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INVARIANT FOLIATIONS FOR STOCHASTIC DYNAMICAL
SYSTEMS WITH MULTIPLICATIVE STABLE LEVY NOISE

YING CHAO, PINGYUAN WEI, SHENGLAN YUAN

ABSTRACT. This work concerns the dynamics of a class of stochastic dynami-
cal systems with a multiplicative non-Gaussian Lévy noise. We first establish
the existence of stable and unstable foliations for this kind of system via the
Lyapunov-Perron method. Then we examine the geometric structure of the
invariant foliations, and their relation with invariant manifolds. Also we illus-
trate our results in an example.

1. INTRODUCTION

Invariant foliations, and invariant manifolds, are geometric structures in state
space for describing and understanding the dynamics of nonlinear dynamical sys-
tems [6l 9] [14), 26] 28]. An invariant foliation is about describing sets (called fibers)
in state space with certain dynamical properties. A fiber consists of all those points
starting from which the dynamical orbits are exponentially approaching each other,
in forward time (stable foliation) or backward time (unstable foliation). Both stable
and unstable fibers are building blocks for dynamical systems, as they carry spe-
cific dynamical information. The stable and unstable foliations for deterministic
systems have been investigated by various authors [3], 4, [T, 12} [19].

During the previous two decades, there have been various studies on invariant fo-
liations and invariant manifolds for stochastic differential equations (SDEs). Lu and
Schmalfuss [25] proved the existence of random invariant foliations for infinite di-
mensional stochastic dynamical systems. Sun et al. [33] provided an approximation
method of invariant foliations for dynamical systems with small noisy perturbations
via asymptotic analysis. Subsequently, Chen et al. [I0] further studied the slow fo-
liation of a multiscale (slow-fast) stochastic evolutionary system, eliminating the
fast variables for this system. Most of these works were for stochastic systems with
Gaussian noise, i.e., Brownian noise.

However, in applications of biological and physical fields, noise appeared in the
complex systems are often non-Gaussian rather than Gaussian [37) B34} 7] [35] [20].
Note that the slow manifolds of a class of slow-fast stochastic dynamical systems
with non-Gaussian additive type noise and its approximation have been considered
by Yuan et al. [36]. Kummel [2] studied invariant manifolds of finite dimensional
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stochastic systems with multiplicative noise. It is now the time to consider invariant
foliations for stochastic dynamical systems with non-Gaussian noise.
In this article, we are concerned with invariant foliations for stochastic systems
in case of non-Gaussian Lévy noise and their relationship with invariant manifolds.
Consider the following nonlinear stochastic dynamical system with linear multi-
plicative a-stable Lévy noise

d .
- =Art f(ey)+aoly, R, (1.1)
= = Butglz.y) +yoly, inR™, (1.2)

where ¢ denotes Marcus differential [I} [2I]. The operators A and B are generators of
Co-semigroups satisfying an exponential dichotomy condition. Nonlinearities f and
g are Lipschitz continuous functions with f(0,0) = 0, g(0,0) = 0. The stochastic
process LY is a scalar, two-sided symmetric a-stable Lévy process with index of
the stability 1 < o < 2 [I], [[3]. The precise conditions on these quantities will be
specified in Section 3.

It is worthy mentioning that as Marcus SDEs preserve certain physical quanti-
ties such as energy, they are often appropriate models in engineering and physical
applications [32]. The linear multiplicative noise appears in the cases where noise
fluctuates in proportion to the system state, as in some geophysical systems and
fulid systems. The wellposedness of mild solutions for this kind of stochastic dif-
ferential equations with non-Gaussian Lévy noise is known [I8] 22] 1| 29].

To provide a geometric visualization for the state space of dynamical system
(LI)-(T.2) via invariant foliations in the similar sprit as in [I7, 21], and to explore
its geometry structure, we first introduce a random transformation based on the
Lévy-type Ornstein-Uhlenbeck process to convert a Marcus SDE into a conjugated
random differential equation (RDE) which easily generates a random dynamical
system. Then we prove that, under appropriate conditions, an unstable foliation
can be constructed as a graph of a Lipschitz continuous map via the Lyapunov-
Perron method [8, [I7]. After that, by the inverse transformation, we can obtain
the unstable foliation for the original stochastic system. Furthermore, we shall
analyze the geometric structure of the unstable foliation and verify that the unstable
manifold is one fiber of the unstable foliation. There are similar conclusions about
the stable foliation.

This article is arranged as follows. In Section 2, we present a brief summary
of basic concepts in random dynamical systems and present a special but very
important metric dynamical system represented by a Lévy process with two-sided
time. Subsequently, Marcus canonical differential equations with Lévy motions
are discussed. Our framework is presented in Section 3. In Section 4, we show
the existence of unstable foliation (Theorem [4.I]), examine its geometric structure
and illustrate a link with unstable manifold (Theorem [4.11]). The same results on
the stable foliation for (1.1)-(1.2) are given in Theorem Finally, Section 5 is
devoted to an illustrative example.

2. PRELIMINARIES

We now recall some preliminary concepts in random dynamical systems [T}, 2, [2T].
Then we discuss differential equations driven by Lévy noise.
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2.1. Random dynamical systems. Let us recall an appropriate model for noise.

Definition 2.1 (Metric dynamical system). Given a probability space (2, F,P)
and a flow 0 = {6; }+cr on Q defined as a mapping 6 : R x  — Q that satisfies

e 0y = id, identity on €;

° 9t19t2 = 9t1+t2 for all ti1,ts € R;

e the mapping (t,w) — 6w is (B(R) ® F, F)-measurable, where B(R) is the
collection of Borel sets on the real line R.

In addition, the probability measure P is assumed to be ergodic with respect to
{0;}ter. Then the quadruple © := (2, F, P, 0) is called a metric dynamical system.

For our applications, we will consider a canonical sample space for two-sided
Lévy process. Let Q = D(R,R?) be the space of cadlag functions (i.e., continuous
on the right and have limits on the left) taking zero value at ¢t = 0 defined on R
and taken values in R?. The space D(R,R?) is not separable if we use the usual
compact-open metric. To make D(R,R?) complete and separable, a Skorokhod’s
topology generated by the Skorokhod’s metric dg is equipped [B, BI]. For functions
wi,wy € D(R,RY), dg(wy,ws) is defined as

o

1 n ., .n
(A da(f03)),
n=1

where wi (t) := fn(t)w1(t),wh(t) := fn(t)wa(t) with

1 if |t| <n—1;
fa@)=<dn—t ifn—1<t| <n;
0 if [t| > n.
and
. Alt) = A(s)
dp(wWt,wy) := inf su In———= |V su w1(t) — wa(A())|t,
o) = b s S Y s () - e (0)])
where

A:={N:R — R; A is strictly increasing,t lim A(t) = —00,, ligrn A(t) = 400}
——o0 —+o0

We denote by F:= B(D(R,R?)) the associated Borel o-algebra. On this set, mea-
surable flow 6 = {6; }+cg is defined by the shifts

bw=w(-+1t) —w(t), we, teR.

Let P be the probability measure on F, which is given by the distribution of a
two-sided Lévy motion with path in D(R,R9). Note that PP is ergodic with respect
to 0;; see [2, Appendix A]. Thus (D(R,R?), B(D(R,R%)),P, {0;}ser) is a metric
dynamical system. Later on we will consider, instead of the whole D(R,R%), a
{6, }1er-invariant subset Q@ C D(R,R?) of P-measure one as well as the trace o-
algebra F of B(D(R,R?)) with respect to 2. Review that a set € is called {6; }¢cr-
invariant if ;2 = Q for t € R [2 Pageb45]. On F, we will consider the restriction
of the measure P and still denote it by P. In our set, we consider scalar Lévy
motion, i.e., d = 1.
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Definition 2.2 (Random dynamical system (RDS)). A measurable random dy-
namical system on a measurable space (H,B(H)) over the metric dynamical sys-
tem (Q, F,P,60) is given by a mapping ¢ : R x Q x H — H with , the following
properties:

e ¢ is jointly (B(R) ® F ® B(H), B(H))-measurable;

e the mapping p(t,w) := ¢(t,w,-) : H — H form a cocycle over 6(-), that is:

00, w,z) =z,
oty + to,w, x) = p(te, O, w, p(t1,w, x)),
for each t1,to e R, w e Q and x € H.
In this paper, we take H=R"*™ = R" x R™.

Generally speaking, a stable foliation or an unstable foliation is composed of
stable fibers or unstable fibers which are certain sets in the state space carrying
specific dynamical information. More precisely, a stable fiber or an unstable fiber
of a foliation is defined as follows [10} [12].

Definition 2.3 (Stable and unstable fiber).
(i) Wys(z,w) is called a v-stable fiber passing through « € H with v € R™,
if |lo(t,w,z) — @(t,w,2)|lg = O(e™) for all w € Q as t — +oo for all
T, % € Wys.
(i) Wyu(z,w) is called a n-unstable fiber passing through x € H with n € R*,
if ||p(t,w,z) — p(t,w,2)|lg = O(e") for all w € Q as t — —oco for all
z, % € Wiy

From the proceeding definition, we see that a stable fiber or an unstable fiber
is the set of all those points passing through which the dynamical trajectories can
approach each other exponentially, in forward time or backward time, respectively.
In fact, we can replace O(e?) by O(eP?!) with 0 < p < 1 as we will show, without
affecting the property of exponential approximation. In addition, we say a foliation
is 4nwariant if the random dynamical system ¢ maps one fiber to another fiber in
the following sense

ot w, Wy(z,w)) C Wy(p(t,w,z),0w).

2.2. Marcus canonical stochastic differential equations with Lévy mo-
tions. Here we consider a special but very useful class of scalar Lévy motions, i.e.,

the symmetric a-stable Lévy motions (1 < a < 2) with drift zero, diffusion d > 0

7 . _ du _ % F(HTQ) e
and Lévy measure v, (du) = ¢4 Taltre where ¢, = e vr T(I2D) Here I is Gamma

function. For more definition, see [T} [30].

Initially Marcus canonical differential equations with point process as the driving
process were discussed by Marcus in [27]. Subsequently, Kurtz et al. [23] generalized
the driving process. For a scalar symmetric Lévy motion L§* mentioned above, the
precise definition is given by

dx(t) = b(z(t))dt + o(x(t—)) o ALY
where ¢ denotes the Marcus integral, i.e.,
dx(t) = b(z(t))dt + o(z(t—)) o dL(t) + o(x(t—))dL¥%(t)

+ Y [(a(s—), ALY) — a(s—) — o(x(s—))ALS],

0<s<t
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where L®¢(t), L%(t) are the continuous and discontinuous parts of L respectively,
o denotes the Stratonovich integral. Moreover, ¢¥(z(s—), ALY) = ¢(ALYo; x(t—), 1)
satisfies
ds(o; v, t)
dt

Appropriate conditions for coefficients b and o given later can ensure the existence
and uniqueness of solution of the Marcus canonical equation, and then it defines a
stochastic flow or cocycle so that RDS methods can be applied. For more details,
see [18] 22].

Here, the reason for taking 1 < a < 2 is to ensure that Lemma [3.1] holds. In
fact, the index of stability can take values in (0,2). When « = 2, it reduces to the
well-known Brownian motion.

=ols(o;v,t)], <(o;0,0) =w.

3. FRAMEWORK

For system (1.1)-(1.2), let | - | denote the Euclidean norm. To construct the
unstable foliation of system, we need to introduce the following hypotheses.

(A1) Exponential dichotomy condition: The linear operator A be the generator
of a Cy-semigroup et on R” satisfying
leAtz| < e®|z|, fort <O0.
Moreover, the linear operator B is the generator of a Cy-semigroup e?* on
R™ satisfying
leBly| < e’y|, fort >0,
where b < 0 < a.
(A2) Lipschitz condition: The interactions functions f : R™ x R™ — R™ and g :
R™ x R™ — R™, are Lipschitz continuous with f(0,0) = 0 and ¢(0,0) = 0,
i.e., there exists a positive constant K such that for all (z;,y;) € R® x R™,
i=1,2,
|f(a1,91) = f(@2,92)] < K(Jwy — 22| + |y1 — 42]),
lg(z1,91) — g(z2,92)| < K(Jz1 — 22| + [y1 — 92]).
Note that if f and g are locally Lipschitz, following the analysis in this paper, we
also get invariant foliation in a neighborhood of (0,0). As in references [14} [15], we
are going to verify that stochastic system (|1.1)-(1.2) can be transformed into the
random differential system which is described by differential equations with random
coefficients. For this purpose, we consider a Langevin equation

dz = —zdt + dLy. (3.1)

A solution of this equation is usually called a Lévy-type Ornstein-Uhlenbeck pro-
cess. The properties of its stationary solution can be characterized by the following
lemma in the same sprit of the case of Brownian noise, refer to [14] [24].

Lemma 3.1. Let LY be a two-sided scalar symmetric a-stable Lévy motion with
1< a<2. Then

(i) there exists a {04 }ier-invariant set Q@ C D(R,R%)) of full measure with
sublinear growth:

of P-measure one.
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(i) for w € Q, the random variable

exists and generates a unique cadlag stationary solution of (3.1)) given by

0 0
z(0w) = —/ eTbw(r)dr = —/ eTw(T + t)dr + w(t).

— 00 — 00

(iii) in particular,

(iv) in addition,

1 t
lim 7/ z(0rw)dr =0, we.
t—+oo t 0

Proof. (i) The |, || (dx) is finite because a has a value between 1 and 2 ([30),

z|>1
Page 80]). In ad‘di‘tion, E|L§| < co and ELY = 0, by the properties of moments for
Lévy process [30, Page 163]. Thus the assertion is obtained from the strong law of
large numbers for Lévy process (see [30, Page 246)).

(ii) The existence of the integral on the right hand side for w € Qg follows from
the fact that the sample paths of an a-stable Lévy motion satisfy limsup,_, .t~ W Ly
equal zero a.s. or equals oo a.s., according to whether n < a: or 7 > «, respectively,
where Li"" = supg< <, |L%|. For the remaining part we refer to [I, Page 216 and
311).

(iii) Based on the above facts, for i < 0 < 1and w € oy, there exists a constant
Cs.w > 0 such that |w(T +1)| < Csp + |7]° + [¢]°. Thus, limg 400 | — f_ooo eTw(T +
t)dr| =0, (iil) is proven.

(iv) Since LY is symmetric a-stable, we can prove that z(w) is also symmetric
a-stable, and Ez(w) = 0. Thus, by the ergodic theorem we obtain (iv) for w € 23 €
B(D(R,R%)). This set Q3 is also {6; };cr-invariant. Then we set  := Q; N2y N3.
The proof is complete. O

From now on, we replace B(D(R,R%)) by
F={QNA, AecB(DR,RY)}

for © given in Lemma [3.] Probability measure is the restriction of the original
measure to this new o-algebra, we still denote it by P.
Define the random transformation

(5) =m0 = (50) (32)

According to [I5l [16], marcus canonical integral satisfies the usual chain rules,
thus, the (Z(t),9(t)) = T(0:w, z(t), y(t)) satisfies the following conjugated random
differential equations:

% = Ad + F(&, 7, 0w) + 2(0,w)i, (3.3)
a
Y = By + G, 3, 00w) + 2(0,0)3), (3.4)

dt
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where
F(i,§,0w) = e~ ") (e 03, 0,
G(i,7, 0uw) = e~ ") (20, 2 0))

and z(f;w) is the cadlag stationary solution of given in Lemma We
can see that functions F' and G also satisfy the Lipschitz condition with the same
Lipschitz constant K. Here, it is worth noting that although z,y are only cadlag
in time, the solution &(t),§(t) are the product of two cadlag functions, and are
actually continuous in time. And & denote dt+m = limp o M, i.e., the
right derivations of & with respect to t. Therein, the state space for this new
system is still R*T™ = R” x R™.

Let 2(t,w, %) = (2(t,w, (£0,90)), §(t,w, (Z0,90))) be the mild solution of (B.3)-
(3.4) with initial values (Z(0),§(0)) = (Zo, o) := Zo in the sense of Carathéodory

[16]. Then, the solution operator of (3.3)-(3.4)),
()0(7‘}, W, (j;07 QO)) = (i‘(tv W, (i‘07 Z)O))a Q(ty w, (i‘Oa 170)))

generate a random dynamical system. By converse transformation, we can obtain
the following result.

Lemma 3.2. Let p(t,w,z) be the random dynamical system generated by (3.3))-
(3.4). Then T—1(Ow, p(t,w,T(w,2))) := @(t,w, 2) is a random dynamical system.
For any z € R™™ | the process (t,w) — ¢(t,w, z) is a solution of (1.1)-(1.2).

Hence, by a particular structure of transform T, if — has a stable or
unstable foliation, so does -.

As we want to explore the relationship between the foliations and manifolds, we
state the following results about the stable and unstable manifolds for —,
similar to early works in [I5] [17].

Lemma 3.3 (Random unstable manifold). If the Lipschitz constant K, dichotomy
parameters a, b satisfy the gap condition K( ) <1 with b <n < a, then
a Lipschitz invariant random unstable mamfald for the RDEs . . exists,
which is given by

M (w) ={(& h"(§w)) € e R} (3.5)
where h* : R™ — R™ is a Lipschitz continuous mapping that satisfies h*(0) = 0
and solves the equation

0
B (e, w) = / B SO G (5,05 ), (s, wi ), Ou)ds,  (3.6)

for any £ € R™, where &(t,w; &) and §(t,w; &) are the solutions of system (3.3)-(3.4)
of the form

i”(t,w;f) At+foz(9 "-’)d7'§+ft A(t— S+ftz(9wd7-FdS
<@(t,w;f)> - fioo (t— €)+f 2(0, w)dTGdS

where F' = F(&(s,w; ), §(s,w; §), 0sw), G G(2(s,w; &), 4(s,w; &), 0sw). Further-
more, M*(w) = T~ (w, M*(w)) = {(£, @ h¥ (e~ )¢, w))|§ € R"} is a Lipschitz
unstable manifold of the stochastic dzﬁerentml system (|1.1] .

Similar results on stable manifold can be obtained but we omit them here.



8 Y. CHAO, P. WEI, S. YUAN EJDE-2019/68

4. UNSTABLE FOLIATION

To study system (3.3))-(3.4)), we define Banach spaces for a fixed n, b < n < a as
follows:

Cyp~ ={¢:(-00,0] = R™: ¢ is continuous and sup e o 20r0)dr| 4] < o0},
<0
CPt ={¢:10,+00) = R" : ¢ is continuous and it;g e*”t*fotz(&“)dﬂw < o0},

with the norms

[ sup e~nt=Jo #0-w)dr 61 and ol g = igge—nt—fgzwrw)drw'?

respectively. Analogously, we define Banach spaces C;"~ and CZ,’H‘ with the norms

H¢||C,’,"_ = sup e-’)t—fé’z(‘.‘)Tu.:)d-r|¢|7 and ||¢||CZ,"+ = sup e—nt—fot' z(07w)dr|¢‘.
<0 >0
Let Cf = Cp* x Cy»*, with norms H(x,y)chi = ||CEHC;L¢ + ||y||c7vln,i, for
(z,y) € C’ni.

we introduce the set
Wy ((Z0,90),w)
— {(35,55) € R" X R™ : (1, w, (20,0)) — (b, w, (#5,35)) € O }.
where ¢(t,w, (&0, Jo)) is the solution of the random system (3.3)-(3.4)) as we denoted
in Section 3. This is the set of all initial data through which the difference of

two dynamical orbits are bounded by et s 2(6-w)dr - Ag we will prove later that
W, ((£0,70),w) is actually a fiber of the unstable foliation for the random system

B-3)-B4).

Our main results about the existence of unstable foliation is as follows.

Theorem 4.1 (Unstable foliation). Assume that (Al), (A2) hold. Take n as the
positive real number in the gap condition K(ﬁ + ﬁ) < 1. Then, the random dy-
namical system (3.3)-(3.4) has a Lipschitz unstable foliation for which each unstable
fiber can be represented as a graph

Wn((jjo’ Qo)vw) = {(57 l(§7 ('f;Ov :’-jO)a w)) : f € Rn} (42)
Here (29, 00) € R™ x R™, and the function I(§, (&0, Jo),w) defined in (4.15)) is the
graph mapping with Lipschitz constant satisfying

K

(=01 - K35+ o))
The proof of this theorem, based on the Lyapunov-Perron method, will be pre-

sented after several useful lemmas.
Define the difference of two dynamical orbits of random system (|3.3))-((3.4])

o(t) = ¢(t,w, (£5,95)) — »(t,w, (Z0,J0))

= (@(t,w, (&5, 90)) — 2(t,w, (Zo, 90)), §(t, w, (L5, 9p)) — §(t, w, (Z0,%0))) (4.3)
s (u(t), o(t))
with the initial condition

$(0) = (u(0),v(0)) = (&5 — &0, 9o — Go)-

(4.1)

Lipl <
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Hence
Lt w, (20,90)) = u(t) + L(t, w, (2o, %0)),
§(t,w, (25, 90)) = v(t) + 9(t,w, (2o, 90))-
Moreover, by using (3.3)-(3.4), we find that (u(t),v(t)) satisfy
du
e Au+ AF(u, v, 0iw) + z(6w)u, (4.4)
(jl—: = Bv + AG(u,v, 6iw) + z(0:w)v, (4.5)
where
AF (u,v,0w) = F(u(t) + &(t,w, (2o, o)), v(t) + §(t,w, (o, o)), Oew) (46)
— F(&(t,w, (£0,90)), §(t, w, (Z0,90)), Orw), '
AG(U,’U, otw) = G(U(t) i'( (I07y0)) ( ) (t W, (‘T()ag()))?etw) (4 7)
— G(&(t,w, (£0,90)), §(t, w, (Z0,90)), i), ’

and initial conditions
u(0) = up = Ty — Lo, v(0) =vo = Y5 — Yo-
Noted that the functions AF and AG also satisfy the Lipschitz condition with the

same Lipschitz constant as f or g.
The following lemma will offer the desired properties of the random function

¢(t) = (u(t), v(t)-
Lemma 4.2. Suppose that ¢(t) = (u(t),v(t)) is in C; . Then ¢(t) is the solution
of — with initial data ¢(0) = (ug,vo) if and only if ¢(t) satisfies
u(t) B At+fo z(0-w)dr,, +ft A(t—s)+ [} z(6- “dTAF(u(s),v(s),st)ds
ot)) S oo o MTAG(u(s), v(s), 0:0)ds
(4.8)
Proof. Necessity. Suppose process (u(t),v(t)) solves system (4.4)-(4.5) with initial

data (ug,vo) and belong to Banach space C,". Applying the Varlatlon of constants
formula to system (4.4 . ) for integral mterval r<t<0,

u(t) = eA(t—r)-&-th Z(@Tw)dTu(,r) + / eA(t—s)-‘rfst Z(eTw)dTAF('U/(S)7 (s), Osw)ds

r

’U(t) _ eB(tfr)%»f: z(OTw)dT,U(,,,) +/ B(t—s)+[! z(0-w d'rAG( ( ) (8),931,0)618.

T

We can check that the form of u(t) is bounded under || - |

op by setting r = 0.
_ _ [t
||u(t)||czl,_ — iglge nt fo Z(HTUJ)dT|u(t)|

0
< sup{el” " u(0)] + Ke ™ / 1= I 200 ([ ()] 4 [o(s)])ds)

0
< sup{el@ ' u(0)] + K / (=) ()
t<0 t

ene + [0() g )ds}

o+ lv(s)] C;n,f) < 00

< u(0)] + = (Jus)
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To make (u(t),v(t)) belong to C,, apply the same ideas in the case of deterministic
dynamical systems to find the appropriate form for v(¢), and notice that

[[o(®)]

o = SUp e—nt|eBt(e—Br+ff z(GTw)d‘rv(,r)
K t<0

t
b [ e B AG u(s), o(s), )|
Then for ¢ < 0 the above inequality holds, and letting ¢ — —oo, we obtain

t
|efBT+jr Z(efw)dTv(r) —|—/ e~ Bst/. Z(efw)dTAG(u(s),v(s),st)ds|

r

< e o (t) |- =0

which, for ¢ <0, implies

t
o(r) = _eBrt [ 2(6-w)dr / e—Bs+L0 z(é’,w)drAG(U<S)7 v(s), Osw)ds

r

By taking limit for ¢, i.e., ¢ =& —o0 and replacing time variable r by ¢, we obtain
t
u(t) = / eBU=9)+] 2(0-9)dT AG(u(s), v(s), Bsw)ds

Thus, (u(t),v(t)) a solution of (4.4)-(4.5) in the Banach space C, with initial data
(up,vp) can be written as in (4.8]).

(Sufficiency) By direct calculations, it is not hard to see that the process ¢(t) =

(u(t),v(t)) is the solution of (4.4)-(4.5) if ¢(¢) can be written in the form (4.8) and
is in C, . This completes the proof of Lemma (]

From this lemma, we have the following Corollary.

Corollary 4.3. Assume that Hypotheses (A1), (A2) hold. Take n as the positive
real number. Then (Z,9g) is in Wy((Zo,90),w) if and only if there exists a func-
tion ¢(t) = (u(t),v(t)) = (u(t,w, (Zo,J0); u(0)), v(t,w, (Zo, §0); u(0))) € C, satisfies
).

Lemma 4.4. Take n > 0, b < n < a so that they satisfy K(ﬁ + ﬁ) < 1.

Given uy = & — o € R™, then the integral system (4.8) has a unique solution
¢(-) = ¢(-,w, (Zo,90); u(0)) in C, under the hypotheses (A1), (A2).

Proof. To see this, for any ¢(t) = (u(t),v(t)) € C

, » introduce two operators J, :
C, = Cp~ and Jp, : C — C)~ by means of

t
Tu(@)[t] = A6 =0y ) 4 / A2 AR (), 0(s), Ow)ds,
0

t
Tn($)[t] = / B! 20mdr AG(u(s), 0(s), But0)ds,

—0o0
for t < 0 and define the mapping

(60
To0)= <Jm<¢<->>>'
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It is easy to see that J is well-defined from C" into itself. To this end, taking
o(t) = (u(t),v(t)) € C,, we have

[T () [E]]

e
cr

0
< sup (el u(0)] + Ke / =L 2O [y (5)] 4 [u(s)])ds)
< t

0
< sup(e@ M u(O) + K [ e fu(s) g + 00 s}
= t

< |u(0) (Ul + () ep-)

|+ —
a—1

K
= [u(0)| + Hllﬂﬁ(t)llc;

and

t
Hjm((b)[t]”(j;”_ < ili}g{Ke_"t/ eb(t—s)"!‘fs Z(GTw)d-r(|u(s)| + |’U(S)|)d8}

— 00

t
< sup{K 6(b777)(t78)||¢(3)uc;}

<0 oo
K
= mH(?(S)HC;-

Hence, by the definition of J, we obtain

K
a —

T(o(t) < [u(0)] +(

K
7 + m)”éi’(t)uc;-

Thus, we conclude that J maps C,  into itself. Further, we will show that the
mapping J is contractive. To see this, taking any ¢ = (u,v) € C, and b= (a,0) €
C, , then

17(68) = Tn (@l oy -

t
= / eA(t—s)Jrf;’z(‘g*‘“)dT[AF(u(s),v(s),ﬁsw)—AF(ﬁ(s)7@(s),&sw)]dsHCTn,—
0 7

t
= || / 6A<t73)+f5 #Or)dr [F(U(S) + jf(S,w, (£07 Z)O))’ U(S) + Z?(S, w, (jjOv :QO))7 9360)
0

— F(a(s) + 2(s,w, (£0, 9o)), 0(s) + §(s,w, (£0, Jo)), st)]dsHC:;,,—

IN

0
sup{Ke ™" / eS0Ty (5) — au(s)| + [v(s) — B(s)])ds}

t<0 t

0
<sup(K [ el g — g ds)
t<0 ¢
K ~
< — _
< =l = oy
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and

1920(6) — Ton(Dl ey

= /_ eBl=)+/; Z(e*w)dT[AG(u(s), v(s),0sw) — AG(i(s), 0(s), 0sw)]ds|

m,—
Cy

t
= H / EB(t_S)Jrfs Z(QTW)dT[G(u(S) + j:(57w7 (j"())?j())?v(s) + Q(Saw7 (£07?)0))765w)

— G(a(s) + Z(s,w, (Z0,90)), 0(s) + §(s,w, (Z0,90)), Osw)]ds|

m,—
Cy

t
gwm%/ewwMWWm@w@uwwwmw

t<0

K N
< — — —.
< =lo = dlle,

(4.10)
Hence, by and ,
17(8) = T Doy = 1Ta(@) = Ta( D cn + 11T () = T (@)l .-
K K . (4.11)
< (a—ﬂ +m)\|¢—¢\0;-
Put the constant
K K
p(a,b,K) = a_n—i-m. (4.12)
Then
17(8) = Tl < plasb K)llé -l (4.13)

By the assumption, 0 < p(a,b, K) < 1. Hence the map J(¢) is contractive in Cp-
uniformly with respect to (w, (Zo, Jo); u(0)). By the uniform contraction mapping
principle, we have that the mapping J(¢) = J(¢,w, (Zo,70);u(0)) has a unique
fixed point for each «(0) € R™, which still denoted by

¢() = Qf)(',td, (io,go),U(O)) € CTT

Namely, ¢(-,w, (Z0,90);u(0)) € C; is a unique solution of the system (4.8) with
the initial data u(0). O

Lemma ensures the existence and uniqueness of solution of system for
each given initial value. In fact, following lemma indicates that the solution of
system , ie., ¢(t) = o(t,w,(Zo,90); u(0)) has continuous dependence on the
initial conditions.

Lemma 4.5. Assume the same conditions as stated in Lemma [{.4 Let ¢(t) =
o(t,w, (Z0,90); u(0)) be the unique solution of system (4.8)) in C, . Then for every
u(0) and u(0) in R™, we have

qu(t’ ) (-1:“07 ?)0); U(O)) - ¢(ta W, (£03 QO); ﬂ(o))”C;

1 _ (4.14)
< mm(o) —a(0)],

where p(a,b, K) is defined as (4.12)).
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Proof. Taking any u(0) and %(0) in R™, we write u(¢,w; u(0)) instead of u(t, w, (£o, go); u(0))
and v(t,w; u(0)) instead of v(t,w, (£o, ¥o); u(0)) for simplicity. We have for the fixed
point ¢ the estimate:

[6(t,w, (Zo, J0); u(0)) — ¢(t, w, (2o, Jo); w(0)) | o

= [u(t, w; u(0)) — u(t, w; w(0))] + |v(t, w; u(0)) — v(t, w; ©(0))|

S |U(0) - ’[L(O)| + P(a7 ba K) ||¢(ta w, (j07 gO)a ’U,(O)) - ¢(t7 w, ('%Oa :'QO)7 ’EL(O))HC; .

Then we obtain (4.14)) by transposition. O
For ¢ € R™, we define the function
0
(&, (&0, 90), w) = fo + / e PO NG u, 0, 0,0)ds. (4.15)
—o0

with u = U(Sawa (‘iOagO); (5 - i'O))’ v = v(s,w, (:i()agO); (E - ‘%0))
Proof of Theorem[/.1. From ({4.8)), we deduce that

T5— 2o\ _ . o — Zo
9o —%) f_ooo e~ Bst ) 20-w)dr AG (u(s), v(s), Bsw)ds )
As a sequence,

0 0
96 = o + / exp ( — Bs +/ Z(OTw)dT>

— 00

X AG(u(s, w, (Zo, go); u(0)), v(s,w, (Zo, o); u(0)), Osw)ds

:z)o-i-/o (—Bs—&-/soz(HTw)dT)

—o0
X AG(U(S7W7 (-'%07 gO); jf'(); - ‘%0)7 ’U(S, w, (‘/2.07 QO); (‘%6 - i.O))a esw)d'S?
We find that above function just is (&, (Z0,90), w) if we take Z§ as £ in R™. Then

according to Corollary Lemma (4.1) and (4.15)), we see that
Wﬁ(('iOv 3}0), UJ) = {(67 l(£7 (i‘(Jv ZQO)’ w))‘ E € Rn}a

which immediately shows a fiber of the unstable foliation can be represented as
graph of a function. In addition, for any £ and & in R™, via (4.15)) and Lemma

|l(§> (530,@0)7‘”) - l(& (§j07yA0)7w)|

K -
< m“¢(7w? (32'07@0)75 - :i-o) - (b('?wv (i'07g0)7€ - *%O)”Cn—

K 1 ~
< : €¢I
n—>b 1—p(a,b, K)
This shows that I(£, (0, 9o),w) is Lipschitz continuous with respect to variable &.
The proof is complete. (Il

Remark 4.6. Note that the relationship between the solutions of system (|1.1])-
(1.2) and (3.3))-(3.4): the original stochastic system also has an unstable foliation
under the conditions of Theorem and every unstable fiber is represented as

Wn((ﬂfo,yo),W) = T_l(w7w’f]((j"0aQ0)7w))
= ({(&, (e W, (xoe™* ), yoe* W), w))|¢ € R™}.
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Different from the case of Brownian noise, the dynamical orbits in W, ((z0, y0),w)
are cadlag and adapted.

In what follows we prove that if dynamical orbits of (3.3)-(3.4) start from the
same unstable fiber, then they will approach each other exponentially in backward
time.

Theorem 4.7 (Properties of unstable foliation). Assume that Hypotheses (Al),
(A2) hold. Taken >0, b <n < a so that they satisfy the gap condition K(ﬁ +
L) < 1. Then, the Lipschitz unstable foliation for (3.3)-(3.4) obtained in Theorem

-
has the following properties:
(i) The dynamical orbits which start from the same fiber are exponentially ap-

proaching each other in backward time. In other words, for every two points (2§, 93)
and (23, 93) in a same fiber W, ((Z0,90),w),
2 -2

o . ent—i-fot z(0-w)dT
lo(t, w, (Zo,90)) — »(t,w, (25, 905))] < T pab,K)

=0(e"), VYw, ast— —oco.

. 71 e

(i) its unstable fiber is invariant in the sense of cocycle, i.e.,
o(t,w, Wy ((Zo,90),w)) C Wy(p(t,w, (Z0,90)), Oew).

Proof. (i) In view of Corollary and the same argument in the proof of Lemma
[4:4] we find that

6Ol = lluGllgp— + 1ol

< HeAH»fOt z((f,w)dru(o)

m,—

C

leg-
Cy

t
+ / eA(tfs)Jrffz(G,w)dv—AF(u(S)7,U(S)7 GSW)dSHC:;f
0
t . (4.17)
+ H / eB(t—s)-‘rfs Z(eTw)dTAG(’U,(S)7’U(S),esw)dsnc}l"’—

<)+ 160 g + 100

< [u(0) + p(a, b, K)||o()ll o~
where ¢ is defined as (4.3). Then from (4.17) it follows that

1
Moe < —————_|u(0
190)le; < =g gy MO
which implies immediately that
ent+f0t 2(0rw)dT
| < —F
1- p(aa b7 K)

Hence, for every pair of points (&3, §§) and (23, §2) from the same fiber W, ((Z0, 9o ), w),
as both of them satisfy (4.18)), we have

|90(t7wa (5%37?38)) - cp(t,o.), (‘%07:&0)) ’ |u(0)|a vt S 0. (418)

677t+f(; z(0rw)dT

#logly) — 2o, G| < —m8 ———— . <
|<p(taw7 (x07y0)) @(tat‘% ($07y0))| = 1_ p(a7 b, K) |’LL(O)|, vt = 07
o o ent-‘rfotz(GTw)dT
lo(t,w, (33379(2])) —(t,w, (£0,790))] < W |u(0)[, vt <O0.



EJDE-2019/68 INVARIANT FOLIATIONS 15

These imply that (4.16) holds apparently.
Note that
1 t
lim 7/ z(0;w)dr =0, we
0

t—too ¢

In other words, f(f z(0,w)dt has a sublinear growth rate which is increasing slowly

than linear increasing, thus, elo 2(6=2)d7 qoes not change the exponential conver-
gence of solutions starting at the same fiber, the proof of (i) is complete.

(i) To prove the fiber invariance, taking a fiber W, ((Zo, 90),w) arbitrarily, we
need to show that

(P(T, w, Wﬁ((‘%Oa gO)vw)) - WTI(QP(Ta w, (‘%Oa gO))a 0.,-&)).

Let (5%8’?)8) € Wn(('%())go)’w)' We have ()0(7(")7(‘%67:&8)) - @('7(“},(-%07?30)) S 077_
from (4.1), which implies that

QO(' +7w, (i‘S’QS)) - QD(' +7,w, (5307 QO)) € On_
Thus according to the cocycle property,

90(' + 7w, (iév?)é)) = (p('ae-rwa @(Tzwv (‘%SvﬁgS)))z

(p( + T, W, (i:O? :’-)0)) = @(7 97—60, @(vav (£07 Z’)O)))a
hence ¢ (-, 0-w, p(T,w, (25, 75))) — (-, 0rw, p(T,w, (£0,70))) € C, . Then we have
o(T,w, (25, 75)) € Wy(e(T,w, (Z0,90)), 0-w). The proof is complete. O

Remark 4.8. Under the same conditions presented in Theorem [£.7] the unstable
foliation of original stochastic system — is also invariant because of the
nature of the random transformation 7. Furthermore, note that ¢ — z(0;w) has a
sublinear growth rate guaranteed by Lemma Thus, the transform 71 (6w, )
does not change the exponential convergence of dynamical orbits of system —
in backward time starting from the same fiber.

Remark 4.9. In addition, by early works as well as the results of this paper, we
see that the unstable foliation and unstable manifold are the useful tools describing
different aspects of the dynamics for stochastic systems with multiplicative non-
Gaussian noise.

a
indicates the existence of the mapping [ of the unstable foliation for the random

system (3.3)-(3.4). To ensure dynamical orbits starting from the same fiber expo-
nentially approaching each other in backward time, we require n > 0 additionally.
More precisely, for the existence of unstable foliation, we need: (i) a —n > 0 in
(4.9) and o T % < 1in (4.12)); for the exponentially approaching of dynamical

orbits, need: (ii) 7 > 0. Therefore, a simple choice is that n = %a with p > 1. By

Remark 4.10. Usual gap condition % + % < 1 given in [I2] and [I5] only

directly calculation, we find that the corresponding exponentially approaching rate
is less if we choose the gap condition is larger. So it is unfortunate that we can not
obtain the optimal gap condition with the optimal rate . For simplicity, we only
require 77 > 0 and dose not specify the exact value that n takes.

The link between the unstable foliation and unstable manifold is presented in
the following theorem (refer to [10] for the case of additive Brownian noise.)



16 Y. CHAO, P. WEI, S. YUAN EJDE-2019/68

Theorem 4.11 (Geometric structures of the unstable foliation). Assume that (Al),
(A2) hold. Taken >0, b<n < a. Let M*(w) and W,((Zo,90),w) be the unstable
manifold and a fiber of the unstable foliation for the random system —,
which are well defined by and , respectively. Put

p
Wy (w) = {Wy((Z0,90),w) | Go — h*(Z0,w) :==p € R™, (Z0,90) € R" x R™},
where h*(Zo,w) is defined in (3.6). Then

P
(i) if p=0, Wy (w) is just the unstable manifold;
P
(ii) for any p,q € R™ and p # q, the unstable fiber Wy(w) parallels to the

unstable fiber V\q/,,(w);

(ili) the unstable fiber W,((Zo,90),w) is just the unstable manifold M"(w) if
we choose an arbitrarily point (o, Jo) from the unstable foliation and this
chosen point also belongs to unstable manifold M*(w);

(iv) the unstable fiber Wy((Zo,90),w) and unstable manifold M"(w) are parallel
if arbitrarily taken point (Xo,Yy) of the unstable foliation is not in the
unstable manifold M"(w).

Proof. Tt follows from (4.8]) that, for any (2§, 45) € R™ x R™, we have
0
96 — Yo = / e~ Bt I 200 AG(u(s), v(s), Osw)ds,

which suggests that

0
?)6 - / e*BerfSO z(erw)d'rG(jf(Sy [ i‘é), :IQ(S, ws 32‘3)’ st)ds
0 o (4.19)
— 2,70 - / @*Bs+fs Z(wa)d-rG(lf?(S,w;io),g(s,w; i’o),esLU)dS.

Namely,
96 — h(&, w) = Jo — h" (&g, w), (4.20)

where h*(-,w) is defined as (3.6). If we take an arbitrary point (Zg,¢o) from the
unstable foliation, then there exists p € R™ such that

Qo - h“(ai"o,w) =DP.

When p = 0, then (Zo, §o) belongs to the unstable manifold M*(w), we obtain from
[T20) that

g6 — h*(&f,w) =0, forany zjeR"

0
Thus, W, (w) = M*(w). When p # 0, then (&, Jo) is not in the unstable manifold
M*(w). Then it immediately follows from (4.20]) that

g6 — h*(&5,w) =p #0, for any & € R".

p
Thus (&g, yg) falls into W, (w) that parallels to the unstable manifold M(w) =

0 P q
W, (w). And apparently, for p,q € R™ and p # ¢, the W, (w) parallels to W, (w).
The proof is complete. O
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Remark 4.12. From Theorem [£.11] we have a clear idea of geometric structure of
the unstable foliation: (i) fibers of the unstable foliation parallel to each other; (ii)
the unstable manifold is a special fiber. Namely, if we take an arbitrary point from
the a fiber and this chosen point just falls in the unstable manifold, then the fiber
just be the unstable manifold itself. Finally, what needs to explain is that fiber
paralleling with each other here means that the two fibers have parallel tangent
lines at each corresponding horizontal point.

Analogously, we also obtain the corresponding results on the stable foliation
stated in the following theorem without proof.

Theorem 4.13 (stable foliation). Assume that (Al), (A2) hold. Take v < 0,
b <y < a so that they satisfy the gap condition K(ﬁ + ai,y) < 1. Then:

(i) the random dynamical system defined by (3.3)-(3.4) has an invariant Lipschitz

stable foliation for which every fiber is represented as a graph

W, ((Z0,90),w) = {((C, (%0, 90),w),C) : ¢ € R™}, (4.21)

where (Zo,Jo) € R™ x R™. The function I(¢, (Zo,Jo),w) is the graph mapping with
Lipschitz constant satisfying

K
(a=7) 1=K +.5))]
where 1(C, (Zo,J0),w) is defined as
0

Lipl <

0
exp(—As +/ z(0-w)dT)
x AF (u(s,w, (2o, 90); (¢ — Jo)), v(s,w, (£0,90); (C — Jo)), Osw)ds.

Furthermore, by an inverse transformation,
W, (20, 90),w) = T (w, Wy ((Z0, 5io), )
= {(#@1(e7*@)¢, (zoe ), yoe*“)),w), ) : ¢ € R™}
is a Lipschitz stable foliation of the original stochastic system ([1.1))-(1.2)).
(i) the Lipschitz stable foliation for (3.3))-(3.4]) obtained above have the following

property: the dynamical orbits which start from the same fiber are exponentially ap-
proaching each other in forward time; similarly conclusion also holds for stochastic
system —.

(i) Stable foliation has geometric properties: fibers of the stable foliation parallel
to each other and the stable manifold is a special stable fiber.

UG, (o0, G0), w) = +/

Remark 4.14. As R™"™ is a finite dimensional space, we can simply reserve the
time to get the stable foliation by using the results of unstable foliation (Theorems
. It is worth mentioning that different from the case of unstable
foliation, the dynamical orbits which start from the same stable fiber approach
each other in forward time in lower order O(eP?") with 0 < p < 1 rather than in
O(e™), but it does not affect the property of exponential approximation at all.

5. AN EXAMPLE FOR UNSTABLE FOLIATION

In this section, we present a simple example for the theory developed in the
previous section. Consider the following two dimensional model with multiplicative
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Lévy noise in the framework of Marcus type SDEs

d .
d—f:x—&—xoL?, in RY, (5.1)
d . .

dil{ =—y+|z|+yo Ly, inR', (5.2)

where z (resp. y) is the unstable (resp. stable) component, accordingly, a = 1,
b= 715 K= 13 f(xay) = 07 g(:c,y) = |SC|
From Section 3, we can convert this SDE system to the random system
di

a =1 —+ a}z(ﬂtw), in RI, (53)
dy . A N ol
2= + |2 + 92(fiw), inR". (5.4)

Taking the initial value #(0) = &¢ and g(0) = 9o, we find the solution

2(t) = e tho 20T e R

1

§(1) = e o HOrT 4 Do | (e 2Ordn Tt li0rdny - e R,

where
jj(t) = j:(t7w7 (£07ZQO)) - jf(t, z(@tw)7 (JA?OJ-)O)) = 33‘(1f)efz(3tw)7
9(t) = 9(t, w, (Z0,90)) = 4(t, 2(0:w), (&0, o)) = y(t)e >,

and z(Qw) = [~ too (t=s)dL¢ with the properties described in Lemma
On the one hand, it follows from Theorem Fi;fl that an unstable fiber of this
system is described by

W((’i’o,go),w) = {(571(53 (i'Oa Qo),w)) : 5 S RI}, (55)
where
0 0
U, (20, 50),w) = go + / et O (] — | )est o 20T g
- (5.6)

=% +3 (\é“l |Zol), €€R

Moreover, using the integral expression of the solution, for any two points (Zo, o)
and (23,9;) in R! x R, we calculate the difference between two orbits

J = (i‘(twr (£07 ZQO)), g}(t,w, (i‘o, Z)O))) - (i'(t’ W, (3}(’;’ gS))v g(t’ W, (jjS? yé)))l

:|j:(t>w7 (j:Oa gO)) - i'(t7w ($07y0))| + |g](t,w, (‘angO)) - gj(t,w, (favgg)”

1
<|do — j8|et+f0t 2(0,w)dr 4= . (&0 — x0)|et+f0 0rw)dr

» ok 1 2, A — t2(0rw)dr
10— 55) — 5 (Jdo| — [#5]) e+ =0
Recall that .
1
lim 7/ z2(0;w)dr =0, we

t—+oo t

ie. fo z(0-w)dt has a sublinear growth rate, thus, the linear part of the exponent
part in the exponential function plays a leading role. Hence, if the coefficient

(0 — ) — 5 (0] — [25]) = . (57)
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then the difference of two orbits is J = O(e'), as t — —oc.
We can obtain the following function

LG, (o, o), ) = o + 5(1c] — laol), € €, (53)

which is in accordance with the function (5.6)), i.e., I(¢, (20, 90),w). This immedi-
ately implies that the different dynamical orbits starting from the same fiber will
be exponentially approaching each other as t — —oco. As seen in , the unstable
foliation of (5.3)-(5.4) is a family of the parallel curves (i.e., fibers) in the state
space.

In addition, from (3.5)) and (3.6]), we see that the unstable manifold of (5.3))-(5.4)
is
M (w) = {(& (€, W) € e RYY, (5.9)

where )
hgw) = 5l R (5.10)

By comparing with (5.6, it is clear that the unstable manifold is a fiber of the
unstable foliation.
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