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An integral criterion for the existence of an invariant measure of an It6 process is developed. This new crite-
rion is based on the probabilistic symbol of the It6 process. In contrast to the standard integral criterion for
invariant measures of Markov processes based on the generator, no test functions and hence no information
on the domain of the generator is needed.
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1. Introduction

Consider (2, F, (F1)1>0, (X1)1=0,P*), cgre to be a Feller process on RY with semigroup (77)s>0
on C()(Rd), that is,

T, f(x) = /Hé POy =EX[F 0],

where wu;(x,dy) = P*(X; € dy) = P(X; € dy|Xo = x) are the transition probabilities and
Co(R?) are the continuous, real-valued functions on R? vanishing at infinity. Then the infinites-
imal generator A of X is defined by

T, —
Af =lim M
t—0 t
for all functions f in the domain of A, that is, all f in
Lif—f
t

t—

D(A) = {f € Co(Rd), lin%) exists in || - ||oo}.

It is known (see, e.g., [17], Theorem 3.37) that a probability measure @ on R? is invariant (or
stationary) for the Feller process X with semigroup (7} );>0, meaning that

f T, £ () da () = f F@ ). VfeCoRY).1 20,
R4 R4
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if and only if

/Rd Af(x)pdx) =0 (1.1)

holds for all f in a core of the generator .A.

In the special case that X is a rich Feller process, that is, a Feller process with the property that
the test functions CZ° (R?Y are contained in the domain D(A) of the generator, this generator is
a pseudo-differential operator with negative definite symbol p(x, &)

Af@) =~ /R DG 6) f (&) ds (1.2)

forall f € C2° (RY) (see, e.g., [7], Definition 2.25 and Corollary 2.23). Hereby the superscript «’”
denotes the transpose of a vector, f (y) = 2m)~¢ fRd e~y f(x)dx denotes the Fourier trans-
form of f and CZ° (R9) is the space of infinitely often continuously differentiable functions on
R4 with compact support. Thus in this case, equations (1.1) and (1.2) together yield that if u is
an invariant law for X, then for all f in C2° (R?) one has

A;d A e px, §) f(€) dgu(dx) =0. W)

Conversely, if (1.3) holds for all f in a core D C CSO(R‘J )N D(A) of A, then u is an invariant
law for X.
Further, formally applying Fubini’s theorem on equation (1.3) leads to

/R ) e™é p(x, £)u(dx) =0, for A-almost all £ € RY, (1.4)

where A denotes the Lebesgue measure. Observe that (1.4) is an equation directly relating the
symbol to the invariant law and does not involve any test functions. This is a big advantage for
application of (1.4) compared to (1.1) where we started from.

As a trivial example of application, consider L to be a Lévy process, that is, we have
p(x, &) = ¥ (&) where {1 denotes the Lévy—Khintchine exponent of L. Then (1.4) is equiv-
alent to V1 (§)¢,(§) = 0 where ¢, denotes the characteristic function of w. Since this char-
acteristic function is continuous and takes the value 1 at O this yields that {7 (§) = 0 for £ in
some neighborhood of 0 which implies that ¥z (§) = 0 for all £ (cf. [22], Lemma 13.9). Hence,
L; = 0. Indeed the zero process is the only Lévy process which admits an invariant law (cf. [22],
Exercise 19.6). On the contrary, for the zero process (1.4) follows immediately.

Instead of making the above computations rigorous in the case of rich Feller processes, in this
paper we will consider a wider class of processes. Therefore recall that in the case of general
Markov processes, necessity of equation (1.1) for x to be invariant is still given. For example,
[11], Proposition 9.2, states that if a distribution u is invariant for a Markov process X then (1.1)
holds for all f in the domain of the generator of X. Remark that one part of the literature on
Markov processes (and so [11]) defines the generator on functions with bounded support, that is,
in Cp(RY) D Co(R?) which does not fit into the setting we described above and which we will
use throughout this paper.
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For the converse direction in the Markovian setting, that is, to show sufficiency of (1.1) for
W to be invariant, further assumptions on the generator are needed as discussed for example, in
[10] and [5]. This is the reason why sometimes (e.g., in [1]) a probability measure u is called
infinitesimal invariant for a given generator and domain, if and only if (1.1) is fulfilled for all f
in the domain of the generator.

General Markov processes do not necessarily have an associated symbol. Hence in this paper,
we restrict ourselves to Itd processes as they are defined below (Definition 2.2). This class in-
cludes the rich Feller processes, but is much more general. For these 1t6 processes, we derive the
relation between the symbol of an Itd process as defined below and its invariant law. In particu-
lar, our aim is to show in as much generality as possible, that for an It6 process X with symbol
p(x, &) equation (1.4) holds if (and only if) u is an (infinitesimal) invariant law for X.

The paper is outlined as follows. In Section 2, we recall the necessary definitions of Itd pro-
cesses and symbols as they will be used throughout this paper. Section 3 then shows necessity of
(1.4) for p to be an invariant law for a wide class of Itd processes. Several examples are given
and some special cases are studied. Sufficiency of (1.4) for u to be infinitesimal invariant is then
treated in Section 4 and again it is illustrated by special cases. Some rather technical proofs for
results in Section 3 have been postponed to the closing Section 5.

2. Preliminaries

In 1998, Jacob came up with the idea to use a probabilistic approach in order to calculate the
so-called symbol of a stochastic process [14]. This probabilistic formula was generalized in the
same year to rich Feller processes by Schilling [23]. Let us recall the definition.

Definition 2.1. Let (X;);>0 be a Markov process in R?. Define for every x, & € R? and t > 0 the
quantity

ExelXi—0)'s _

re(x, 1) = ————.
t

We call p:R¢ x R? — C given by

ExeiXi—0)'s _

) :=_1 :1 )\ 1t 2'1
p(x, &) ;lﬁ)l zﬂn& g(x,1) 2.1

t

the probabilistic symbol of X if the limit exists for every x, &.

For rich Feller processes satisfying the growth condition

sup [p(x, ©)| <c(1+1E1%),  &eR?, (2.2)
xeRd
for || - || denoting an arbitrary submultiplicative norm, the probabilistic symbol and the symbol in

equation (1.2) coincide. This is why we use the letter p and call the new object again “symbol”.
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Remark that (2.2) is a standard condition in this context. We refer to [7] for a comprehensive
overview on Feller processes and their symbol.

The class of rich Feller processes includes Lévy processes as special case. For these, the sym-
bol only depends on & and coincides with the Lévy exponent, that is,

i 1 s .
P, ) =) = —logE[e"1] = —it' + &' 0¢ — /R S =T =iy Ly )N @),

where (L;);>0 is a Lévy process with characteristic triplet (£, Q, N). For details on Lévy pro-
cesses in particular, we refer to [22].

On the other hand, every rich Feller process is an Itd process (cf. [26], Theorem 3.9) in the
following sense. It is this class we are dealing with in the present paper.

Definition 2.2. An 1t6 process is a strong Markov process, which is a semimartingale w.r.t. every
P* having semimartingale characteristics of the form

. t .
B}”(a)):fo D (Xy@)ds,  j=1,....d

. t .
Cth(a))zf Q]k(Xs(a)))ds, jk=1,...,d 2.3)
0
v(w; ds,dy) = N(XS (w), dy) ds

for every x € R? with respect to a fixed cut-off function x. Here, £(x) = (D (x), ..., 0D (x))
is a vector in R?, Q(x) is a positive semi-definite matrix and N is a Borel transition kernel such
that N(x,{0}) =0. Wecall ¢, Q andn := fwéo(l AlIYII?)N (-, dy) the differential characteristics
of the process.

Usually we will have to impose the following condition on the differential characteristics of
1td processes.

Definition 2.3. Let X be a Markov process and f:R? — R be a Borel-measurable function.
Then f is called X-finely continuous (or finely continuous, for short) if the function

1> f(X)=foX; (2.4)
is right continuous at zero P*-a.s. for every x € RY.

Remark 2.4. Fine continuity is usually introduced in a different way (see [6], Section 1.4,
and [12]). However, by [6], Theorem 4.8, this is equivalent to (2.4). It is this kind of right con-
tinuity which we will use in our proofs. Let us mention that this assumption is very weak, even
weaker than ordinary continuity.

In [8], the class of Itd processes in the sense of Definition 2.2 has been characterized as the set
of solutions of very general SDEs. In particular, as mentioned already, the class of Itd processes
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contains the class of rich Feller processes. The following example (cf. [25], Example 5.2) shows
that this inclusion is strict: The process

X' =

p 0 under P* for x =0, t>0,

{x —t under P* for x <0,
x4+t under P* for x > 0,

is an It6 process with bounded and finely continuous differential characteristics which is not
Feller.

For It6 processes, we can compute the probabilistic symbol. In particular, we even have the
following connection of probabilistic symbol and generator.

Lemma 2.5. If the test functions C2° (RY) are contained in the domain D(A) of the generator
A of an Itd process X, the representation (1.2) holds for every f € C° (RY), where p(x, &) is
the probabilistic symbol.

Proof. An operator A with domain D(A) is called the extended generator of X, if D(A) consists
of those Borel measurable functions f for which there exists a (B89)*-measurable function A f
such that the process

t
M/ = f(Xt)_f(XO)_/O Af(Xg)ds

is a local martingale (cf. [9], Definition 7.1). Here, (B%)* denotes as usuil the un_iversally mea-
surable sets (see, e.g., [6], Section 0.1). We have CSO(Rd) Cc D(A) c D(A) and A|(D(A) =A
by Dynkin’s formula. By [9], Theorem 7.16, we obtain that

— . 1 .
—Af0) == WD fx) =5 Y7 07Dk f ()

j=d Jjk=d

— | e+ —f@—x»Y_yVD;fE)N(, dy)

y#0 j<d
= / e p(x, &) &) de
R4
for every f € C?o(Rd) which is (1.2). [l

To end this section, let us also mention that there exists a formula to calculate the symbol even
for the wider class of homogeneous diffusions with jumps in the sense of [15] (cf. [27], Theo-
rem 3.6). However, this formula uses stopping times and can not be used in our considerations. In
the proof of Theorem 3.3 below, we have to use the classical version of the probabilistic symbol
presented above.

For the even wider class of Hunt semimartingales, the limit (2.1) is not defined and hence the
symbol does not exist any more (cf. [19]).
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3. Necessity
We start by showing the necessity of (1.4) for x to be an invariant law.

Theorem 3.1. Let (X;);>0 be an It process with generator A whose domain D(A) contains the
test functions CZ° (R?) and with symbol p(x, ). Assume  is an invariant measure for X such
that fRd |p(x,&)|n(dx) < oco. Then

/ e p(r. )u(dx) =0 V& eR”
R4
Proof. It is well known, that for an invariant measure it holds
/ Af(x)udx)=0 for all f € D(A).
R4

By Lemma 2.5, the generator A admits the representation (1.2) for all f € C2° (R?). Hence using
Fubini’s theorem, we obtain for all f € C2° (RY)

0= / Afp(dx) = — / / e p(x, £) £(&) dEp(dx)
R4 R4 JRA

=— / fe& / e p(x, £)u(dr) de.
]Rd ]Rd

This yields that for A-a.a. & it holds fRd eix,gp(x, &)u(dx) = 0. Since by hypothesis p(x, &) is
absolutely integrable with respect to u, its Fourier transform with respect to @ is continuous.
This gives the claim. ]

Example 3.2. Let (X;);>0 be a generalized Ornstein—Uhlenbeck process, defined as the unique
solution of

dXt:Xt_dUt+st, tzO,

for two independent Lévy processes (U;);>0 and (L;);>0. It has been shown in [3], Theorem 3.1,
that X is a Feller process, that the domain of its generator contains C2°(RR) and that C2°(R) is a
core for the generator.

Further it follows from the results in [24] that the symbol of X is given by

p(x,8) =vyuy &) +vL), x.§eR.

Assume g is a probability measure on R such that f x2u(dx) < co. Then due to the specific
form of the symbol fRd |p(x,&)|u(dx) < oo is automatically fulfilled. Hence, we see from The-
orem 3.1 that

fRei"Ewu (x&)p(dx) = =YL (§)du(8) (3.1
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is a necessary condition for u to be invariant for X. Remark that equation (3.1) has also been
obtained in [3], Theorem 4.1.

In general, we have only little or no information on the domain of the generator of an It
process which makes the above theorem inapplicable. We will see in the following, that it is
possible to obtain similar results without any information on the domain of the generator by
using the probabilistic definition of the symbol directly. The first case we consider is the Itd
process with bounded and finely continuous differential characteristics. Examples include Feller
processes satisfying the growth condition (2.2). Although the boundedness assumption seems to
be rather restrictive, this class of processes already contains various interesting examples, which
are used in stochastic modeling and mathematical statistics (see, e.g., Example 3.5 below).

Theorem 3.3. Let (X;);>0 be an R9-valued Ito process with bounded, finely continuous differ-

ential characteristics which admits an invariant law @ and whose symbol is given by p(x, &),
x,& €RY. Then

/eiX’fp(x,s)u(dx)=0 forall £ e RY,
]Rd

For the proof of Theorem 3.3, we need the following lemma, which also shows the form of the
symbol in the given setting.

Lemma 3.4. Let (X;);>0 be an R?-valued 1t6 process with bounded, finely continuous differen-
tial characteristics. For every &€ € R? the limit

Rrei(Xi—0'E _ |

€)= —1i = limAg (x, ¢
p(x, &) tlﬁ)l ,T& e(x,1)

t

exists and the functions Ag are globally bounded in x (and t) for every & € RY. As the limit, we
obtain

1 -
p(x,§) = —il(x)'E + ES/Q(X)é - /?éo(elyé —1 =iy x(»)N(x,dy). (3.2)
v

The proof of Lemma 3.4 is postponed to Section 5.

Proof of Theorem 3.3. Let X, be a random variable such that 4 = £(X ) where “L” stands
for “law of”. Then using Lemma 3.4, we obtain by Lebesgue’s dominated convergence theorem

ix'& _ ix'& 1 X ei(X,—x)’f —1
e p(x, HHudx)=— [ e limE" | ——— |u(dx)
R4 R4 t

t—0

1 L H !
=—lim- [ " E [XE — 1]u(dx),
t=>01 Jrd
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with

/ eI [ — 1]y = / B[ Jpu(d) - / ¢ ()

R4 R4 R4

= /d E[eX7 | X0 = x]pe(dx) — E[eX>5]
R
— E[eix’ms] _ E[eixgog]
=0. ]

The following example is taken from [16], Section 5.7. It is derived by a transformation from
a classical example due to Barndorff-Nielsen [2].

Example 3.5. Let (X;);>0 be the unique solution of the SDE
dXth(Xt)dt+U(Xt)th, IZO,

with X¢ = xo, a standard Brownian motion (W;);>0,

2 ) sinh(x) ¢

bx)=- (ﬁ + 2cosh(x) / cosh?(x) and o(x) = cosh(x)’

where 9, ¢ > 0. For xo € R the scale density and the speed density of X are then given by

s(x) = exp<—2/x b(w) du) and m(x):= !

, 02(x) o2 (x)s(x)’

Since [ s(x)dx = oo while M := [m(x)dx < oo, we are in the setting of [16], Section 5.2.
There, the authors restate the well-known fact that the unique stationary distribution of the pro-
cess X in this case admits the density

By our above result, this means
/eixf(|a(x)|2|§|2 — ib(x)€)m(x)dx =0
since p(x,&) = |c7(x)|2|é|2 — 1b(x)& is the symbol of X by [24], Theorem 3.1.

3.1. Lévy driven SDEs

In general, we can not drop the boundedness assumption on the differential characteristics which
we have used in Theorem 3.3. This assumption corresponds to bounded coefficients of the SDEs
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whose solutions are the considered It6 processes. However, in some cases we are able to gen-
eralize our result as shown in the following proposition where a linearly growing coefficient is
allowed. Another possible extension of Theorem 3.3 will be stated in Proposition 3.12 below.

Proposition 3.6. Let (X;):>0 be the unique solution of the SDE
dX,:—aX,dt—i—dD(Xf,)dL,, tzO,

where a € R, @ :RY — RI*" is bounded and locally Lipschitz continuous and (L;);>0 is a Lévy
process in R" satisfying E||L1| < oo. Then X is an Ité process and for every & € R the limit
p(x, &) =lim, 0 Ae (x, 1) exists and the functions Ag are globally bounded in x (and t) for every
£ € RY. Furthermore if (1 is an invariant law of X, then

fRd eix/gp(x,é),u(dx)szd eV (Y (P (x)E) +iax'e)u(dx) =0 forall § € RY.

The proof of Proposition 3.6 is postponed to Section 5.

Remarks 3.7.

(i) The structure of the symbol in Proposition 3.6 is not surprising. It is exactly what one
would get for the generalized symbol which uses stopping times (see [27], Theorem 3.6).
However, it is important to see that for the classic probabilistic symbol, as we have to use
it in our context, the convergence of the A¢ (x, ¢) is uniform.

(i) The class of Itd processes studied in the above proposition is a subset of the class of
solutions of delay equations for which stationarity was treated in [21]. Remark that even
in their general paper, the authors have to impose the boundedness condition on @ ([21],
Assumption 4.1(c)).

(iii) Although the assumption of L having a finite first moment seems very restrictive, it can-
not be released.
As an example consider the Lévy-driven Ornstein—Uhlenbeck (OU) process

X, =e M <X0+f e dLX>, t>0,
0,7]

for A > 0 and a symmetric a-stable, real-valued Lévy process (L;);>0, & € [1, 2]. Then
(X1)r>0 solves the SDE dX; = —AX;_ dr + dL, and by results in [24] its symbol is given
by

p(x,§) =irxé + Y (§) =idx§ + [E]%

Since L is a-stable, we have E|Li|" < oo if and only if r < «. Hence in particular
ElogJr |L1| < oo, such that by [18], Theorem 2.1, the process (X;);>o admits a sta-
tionary solution with distribution £(X,). By [4], Theorem 3.1, it further follows that
E|X|" < oo forall r < o and — as it was already remarked in [4] — this result is sharp.
Hence £(Xoo) does not necessarily have a finite oth moment and the integral (1.4) does
not necessarily exist.
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In [1], the authors studied the absolutely continuous invariant measures of solutions of SDEs
of the form

dXt = 2(11 dW,—l—,B(Xt)dt—l—ade,, t ZO, (33)

for suitable coefficients, a standard Brownian motion (W;);>¢ and a pure-jump process (Z;);>0
with stable (type) Lévy measure.

For such SDEs with additive Lévy noise, we obtain the following proposition whose proof can
be found in Section 5. Remark that this proposition would follow directly from Proposition 3.6,
if we imposed E||L1|| < oo and E||Z1]| < oo.

Proposition 3.8. Let (X;);>0 be the unique solution of the SDE
dX; =bdZ; + ®(X;-)dL,, t>0,

where (L;);>0 and (Z;);>0 are independent Lévy processes which are n- respectively d-
dimensional, b € R and ®:R? — R¥*" s bounded and locally Lipschitz. Then X is an Ito
process, for every & € R? the limit p(x, &) = lim; o Mg (x, t) exists and the functions Ag are glob-
ally bounded in x (and 1) for every &€ € R. Furthermore if 11 is an invariant law of X, then

/R e Hpu(dn) = [R e YL(@0)E) + Yz (BE)udx) =0 forall § €RY.

Further, restricting to the class of processes whose absolutely continuous invariant measures
have been studied in [1], we obtain the following corollary.

Corollary 3.9. Let (X;);>0 be the unique solution of the SDE (3.3) where ay, az > 0, a1 +a > 0,
B:R? — R? is Borel measurable, locally Lipschitz, bounded and its Fourier transform exists,
(Wi)i=o is an R -valued standard Brownian motion, and (Zt)i>0 is an RY-valued pure-jump
process with Lévy measure vy (dy) = |y|~ @+ dy, for a € (0, 2).

Assume u(dx) = p(x) dx is invariant for X. Then

(a11€ — arca|€1%)p(€) +i€"- Bp(€) =0, £ €RY, (3.4)

where ¢y = fRd\{O} (cos(u'y) — Dy (dy) for u some unit vector in R? and | - | denotes the eu-

clidean norm in RY.

Proof. Let u(dx) = p(x)dx be invariant for X. Since 8 is bounded and locally Lipschitz, and
Z and W only act additively, we can apply Proposition 3.8 in the given setting and obtain that

0= / ¢ p(x, £)p(x) dx
Rd
_ /1; (B +ar g — ) p(x) dy

= —i¢’ f e B (x) dx + (a1 €I — axcalE[%) / e p(x) dx.
R4 Rd
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Substituting £ by —& we further observe that this is equivalent to
0=i&'Bp(§) + (a1 | — arcal§1)A(€)

which is (3.4). O

Remark 3.10. In [1], Proposition 3.1, an invariance condition for the type of process considered
in Corollary 3.9 is given. Unfortunately, in their computations, the authors missed to use complex
conjugates when applying Parseval’s identity, resulting in a wrong sign ([1], between equations
(3.4) and (3.5)). The (corrected) condition stated there is then automatically fulfilled if (3.4)
holds.

Another interesting class of processes in our setting are processes with factorizing symbol as
they appear in the following corollary.

Corollary 3.11. Let (X;);>0 be the unique solution of the SDE

Xm:cD(Xt_)st, IZO,
where ®:R — R is bounded and locally Lipschitz continuous and (L;);>0 is a symmetric o-
stable, real-valued Lévy process, a € (0, 1).

Assume X has an absolutely continuous invariant law pu(dx) = p(x)dx. Then ®(x)p(x) =0
for A-a.a. x.

Proof. We know from Proposition 3.6 that the symbol of X is given by p(x, &) = |D(x)|*|&]“.
Suppose now that X had an invariant law @ (dx) = p(x) dx. By our above results this yields

0=fe'”‘ép<x,s>u(dx> = |s|°‘fe”‘f|<1>(x>|"‘p(x)dx V£ €R.

Thus, f(§):= fei)“t |®(x)]|%p (x)dx = 0 for & non-zero. Since & was assumed to be bounded,
the product |®(x)|*p(x) < C - p(x) is integrable. Hence, its Fourier transform is in Cy. Thus,
f(0) =0 which gives the claim. (]

3.2. Diffusions

In case of a Brownian motion as driving process instead of a general Lévy process, we can even
drop the boundedness condition on the coefficient ®.

Proposition 3.12. Let (X;);>0 be the unique solution of the SDE

dX,:—aX,dl‘—i—CD(Xz)sz, tzo’
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where (W;);>0 is an n-dimensional standard Brownian motion, a € R and @ :RY — RI*N g
continuously differentiable with bounded derivative. Then X is an Itd process, for every & € R¢
the limit p(x,&) =1lim; o Ag (x, t) exists and the functions Lg are globally bounded in x (and t)
for every € € R?. Furthermore if w is an invariant law for X, then

/ ™8 p(x, £)(dx) :/ eE (|0 () E| +iaxE)u(dx) =0 forall § € RY.
R4 R4
We postpone the proof of this proposition to Section 5.
Example 3.13. Consider the Ornstein—Uhlenbeck (OU) process driven by a one-dimensional,

standard Brownian motion (W;);>¢ with parameters A > 0, o > 0 and starting random variable
Xo, independent of (W;);>0, which is given by

X, =e M <X0 +/ Mo dWs>, t>0.
©O,1]

This process is a special case of the generalized OU process introduced in Example 3.2. In
particular, X solves the SDE dX; = —AX,_dr + o dW; such that we can now obtain directly
from Proposition 3.12 that the symbol of the OU process is

p(x, &) = irxé + |0k

It is well known that X admits a stationary distribution u = £(X ) which is normal with mean
2
0 and variance -. Using the symbol and this stationary distribution yields

/ e p(x, E)u(dx) = AEE[iXooe %] 4 022 E[¥X>F]
R

= MPy_(E) + 08 Py ()

2 2
g2 2 0 242 )
e (- 27) e~ 28
=0

so that equation (1.4) is fulfilled.

Example 3.14. Let (X;):>0 be the stochastic exponential of a Brownian motion (W;);>0 with
variance o2, that is, X; = 1 + f(o . X;_ dW;, then we have ([20], Theorem I11.37),

X: = exp(W, — %021‘), t>0.
From Proposition 3.12, we obtain the corresponding symbol of the stochastic exponential as

p(x, &) =x%E%
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Now, if X had a stationary distribution u = £(X ) with finite second moment, this would fulfill
(1.4), that is,

0= [ e =620, ©
R
and hence we had ¢3200 (&) =0 for all £ which is only possible if ¢x_ =1 for all £. Thus u had
to be the Dirac measure at 0. But obviously X; > 0 for all # > 0 which leads to a contradiction.
4. Sufficiency
As mentioned in the Introduction, for Markov processes which are not rich Feller, equation (1.1)
is in general not sufficient to prove invariance of the law . Therefore we restrict ourselves in

this section to infinitesimal invariant laws, that is, to laws which fulfill (1.1).

Theorem 4.1. Let (X;);>0 be an Ité process with generator A whose domain D(A) contains
the test functions C2° (R?) and with symbol p(x, ). Assume there exists a probability measure
u such that fRd |p(x, &)|pn(dx) < oo and fRd eix,sp(x, Eu(dx) =0. Then

/ Afpdx) =0 forall f € C(RY).
R4

Proof. By Lemma 2.5 the generator A admits the representation (1.2) for all f € C2° (RY).
Hence using Fubini’s theorem we obtain for all f € C° (R%)

0=-— f f@© / e p(x, £)p(dx) dg
Rd Rd
=- / / e p(x, £) F(£) dEp(dx)
R4 JRA
= /R JAS @) (). .

The above theorem can easily be adapted to specific classes of symbols. We illustrate this with
the following corollary.

Corollary 4.2. Let (X;);>0 be the unique solution of the SDE
dth—aXtdt—i-CD(Xt)dW,, t20,

where (W;);>o is a standard Brownian motion, a € R and ®:R — R is continuously dif-
ferentiable with bounded derivative and such that |®(x)| < K|x|/? for some constant K
and some «k € [1,2]. Further suppose that the domain D(A) of the generator of X con-
tains the test functions CZ° (RY). Assume there exists a probability distribution p such that
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Jrd eVé p(x, £)u(dx) =0 and S Ix1I¥ p(dx) < oo. Then
/d Af(x)u(dx) =0  forall f e C(RY).
R

Proof. We know from Proposition 3.12 that the symbol of X is given by p(x,§) = |D(x)E12+
iax'& . Hence, we have fRd ¥ p(x, £)|pu(dx) < fRd |p(x, &)|n(dx) < co. By Theorem 4.1 this
gives the claim. 0

Example 4.3. Let (X;);>0 be a generalized Ornstein—Uhlenbeck process, as defined in Exam-
ple 3.2. Then by the same arguments as in Example 3.2 we see from Theorem 4.1 together with
[17], Theorem 3.37, that

/Reixglﬁu (x&)p(dx) = =YL (E)Pu(8), £eR, (4.1)

is also sufficient for u to be an invariant law for X with finite second moment.
In the special case of the Ornstein—Uhlenbeck process as introduced in Example 3.13 it is
sufficient to suppose u to be integrable and equation (3.1) reduces to

—)EQ (&) =0EPu(E),  E€R.

This differential equation can be uniquely solved by ¢, (§) = exp(—g—ié %) (compare Exam-
ple 3.13).

5. Proofs

Proof of Lemma 3.4. We give the one-dimensional proof, since the multidimensional version
works alike; only the notation becomes more involved. Let x, & € R. First, we use It6’s formula
under the expectation and obtain

1 . 1 ! .
—EX(e‘<XrX>5—1)=—1EX< / ise“xx—”édxs) @
t t 0+
1 X 1 ! 2 i(Xs——x)& c
+-E*( = | —&7' P05 dX, XS (ID)
t 2 Jot+

1 . . . .
+ B (e‘xf D0 (5K — X —igelt X AXS)>. (1)

O<s<t

In what follows, we will deal with the terms one-by-one. To calculate term (I) we use the canon-
ical decomposition of a semimartingale (see [15], Theorem II1.2.34) which we write as follows

t

X;=Xo+ X +/0 x My (X 5 ds, dy) — v ds, dy)) + X, G0 + B (), (5.1)
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where X F= < (AXs(1 = x(AXy)). Therefore, term (I) can be rewritten as

1 t . t
~E* (/ iSe“Xf‘”gd( X¢ +/ x My (X ds, dy) —v(; ds, dy))
t 0 ~— 0

+
IV
Iv) R
+5f,(x)+B,(x)>).
——— S——
(VD) (VID)

We use the linearity of the stochastic integral mapping. First, we prove for term (IV)

t
E* / ige'X-m08 dx ¢ =0.
0+

The integral el(Xi-—")5 ¢ X¢ := f(;+ e!Xs-=98 4X¢ is a local martingale, since X¢ is a local mar-
tingale. To see that it is indeed a martingale, we calculate

[lX )¢ ¢ x©, (X1 g x| = / t(e“"s*x)g)zd[xﬂ X, = / t((ei”“‘*")S )>0(Xy))ds.
0 0

The last term is uniformly bounded in w and therefore, finite for every ¢ > 0. Hence, elXi—)§ o
X{ is an L?-martingale which is zero at zero and therefore, its expected value is constantly zero.

The same is true for the integrand (V): We show that the function H, ¢ (w, s, y) := elXs——1)&
yx (y) is in the class Fg of Tkeda and Watanabe (see [13], Section II), that is,

13
]Ex// \el(X“_x)'E'yx(y)lzv(-;ds,dy)<oo,
0 Jy#0

In order to prove this, we observe
t t
; _nE2 2 2
Ex/ / |e‘(x>‘* X)S| Jyx ] v(';ds,dy)zEx/ / lyx (M| N(Xy, dy) ds.
0 Jy#0 0 Jy#0

Since we have by hypothesis || fy 7&0(1 A YN (-, dy)|leo < 00 this expected value is finite. There-
fore, the function Hy ¢ isin F’ 5 and we conclude that

! s
/ Ci(Xem )% d(/ / Xy (X (5 dr, dy) = v(; dr, dy))>
0 0 Jy#0
t .
= /(; /7&0 (el(XS,—x)éx(,Y)Y) (,U.X (-;ds,dy) —v(-; ds, dy))

is a martingale. The last equality follows from [15], Theorem 1.1.30.
Now we deal with term (II). Here we have

[X, X1 = [X, X], =C: = (Q(X,) o 1)
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and therefore,

1

t . 1 t
3 / —g2elXs-—08 g x| X];‘:_Egz / X980 (X,)ds.
0+ 0

Since Q is finely continuous and bounded we obtain by dominated convergence

1,1 L 1
—lim =£2-E* [ X5 0(X,)ds = —=£20(x).
tlg)lzé . ./oe 0(Xy)ds 25 O(x)

For the finite variation part of the first term, that is, (VII), we obtain analogously

1 .
limi& —E* / X8 p(X,) ds = iE€(x).
0 "t 0

(5.2)

(5.3)

Finally, we have to deal with the various jump parts. At first, we write the sum in (III) as an

integral with respect to the jump measure ;1% of the process:

o6 7 (e ei¥if _jgeif Yo A,

O<s<t

— e 3 (XE (AN 1 —igAK,))

O<s<t

/ (-8 (Y — 1 —iEy) Lo ¥ (5 ds, dy)
10,11 xR

Xy I X 1
0,]x{y#0 E 19 ds,d

+/ (e Xs==9% (—igy - (1 — x())) ¥ (5 ds, dy).
10.1]x{y#0}

The last term cancels with the one we left behind from (I), given by (VI). For the remainder-term,

we get:

1 . .
_Ex/ (el(Xs_fx)é (eléy —1- ié%)’X(y)))pLX(-; ds, dy)
L J0.1x(y0)

1

e [ (0698 (&8 — 1 —igyy (1)))v (- ds, dy)
L J10,01x(y0)

1 . .
- —Ex/ (lXs=D8 (&8 — 1 —ikyx () N(X,, dy)ds.
! 10,1 {y50}

=g(s—,")



A criterion for invariant measures 1713

Here we have used the fact that it is possible to integrate with respect to the compensator of a
random measure instead of the measure itself, if the integrand is in F ; (see [13], Section I1.3).
The function g (s, w) is measurable and bounded by our assumption, since €€y — 1 —iyx(y)| <
Ce-(In ly|?), for a constant Ce > 0. Hence, g € FIE

Again by bounded convergence, we obtain

1 r o
lim L / iXs0E / (€Y — 1 —iyEx (1)) N (X, dy) ds
0t 0 y#0

5.4)
_ / L 1 e )N )
y

This is the last part of the symbol. Here we have used the continuity assumption on N (x, dy).
Considering the above calculations, in particular (5.2), (5.3) and (5.4) we obtain

EX i(X;—x)'& -1 1 t . 1 1 r
‘e—‘ - ‘iE;E" / e RU(X ) ds — S8 / M-8 (X)) ds
0

! 0

1 r .
+—]E"/ e‘(XS—’x)S/ (€™ — 1 — iy x (»))N(X,, dy) ds
tJo y#0

t st t
< &1 1€lloo + &> = +Ce-
= |€|t” ||oo % 22‘”Q”oo Et‘

/ (1A |y|2)N<-,dy>H ,
y#0 00

a bound which is uniform in ¢ and x. O

For the proof of Proposition 3.6, we need the following lemma. Observe that for ¥ > 2 and in
the one-dimensional case, this lemma follows directly from [20], Theorem V.67.

Lemma 5.1. Let « > 1 and suppose (L;);>0 is a Lévy process such that E[||L1]|*] < co. Assume
Xo is a random variable, independent of L, such that E[|| Xo||“] < oo. Then the process (X;)t>0
defined by

Xi=Xo-a X s+ [ ewd.
(0,1] (0,1]
where ® :RY — RI*" is bounded, locally Lipschitz and a € R, fulfills

IE[ sup ||X,||K] < 0.

0<r<l1

Proof. Observe that

K

+2¢

K

XA < 451 Xoll* +4%al”

/ X,_ds
(0,¢]

/ O (Xs—)dLg
0,1]



1714 A. Behme and A. Schnurr

and hence forany 0 <s <1

E| sup 1%,

0<t<s

< 4°E[|1 Xo!I] +4K|a|KE[ sup

0<t<s

/ X, du
(0,7]

By [20], Lemma on bottom of page 345, we have that

K
| o }5/ E[1Xu 1] du
(0,¢] 0,s]

On the other hand, it follows from an easy multivariate extension of [4], Lemma 6.1, that
E[SUPO§z51 | f(o . ®(X,—)dL,|“] is finite, say < K, under the given conditions. Thus

K
i| +2"E|: sup

0<t<s

.

f & (X,_)dL,
0.1]

E[ sup

0<t<s

E[ sup 1X,1] < #B[1X0]*] +2°K +4“lal* |  E[ sup 1X,]]du.
(©0.s]

0<t<s O0<v<u

Now it follows from Gronwall’s inequality (cf. [20], Theorem V.68) that

E[ sup ||X,||K] < (4°E[| Xo|I*] +2° K )e* 1 < 0o

0<r<l1
as we had to show. ]
Proof of Proposition 3.6. It is well known that the given SDE has a unique solution under the

given conditions (cf., e.g., [15], Chapter IX.6.7). To keep notation simple, we give only the proof
for d =n = 1. Fix x, £ € R and apply 1t6’s formula to the function exp(i(- — x)§&):

t t
l]Ex (ei(X;—x)E _ 1) — lEx / igei(XS,—x)E dXY _ l E2ei(XS,—X)E d[X X]L‘
t t 0+ - 2Jos o
(5.5)
+eixE Z (eiXXS —eXs-f _ iEeiX‘EAXS))
O<s<t
For the first term, we get
1 ! :
~E* / (ige'Xs-7%) dx,
t 0+
1 t . s 1 t .
— _Ex/ (isel(xs_x)é)d(/ CI)(Xr_)dLr) _ _Ex/ (igel(xy—*x)saxs_) ds
t 0+ 0 t 0+
1 ! .
= ;IEX / (ige' =% @ (X)) d(es) (5.6)
0+
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t
+;IEX/ (ige‘<Xs—x)5c1>(xs_))d< > AL,l{AZ,>1}> (5.7)
0+ O<r<s
1 X ! s (X —x)E
— ;IE /(;+(1.§e aXS,) ds, (5.8)

where we have used the Lévy—It6 decomposition of the Lévy process. Since the integrand is
bounded, the martingale parts of the Lévy process yield martingales whose expected value is
Zero.

Now we deal with (5.7). Adding this integral to the third expression on the right-hand side of
(5.5) we obtain

;IE" D0 (X IE (I PEIALE 1 i d(X ) ALs1(ax,|<1)))

O<s<t

o (e POE — 1 —iEDd(x)yl{y1<1)) N(dy).
R\(0}

The calculation above uses the same well-known results about integration with respect to in-
teger valued random measures as the proof of Lemma 3.4. In the case of a Lévy process, the
compensator is of the form v(-; ds, dy) = N(dy)ds, see [13], Example 11.4.2.

For the first drift part (5.6), we obtain

[t . 1 ,
~E f (i - /X" (X,_)e) ds =i B~ / (X5 (X,)) ds > iE LD ().
0+ 0

To deal with the second expression on the right-hand side of (5.5), we first have to calculated
the square bracket of the process

. . c t
[X,X];‘z([ /O S(X, ) dL,, /O <I><Xr_)dLr] )z fO B(X, ) d(09).
t

Let us remark that f aX;ds is negligible in calculating the square bracket [X, X]; since it is
quadratic pure jump by [20], Theorem I1.26. Now we can calculate the limit for the second term
of (5.5)

t
2B [ (e ax xg
2t 0+
¢ N
:lE"f (_Ezei(xs—x)é)d</ (@(Xr_))szr>
2t 0+ 0
| - (5.9
=580 (§ [ e ra))
2 tJo

AL %szgob(x)z.
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While in these three parts, due to the boundedness of @, the uniform boundedness of the approx-

imants is trivially seen, we have to be a bit more careful in dealing with the term (5.8): we use
the Lemma 5.1 and the fact supy,-; E| X;| < E[supy, < [X;[]. In order to show that

1
aiEE” /0 e‘(X”_x)SX(m)_ ds o aiéx
in a uniformly bounded way, we consider

1
E* / |l =008 | — o (Xur=008 4 @M=y _ 1| d
0

1 . .
=F* f | i =08 (X, — x) + (!X ™5 — 1) x|ds.
0
By E¥|X; — x| < ¢ < 0o, we can interchange the order of integration. In the end, we obtain
. . 1
p(x, &) = —il(P(x)€) +iaxé + 5(<1>(X)€)Q(d>(x)§)
- f ¢0<e““’°‘>§” — 1= i(@E)y - Ly <) N(dy)
y

= Y1 (®()E) +iaxé.

Let us remark that in the multi-dimensional case the matrix ®(x) has to be transposed, that is,
the symbol of the solution is V1 (O (x)'E) + iax'.
The result now follows as in the proof of Theorem 3.3. ]

Proof of Proposition 3.8. In order to prove this result, we can mimic the previous proof. In
this case, a = 0, the driving Lévy process is (Z’, L) € R*" and the bounded coefficient is
(b - I, ®(x)) € R4*@+M) where I, denotes the d-dimensional identity matrix. Since a is zero
the respective part of the proof — the one where the moment assumption is needed — can be
omitted. O

Proof of Proposition 3.12. The proof works perfectly analogue to the one of Proposition 3.6
with the following exception: from [20], Theorem V.67, we obtain that supy,-; E(X )2 is finite.
This is needed in order to obtain the convergence in (5.9) in a uniformly bounded way. In the
present setting, Q is the identity matrix. (]
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