and for (b) notice that

& (X)(1) = &" (V) (@)| < Kusup| X (s) — Y (s)]
s<t

<K, sup|X(s) — Y(s)|.

s<t

By [20], Theorem V.5(ii), p. 254, there is a stopping time 7" such that P(T" > f9) > 1 — 27" and z"= ¢ S(m)
(notation of [20]), with ¢, as in (6). Then by [22], Lemma 5.6, there is a unique X" € SP[0, tg] such that

T—

t
X"(t)=JT" (1) + (/ gt — )W (X")(s—)dz™ (s))
0

and we have

. T—
1X g < 7 g0 + H (fo g — ¥ (X")(s—) dzT"(s)>

sP

<2||Jlsr +2¢cp

/O' g =)W (X")(s—)dzT"~ (5)

El’

<2 lIse +2ep R (X") |5 | 27" | e

<2|Jllgr +2cpRy (1 + || X" ||§p)2||Z||goo,

where the second inequality follows from [20], Theorem V.2 and proof of Theorem V.5, the third by Condition 1, and
the fourth by (c) of Definition 3.3. Since 4c, Ry || Z| g < 1 by assumption, we obtain

2||J||§p +4CPR'}/||Z||goo
1-— 4CpR)/||Z||goo

||X"H§p < =:C <oo forall n.

In particular

IE”( sup |X”(s)| >n> < i—: for all n € N.

0<s<ty
Let now A, := {supg,<, |X"(s)| < n} and B, :={T" > fo}. Then P(A, N B,) > 1 —27" — CP/nP. Set ﬁ,, =
An N By, 20 = Ni=p P, 2= U, 24, so that 2, C §2,11, P(£2,) 1 P(£2") = 1. On £2,, we have that

sup |Xk(s)|§k, ZTk_zZ,

0<s<to
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and also ¥k (X*) = wk(x*) = ¢ (X¥) for ky > k > n.
If we consider measures P given by P"(A) :=P(A N £2,)/P(£2,) for n so large that P(£2,) > 0, we have for k > n

that
X5 = 1T + (/
0

t T—
=JT")+ <f gt — ¥ (X*)(s—-) dZ(s)) ,
0

t

T—
gt — )W (X*)(s-) dZ(s))

t T—
X" =J""@)+ (/ gt — s)d/”(X”)(s—)dZ(s))
0
t T—
=70+ ( / gt — s>w(X")(s—>dZ<s))
0

t T—
=JT—)+ <f g(t — s)lI/k(X”)(s—)dZ(s))
0

P,-a.s., the stochastic integrals being computed according to the probability PP,. This is easily seen by applying [20],
Theorems II.14 and I1.18, and the fact that the stochastic convolutions above are P-a.s. cadlag. Since ¥k is functional
Lipschitz in the sense of [22], Definition 5.1, the uniqueness in [22], Proposition 5.8, yields that we have for k > n
that X¥ = X" P"-a.s., thus P-a.s. on $2,. Hence there is a process X such that for almost all w € 2’ and all > 0

X(t, w) =n1LrgOX”(t,w),

which is adapted and cadlag, since the filtration satisfies the usual conditions. Moreover, we have for each n that
. ., T—
X=x"=J""+ (f gC —)¥" (X")(s—)dz" ‘(s))
0

. T_
:JT+(/0 g(-—s)lP(X)(s—)dZ(S)>

on £2, a.s. Hence X satisfies the equation. We also have that

sup X (5)|” =

0<s<ty

sup |X" (s) !p P-as.,

lim
n—oo 0<s<to

so that by Fatou’s lemma,

I Xlsr < sup”X” ”SP < 00.
- n =

For uniqueness, suppose X’ is another solution in D0, zo]. Consider the fundamental sequences S" :=
inf{r: |X(t)] > n} and S} :=inf{r: |X'(r)| > n}. Then on the set C, := {S" A S > 1o} the processes X and X’
both solve the equation with ¥”, so by uniqueness in [22], Proposition 5.8, X = X’ on C,,. Hence X = X’ a.s.

Finally, if J is a semimartingale, X"~ is a semimartingale for each n, by (a) and (c) of Definition 3.3 together
with Condition 1, hence X is a semimartingale as well. O

Lemma 3.5. Assume the situation of Lemma 3.4 with p > 2, but without the condition || Z|| g9,y < m. Then
for each stopping time T the equation

T—

t
X(t)=JT_(l)+</ g(t—S)W(X)(S—)dZ(S)> . 0=t =1,
0

has a unique solution in D[0, to]. If J is a semimartingale, then X is a semimartingale as well.
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Proof. Let ¥" be the functional Lipschitz maps as in the proof of Lemma 3.4. By [22], Proposition 5.8, for each n
there is an X" € ID[0, 7] such that

t
X”(t):J(t)—i—/ gt —s)W"(X")(s—)dZ(s),
0

which is a semimartingale if J is a semimartingale. (Indeed, before applying [22], Proposition 5.8, J and Z can be
extended constantly after #y to [0, c0) and then the solution can be restricted to [0, 7p].) Stop X" at T — to obtain

T—

~ — ! ~ —
(X" (t):JT_(t)+</0 gt —s)w" (X" )(s—)dZ(s))

and set X" := ()? "T=_ As before, Condition 1 and [20], Theorem V.2, yield

X" 591001 = 219 Dsv1001 + 2R [ (X") | o101y | Z N 00,01

By the linear growth of ¥ we have
& (X") )| = |& (X" An) v (—n))@)]

< y(l + sup |(X"(s) An) v (—n)|) <y(1+n)

O<s<t

and obtain

x|

5710101 =2|Jllsr 4 2¢p Ry (1 + )| Z|| 110,10

Let Ay := {supy,<,, | X" (t)| > n}, n € N. Then
P(An) = 2n7p(||~,”§?[0,t0] +epRy (L+mIZ1 g10.101)

by Chebyshev’s inequality. Let further §2, :=(;~,($2 \ A). Notice that £2,, C §2,+1 and P(§2,) 1 1, since p > 2.
Define probability measures P"(A) :=P(£2, N A)_/]P’(.Qn) for n > N, where N is such that P(2y) > 0. Arguing as
in Lemma 3.4 we obtain for k > n that X* = X" on £2,,, so we can define a process X :=lim X", which is then the
unique solution of the equation. If J is a semimartingale then so is X. (]

Proposition 3.6. Let Z be a semimartingale and J € D[0, 00). Let g be a function on [0, 00) which satisfies Con-
dition 1 for each to > 0 with some R(ty) > 0 and some fixed p > 2. Further, suppose that ¥ is a locally Lipschitz
functional such that the processes K, and y are deterministic. Then the equation

t
X()=J(@) +/ gt —s)W(X)(s—)dZ(s), t=0,
0
has a unique solution in D[0, 00), which is a semimartingale if J is.

Proof. Fix #y > 0. First we show existence and uniqueness on [0, 7o]. There is a fundamental sequence T'* of stopping
times such that JT'~ € §[0, 00) and ZT'~ € H>[0, 00). By the linear growth of ¥ and Condition 1, (Jo gt —
S)P(0)(s—)dZ(s))r>0 isa semimartingale. Hence we may assume that ¥ (0) = 0.

By the previous lemma, for each ¢ there is an X, such that

t T -
Xe(t) = JTL(I) + (/ gt — )W (Xe)(s—) dZTZ(s)) for all 7 € [0, 7g].
0
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Moreover,

t T!—
xIcw =0T+ (/O gt — ¥ (XI7) ) dzT“(s)> .

Define X :=1im X, and argue as in the two previous lemmas to show that X is the unique solution on [0, 7y]. Finally,
we can use the same techniques to patch the solutions together obtaining a unique global solution. (]

We can now show existence and uniqueness for the general equation of variation-of-constants form.

Theorem 3.7. Let ¥ be a locally Lipschitz functional with linear growth and let g be a function on [0, 00) which
satisfies Condition 1 for each tg > 0 with some R(tg) > 0 and for some fixed p > 2. Suppose Z is a semimartingale
and J € D[0, 00). Then the equation

t
X()=J(@) +/0 gt — )W (X)(s—)dZ(s) (7
has a unique solution in D[0, 00), which is a semimartingale if J is.

Proof. Fix fp > 0. For n, k € N there are constants ¢, x > 0, yx > 0 such that

P(2,%) =1 —-27""%,  where 2, x := {Ky(to, 0) < cni}.

P(2¢) > 1 —27%,  where 2 := {y (to, w) < vx}-

Set 2 :==1(),, 2nx N ﬁk. Then P(£2) > 1 — 2751 and on $2, K, (to, w) and y (fy, ) are bounded functions.
Now apply the last part of the proof of Proposition 5.8 of [22], using existence and uniqueness from the previous
proposition. O

As we mentioned in the Introduction, the fundamental solution r of the deterministic delay equation is absolutely
continuous on compacts and its derivative is bounded on compacts. Hence due to [22], Lemma 4.2, r satisfies Con-
dition 1 for any 7o > 0 and p > 1 with R =1+ (1 + cp)to SUPg<; <y, |/ (¢)|. So there is a unique solution of the
variation-of-constants formula (7) with g = r. This solution also satisfies the stochastic delay differential equation

dX (1) = (/ X(t+ s)u(ds)> At + ¥ (X)(t—)dZ(1). 8)
[—a.0]

This can be shown by applying the stochastic Fubini theorem. The result is actually Lemma 6.1 in [22]. Although the
statement there presupposes ¥ to be functional Lipschitz, the only property of the functional ¥ used in the proof is
that it is a map D[0, co) — D[0, 0o). As (8) has a unique solution (see [13]), it follows that this solution satisfies the
variation-of-constants formula. Stated precisely:

Theorem 3.8. Let (v be a finite signed Borel measure on [—a, 0] and let r be the fundamental solution of the de-
terministic delay equation. Let ¥ be a locally Lipschitz functional and let Z and J be semimartingales. The unique
solution X of

t

t
X(t)=X(0)+J(t)+// X(s—l—a),u(da)ds—i—/ U (X)(s—)dZ(s), t>0,
0 J[ 0

—s,0]
satisfies

t

t
X(t):r(t)X(O)—i—/ r(t—s)d](s)—i—/ rt — ) (X)(s—)dZ(s), t>0.
0 0
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4. The equation and the segment process

In the remaining part of the paper we consider (1) and show that it has an invariant measure under suitable conditions.

Our approach is to see the stochastic equation (1) as a perturbation of the deterministic equation (2). If the deter-
ministic part is stable it is plausible to expect existence of an invariant measure under mild conditions on the diffusion
part. Therefore we assume that (5) holds. For an analysis of the case where (5) does not hold, see, e.g., [2].

As was shown in [10], Theorem 3.1, even if F is constant, a necessary condition for the existence of an invariant
measure on the jumps of the Lévy process L is that f‘ =1 log |x|v(dx) < oo, where v denotes the Lévy measure of L.
As our situation is even more general, we need this condition as well.

As mentioned in the Introduction, the main point of this paper is to relax the global Lipschitz condition in [21],
Assumption 4.1(c), to a locally Lipschitz condition. Our locally Lipschitz condition on F is the following.

Definition 4.1. A map F : D[—«, 00) — D[—a, 00) is called a locally Lipschitz functional of deterministic type (in
short lolidet) if it satisfies:

(1) Yn e N3K,, > 0 such thatVx,y € D[—a, 00) Vt >0

3

sup ]!x<s>|v!y<s>|5n = |F@)@®) - FO)@®| <K, sup |x(s)—y(s)

se[t—a,t se[t—a,t]

(2) Iy > 0 such thatVx € D[—«a, o0) Vi >0

|Fuxoh9(1+ wp|M®D.
]

sE[t—a,t

Definition 4.2. Let (P (s))sc[—a,01 e an initial condition, that is, a process with cadlag paths and such that @ (s) is
Fo-measurable for all —a < s < 0. For X € D[0, co) or X € D[—a, o0) define X ¢ € D[—«, 00) by

D(s), —a<s<0,

Xﬁ“y:{xux 5> 0.

Here we extend the filtration by setting F := Fq for s < 0. Define further Wg :D[0, c0) — DI[0, co) by
Vo (X)(1, ) == F(X_o (-, ))(1).
By standard arguments, Wg indeed maps into D[0, 00).
Set £20 = & and £2, := {sup[_, oy @ (s)| > n} for n > 1. Then £2,, 1 §2. Define C,: 2 > Rand y: 2 — R by

Ch(w) =K, on£,, Ch(®) ;= Kptrx  0on 2pip \ Lpti—1,
Y():=y(d+n) ong2,\ 2.
Notice that C,, and y are Fp-measurable for all n. Moreover, g satisfies:

(1) fort>0and X, Y € D[0, c0),

o (X)(t,0) = Wo (V) (t,0)| <Cu(w)  sup  |X(s,0) — Y (s, 0)|

se[(t—a)t,t]

if SUPgsef(r—a)t 1] | X (s,w)|V|Y(s,w)| <n,and
@ [P0 o) <T@(1+ s [X@ o))
[(t—a)t,a]
for all X € D[0, 00).
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In other words, ¥ satisfies (b) and (c) of Definition 3.3, and (a) is obvious.
Define

t
Jo (1) :=/ / D(s+a)u(da)ds, t=>0.
0 J[—a,—s)

Then Jg is an adapted (by Fubini arguments) cadlag process of finite variation. Moreover, r(¢)® (0) is an adapted
process of finite variation. Hence by [22], Theorem 4.1, ()@ (0) + f(; r(t —s)dJ(s) is a semimartingale.
Let X be the unique solution (see [13], Theorem 4.5) of

t t
X1t)=D(0) + / / X o(s+a)u(da)ds —i—/ F(X ¢)(s—)dL(s)
0 J[—a,0] 0

t t
:@(O)+J¢(t)+/ / X(s—i—a),u(da)ds—i—/ We (X)(s—) dL(s).
0 J[—s,0] 0

By Theorem 3.8, X is also a solution of

t t
X(@)=r)®(0) +/ r —s)dJ(s) +f r(t —s)¥e(X)(s—)dL(s).
0 0
Because of (3) Theorem 3.8 takes the following form in the current setting.

Theorem 4.3. Let F: D[—«, 00) — D[—a, 00) be lolidet. Then for X € D[0, o0) and @ € D[—«, 0] the following
two statements are equivalent:

(1) X is the unique solution of

t

!
X(@)=®(0) —i—/ / X o(s+a)u(da)ds + / F(X o)(s—)dZ(s), t=>0,
0 J[-a,0) 0
(2) X obeys the variation-of-constants formula
t
Xt)=x(t,®) +/ r(t—s)F(X ¢)(s—)dZ(s), t>0.
0

Recall that for a process X € D[—«, 00) we denote by (X;);>0 the segment process, which takes values in D[—c, 0]
for each t. More precisely, X;(s) = X(t 4+ s) for —a < s < 0. We wish to show that the segment process is Markov.
For this to be true F obviously has to be autonomous in the sense of the following definition.

Definition 4.4. A map F : D[—«, 00) — D[—«, 00) is autonomous if for all x € D[—a, 00) and all s,t > 0,
F(x(s+9))@) = F(x)(s +1).

Assume that F' is autonomous. For u > 0 and (Y (5))_¢<s<o cadlag and F,,-measurable, we consider the equation

t t
X(@)=Y() +/ / X (s +a)u(da)ds -I-/ F(X)(s—)dL"(s), t=>0,
0 J[—a,0] 0
Xt)=Y@®), —-a<t<O,
where L“(¢t) = L(t + u) — L(u), t > 0. The underlying filtration G} is (the right continuous version of) o (L(s +

u) — L(u):0<s <t)V F,. Denote by (X} (¢));>— the unique solution of this equation and let (X'f/,,)tzo denote the
corresponding segment process.
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For any Fp-adapted initial condition @ and ¢ > 0 the process X¢ 1= X 2) satisfies
Xow+)(1) —Xou) =Xo(r +u) — Xo ()

t+u t+u
=/ / Xo(s+a)u(da)ds +/ F(Xo)(s—)dL(s)
u [—a,0] u

t t
:/ / Xq>(u+-)(s+a),u(da)ds+/ F(Xou+-))(s—)dL"(s),
0 Ji—a.0] 0

where the latter equality holds by the fact that F' is autonomous. The process L” is a Lévy process relative to the
filtration F, 4. and G;' C F;4, for all t > 0, hence X 3‘% . is also a solution of the equation relative to the filtration
Fu+. (see [20], Theorem I1.16). Hence

X4, (0 =Xo(t +u) ©

for all t > 0, due to the strong uniqueness of the equation.
Under additional conditions we will show below that the segment (X ;); is a Markov process, that is,

E[15(XY, , )IF]=As(Xo.u), (10)
where
Ap =Elp (Xg’t), ¢ € D[—«, 0],

for every B € B(D[—a, 0]). Notice that X ; is F/B(D[—«, 0])-measurable, since the Borel o -algebra generated by
the Skorohod topology B(D[—«, 0]) equals the o -algebra generated by the finite-dimensional set [3], formula (15.2)
on p. 157. By B,(D[—«, 0]) we denote the space of bounded Borel (relative to the Skorohod topology) functions on
D[—a, 0]. For 0 <s <t we define

Poif(9):=Ef(X}, ), ¢e€Dl-a,0], fe€By(Dl-a,0]). (11)

We will show that Py ; maps Bp(D[—a,0]) into By(D[—«,0]), that P, ; = P, sPs; for 0 <u <s <t, and that
Ps,t = PO,t—s-
Then X ¢, is a homogeneous Markov process and the operators

P := Py, (12)
form a Markovian semigroup. We will also show that (P;);> is eventually Feller in the following sense:
(1) for f € Cp(D[—,0]), t > «,

P f € Cp(D[—a, 0]); (13)
(2) fort > a, f € Cp(D[—0,0]),

liin P f(¢) =P f(¢) uniformly in ¢. (14)
syt

Since AX,(t) = F(Xy)(t—)AL(t), and L is stochastically continuous, we have that X, is stochastically continuous,
hence by [21], Lemma 3.2, the segment process X, ; is stochastically continuous as well. So by bounded convergence
and subsequence arguments, (2) follows.

The proof of (1) will be more involved and is given in Section 7.

In the sequel we will use several assumptions on the input to our Eq. (1), so we list them here.

Assumption 1. (1) vo(r) < 0 (see (5)).

(2) The Lévy measure v of L satisfies f‘ log |x|dv(x) < oo.

x|>1
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(3) F is lolidet.
(4) F is autonomous and bounded.

We remark that boundedness of F implies growth condition (2) of Definition 4.1.

5. Tightness of segments

In this section we obtain the tightness of the segment process under Assumption 1. We start by showing that for each
fixed T > 0, and any uniformly bounded sequence @, of initial conditions (i.e., Sup,, SUp_, << SUP,e | Pn (s, ®)| <
00), that

sup]P’(sup|X<pn(t)| >K)—>0 as K — oo (15)
n t<T

(recall that X denotes the solution of (1) with initial condition @), by showing the following stronger result.

Theorem 5.1. Let @, be a uniformly bounded sequence of initial conditions. Let further Assumption 1 hold. Then the
laws of (X, (t +5):5 € [0, a])s>0, nen form a tight set. Consequently,

supsupP( sup |X<p”(t+u)|>K>—>0 as K — oo. (16)

n t>0 0<u<a
Notice that (16) implies (15). In order to prove Theorem 5.1, we need several lemmas.

Lemma 5.2. Suppose vo() < 0. The fundamental solution r of the deterministic delay equation is C' on [a, 00) and
its total variation TV |_q 0oy7 s finite.

Proof. Since r is absolutely continuous on [0, T'] for every T > 0, we have that for s > ¢ and s, — s that

/[ 0 r(sp +a)u(da) =: g(sy) — g(s) :=/ r(s +a)u(da),

[—e.0]

by bounded convergence. So h(t) := f; g(s)ds, t > «, is an antiderivative of a continuous function, hence C!, and
I (t) = g(t), which is a continuous function on [a, 00). Moreover, the estimate |g(¢)| < C’ exp(—gt) holds for some
C', B > 0,s0that TV[g,c0)F < f;o C'exp(—Bt) dt < oo. Since r is absolutely continuous on [0, «] and TV[_g017 = 1,
we obtain that TV[_y o0)r < 00. g

Lemma 5.3. Suppose vo(un) < 0 and let 7(t) := f[_a 0] r(t + a)u(da), for t > 0. Then ¥ is almost everywhere on
[0, 00) equal to the derivative of r and the total variation TV [ «o)T is finite.

Proof. The first claim follows directly. For the second claim, let 0 <7y <#; <--- <, < 00, then

n—1

n—1
S J# a0 — 70| sf[ | Xlrte £ =G o luiga
—M =1

i=1

< TVi—g,00 |1l O

Lemma 5.4. Suppose vo(u) < 0. Let A C D[—«, 0] such that SUPge A SUP_g <5<0 |@o(s)| < co. Then the solutions of
the deterministic delay equation satisfy

sup  sup |x(t,g0)|<oo.
@eAte[—w,00)
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Proof. By (4), forp € A,

0
|x(t (p)| = ‘(p(O)r(t) + / r(t+s—a)p(s)ds pu(ds)

[—a,0]
< sup‘go(O)| sup |r(s)’ + sup |r(s)‘tx sup sup |(p(s)||u| < 00. O
peA s€[—a,00 s€[—a peA —a<s<0

Lemma 5.5. If Assumption 1 holds, {L(Xg,(t)):t = 0,n € N} is a tight set of laws on R, provided that
SUp,, SUP[_g 0] SUPwes | Pn (s, w)| < 0.

Proof. Since X¢ (1) =x(t, P,) + fot r(t —s)F(Xg,)(s—)dL(s) and by Lemma 5.4 sup, , |x(¢, @,)| < 00, we can
execute the same proof as in [21], Proposition 4.2, as the only property of F(Xg,) used there is that it is a bounded

process. (]

We proceed by showing that the laws of the deducted segments Xo, (t + ) — X, (f), t > 0, are tight as well.
Define processes

1"(u) := / Xo,(u+v)u(dv)
—«,0]
u+v
~ / (x(u+v,¢n)+ f r(u+v—s)F(X@l)(s—)dL(s))u(dv)
[—a,0] 0

=[ x(”‘i‘v»(pn)//‘(dv)'i‘/ F(u—$)F(Xg,)(s—)dL(s),
[—e.0] 0

where we used the stochastic Fubini theorem and that r(s) = 0 for s < 0. Hence, since X ¢, is cadlag, the processes

u
Vi (u) = / Fu—$)F(Xop,)(s—)dL(s)
0
have cadlag versions, which we will use in the sequel.
Lemma 5.6. Processes V"' defined above satisfy

hm supsupIP’( sup |V"(t+s)|>K> 0,

K—=003eNt>0 \o<s<a

in other words, {Supy<;<, |V"(t +5)|:1 > 0,n € N} is a tight set of laws on R.

Proof. First we show that the set of laws {L(V"(u)): u >0, n € N} is tight. To do so, we examine the proof of [21],
Proposition 4.2. There the authors prove that the family of laws {£(X (¢)) : t > 0} is tight, where

t
X(t):/ r(t—s)F(X)(s—)dL(s), t=>0.
0

In the proof they use the boundedness of F (X (s—)), the fact that r(¢) decays exponentially for t — oo, and that the
Lévy process L is exactly as in our Assumption 1. Due to our Assumption 1 we have the same bound for F(X¢,)(s—)
for all n simultaneously. As we also have exponential decay of the function 7, we can execute the same proof for
V" (u) and obtain that {L(V"(u)): u >0, n € N} is tight.

As

sup [V (t+5)| < sup [V +s)— VO] + |V (1),

0<s<a 0<s<a
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and we have that {L(V"(t)): t > 0,n € N} is tight, it is enough to show tightness of the laws of supy_,, V" (t +

s)— V"(t)|, where n e Nand r > 0.
Our Lévy process L decomposes into

Lt)y=bt+ M)+ N(),

where N (t) = ngz AL(s)1)aL(s)|>1, M is a square integrable Lévy martingale, and b € R. Then

sup
0<u<a

< Y C'mexp(—B(t —)|AN(s)

s<t+«a

t+u
/ Ft+u—s)F(Xg,)(s—)dN(s)
0

k]

and the last process is bounded in probability by time reversal for compound Poisson processes and [10], Lemma 4.3
(see also [21], Proof of Proposition 4.2). Further,

t+u t+u
/ it +u—s)bds SC’b/ exp(—B(t +u —s))ds < C'b.
0 0

Therefore it is enough to show that the laws of

t+u t
sup / f(t—l—u—s)F(Xq>”)(s—)dM(s)—/ F(t —s)F(Xg,)(s—)dM(s)
0 0

O0<u<a

’

n €N, t >0, are a tight family. Now

t

1+u
/ Fit+u—s)F(Xg,)(s—)dM(s) —/ F(t—s)F(Xg,)(s—)dM(s)
0 0

=

t
/ (f(t +u—s)—r(— s))F(qun)(s—) dM (s)
0

+

t+u
[ Mt +u—s)F(Xg,)(s—)dM(s)
t

For the first term we estimate

t
/ (i’(t +u—s)—r(— s))F(ngn)(s—) dM (s)
0

t u
= [ / di(t — s +v)F (Xg,)(s—) dM(s)
0 JO

t ptdu
= /(; ](; 1t7v§s§t7v+uF(X¢n)(s_) dr(v) dM (s)

t+u t—v+u
= [ (/ F(Xog,)(s—) dM(s)) dr(v)
0 t—v

t+o
/ sup
0 w=<a,neN

IA

t—vt+w
/ F(Xg,)(s—)dM(s)|d|F|(v),
t

—v
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by the stochastic Fubini theorem. Hence

E sup

u<a

t+o
< / <E sup
0 u<oa
1/2

< (TV(0,00P)4m*(EM (@)?) /",

t
/ (F(t+u—s)—Fi@t—$)F(Xp,)(s—)dM(s)
0

2\ 12
) d|7[(v)

t—vtu
/ F(Xo,)(s—)dM(s)
t

—v

by Doob’s inequality, boundedness of F and the fact that M is a Lévy square integrable martingale.
For the second term, we first extend 7 by r(s) = 7 (0) for s < 0 and compute

t+u
/ it +u—s)F(Xg,)(s—)dM(s)
t

t+u u
= / (/ dr'(t—s+v)+r'(t—s))F(X¢n)(s—)dM(s)
0

t
t+u

IA

/ dF(t — s + V) F(Xa,)(s—) dAM (s)| + |[F(0)F(Xg,) (1 =) AM (1))
0

t

IA

t+u u
/ fo L <s<i+u—2F(Xo,(s—)) di(z) dM (s)| + |F(0)|m
t

u tH+u—z
= / ( / F(Xg;n)(s—)dM(s))dr'(Z)
0 t

by applying stochastic Fubini theorem and because |AM| < 1. Hence, arguing as above, we obtain

+ |#(0) |m,

E sup

0<u<a

t+u
/ Ft+u—s)F(Xg,)(s—)dM(s)
t

< (TVj0.001)4m2 (EM (@)2) ' + | (0)|m.
Now the proof is complete. U

Proposition 5.7. Let Assumption 1 hold, and let ®,, be a uniformly bounded sequence of initial conditions. Then the
laws of (X¢,(t +5) — Xo,(t): s €[0,a]), t >0, n €N, are tight in D[0, ].

Proof. We use the same strategy as in [21], Proposition 4.3, and only need to show that

lim supsup]P’( sup |I"(t +u)| > K) — 0,

K=o n >0 “o<u<a

where

") = / Xo, (1 +v)e(dv)
[—e,0]

u

=/ x(u—i—v,(P,,),u(dv)—}—/ r(u—s)F(Xg,)(s—)dL(s).
[—a,0] 0
Since the first term is bounded in n and ¢t by Lemma 5.4, we infer the claim with the aid of Lemma 5.6. O

Now proving Theorem 5.1 is straightforward.
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Proof of Theorem 5.1. We have X¢,(t + ) = (Xo,(t + ) — Xon(1)1) + Xn(¢)1 for all + > 0, where 1(s) =1
for all s € [0, «]. Let ¢ > 0. By Proposition 5.7, there exists a compact set K C D0, «] such that P(Xg, (t 4 -) —
Xepn(t)1 € K)>1—¢/2 forall t >0 and n € N. By Lemma 5.5 there exists a bounded interval / C R such that
P(Xg,(t)el)>1—¢/2. Let K' :={o +cl: 0 € K, c € I}. Then P(Xg,(t + ) € K') > 1 — ¢. The set K’ has
compact closure in D[0, «], due to [3], Theorem 12.4. Indeed, as K is compact it satisfies conditions (12.25) and
(12.30) of [3]. Then K’ satisfies these conditions as well, hence it has compact closure by the same theorem. Thus,
{L(Xg,(t+-)): t>0,neN}is tight. O

6. A stability theorem

In this section we prove that @, — @ in D[—a, 0] w.r.t. dg in probability implies uniform convergence on compact
sets in probability of the corresponding solutions, under Assumption 1 and the following condition:

op—> ¢ inD[-a,0]lwrt.dg = /Q(F(x_(p)(t) — F(x_(pn)(t))2 dr — 0, (17)
0

where x_, (1) :=x(t) fort > 0and x_,(¢) := ¢(t) for —a <t <0, and likewise for x_, .
We need the following approximations of F:

FN)(@0) = F(x™) (1), where x" := (x AN) Vv (=N), forx € D[~a, 00),¢ >0, and N > 0.

Then FV is Lipschitz in the sense of [21], formula (2.5). Indeed, for x, y € D[—«a, c0) and t > 0 and N > 0, we have
that |x™ ()], |y ()| < N for all t > —a, hence by condition (1) of Definition 4.1 there is Ky such that

|FN () @) — F¥N (00| = [F(x™) @) — F(yV) @)

<Ky sup [xN()—yV(©)| <Ky sup |x(s) = y(s)|

sE[t—a,t] s€t—a,t]

for all ¢t > 0.
If (17) holds for F then it also holds for the approximations F¥, provided N > sup,, s lon ()| V |@(s)], since then
for any x € D[0, 00),

FN(x_g) = F(a_p)™) = F((xV) )

and the same holds for ¢,,.
We need the next lemma.

Lemma 6.1. Let L be a Lévy process with Lévy measure v and let T > 0. Then for each K > O there exist constants
b and o such that for each stopping time R with |AL®~| < K we have

2

T
uzv(du)> / EH (1)*dr

0

H/ H(s—)dLR (s)
0

52<b2T +202+2/
(_

H*[0,T] K.K)

for every predictable process H with fOT EH (t)?dt < co.

Proof. Let K > 0 and let R be a stopping time such that |AL®~| < K, and let H be a predictable process such that
fOT EH (1) dt < co. Consider the Lévy-Ito decomposition of L (see [1], Theorem 2.4.16),

L(t)=bt + 0 B(1) +/

uN(t, du) +/ uN(z, du)
(=K.K)

lu|>K



1138 1. Stojkovic and O. van Gaans

and set Lg (1) = L(t) = [}, x #N (¢, du). Then LR~ = LR, s0 we have

<2
H[0,T]

)

H[0,T]

f H(t)dL®~
0

f H(r)dL®~

f H(t—)dLg
0

H[0,T]

arguing as in [20], Proof of Theorem V.5. Denote

t
IH(t)=// uH )N dt, du),
0 J(—K,K)

where the integral is as defined in [1], Sectlon 4.2. Notice that Iy(¢) equals the usual stochastic integral of H
with respect to the Lévy process f( K.K) uN (t,du), as one can see from the construction of both integrals. Since

fo f (—K.K) E@wH@))2drv < 0o by assumption and Fubini, [1], Theorem 4.2.3, yields that /y is a square integrable
martingale and Ely (1) = f(_K’K) u?dv fo EH (1)*ds. Now

t t t
/H(s)dLK(s)zbf H(s)ds+0/ H(s)dB(s) + Iy (1),
0 0 0

where the first term is a process of bounded variation and the latter two terms are square integrable martingales. Hence
by a well-known identity for square integrable martingales (see [20], Corollary 3 to Theorem I1.27),

. 2 T 2
<2E(TV(b/ H(s)ds>> +2E<0/ H(s)dB(s)—i—IH(t))
H[0,T] 0 0

T T
§2b2T/ EH(x)2dt+402/ EH (t)* dt +4E(I(T)). .
0 0

/ H(s)dL(s)

Theorem 6.2. Let Assumption 1 and (17) hold. If ®, — @ in D[—a, 0] w.rt. dg in probability, then X¢, — Xo
uniformly on compact subintervals of [0, 00) in probability.

Proof. Write X = X4, X" = X, throughout this proof. Fix T > 0 and ¢ > 0.

Assume first that {®,,, @} is a uniformly bounded family. Hence Theorem 5.1 can be applied and (15) holds, so
that there exists Ny such that for N > Ny,

sup}P’(sup|X”(t)| > N) P(sup|X(t)| > N) <e.
t<T

t<T

Define stopping times 7" :=inf{zt: |X"(¢)| > No} and T := inf{¢: |X(¢)| > Np}. Then P(T" > T) > 1 — ¢ and
P(T* > T) > 1 — . Moreover,

n IAT" " t n .
(X)) = ®,(0) +/ / (X" (s + a)u(da) ds +/ F((X")" ) s dL™"(s)
0 [—a,0] 0
_ IAT" T — ! N, mT"— "
= @,(0) + (x")" (s +aypdayds + [ FY((x")" )= dLT" ().
0 [—,0] 0

So by uniqueness of solutions, (X ")Tn_ =(X ;IZO))TL, where X gZO) denotes the solution to Eq. (1) with F replaced
by FNo. Likewise, (X)T™~ = (X5'0)7™~ Since

sup| X" (1) — X (1)| < sup| X" (1) — X5 (1) + sup| X5 (1) — X5 ()| + sup| X3 (1) — X (1)),
t<T t<T t<T t<T
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we obtain for § > 0,
P(sup|X"(t) —X(0)| > 3) < IP’(sup|X"(t) — x> 5/3)
t<T t<T
+ P(sup|XgX0) 0)— X0 1)| > 5/3) + P(sup|xg"°) 0 —X1)|> 5/3)
t<T t<T
<P(T"<T)+ P(sup|Xg:°) ) — xM01)] > 5/3) +P(T™® <T)
t<T
= 2¢ +P(sup| Xo? () = X3V ()] > 8/3).
t<T

Hence in this special case there is no loss of generality by assuming that F is Lipschitz in the sense of [21], for-
mula (2.5).

Let R be a stopping time such that L®~ has bounded jumps, is a-sliceable for suitably small , and P(R > T) >
1 — & (see [20], Theorem V.5). Denote by Z and Z” the solutions of Eq. (1) with L replaced by L%~ and initial
condition @ and ®,,, respectively. By uniqueness of solutions, (Z7)®~ = (X")®~ and Z®~ = X®~. Hence for § > 0,

P( sup [X"(0) = X ()] =)

0<t<T

< ]P’( sup |X"(1)— X(1)| = 5 and R > T) +P(R <T)
OSIST

=P( sup |2'(0) ~ Z()| 2 8) +e/2.

0<t<T

so it suffices to show that Z" — Z uniformly on [0, T'] in probability. To show this we introduce some notation:

t t
Y'(t) = / / Z p(s+u)—7Z ¢,(s +u)u(du)ds + / (F(Z_q>) — F(Z_q)”))(s—) dLR= (s),
0 J[—a,0] 0

Gg" () 1=/[ O](Z_q),, (t +u) = (Z = U)_o,(t +u))pu(du),

H"(U)(1) := F(Z_a,)(1) = F((Z = U)_a,) (1),

t > 0. We obtain for U" := Z — Z" the equation

t t
U"(t):cp(O)—cp,,(O)+Y”(t)+/ Q"(U")(s)ds—l—/ H(U")(s—) dLE (s).
0 0

Lemma V.3.2 of [20] extended to two driving semimartingales yields [|[U” | s20.71 = Cll®0) — @,0) + Y| 52[0.7]

with a constant C > 0 depending on the process L%~ and the uniform bound for the Lipschitz constants of mappings
Vi f[—a,O] V o (-+uyu(du), Vi f[foz,()] V ¢, +uwp(du), V> F(V_¢) and V > F(V_g,). (Notice that this
bound is finite as F' is assumed to be Lipschitz and we assumed that @,,, @ is a uniformly bounded family. As @, — @
w.r.t. dg in probability, we have @, (0) — & (0) in probability, hence [|U"|| 20,71 0if | Y™ 20,71 0.)

Next we show ||[Y"|| $200,7] 0. Due to the continuous embedding of g 2[0, T] into §2[0, T1] (see [20], Theo-
rem V.2) and Lemma 6.1 this follows if

r 2
E/O ((/[ 0](Z_q>(t+u) - Z_q%(t—i—u))u(du)) + (F(Z_q;)(z) _ F(Z_q>n)(l))2)dt—> 0 as)
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as n — oo. By the boundedness of F and assumption (17) we have EfOT(F(Z_¢)(t) — F(Z_(pn)(t))z dt — 0 as
n — 0o. Moreover,

T 2
/ (/ Z( P+ —Z o, @+ u))u(du)) dr
0 [~a,0] —

T
= f (/ (@@t +u)— P (1 + u)),u(du)) (f (@t +v)—P@+ v))u(dv)) dr
0 [—«,0] [—a,0]

T
= / / / (D +u) — Dp(t + W) (D +v) — Pyt +v)) U —g,—p) (1)
[—a,0] /[—«,0] JO
X 1[—g,—1) (v) dr p(du) pe(dv).

This expression converges almost surely to zero and is bounded in n and w, as convergence in dg implies almost
everywhere convergence on [—«, 0] and the family &,,, @ is uniformly bounded. Hence (18) holds indeed, and we
proved the special case of uniformly bounded initial conditions.

For the general case, notice that since @, — @ w.r.t. dg in probability, the laws of @, converge weakly to the law
of @, and since (D[—«, 0], dg) is Polish we have by the Prohorov theorem that the family of laws of @,, @ is tight.
Hence for a ¢ > 0 there is a set K C D[—a, 0] compact w.r.t. dg such that P(®, € K, ® € K) > 1 —¢ forall n. As
convergence w.r.t. dg is implied by Skorohod convergence, K is also compact w.r.t. ds. Hence all the functions in K
are bounded by some finite constant C. Consider the truncated initial conditions @¢ and ®€ and let X" and X be
the solutions of Eq. (1) with these initial conditions. We have that P(®,, = Cbnc , @ =0C)>1—¢, and concentrating
P on the sets {®,, = cbnc } and {@ = @€}, with the aid of [20], Theorem IV.23, and the uniqueness of solutions we
conclude that

X"=X" as.on {d)n = <15nc}
X=X as.on{® =45C}.

Moreover, it is easy to check that chC — &€ wurt. dg in probability, so that be the special case above,
supg<;<7 | X" (1) — X(t)| — 0 in probability. Finally, for § > 0,

sup |X(1) — X"(1)] > 5/3)

<t<T

P( sup | X (1) — X"(1))| >5) 51@( sup | X (1) — X(0)| >5/3)+P(0

0=<t<T 0<t<T

+]P>< sup |X"(t) — X"(1))| >5/3)

0<t<T

<26+ IP( sup |X"(1) — X"(1)| > 5/3)
0<t<T

and the theorem has been proved. ]

Remark 6.3.

(1) By stopping X = X¢ appropriately, we can use similar techniques as before and prove Theorem 6.2 even if F is
not bounded, but merely having linear growth.

(2) Each of the conditions ‘®, — ® w.r.t. ds in probability’, ‘®, — ® w.rt. dg a.s. and ‘@, — ® w.rt. dg a.s. is
stronger than the condition of Theorem 6.2.

In the next corollary the use of dg instead of dg is essential; see [21], Section 3.3, for a counterexample with d.

Corollary 6.4. Let Assumption 1 and (17) hold. If @, — @ with respect to dg in probability, then X ¢, ; — X ; with
respect to dg in probability for every t > 0.
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Proof. If + > «, the assertion readily follows from Theorem 6.2. Consider 0 < t < «. Let A be an increas-
ing homeomorphism from [—f, 0] onto itself. Define p:[—f8,0] — [—8,0] by p(s) = s for s € [—1£,0], p(s) =
At +s) —t for s € [—a, —t), and affine on [—B, —a] with p(—B) = —B. Then p is an increasing homeomorphism,
SUPe[—p,01 10(8) — S| < supge[_g o 1A(s) — 5|, and

sup | Xa, (1 +5) — Xo (t + p(9))|

s€[—a,0]
< sup [D,t+5)— DA +5)|V sup |Xo,(t+5)—Xo@+s)|
se[—a,—t] se[—t,0]
Hence dg(X o, 1, Xo,1) <dg(®Py, ) + SUPseq0.a) [ X0, () — X (5)], and the proof follows. O

7. Markov and eventual Feller property and existence of invariant measure

Theorem 7.1. Let Assumption 1 and (17) hold. The segment process (X ¢ );>0 is a Markov process, the transition
operators Ps; defined by (11) map Bg(D[—a, 0]) into By(D[—«, 0]) and satisfy

Pu,t = Pu,s Px,t and Ps,t = PO,tfx
forall 0 <u < s <t. Moreover, the Markov semigroup (P;);>( defined by (12) is eventually Feller.

Proof. In this proof we endow D[—a, 0] with the metric dg. Recall that by Lemma 2.1 dg and ds generate the same
Borel o-algebra B(D[—«, 0]).

We begin by showing (10). Let 0 < u <t and B € B(D[—«, 0]). Observe that IB(X?((p,t—u) is measurable, as
X 3‘(45,[_” = Xg¢ (1), by (9). Let Cp, denote the space of bounded functions f:D[—«, 0] — R that are continuous
with respect to dg. Let f € Cp and let & be an F,-measurable random variable with values in D[—a, 0]. For a F;-
measurable random variable & with values in D[—«, 0], let A(§, w) := f(X g ,(w)). Let further A(p) :=EA(gp, -) for
¢ € D[—a, 0]. Assume first that

§=) alg (19)
i=1

with a; € D[—«,0] and C; € F,,, and C; mutually disjoint, | J; C; = §2, and P(C;) > 0 for all i. Then A(§, w) =
> i Aai, w)1c, (w) (as before we rescale P to C; and use [20], Theorem IV.23, and uniqueness of solutions), so

E[AE). ) Fu] =) 1¢EA(@, ) =Y Ala)lc = AE).

If £ is an arbitrary F,-measurable random variable with values in D[—a, 0], then there are &,, of the form (19)
such that dg (&, (@), §(w)) — 0 as m — oo for a.e. w (see [24], Proposition 1.1.9). Due to the continuity of f and
Corollary 6.4 we have A(&,,, -) —> A(&, -) in probability, so that

AEn) =E[AEn, ) Fu] = E[AE, ) Fu],

as f is bounded. Again by Corollary 6.4 we have A(g,) — A(p) whenever dg (¢, ¢) — 0, so that A(&,) — A(&)
a.s. Hence E[A(E, )| F,] = A(&) as.

Next let C be a closed subset of D[—«, 0] and choose f, € Cp such that f, | 1¢ pointwise. Let A,(w) :=
f,,(X(’;J(a))) and A(gp, ) = lc(X(’;,t(a))), we 2,and A, () =EA, (¢, ) and A(p) =EA(g, ), ¢ € D[—a, 0]. Then
A, | Aand A, | A pointwise, so

E[A(€,)1F] = lim E[A,¢ )1F] = lim A,@©) =AE) as.

By a monotone class argument we can extend the above identity to any C € B(D[—«, 0]), that is, we have proved (10).
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We show that Ps ; maps By (D[—a, 0]) into By (D[—«, 0]). Indeed, if f € Cp, then Corollary 6.4 yields that Ps ; f €
Cp. If C is a closed subset of D[—«, 0], then there are f,, € Cj, such that f,, | 1¢ pointwise and then P, f,, | Ps1c
pointwise, so Ps1c € Bp(D[—c, 0]). By a monotone class argument we obtain Ps;1c € By(D[—«a,0]) for any
F € B(D[—«, 0]) and then it follows that P, f € B,(D[—«, 0]) for any f € By(D[—a, 0]).

The Markov property (10) yields for 0 <u <s <t that

P f(0) =Ef(Xy,_,) =EE[f (X}, .)IF])
=EE[f(Xyu ) =EES (X ,-)lxs=y)
- Pu,sR?,tf(¢)~
By uniqueness in law [14], Section IX.6¢, we have that (X(';},,)zzo has the same law as (X ;);>0 for each u > 0, since
L" and L have the same law. Hence Ps; = Pp ;—s.
Finally, we establish that (P;), is eventually Feller. By Proposition 6.2 we have that for each t > «, ¢, — ¢ in

D[—a, 0] implies X, ; = Xo.; in D[—a, 0] in probability, so P; f (¢,) — P; f(¢), hence (13) holds. Property (14)
has already been shown. U

Remark 7.2. The condition (17) is rather mild as the following examples show:

(1) Let p be a finite signed Borel measure on [—a, 0] and let f be a locally Lipschitz function on R with linear
growth. Define

F(x)(1) :=f(/ x(t+v)p(dv)>, 120,
[~,0]
F(x)(t):=0, —a=<t=0,

x € D[—a, 00). Then if ¢, — ¢ in D[—«, 0] and x € D[0, 00),

[ () = Pl o)) a

o 2
:/ <f(/ x_(p,l(t—l—v)p(dv)) —f(/ x_¢(t+v)p(dv))) dr
0 [—a,0] [—a.0]

“ 2
< C/ (/ (X_q)n (t+v)—x o(t+ U))p(dv)) dr
0 [—a,0]
= C/ </ (x_(/)n (t + U) - -x_(/?(t + U));O(dv)> (/ (-x_<ﬂn (t + M) - x_(p (t + M))p(du)) d[
0 [—a,0] )
) C/O /[ 0l /l. Ol(wn(t +0) =@t +0)(@n( + 1) = @ + 1) Luc—ily<—rp (i) p(dv) dt

for some C depending only on f, x, p and (¢,), where the latter equality follows by Fubini theorem and the fact
that x_y, (t + w) =x_y(t + w) whenever t + w > 0. Now by the Fubini theorem and dominated convergence F
satisfies (17) for each x € DI0, 00).

Moreover, F is lolidet: fort > 0 and x, y € D[—a, 00) such that Sup(j_q 11X ()| V [y(s)| < n we have

V x(t+v)p(dv)], ‘/ y(t+v)p(dv)| <n|p|.
[—«,0] [—a,0]
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Hence as f is locally Lipschitz there is a C,, > 0 such that
/ (x(t +v) — y(t + v)) p(dv)
—«,0]

(2 +v) — y(t +v).
]

|F(x)(1) = F)(@)| < Ca

< Culp| sup

ve[—a,0

Since f has linear growth, it follows that F is lolidet.
However, F need not be Lipschitz in the sense of [21], formula (2.5), if f is not Lipschitz. To see this, take

f(t) =sin(t?), p the Lebesgue measure on [—a, 0], and evaluate F(x,)(t) = sin(a?n?), where x,, = n.
, pa signed Borel measures on [—a, 0] and f a locally Lipschitz on R?. In particular,

(2) Likewise we can take py, ...
we may take for F' combinations of finitely many point evaluations.
As above, F is lolidet but need not be Lipschitz in the sense of [21], formula (2.5).

(3) Let f be alocally Lipschitz function on R. Let for x € D[—a, 00),

F(x)(t)::f( sup |x(s)|> fort >0,

—a<s<t

Fx)(t):=0 for —a<t<O.

Then if ¢, — ¢ in D[—«, 0], for x € DI0, 00),

sup

/(F(x_(pn)(t)—F(x_(p)(t))zdth/(
0 0 “M—ass<

for some C depending only on f, x, and (¢,), hence by bounded convergence the last expression above will tend

(20)

|x_g, ()| — sup ’x_(ﬂ(s)]) dt
t t—a<s<t

to zero if for a.e. t € [0, o]

sup |x_g, ()| = sup |x_g(s)| = 0.
t—a<s<t t—a<s<t
Let us show that (20) holds for t such that ¢ is continuous at t — «. Let (A,) be a sequence of increasing homeo-

morphisms on [—a, 0] such that || ¢, — ¢ 0 Aylleo + 1A — Illoo = 0. Then

sup |<p,,(s)‘— sup |(p(s)|‘

t—a<s<0 t—a<s<0

5‘ sup |ga(s)| — sup |(po)»n(s)”+‘ sup |pory(s)|— sup |<p(s)|‘.
t—a<s<0 t—a<s<0 t—a<s<0

t—a<s<0
The first term converges to 0 as ||¢n — ¢ © Aylleo. For the second term, let ¢ > 0 and let § > 0 be such that
t—a—8<s<t—oa+8implies p(t —a) —e < @(s) <@t —a) + €. Fix N such that |A, — I ||co < 8 for all

n> N.Then

t—a<s<0

sup  |e(s)| < sup O|</>(s)|§ sup |o(s)|+e

I(t—a)<s<0 t—a—8<s<

sup [ o hy(s)| =

t—a<s<0

and

’

o)< sup (s

sup
I (t—a)<s<0

sup |<p(s)| —2e <
t—a<s<0 t—a+5<s=<0
so that the second term is less than 2e whenever n > N. Now since SUp;_y,<s<; 1X_o(S)| = Sup; _, <5< l0(s)| vV

SUPg<s<; [X(8)| and the same with ¢,, (20) holds if ¢ is continuous at t — a. Hence F satisfies (17) for each

x € D[0, 00).
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If x,y € D[—a, 00) are bounded by n on [t — a, t], then | supy,_g, 1 [x(s)| — supy_q 1 |y($)|| < n, so by the
assumption on f there is a C,, > 0 such that

|[FX)@) = F(»)@®)| < Ca

sup ‘x(s)|— sup |y(s)|’.
[t—a,t] [t—a,t]

As Supse[t—oz,t] |X(S)| = Supse[l—a,t] Ix(s) - }’(S)| + Supse[t—a,t] |y(s)|, we  obtain by symmetry
| SUPserr—a.r1 X ()| — SUPserr—g.r) YOI < SUPse—q. 1 X () — Y(s)|. Since f has linear growth, it follows that
F is lolidet. Again, F need not be Lipschitz in the sense of [21], formula (2.5), if f is not Lipschitz, as we see by
taking f(t) = sin(t?) and evaluating F on the sequence x,, = n.

(4) Similar arguments as in (3) can be given for functionals like f(sup,_,s<,x(s)), f(inf;_g<s<;x(s)) and
S(nfr_g <5< |x(5)]).

Notice that all functionals F in the previous remark are autonomous in the sense of Definition 4.4. If f is bounded,
then F satisfies all conditions of Assumption 1 and (17).

Finally, we consider existence of an invariant measure. Denote by P the set of Borel probability measures on
D[—«, 0] endowed with the topology o f weak convergence of measures. Let Bj; denote the space of all real val-
ued bounded Borel functions on D[—a, 0] and denote (¢, f) = [ fd¢, f € By, ¢ € P. The adjoint of the Markov
semigroup defined in (12) is given by

(PF¢, fY=(¢, Pif), [eByteP.
A measure n € P is called an invariant measure for (1) if
Pin=n forallt>0.

If 7 is the distribution of an initial segment @, then P/n is the distribution of the segment X; ¢. Therefore if @ is
an Jp-measurable random variable with values in D[—«, 0] whose law is an invariant measure, the segment process
corresponding to the solution X of (1) with initial condition @ is constant in law. In this case the solution X itself is
also constant in law.

Theorem 7.3. Grant Assumption 1 and assume that (17) holds for every x € D[0, 00). Then Eq. (1) has an invariant
measure.

Proof. It follows from Theorem 7.1 that P, maps Cp = Cp(D[—a,0]) into Cp for t > « and that t — P/¢ is a
continuous map from [«, co) to P. Moreover, PS*+l = P} P/ forall s,z > 0. Theorem 5.1 yields that the set { P;*¢: t >
o} is tight, where, for instance, ¢ is the distribution of the initial condition ¢ = 0.

Next, proceeding as in [21], Section 4.2, the invariant measure 7 is obtained by means of the Krylov—Bogoliubov
method. U

Example 7.4. Let us illustrate by means of an example how transformation of an equation with unbounded globally
Lipschitz coefficients may lead to an equation with bounded coefficients that are locally but not globally Lipschitz.
Consider the equation

dX(t) = —ax@)dt + f( X)) dr + g(X;)dW (), >0,

where a > 0, @ > 0, and f, g: D[—«a, 0] — R are Lipschitz with respect to || - ||so and continuous with respect to the
Skorohod metric dg and such that

lfO|V]gw|<C(1+]|y©]) forallye D[—e,0]

for some C >0 and 0 < r < 1. The process W is a real valued Wiener process. With a sufficiently smooth strictly
increasing ¢ : R — R such that

¢ (x) =sgn(x)|x[* forlarge |x|
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for some 0 <s < 1 —r, the process
Y () =¢(X (1))
satisfies
dY (1) = —asY () dt + f(¥,)dr + $(¥Y)dW (1),
due to Ito’s formula. The coefficients f and g are given by
) =asy© —as¢/ (¢~ (@)™ (y©) +¢' (6~ (y®)) f(t = ¢~ (y®)))
+ %W(d)‘l(y(o)))g(t =0~ ()’
EN=¢'(¢""'(v))e(t o~ (v®))
fory € D[—«, 0]. A computation reveals that fand g are bounded. Indeed, choose R > 1 such that ¢ (x) = sgn(x)|x|*

for |x| = R'/S. Then ¢/ (¢~ ' ()¢~ (x) = sx, |/ (@~ ()| = slx|'™1/*, and |¢" (@~ (x)] = s(1 = 9)|x|'=/* for

|x| > R, so that

6/ (07 @) | (1+ 1xI7%) <25 and |¢"(¢7" )| (1 + |x"*)* < 4s(1 —s)

for |x| > R and therefore
|| < |asy(©) —a¢' (67" (@)~ (yO)| + C|¢' (¢~ (@) |(1+ |6~ (»y©)]")
l r
+5C18" (@7 @) (1 + o @))’

< Mv2C(s+s(1 —s))
forall y € D[—«, 0], where

M = sup |asx —a¢' (¢~ ()¢~ ()| + C|¢ (¢~ )| (1 + |7  0)]")

x|<R
+3Cl9 (@ @)1+ o~ ),
and, similarly,
|| <MV 2s forally € D[—a,0].

It easily follows from the local Lipschitz continuity of f, g, ¢, ¢" and ¢~ that f and g are locally Lipschitz
continuous. Since ¢~ is not Lipschitz, f and g need not be globally Lipschitz, even if f and g are globally Lipschitz.
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