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Abstract

This paper attempts to investigate synchronization of a coupled dynamical
system with random noise on a network (graph). Some mathematical results
are obtained in this paper, first, a synchronized threshold is given for a linearly
coupled dynamical system perturbed by the random noise; second, when the
linearly coupled dynamical system with random noise reaches synchronization,
the long time behavior of identical orbit on each node is discussed; finally, some
interesting comparison between the synchronization of the coupled gradient
system and its small random perturbed system is considered.

PACS numbers: 05.45.Xt, 02.50.Fz, 05.40.Jc

1. Introduction

Synchronization is a universal phenomenon in a variety of fields of engineering and sciences.
For example, semiconductor lasers and fireflies to fire in unison (see [14]). Recently, an
increasing number of articles have been devoted to investigate synchronization phenomena in
complex networks of linearly coupled identical dynamical systems (see [3, 6, 10-12, 17-20]).
The basic mathematical model in most of these articles is studied as follows (see [6, 10, 17]).

The dynamical network consists of N identical linearly and diffusively coupled nodes,
with each node being a d-dimensional dynamical system. The state equations of the network
are

N

%= fx)+c Y aiT(x; —x;), i=12....N, (1.1)
=1
.j/'#i
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T . .

where x; = (x,~I s Xiyy o vvs Xi d) € R? are the state variables of node i, the constant ¢ > 0

represents the coupling strength, and, for simplicity, ' = diag(1,1,...,1,0,0,...,0) €
———

q
R4 1 < g < d is a diagonal matrix linking the corresponding components of coupled

nodes. This means that two coupled nodes are linked through their Ist, ..., gth state
variables. If there is an edge between node i and node j (i # j), then a;; = a;; = 1;
otherwise, a;; = aj; = 0(i # j). If the degree k; of node i is defined as the number of edge
of node i, then

N N
Zaij=2aﬁ=k,-, and let a,-iz—ki, l=1,2,,N
j=1 j=1
J# J#L
Then equations (1.1) can be written as
N
% =f(x)+cy ayIx;, i=12....N. (1.2)
j=1

Suppose that the network is connected in the sense that there are no isolate clusters, then the
coupling matrix A = (a;;) € R¥*V is a symmetric and irreducible matrix. It is well known
that zero is an eigenvalue of A with multiplicity 1 and all the other eigenvalues of A are strictly
negative (denoted by 0 = Ay > Ap = A3 = -+ = Ay).

In Wang and Chen’s paper [17], the dynamical system (1.2) is said to achieve
(asymptotical) synchronization if

x; (1) — s(1), t — 00, i=1,2,..., N, (1.3)

where s(t) € R? is a solution of an isolate node, namely,

$(t) = f(s(1)). (1.4)

The main mathematical results are given in [10, 17].

Theorem 1.1. (Lemma 2 in [17] and theor:em 1 in [10].) Suppose that there exists a d x d
diagonal matrix A > 0, and two constants k < 0 and © > 0, such that

[Df(s(t)) +kT'1" A+ A[Df (s(t)) +kT'1 < —t1y (1.5)
for all k < k, where I; € RY*¢ is a unit matrix. If
k
> |—, 1.6
€z (1.6)

then the synchronization states (1.3) are exponentially stable.
Moreover, if each individual d-dimensional dynamical system is chaotic, let the maximum
Lyapunov exponent of the individual node be hp,,x > 0, then

c hmaX
=
Aol

which implies that the synchronization states (1.3) are exponentially stable.

(1.7)

However, there always exist all kinds of random noises in the real world. So, it is natural
to question that does the deterministic dynamical system on network (1.1) effectively and
essentially model the synchronization phenomenon in the real world, in other words, how does
the random perturbation influence on the behavior of (1.1)?
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In this paper, we focus on investigating some mathematical results of synchronization
of (1.1) under the influence of random noises, which are introduced in the following Ito’s
stochastic differential equation (SDE):

N
dXx}p€ = f(XF)dt +c Za,-.,-rx,f‘ dr + /€1 dW, + \Jer0 (X)) dB], i=1,2,...,N,
j=1

(1.8)

where ¢, I" and (a;;) are defined as the same as those in (1.1), (W;);>0 is a d-dimensional
Brownian motion, (B,l) >0 (B,z) 500 (BtN ) 1> are r-dimensional Brownian motions, and
all of them are mutually independent. (W,),>0 in (1.8) describes the random noise of exterior
environment imposing on the whole dynamical network, and (B,’) 1> Tepresents the interior
random fluctuation of the dynamical system in the node i. €, €; are the intensity of the
random noises (W;),>o and (Bli)z>0’ respectively. However, stochastic processes with internal
noise cannot always be written in the above Langevin form. This paper is restricted in
considering form (1.8), because some tools of stochastic analysis can be conveniently used here
(see [8, 21]).

Recently, there are some works studying the synchronization on the coupled network
with random factors by the approach of stochastic analysis, see [4, 5, 15, 16]. For example,
in [4], Berglund, Fernandez and Gentz consider SDE (1.8) of a one-dimension N periodic
chain coupled with its nearest neighbors, of which €; = 0 and f(x) is the negative gradient
of a bistable potential ix“ — %x2. They obtain the precise (asymptotic) synchronization—
desynchronization threshold estimates by some sophisticated mathematical theories, such as
metastability and twist map of the integrable system. In [15, 16], Qian and Wang, Qian and
Zhang study the frequency locking (frequency synchronization) of coupled oscillators under
white noises in the view of non-equilibrium physics, such as entropy production. Deng, Ding
and Feng consider the case of the stochastic coupled matrix, and some general approach is
presented in [5].

For discussing synchronization of (1.2), two aspects are indicated in theorem 1.1, one is
that the long time behavior of all nodes converges to an identical orbit, the so-called being at
the synchronized state and this convergence is determined by the characteristics of individual
node’s dynamics and the topology of the entire coupled network; the other is that the identical
orbit is the same as s(¢), the solution of the equation of an isolate node (1.4). Therefore,
in the analogical spirit of theorem 1.1, the main purposes of this paper are to investigate the
following questions:

(i) Is there a synchronized threshold similar to (1.6) or (1.7) in theorem 1.1, which is
determined by the characteristics of individual node’s stochastic dynamics and the
topology of the entire coupled network? How to understand the synchronization with
random noise?

(ii)) What is the identical orbit at the synchronized state in equation (1.8)? Is there some
relationship between this identical orbit and asymptotical behavior of the SDE on
individual node

dX; = f(X5) + Ve dW, + /&0 (X5) dB,? (1.9)
(iii) As €1, — 0, does the synchronized state in equation (1.8) converge to that of

the corresponding dynamical network without random perturbation, as described in
equation (1.2)?

Through some techniques of stochastic analysis, loosely speaking, the main results in this
paper are: (1) for the general f(x) and connectivity of the network in (1.8), some qualitative
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conditions of synchronization are given; (2) for some special classes of (1.8), even for a
concrete f(x) and topology of the network, some properties are shown in detail to answer (ii)
and (iii) positively or negatively.

This paper is organized as follows. The main results are given in section 2, which contains
three subsections. In section 2.1, similar to Lyapunov’s direct method (see [20]) or the global
stability analysis (see [2]), a synchronization threshold is given by employing Ito’s formula.
In section 2.2, question (ii) is discussed in different cases: (1) €; > Oande; =0; (2) ¢, =0
and €, > 0. These results demonstrate that the exterior environment noise of the whole
systems and interior noise in each node bring the distinct effect on the synchronized states. In
section 2.3, in order to compare the synchronized behavior of the coupled dynamical network
with small random perturbation (¢, €; — 0) and the deterministic coupled dynamical network,
a class of the reversible SDE with invariant probability measure (corresponding to the gradient
system in deterministic dynamics, which is a very special class of dynamical systems) is
considered particularly here. This simple and basic model gives some flavor of how the small
random noises give rise to the synchronization (desynchronization) on the desynchronized
(synchronized) coupled dynamical network. Finally, the proofs of lemmas and theorems in
section 2 and some useful lemmas are shown in section 3.

2. Main results

Let
anl'  apT anT
M:A@F: a21F a22F (JZNF ’
aniI'  anaT aynT

then equations (1.8) can be written as
dX¢ =f(Xf) dr + cMX{dt + /e, AW, +J6_20(Xf) dB,, 2.1

where X¢ = (Xf,...,X;,)T,f(x) = (f(x), fx2), ..., fGaNT . W, = (W, ..., W)T,

o(x) = (0(x1),0(x2),...,0(xy))" and B, = (B/, ..., BIN)T. Denote S = {(x, x,...,x) €
(RHN, x € R}, the diagonal of space (R?)", and S; is the § neighborhood of S.

2.1. A synchronized threshold for random cases
In this subsection, some assumptions of f, I" and o are considered as follows:
(A 2.1.1) f is a global Lipschitz continuous function with Lipschitz constant K, i.e.

ILfG) = fOII < Kllx =yl

(A21.2) T =diag(1,1,...,1);
(A 2.1.3) o is a bounded and global Lipschitz continuous d x r-matrix-valued function,
ie.

|0t71n(x)_amn(y)|<l||x_y||v |Umn(x)|<La 1<m<dv 1<l’l<r.

Theorem 2.1. If ¢ > % then, forany § > 0,r > 0, and € > O,

lim lim sup P(X{ € S5 |X§ =x,xe R)H") =1. 2.2)

01700 x| <r
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Comparing with theorem 1.1, the synchronization in this theorem says that if the coupling
strength c is larger than a threshold % , then the system is synchronized whenever all the nodes
remain closed to each other with high probability as €, small enough. Moreover, if €, = 0, i.e.
there is only exterior environment noise on the system. Thus, we have the following theorem:

Theorem 2.2. If ¢ > % and €y = 0, then for any €, > 0,
X=X == XN, t —> o0. a.s.P

i.e. in probability 1, for any § > 0, there is a to(w) > 0, for any t > ty(w),
Xf € S,g.

In fact, this theorem can be regarded as a conclusion of theorem 3 in [20] and
theorem 2.1 in [19], and shows that exterior environment noise on the global system does
not destroy the synchronization.

A synchronized threshold % in the above theorems is determined by the global Lipschitz
constant of the system on the individual node f and the eigenvalue A, of the coupled matrix
of the network. It seems that this threshold is rougher than those in equation (1.6), (1.7), since
[10, 17] only analyze the local linear stability at s(¢) (see equation (1.4)). Corresponding to
theorem 1.1, Lyapunov exponent and the stability at a stationary solution in random dynamical
systems can be found in [1, 13]. Some finer synchronized thresholds will be discussed in the

authors’ further research by utilizing the method of random dynamical systems.

2.2. Identical orbit at synchronized state

A subsequent important problem is to describe the identical orbit when the dynamical systems
of all the nodes achieve synchronization. Since the long time behavior of the system with
random noise is understood by its invariant measure, in this subsection, some relations of the
identical orbit at synchronized state and the invariant probability measure of an individual
uncoupled node (assuming this measure exists and is unique) are explored.

First, the effect of random noise of exterior environment (W;, ¢ > 0) on the whole systems
is considered, i.e. €, = 0 in (1.8),

N .
dX;9 = f(XP9)dr+c ) ayDX] dt + /ey dW,, i=1,2,...,N, (2.3)
j=1
and its corresponding equation on the individual uncoupled node is
dXi' = f(X0) dr + Jer dW,. 2.4)

Besides fand I" satisfying A 2.1.1 and A 2.1.2, one assumes that equation (2.4) has a unique
invariant probability measure fi.,. By the classic ergodic theory of diffusion processes (see
[21]), this implies that for all B € Z(R?), Borel’s o fields on R?,

t

lim 15(X{) ds = fie, (B). (2.5)

t—o0 0

Thus, one has

Theorem 2.3. For any initial value of the solution of (2.3), in probability 1,

t

.1 :
lim — | 15(X))ds = fic, (B). (2.6)

t—oo t 0
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Although it is difficult to compare precisely the identical orbit in equation (2.3) and the
orbit in equation (2.4) for any 7 large enough, the above theorem shows that the ‘frequency’
of the identical orbit visiting B converges to the invariant measure fi., (B) as t — oo.

Second, for the coupled SDE

N
dXie = f(Xp@)dt +c Y a; DX dt + /o (XI) dB], i=1,2,...,N, (2.7
j=1
and its corresponding equation on the individual uncoupled node
dXo = f(X2)dt + Jero (X)) dB,, (2.8)

(i.e. €, = 0, €, > 01in (1.8)), a natural problem is:
If (2.7) achieves synchronization, i.e. satisfies (2.2) in theorem 2, does

1 [ .
lim lim [;/ 15(X5) ds —[LEZ(B)} =0, i=1,2,...,N (2.9)
0

e,—>01—>00

hold? where [i, is the unique invariant probability measure of the SDE (2.8).

The effect of the interior random fluctuation is much more complicated than that of the
exterior random noise discussed above. In general, SDE (2.7) does not satisfy (2.9), for
example:

Example 24. If N = 2,d = 1,0(x) = 1, and f(x) = —U'(x) in SDE (2.7), (2.8), where

U (x) satisfies fR exp {#Z(X)} dx < oo, for any €, small enough, then, it is easy to know that

2U()C1) + 2U()C2) +c(x; — )CZ)Z
€2

e, (dx1 dxy) = C exp {— } dx;dx,, (2.10)

fe,(dx) = Cexp {— 2U€(x) } dx @.11)
2

are the unique invariant measures of SDE (2.7), (2.8) respectively (C and C are the normalized
constants).

Moreover, if one assumes that U (x) € C3(R), and for z; € {z1,z2} = {z e R; U(z) =
min, U (x)}, U"(z;) > 0,i = 1,2, then for any open neighborhood E; of z;, satisfying
22 ¢ Ey, equality (7.5.22) at p436 in [21], and lemma 3.6 in section 3 imply

1 t ) U’ 2 20¢U" —1
lim lim |:—/ 1E1(X;’52)ds):| = E( (z1))* +2cU" (z1)] 2 5 .12
6—>0t—=c0 | t Jo Z,-=1[(U”(Zi))2+ZCU”(Zi)]_7
and
- U (z)] 2
lim fie,(E)) = i —. (2.13)
@0 U ()72 +|U"(z2)] "2

This shows that (2.9) does NOT hold.
However, if z; = z;, obviously, (2.9) holds.

2.3. Comparison of synchronization between a coupled gradient system and
its small random perturbation

It is a challenging problem in probability theory to compare the long time behavior of the
dynamical system and its small random perturbation (see [7]). So, it is difficult to give a
clear relation of synchronization between a coupled dynamical system and its small random

6
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perturbation. However, because the gradient dynamical system x = —VU (x) is one of the
simplest dynamical systems and its small random perturbation dx;, = —VU (x,) df + /€, dB,
has a unique invariant measure C exp { — ZZE") } , if [exp { 222)‘) } dx < oo, in this
subsection, a complete comparison of synchronization of the coupled gradient system
N
X; =—VU(X,~)+CZaijFXj, i=1,2,...,N, (2.14)
j=1

and its small random perturbation
N
dX;© = —VU(X[®)dt +¢ Y " a;; X dt + Jez1, dBY, i=1,2,...,N (215
Jj=1
are presented.
In this subsection, some assumptions of U, I' are considered as follows:

(A 231 Ux) € C*RYLRY, [exp{- 2W)}dx < oo, for any & > 0,
lim 50 U(x) = oo and for any r > 0,{x € Rd|||x|| < r} is compact. For
example, if for some r > 0, there is a constant C > 0, such that, for all x €
R\ Bra(0, r), Hess U(x) > Cly, then it is easy to show that the above assumptions

of U (x) hold, where Hess U (x) = (%XU;)’:))KZ i<’

(A 2.3.2) The number of the elements in & = {x € R? | U(x) = minycgs U (y)},
which is denoted by m, should be finite. Without any loss of generality, one assumes
minyege U(y) = 0;

the Hessian matrix of U,

d
(A233)T =diag(1,1,...,1,0,0,...,0),qg <d
————
q

Let Hx) = Z,N=1 Ux;) — “"T%, x € (RY)Y, then, the number of the elements in

A={xe®RHV|H(x)= min H(y)}
ye®RHN

is also finite by assumption A 2.3.2, and it is easy to show that

N ( 2H (x))
He,(dx) = Cexp | — dx

€2

is the unique invariant probability measure of (2.15).

Theorem 2.5. For all § > 0, let A5 denote the 5-neighborhood of A, then for any r > 0
lim lim sup P(X{ € As|X§F =x,x € (Rd)N) =1. (2.16)

e—>01—>00 IxlI<r

This theorem implies that the synchronization of the dynamical system (2.15) is
determined by the location of A. Through analyzing the relation of m, I and the location of
&, the precise synchronized condition is obtained as follows:

Theorem 2.6. The dynamical system (2.15) can achieve synchronization in the sense of (2.2),
if one of the following three conditions is satisfied:

(Hm=1;
(2)m > landq =d;
(3) m > l,qg < d, and for zx = (Zx1,2k2,...,2ka) € &, denoting z,(f) =

(Zk1, Zk2s - -5 2kg)s forany k # 1k, 1 =1,2,...,m, Zl(cq) £ z(q),
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On the other hand, let A = {z € EN\SIZ;‘D = z;q), ifa;;j #0,i,j =1,..., N}. Itis clear
that A C A, A ¢ S,if m > 1 and ¢ < d. Moreover, assuming that j., converges weakly to
a probability measure u, then, by [9], u(A) = 1. So,

Theorem 2.7. If m > 1,q < d and w(A) > 0, then there is a 8y > 0 such that
liminf lim sup P(X® ¢ S;|X3 =x,x € R)") > 0. (2.17)

@m0 1200 x <

Remark 2.3.1. Under A 2.3.1, similar to the section 2 in [9], i, is tight and the limit measures
w satisfy (A) = 1, where p are not unique possibly. However, in some cases, it can be shown
that y is unique, for example: if U(x) € C3(R?, R!), and for any x € A, det Hess H (x) # 0,
then u is unique and

(detHess H (x))~!/2

yen (detHess H (y))~1/2 ’

nx) = >
where det represents the determinant of a matrix.

There are some simple but interesting conclusions obtained from theorem 2.6 and
theorem 2.7.

(1) The synchronization of the stochastic gradient system (2.15) can be achieved for any
coupled strength ¢ in theorem 2.6, however, there is a synchronized threshold for a
general f in theorem 2.1 in subsection 2.1.

(2) In [4], Berglund, Fernandez and Gentz show that the deterministic coupled gradient
system cannot synchronize if the coupled strength is less than some critical value and this
dynamical system starts at the neighborhood of a stable equilibrium point of H (x) which
is not in S. However, theorem 2.6 implies that if the stochastic coupled gradient system
satisfies the conditions in the theorem, it always achieves synchronization (in the sense of
(2.2)) for any coupled strength and any starting point. In fact, the model discussed in [4]
satisfies the condition (2) of theorem 2.6.

(3) Theorem 2.7 demonstrates that in some special cases, the random noise can destroy the
synchronization of (2.14).

3. Proofs
Let (-, -),, denote the inner product and ||-||, denote the norm in R", n < oo.

3.1. Proofs of theorems 2.1 and 2.2

Before the proofs of theorems 2.1 and 2.2, some lemmas are given under (A 2.1.2)—(A 2.1.3)
first.

Lemma3.1. Forx = (x1,...,xy) € RO x; e R, i=1,..., N,
1 N N
(X, =MX)ay = 5 > > aijlixi = x; I3, 3.0
i=1 j=1
x, —Mf(x))any < K{(X, —MX)4n, (3.2)
[Ao] (X, =M X)an < (MX, MX)qn < [ANI(X, —MX)an. (3.3)
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Proof. Noting Z;N=1 a;; = 0and a;; = aj;, forx,y € (R)",
(X, My)an = (X, (A ® F)Y)dzv

N N
_Zzau xn(yj yi)) Zzau Xj,(yj Yi))a

i=1 j=I i=1 j=I

1 N N
= =5 2 2 aij{0 = %), () = ¥))a- (34

i=1 j=I1
It is clear that (3.1) holds, and by the Cauchy—Schwarz inequality,

L NN
(x, —Mf(x))qn = 3 szij((xi —xj), (f(xi) — f(x;))a < KX, —MX)an.

i=1 j=1
Since 0 > X, > --- > Ay are the eigenvalues of A, so do M. Therefore,
A2l (X, =MX)an < (MX, MX)an = (X, M*X)an < [An|(X, —=MX)an 0

Lemma 3.2. Let (X¢, 1 > 0) be the solution of SDE (2.1) with the initial value x =
X1, ...,Xy) € (Rd)N, then fot (MXE (Xi) dBS>dN is a (F;) martingale, where F;
o (B, Wy, s < t). This means that E(fo (MX?, U(Xﬁ) dBS)dN) =0.

Proof. Because all the coefficients of SDE (2.1) are global Lipschitz continuous and the initial
value is deterministic, the classic proof of existence and uniqueness of the SDE imply that the
lemma holds (see [8]). O

Proof of theorem 2.1. By Ito’s formula,
d(X¢, —MXS),\, = 2(XS, —M dX),, + e tr(—Mo (XS)o (XE)") dr
= 2(X5, —MF(XS)),, dt —2(MXS, cMXS),  di —2(X5, /el M dW,),
—2(X¢, JaMo (XE)dB,),, +e tr(—Mo (X))o (XS)) dr, (3.5)

(3.4) implies, (X¢, M dW,), = -3 3% > | ai; (X =X/, (W, —dW,)), ., = 0. Because
|omn| < L, lemmas 3.1 and 3.2 imply,

t
EX(X¢, —MXS), | < (X, —MX)qn+ (2K — 2c|A) EX(XE, —MXS), ds + Nd*L?e; tr(—M)t,
hence, by the comparison principle

Coe . Nd*L?%e; tr(—M)
EX(XE, —MXl)dN < | X, —MX)gy + ——————2

(2K —2c|2z])
Nd*L?*e; tr(—M)
x expl2K — 2c|aa)t] — ———————
(2K —2c|As])
Since ¢ > X it follows that for any r > 0

[22]”

lim lim sup = ai E||X€ =X/ = lim lim sup EX(XS, —MX¢
0100 |y ||£r 121:/2; J ” ”d 60100 qugr ( t l)dN
. Nd*L?c,tr(—M)
im ——=—~ —~ —

a0 —2K — 2clra))

So, the theorem holds by Chebyshev’s inequality. (I
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Proof of theorem 2.2. If ¢, = 0, the model (2.1) can be written in the following form:
X' = f(Xf‘) dt + cMXS'dt + \/e; dW,. (3.6)
It is easy to compute that in probability 1,
(X, —MX7), = 2X7 —Mf (X)), dr = 2(MX], cMX3), dt
< (2K — 2c|k2|)<X€‘ —MX),, dr.

Therefore, under the condition ¢ > for any €, as t — o0,

I)L |’
1 2
3 Z Za,,- [Xie — X)) = (X, —MXE), | < (x, —MxX)qy exp[(2K — 2c|aa])1] — 0.
(3.7)
Theorem 2.2 follows. (]
3.2. Proof of theorem 2.3
Let (Xf‘ = (th’e', . ..,X,N’G')T,t > O) be the solution of (2.3) with the initial value

x € (RHN.

Lemma 3.3. Foranyi =1,..., N,

1] ¢ & i ¢ & i
X .. J.€1 . J:€1
E |:exp (—2 /0 < = El a;;T'X;"", —61 ,El a;;il'X; >d dt):| < 00, 3.8)

E"|:/0 <\/_Za,j rx/e, J_Za,l X’€‘> dt:|<oo. (3.9)

Proof of lemma 3.3. By the right -hand side of inequality (3.3) in lemma 3.1 and (3.5) in the

proof of lemma 3.2, noting ¢ > m, then

2 00
(3.8) = E* [exp (;— f ((MX7),, (MXT)), dt)]
€1 Jo
X c2|)‘N| * € €
<E |:exp <2—€l/0 <th,—MX[1>de[>}

2 [}
c|An]
< exp > (X, —=MX)4n exp[(2K — 2c|x,|)t] dt

€] 0

< 00. (3.10)
2 o)

(3.9 = E* [(Z—/ (MX7),, (MXT),), df]
1 Jo
Ay *©
< c (x, —Mx)dN/ exp[(2K — 2c|xy|)t] dt
1 0
< 00. (3.11)

10
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Lemma 34. Fori =1,..., N, let

t
Z = exp —/ a; T X/, dW,
AT )

i=1
" N
X“‘ — a; XJG‘ ds (3.12)
ij ij 5
i (a e e o
then, (Zf’é‘,a(Wx,s < t)) is a closed martingale on [0, 00], and 0 < Zé’j‘ < o0 in

probability 1.

Proof of lemma 3.4. Noting that

t N
/ L ZaijFXj’“, de
0 \VeEr ’ ',

i=1

N
= sup EX / a;;il’ X“‘ — FX’G‘
;>€ ( < 612 ! \/_g: >d )

Ay *©
< —— (X, —MX)an exp[(2K — 2c|Az|)t] dt
0

2

sup EX
t>0

€1
< 00, (3.13)

it shows that (fot(\/% vazla,»jFX;{’él, dWs)d,a(Ws,s < 1,0 < 1 < o0) is a uniformly
square integrable martingale on [0, oo] and

/Om<f2a,jFX’ €l dW>

i=1

o N N
c , c .
= E* / — E a; T X/, — E a;; X)) ds
( 0 <VE' i=1 ! Ve D ! >d )

< o0. (3.14)

2
EX

So, lemma (3.3) and (3.14) imply ( zha ,o(Ws, s < )) is a closed martingale on [0, co] by
Novikov’s condition (see [8]).
Moreover, (3.14) means that

—_— a;; TX7e, dw, )| < oo
[ {7 S on)

00 N N
C . C .
N ayrxia, =3 a,rxi) ds
<V61 i=1 A i=1 o >

d

)

< 0

in probability 1. Therefore, 0 < ZL¢ < oo in probability 1. ]

Proof of theorem 2.3. Let (W,,r > 0) is a d-dimensional Brownian motion on a probability
space (2, F, P).

Denote P*(-) = E*(1.Z5£'), a new probability measure on (2, Foo), Where - € i, and
Foo=0(W;, t < 00).

11
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Consider SDE (2.3), (2.4)

N

dXi9 = f(XP)dt+c ) ay DX dt + /ey dW,, (3.15)
j=1

dX{' = f(X0)dr + Jer dW,, (3.16)

lemma 3.4 means that (X;’G‘ > 0) is the weak solution of SDE (2.4) (or (3.16)) under p*(-)
by the Cameron—Martin—Girsanov theorem (see [8, 21]). For any B € # (RY), let

Oz{w

0={o

it is clear that O € Fuy, O € Foo and P*(0€) =0 by (2.5). Thus
PX(0°) = P*(0°) = EX(1o:ZiS") = 0. (3.17)

t—o00 t

1 [ -
im + [ 1a(Xe)as =/161(B)},
0

t
lim 1/ 15(X0) ds = /:LEI(B)},
0

t—00 t

Since lemma 3.4 claims that 0 < Z5¢' < oo in probability 1, this implies that PX(0¢) = 0,
ie.

L[ ‘
P (lim —/ 1p(Xp)ds = gel(3)> =1 (3.18)
t—oo t 0 D

3.3. Proofs of theorems 2.5, 2.6 and 2.7

H(x)

P }dx < 00, and for any r > 0,{x €

Lemma 3.5. For any ¢ > 0, f(Rd)N exp {—
RHN|H (x) < r} is compact.

Proof. Since H(x) > ZlN:l U (x;), by A 2.3.1, the lemma follows. O

Lemma 3.6. The family of probability measures (jLe,, €2 > 0) is tight, and for any § > 0,
lim jic,(x € RHYMH(x) < 8) = 1. (3.19)
€—

This means that if |1’ is a weak limiting measure of (MQ), then /' (A) = 1.

The proof of this lemma is similar to the content of section 2 in [9], if lemma 3.5 holds. So, it
is omitted here.

Proof of theorem 2.5. By corollary 7.5.24 in [21],
lim sup P(X2 € As|X§ =x,x € RDN) = e, (Ap), (3.20)

=00 x| <r

and by lemma 3.6, lim¢,_,0 4, (As) = 1, the theorem follows. O

Proof of theorem 2.6. Noting that

N 1 N N q 5
ZEED SITNED 3 3071 D SN B
i=1

i=1 j>i k=1

12
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it is easy to check that if U satisfies one of (1), (2), (3) in theorem 2.6, then A € S. So,
theorem 2.5 implies the results. ]

Proof of theorem 2.7. By lemma 3.6, for any open §-neighborhood As of A

liminf e, (As) > u(&s) > u(d) > 0.
€©—

Ifm>1,q <d, then A NS = @. So, there is a 8y > 0 such that [\50 N Ss, = ¥, thus

liminf lim sup P(X® ¢ S5 |X3 = x,x € (R)")

e—>0 t—>o00 IxII<r

> liminf lim sup P(X2 € A5 |XE = x,x € RDHY)
@0 1200 x1<r

> (A)

> 0.
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