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STABILITY AND CONTROL OF STOCHASTIC SYSTEMS WITH
WIDE-BAND NOISE DISTURBANCES. I*

G. BLANKENSHIPT anp G. C. PAPANICOLAOU%

Abstract. For dynamical systems with external influences which are approximately white noise
(wide-band noise), we show that stability and other properties of the white noise problem that depend
on the infinite time interval, continue to hold away from white noise but not far from it.

1. Introduction." The purpose of this work is to analyze the stability proper-
ties and the control of systems that are subjected to external noise disturbances.
Specifically, we consider a family of systems labeled by a parameter ¢ >0 such that
as ¢ >0 the external disturbances become white noise. We assume that the
limiting white noise problem has certain properties; for example, stability,
recurrence, invariant distributions, etc. If these properties of the limiting problem
hold in a sufficiently nonmarginal way, i.e., they hold in a sufficiently strong sense,
then the corresponding problems for £ >0 and sufficiently small also have these
properties.

Thus, we confirm under specific conditions, what one expects to happen,
namely, that computations based on the assumption that the disturbances are
white noise are in fact robust relative to perturbations away from white noise but
remaining in the wide-band regime.

The basic ideas underlying the problems at hand are due to Stratonovich [1].
The mathematical analysis of stochastic systems near the white noise limit is
carried out in [2], [3] and elsewhere. However, in previous work the limit £ >0
was taken under the assumption that the time ¢ remained in a bounded but
arbitrary set, 0 =t = T <00. Thus, questions of stability, etc., that depend on the
infinite time interval could not be answered. In this paper we attempt to remove
this deficiency.

In § 2 we formulate the problems and explain the nature of the family of
systems, parameterized by € >0, which are near a white noise system. We also
relate the parameter ¢ to the bandwidth of the local noise disturbances.

In § 3 we give in detail the perturbation analysis as & - 0 which is the basis for
future constructions. The analysis is similar to the one in [4], [5] wherein
additional references are cited to related work and methodology.

In § 4 we state and prove a weak convergence result similar to the one in [2]
and [3]. The proof is different here and plays an important role in the stability
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questions. The general scheme follows Kurtz’s work [6]. We make effective use of
martingales as in [7]; in the latter work it is no longer assumed that the coefficients
(the external driving process) are ergodic and new phenomena arise.

Section 5 contains our results on stability. The theorem of §5.1 is the
nonwhite noise analogue of a well known white noise result [8, p. 325]. Section 5.2
is analogous to Khasminskii’s result [9] for the white noise problem. We also
employ Pinsky’s device of introducing the function 4 [10, p. 320]. Section 5.3
contains an application of the theorem of § 5.2 to a harmonic oscillator. The
analogous white noise problem at low frequency is treated in [11]. We treat here
the high frequency case because it is easier and because it illustrates nicely the
effect of averaging superimposed on the white noise or wide-band limit (cf. [3] and
references therein for additional information on this point).

Section 6 contains our results on invariant measures. The theorem in § 6.1 is
analogous to the one of § 5.1 and the one in § 6.2 is analogous to the one of § 5.2.
In both results we employ a theorem of Bene§ [12] concerning the existence of
invariant measures. The theorem of § 6.2 is analogous to the white noise result of
Zakai[13].

Section 7 contains an upper estimate for the probability of deviating far from
the equilibrium point given that it is stable in a sufficiently strong sense. The white
noise result and its proof is due to Pinsky[14] and it is presented as Theorem 1.
Theorem 2 is the corresponding result for the wide-band noise systems.

In a companion paper, part 11, we examine some related questions in control
theory.

2. Stochastic systems with wide-band noise disturbances. Let x(f)e R" be
the state of a system at time =0 and let y(¢)€ R™, say, be the state of some
external process that influences the evolution of the system. Suppose that

O - Faw, yo), >0,
(2.1)
x(0)=x,

where F(x, y) is a smooth n-vector function on R” X R™ so that y(t) represents
the random coefficients in (2.1). We are interested, typically, in the following
questions:
(i) What is the probability law of x (- ) given that of y(-)?
(ii) Under what conditions is x(¢) stable as t->c0, with “stable” being
appropriately defined?
(iit) How can systems such as (2.1) be controlled, i.e.,

dx(t)
dt

x(0)=x,
where u( - ) is the control (in some space) chosen to optimize some cost
criterion?
These questions are too general to admit informative answers. When,
however, the external process y(¢) is white noise, these questions have, as is well
known, reasonably satisfactory answers collectively referred to as the theory of Itd

=F(x(t), y(t), u(®)), t>0,
(2.2)
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stochastic differential equations (cf.[8],[15],[16],[17] and many other references
cited in these).

We want to study questions (i)—(iii) when the external influences are not white
noise but only approximately white noise. A very convenient way of defining what
is meant by this is by introducing a small parameter £ >0 which measures
deviation from the white noise case. The situation is as follows.

Let y(¢), t =0, be a stationary m-vector valued process and let F(x, y) and
G(x) be smooth n-vector functions on R" XR™ and R" respectively. Consider
the problem

dx(t)
dt

and assume that for each x fixed®

(2.3)

=F(x(t), y()) + G(x (1), x(0)=x,

(2.4) E{F(x,y(t)}=0.
With (2.3) we associate the deterministic system

dx(t)

(2.5) ar

G(x(1)), £(0)=x.

Because of (2.4), the term F(x (¢), y(¢)) in (2.3) plays the role of fluctuations to the
deterministic problem (2.5). Note that the fluctuations are locally dependent upon
the solution, i.e., F depends on x.

Let F7(x, y) denote the transpose of F(x,y) and let R(x,s) be the nXn
covariance matrix of the local fluctuations:

(2.6) R(x,s)=E{F(x, y(®))F T (x, y(t +5))}.

Let S(x, ) be the power spectral density’ of the fluctuations

@.7) S(x,w)=j ¢ R(x, 5) ds.

—c0

The basic premise of the wide-band noise approximation is that S(x, w) is
(effectively) band limited:

2.8) Skx,w)=0 for|w|>wo>0, xeR",
and that all relevant frequencies associated with the deterministic problem (2.5)
are contained in [~wy, o], i.€., the support of S is wide enough.

Let ¢ >0 be a parameter and define

(2.9) F'(x,y*()=¢"'F(x, y(t/”)).

2 E{ -} denotes expectation value.
3 We assume it exists.
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Then (2.6) yields
R®(x,5)=E{F*(x,y"(0)(F° (x, y*(t +5)))"}
=& *E{F(x, y(t/e*))F" (x, y((t +5)/)}

210 =& °R(x,s/¢”)
el0
— I - R(x,0)do é(s) (white noise)
and hence,
(2.11) S°(x, w)=S(x, ).
Thus
(2.12) S°(x,w)=0 for|w|>e wo

and as £ > 0 the bandwidth of $° tends to infinity.
We shall take as our wide-band noise system®

O LR @,y )+ 6 @),y ), >0,
€
(2.13) x°(0)=x,

Yy ()=y(t/e),

with y(¢) a given stationary process (other hypotheses introduced later), F and G
smooth n-vector functions on R" xR™ and F satisfying (2.4). The parameter
¢ >0 measures departure from the white noise approximation. Another interpre-
tation for & is that it differentiates between the time scale of fluctuations of the
coefficients and the solution; the latter is much slower than the former.

In many applications one encounters other small parameters, in addition to ¢,
in (2.13).If as £ » 0 they remain of order one, then it is reasonable to first take the
limit £ >0 and consider other approximations afterwards. In many interesting
cases the other small parameters are coupled to ¢ and one has, for example, rapid
oscillations (averaging) or rapid decay superimposed on the wide band noise
(white noise) limit. An example is given in § 5.3. For more details we refer to [3]
and [18].

The behavior of the process x° (¢) of (2.13) when ¢ is small, and specifically
stability or related questions, is the object of the following sections. If we rescale
(2.13) as follows

(2.14) =g’r, X°(r)=x°(¢’7),
then £°(7), 7 =0, satisfies the equation
B o e (), y () + 26 (), y (o)), >0,
.
(2.15)
(0)=x.

4 Letting G = G{(x, y) with E{G (x, y (t))} # 0 introduces no additional features into the problem.
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In §§ 3 and 4 we analyze the limit ¢ | 0 in (2.13) or, £ | 0, 7 1 00, e’r =t in
(2.15), with t fixed in both cases and 0 =t = T <00 (T is arbitrary). This is the usual
diffusion or white noise limit [2], [3]. In §§ 5, 6 and 7 we examine the limit > 00 in
(2.13) or, 7> 0in (2.15), with ¢ fixed and 0 < ¢ = g, where g is sufficiently small.

Both scalings (2.13) and (2.15) are useful and all results can be stated in
either scaling. In §§ 3 and 4 we employ (2.13). Later we also employ (2.15). In the
context of specific applications one or the other scaling, (2.13) or (2.15), may be
more appropriate or more natural. This should not obscure the fact that we are
dealing with the same problem.

3. The perturbation expansion. In this section we describe the class of
external influence processes we shall admit and then, under some simplifying
assumptions that are removed in § 4, we describe the perturbation procedure that
is used repeatedly in later sections.

Let y(#) be a time homogeneous Markov process with values in a compact
metric space S. We shall assume that y(¢) is ergodic and this is necessary for the
results we want (see [7] for results without this assumption). This process will be
our external influence process. To be specific, and without substantially restricting
generality, we shall assume that y(¢) is a jump process as follows (for more general
situations see [3] and [7]).

LetP(t,y,A),t=0,y €S, A aBorel subset of S, be the transition probability
function of y(t), t =0. We shall assume that for f(y) a continuous real-valued
function on S

G.1) Ofy)=tim= [ Py, d2)(f(2) ()
1ot Js

has the form®

52) Ofy)=a0) [ w0y, d)f(z)=a(f)

where

3.3) q(y) is a continuous function on S and there exist constants g, g, such
that 0<q;=¢q(y)=q, <

and

(3.4) 7(y,A), y €S, A aBorel subset of S, is a probability measure on S for
each y €S and a continuous function of y for each Borel set A.

The operator Q of (3.1) and (3.2) is the infinitesimal generator of the process y(t),
t = 0. Itis easily seen that P(t, y, A) is a Feller transition function and that y (- ) can
be taken as right continuous with left hand limits. Hence y( - ) is a strong Markov
process.

Let us assume, in addition to (3.4), that for some nontrivial reference
probability measure u on S, #(y, - ) has a density

(3.5) w(y, dz) =7 (y, z)u(dz),

> The region of integration will be usually omitted in the following.
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jointly measurable in y, z € S and such that
(3.6) O<m=a(y, z) S, <0,

where 7 and 77, are constants. Then it follows easily by standard arguments that

the process y(t), t 2 0 is ergodic and that it has a unique invariant measure P(A),
AcS

PS)=1, PA)= I P(dy)P(t,y, A).

(3.7)

Moreover the equation

(3.8) Qf(y)=—g(y), y€es,
with

59 | Papgm=o

has a bounded solution, unique up to an additive constant. The solution is given by
(3.10) f0)= =@ = | x0.d2)g), yes,
where

(3.11) X0, A)= [ drPie y, 4)-P(a))

is the recurrent potential kernel; the integral is absolutely convergent since
P(t,y, A) approaches P(A) exponentially fast uniformly in y and A as a con-
sequence of (3.3) and (3.6).

We shall refer to (3.8)-(3.11) by the statement that the Fredholm alternative
holds for the process y(t), t = 0. The above description of the influence process y (- )
and its properties will be used throughout in the sequel. We emphasize that we
have introduced these details for the sake of being specific. Most results that
follow hold under much more general conditions. However, as already men-
tioned, a minimum of ergodicity assumptions is necessary. Some form of the
Fredholm alternative as above must hold or else different phenomena can arise.

Let x°(t), t =0, be defined by (2.13) where F(x, y), G(x,y): R" X§ - R" are
continuous in y and bounded and smooth as functions of x. Let y* (¢) be defined by
(2.13) with y (¢) as above. The assumptions that F and G are bounded is removed
in the next section so that linear systems can be included. We impose it in this
section for simplicity.

Clearly (x°(f), y°(¢)) are jointly a Markov process on R"XS. Let
P*(t,x,y,A),x e R", y €S, A aBorelsubset of R" X S, be the transition probabil-
ity function and £ the infinitesimal generator of this process. On functions f(x, y)
smooth in x and continuous in y, we find easily from (2.13) and (3.2) that

af(x Y, of (x, y)
x

(3.12) LSk, y)= 2Qf(x y)+ F( y)- +G(x,y)-
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Here df/ax stands for the x-gradient of f and the dot stands for inner product of
vectors in R”. In the scaling (2.15) the process (£°(7), y (7)) has the infinitesimal
generator

af(x y)

(3.13)  Zf(x,y)=Of (x,y) +eF(x,y) -

£2Gx, y) i%z_)

which differs from £° of (3.12) merely by a factor £°. The backward Kolmogorov
equation for

w5 ) = Eapf 0,y O) = | P6x v dgdufe )

is
u(t,x,y)
at

u®(0,x,y)=f(x,y)

For ¢ >0 fixed the process (x°(¢), y*(¢)) has the following properties which
are elementary consequences of the above definitions and assumptions:

u“(t,x,y), t>0,
(3.14)

(i) 'The transition function P° (¢, x, y, A) defines a Feller semigroup on
C(R" x §), the continuous functions on R" X S.

(ii) The semigroup maps C‘(R" X S) (continuous functions that vanish
as |x |~ o) into itself. In fact for any compact set K < R" X S and all
(3.15) y€eS, t>0,

lim P°(t,x,y, K)=0.

Ix |0

(iii) The process (x°(t), y°(t)) has a version which is right continuous
with left hand limits. In fact, trivially, x®(¢) is continuous.

From the above it follows that (x°(¢), y°(¢)) is a strong Markov process.

We shall now proceed with the perturbation analysis of the backward
equation (3.14) for £ small. Note first that £° of (3.12) has the form

1
(316) F* =82$1 +;1'$2+$3
where
2 d
(317) $1-=—Q, $2=F'_, $3=G‘_"".
ox ox

Let us now assume, as in (2.8), that

(3.18) jF(x, y)P(dy)=0.

Problem (3.14) can be analyzed as a problem entirely within the context of
differential equations and semigroups following the general results of Kurtz[19].
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The formal analysis behind such results follows the general rules of perturbation
expansions and one can use the same general rules for a surprisingly diverse class
of problems [20] in addition to the present ones. We continue now with the
analysis.

Recall at first that we are interested mainly in the behavior of x°(¢) for ¢
small. Therefore we take f in (3.14) as a smooth function of x only,’i.e. f =f(x).
Because of (3.18) and the Fredholm alternative (3.8)~(3.11) the function

(3.19) fl(x,y)=Lx(y, d)F(, 2) - L)
satisfies the equation
(3.20) Qf (e 1)+ Fx,y)- L =,

Now we define on smooth functions a linear operator & by setting
D 9 > = Jf (x
620 Hw=| PayFuy) - LED[ PGy LE
S

More explicitly, using (3.19), we have

Ff(x)= J'J. X, dZ)ﬁ(dy)F(x, y)- 5%(F(x, z)- ngx_z)

(3.22) o ;
+ J'Is(dy)G(x, y): la%

We assume now that the diffusion equation

%%%JL):gu(t,x), >0,
(3.23)
u(0, x)=f(x)

has a unique smooth and bounded solution in 0=t =T <co, whenever f(x) is
smooth and bounded. This is in fact true on account of the smoothness of the
coefficients of the operator & which follows from the smoothness of F and G.
Under the above hypotheses we have the following.
THEOREM. For f(x) smooth and bounded let u®(t, x, y) be the solution of
(3.14) with u®(0, x, y) =f(x), i.e.,

(3.24) u(t,x,y)=E., {f(x*(1))}.
Let u(t, x) be the solution of (3.23) with the same data f. Then
(3.25) lu®(t, x, y)—u(t, x)| = O(e), 0=t=T<o,

uniformly inx e R", y € S.
Proof. The idea is to construct an expansion

(3.26) u® =uo+eus+&’us+- - +& un+Rn,

® Otherwise we have an initial layer which is handled easily.
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where Ry is the remainder, and show that

(3.27) lu® —uo—eu;— - —e™un|=0("""), N=0,1,2,---.
Therefore, for example,

(3.28)  |u° —uo|=|u® —uo—eus— & us| +|eus +£’us| = O(e) + O(e),

provided u; and u, are bounded. Naturally u, is identified with u(, x) of (3.23).
Now let u® satisfy (3.14), i.e., in view of (3.16),

(3.29) (—1531 +—1—££2+$3———§->u€ =0,
£ 5 ot

If we insert (3.26) into (3.29) and equate coefficients of equal powers of ¢ we
obtain the following sequence of problems:

(3.30) ZLiue=0,
(3.31) ZLuy=—Luy,
(3.32) $1u2=—$2u1—-($s—§;)uo, .

Recalling that &£, =Q by (3.17), we conclude from (3.30) and the ergodic
properties of Q that us= uo(t, x) and does not depend on y. It will be identified
with u(t, x) of (3.23) later. Because of (3.18) and the Fredholm alternative, (3.31)
has a bounded solution (up to a constant)

(3.33) ur= -7 %ouo.

Using this in (3.32) and applying the solvability condition (3.9) to the right side, we
find that uo(z, x) must satisfy (3.23). Since u*(0, x, y) = f(x), it follows that the
initial data for uo is f and hence uo = u of (3.23). Solving (3.32) now yields

(3.34) Uy =—L7 (Lory — (Fz—L)u),

and both u, and u; above are well defined smooth and bounded.
A direct computation and the above definitions (3.33) and (3.34) produce the
following:

E a &
(ﬁf ~5>(u —u—eu—£°Uy)

= (——12$1 +1$2+$3———a>(u"" —Uu—el— £ Uy)
€ £ ot
(3.35)

il

1
‘(‘1731 +‘$2+$3—‘a->(u +eur+e’uy)
£ £ ot

i) &)
= ‘8[($3‘5)”1+$2“2]‘82(33’5)"2-

Therefore, by the maximum principle for £>—4d/dt and the regularity, we obtain
(3.27) with N =2 and so (3.28). The proof is complete.
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Let us note that the choice of u; and u; in (3.33) and (3.34) implies that (3.31)
and (3.32) hold and hence the O(1/¢)and O(1) terms in (3.35) cancel. This is the
essential point of the perturbation expansion and will be used repeatedly in the
following sections.

4. Weak convergence. The result of § 3 shows that under suitable hypoth-
eses, mostly smoothness and the ergodicity of y(¢),

4.1 E,{f(x" ()}~ E{f(x (1))}, O0st=T<o,

as ¢ > 0, with T arbitrary, where x(t) is the diffusion Markov process associated
with the operator £ of (3.21). In order to conclude that the process x°(¢)
converges weakly to x(¢), as a measure on C([0, T]; R"), T < co but arbitrary, it is
necessary to do a bit more. We also need information, useful in later sections,
concerning moments of x°(¢). This is what is done in this section.

First we replace the boundedness assumptions on F(x, y) and G(x, y) by the
following:

(i) F(x,y)and G(X, y) are functionson R” X § » R", smooth in x and
continuous in y;

(i) There is a constant K such that forallxe R" andye S
(4.2) [F(o =K1+ [),  [|Gix, y)| =K1 +]x])

l_(, w’§ i,j=1,2,---,n.

(iii) Higher order x-derivatives of F and G do not grow faster than
powers of |x| as [x|— oo uniformly in y € S.

We note that the assumptions (3.3) and (3.6) imply the exponential estimate

4.3) sup sup |P(t,y, A)—P(A)|=e™™, =0,
yeS AcS
for some a > 0.
LEMMA. Under the above hypotheses, the solution x°(t) of (2.13) satisfies’

4.4) E lx*(0F}=C,(1+xP), 0=t=T<oo,
where p 2 1 is an integer and C,, is a constant depending on p and T < o0 but not on
e>0.

Proof. Ttis enough to prove (4.4) with G =0 in (2.13) and with p replaced by

2p.
We have®
4.5) " @OF = [ +2§ I F(x*(s), y* ()i (s)|x* (5)[P 2 ds.

7 2 n 2
,x I = Z,’ =1Xi.
8 We use the summation convention.
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Iterating this identity once, we obtain the identity

2p (! _
(@) = lez”‘ff Fi(x, y*(s))x:fx [ ds

2 j € ) © € 2p—2
+2 [ j Fe* o,y )i en 2L (;,x),- YD e (e

+F(x° (), y (s)|x ()P >
+2p =25 (V)F;(x° (y), y© (s))xf(y)|x* (v)lz"*“] dy ds.

We now take expectation and, letting %,, t =0, stand for the o -algebras generated
by (x°(s), y*(s)) for s =¢, we obtain

(4.6)

& 2 ' £ —
Exyilx (r)l2”}=|x12"+?pL Ey {Fi(x, y* (&))xilx %} ds

2 [ [ Bf e ),y o i LD

£ ox;
4.7) e \2p—2
QPR E (), v () ()
+Qp = DX 0,y 6D ) ()] lg?}} dy ds.

Now we use (4.3) (recall that y°(t) =y (t/¢)), the centering hypothesis (3.18) and
(4.2) in (4.7) which yields

. 4epK
Evy{lx* OF?YS e + 722 (1 + )

(4.8)
2pK

€

+é, JI e TR, {1+1x° (y)[P} dy ds,
0 JO

where ¢, is a constant. Thus,

E, {|x° (t)|2”}<|x|2”+s (1+| %)

4.9) )
2pK

+&, L Eo {1 +x°(y)[*} dy.

Inequality (4.9) and Gronwall’s lemma yield (4.4). The proof of the lemma is
complete.

We consider next the diffusion operator & of (3.21) and introduce a set of
hypotheses corresponding to (4.2). First we write £ in the form (f € C?)

(4.10) 0HI® 8 LC)

= 1 8 i0X;  j=1

1 n
2.5, %
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where, from (3.19)-(3.21), we have

a;(x) = symmetric part of {2 J’J x(y, dz)P(dy)F;(x, y)F;(x, z)}

- [ E{F;(x, y ())F;(x, y, (0))} dt

4.11) -
=tim = [ [ (R y @R y(o))deds,
b= [ [ x.d20P@) § Fute 224 [ Bay) G ),
(4.12) i ‘
ij=1,2,-,n

Here E{-}, without subscripts, denotes expectation relative to the stationary
process y(t), i.e., where y(0) is distributed according to P. The kernel y is defined
by (3.11). Note that the last expression in (4.11) displays the symmetry and
nonnegative definiteness of (a;(x)) =a(x).

In the notation (2.6) and (2.7), the matrix a(x) has the form

el

(4.13) a(x)=J R(x, s) ds = S(x, 0),

i.e., it is the power spectrum of F at zero frequency. Frequencies other than zero
enter into the definition of a(x) (and also of b(x)) when (2.13) has rapidly
oscillating terms, i.e.,

X6 () =e 254 (1)

where
WO _ L as 0+ 1F0 0,y )+ Gy @), >0,
dt £ €
£5(0)=x,

and A has only imaginary eigenvalues. The corresponding problem (2.15) has an
O(1) linear term on the right hand side. We shall deal only with the case A=0
here and refer to §5.3 for an example and to {3}, [7], [18] for additional
information on this point.

We assume that (a;(x)) and (b;(x)) satisfy the following conditions
(i) They are smooth functions of x.
(ii) There is a constant K such that

a;(OI=K*(1+[x[), =K1+,

(4.14) GO i), |[PE| <k
0Xr axk
aij(x)

=K, Lk, 1=1,2,---,n.
axkaxl
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(iii) Higher order derivatives of a; and b; are dominated by powers of
x| for |x| large.

Under these conditions the diffusion equation

%%x—)a‘fu(t,x), t>0,
4.15)
u(0, x)=f(x),

has a unique smooth solution if f(x) is smooth and |f(x)| = C(1+|x[?), for some
integer p. In fact we also have |u(t, x)| = C'(1+|x[’), 0=t = T <o, for T arbitrary
and for some constant C’ and integer p. The process corresponding to £ is
denoted by x(f) and it is a sample continuous strong Markov process (the
corresponding semigroup is ¢ (cf. (3.15)) and Feller).

THEOREM. Under the above hypotheses the process x°(t), t=0 defined
by (2.13) converges weakly as € - 0 to the diffusion Markov process x (t) generated
by £ of (4.10)-(4.12). Moreover, moments of x°(t) converge to moments of x(t) on
any finite t interval.

Proof. With the moment estimate (4.4) on hand, the theorem of § 3 extends
easily to the present situation and we have that for f smooth such that |f(x)|=
C(1+|x[7), there is an integer p such that

(4.16) lim sup sup B lfCTO}-ux)_

el00=t=T x,y 1+| Ip ,

where T <0 is arbitrary and u(f, x) is the solution of (4.15).

It remains therefore to show that the processes x°(¢), with 0 <e =1, say, are
relatively weakly compact. Since x°(¢) and x(¢) are processes on C([0, T]}; R"™),
T < 0, it suffices to show that they are relatively weakly compactin D ({0, T1; R")
(cf. [21, p. 150], [22)), i.e. to show that for some constants ¥y >0 and 8 >0

E, x*(t)—x* (@) |x* () —x°(s)]"} = C(t —s5)'?,

0=s=o=t=T<x,

(4.17)

where C is a constant independent of s, o, t, &, x and y provided x, the starting
point of x*(t), ranges over a compact set in R ", In addition to (4.17) we must show

(4.17) lim iim P, y{ sup |x* (t)|>N} 0, T < 00,
Nt el0 0=t=T

To prove (4.17) and (4.17’) we proceed roughly as in § 3. The preliminary
considerations that follow are given in detail because they are relevant to later
sections. For the proof of the present theorem it suffices to have f, in (4.18); f5 is
superfluous here, but is used in later sections.

Let f(x) be a smooth function such that |f(x)] = C(1 +|x|?) and define f,(x, y),
f2(x’ Y) by

@18) il y)= [ X de)F2)- e

af(x)

Gix,z)"

4.19)  folx,y)= L x (v, dz)[F(x, z)- 3f1§;, Z)+

-2f)],
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so that
(4.18") Qf1+F'£f"=0,
ox
(4.19) Qf,+F - f+G f ~%f=0.
’ 2 ax f=
Here Q is defined by (3.2) and x by (3.11). Define
4.20) FF(x, y)=f(x)+efi(x, y) +e°fa(x, y).

With £° defined by (3.12), it follows from (4.18') and (4.19’) that

@21) ffsfe(X,y)=$f(x)+s(F(x,y) sz(x y)+G(, 9 afl((;c,y)>
+e’G(x,y) - _____6f2((;, Y)

Define M- by
(4.22) Mg () =f"(x" (1), y* (1)) = f*(x, y) — L Lf*(x"(s), y*(s)) ds.

M;- is a zero-mean, integrable (because of (4.4)), right-continuous martingale
relative to &, the o -algebras associated with the paths (x°( - ), y°( - )) up to time £.
The increasing process (Mze, M;<) corresponding to M;- is given by’

My (1)) = f [£° () = 2L 1" (5), y* (5)) ds
4.23) - j [O(f+ef2)— 2(f1 + 6f) O(f1 +6f2)](x (s), y° (s)) ds

= L Hy<(x*(s), y*(s)) ds.

By definition, (M;-) satisfies
(4.24) E{(Mp-(t) = M= (5))’|F,} = E{(Mj= (t)) — (M= (s )| F. ),

for 0=s=t=T<o0. It can be verified by direct computation that (4.22) and
(4.23) obey (4.24).

If we let g, and g, be the integrands multiplying x in (4.18) and (4.19)
respectively, we obtain the following expression for H- in (4.23):

4.25) Hp(x,y)=q(y) [ =y, dz)[ j (2 )~ x (3, dD))(g1 +£g2)(x, y)] .

Thus, H(x, y) is a smooth function of x and grows like a power of |x| for x large,
uniformly in y.

? For simplicity we write (M+) instead of (Mje, Mj).
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From (4.20) and (4.21) it follows that the identity (4.22) can be written in the
form

f(x”‘(t))—f(x)—L L (s)) ds

(4.26) =M= (t) +ef1(x, y) +&°fa(x, )~ ef1(x° (t), y° () — £ *f2(x° (), y° (£))
‘ (")fz afl 2 af2 € €
+L [E(F‘B';‘i‘G -a—>+e Ga](x (s), y°(s)) ds.

This form displays clearly why indeed x ©(¢) is well approximated by x () generated
by Z.

Let us return to estimates (4.17) and (4.17"). We choose f(x)=1x;, the
coordinate functions, for i =1,2,- -, n successively. Let the corresponding f,
and f, of (4.18) and (4.19) be denoted by fy; and f, respectively. Let the
corresponding martingale M;- be denoted by M;(t). With the use of (4.12) the
identity (4.26) becomes

xi()=x +jtbi(x€(s)) ds +M;(t)+efu(x, y)+e’failx, y)
(4.27) —efux* (1), y* () — & f2(x" (), y* (1))

+I [sF g 6 Py 2 -?@](xﬁ(s), y*(s)) ds,
o 0x 0x ox
i=1,2,--,n.

From (4.14), (4.4) and Kolmogorov’s inequality for the martingale M;(¢), esti-
mate (4.17") follows. Now define

(4.28) ff(t)=xi+jtbi(xs(s)) ds + M;(t), i=1,2,-- n

From (4.4), (4.27) and Kolmogorov’s inequality, it follows that for x in a compact
set and ¢ =1, say,

(4.29) i P, | sup lxe(t)—-ie(t)|>6}=0, V6 >0.
€10 0s¢=T

Thus, it suffices to show that (4.17) holds for (X;(¢)).
Let us first estimate conditional expectations. We have, in vector notation, '’

2

E{[z*(6)—%° (5)]"|%.} =E{ I b(x" (o)) do+M" (1)~ M"(s)

(4.30)

ng{ J;tb(xs(a')) do-’z

@} +2E{M® (1)~ M* ()|}
=C(t—s)(1+|x°(s)]), C aconstant.

1 lxlz=2?=1 xi.
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The last step in (4.30) is elementary for the deterministic integral. For the
martingale we have

E(M" () -M" (1%} = § E(MI(0)-MI6) %)

= ¥ EUMi)~(Mi(s)I%)

t

3 E{| Hie @)y @) doi#]

SE(t—s)A+x ().

I

The last step here follows from (4.4) and the bound for H; that follows from
(4.25).

To prove (4.17) we use (4.30) and the moment estimate (4.4) as follows:
E, {I5° (0) =% (o) [X° () =% (s)["}

=E {E{"(0) = (0)"|FHE (o) — ()"}

SE {E"|%° ()~ (o) P|FHE" (0) ~ 2° (s)"}

SC(t—0)E, (1 +|7°(@))"*%° (o) — % (5)]"}

=Clt=0)Ec {E{(1+[E" (@)))5* (o)~ %* ()] 1%}

=C(t—a)"E, {EC (1 4[5 (@)@

- E"{|% (o)~ £° () |7}
=CHt—0)"H o —s)"PE B H(1+ |55 (o)) 7|5}
S(L+E ()%

Choosing y =3 and applying (4.4) we obtain (4.17) with 8 =3. The proof of the
theorem is complete.

We note that we shall have occasion in later sections to refer to (4.18)~(4.26).
This is why the theorem is proved here in detail since it is not substantially
different from the one in [3], for example.

5. Stochastic stability based on the wide-band noise approximation.

5.1. A Lyapunov theorem. Consider system (2.13) which defines
(x° (@), vy () (or (2.15) for (X°(7), y(7))) under the hypotheses of §4. As we have
shown, x°(t) converges weakly to the diffusion process x(t) generated by £ of
(4.10)-(4.12). We shall examine properties of x°(t) with 0<e =&, ¢ fixed and €o
sufficiently small, as t » 0. The objective is to establish results about x°(¢) which
are based only on conditions upon the approximating diffusion x(¢). The first
theorem is Lyapunov-like result for a class of Markov processes.

THEOREM. Let V(x) be a smooth function on R" such that V(x)— +c0 as
|x|-> 00, it behaves like a polynomial in x for x large and it is positive definite:

(5.1) Vix)z0, Vx)=0=>x=0.
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Suppose that the vector fields F(x,y) and G(x,y) satisfy, in addition to
smoothness and (4.2),

(5.2) F;(0,y)=0, G;(0,y)=0, i=12,---,n, yeS§,

so that, by (4.11), (4.12),

(5.3) ay(x)=0(x[),  b;j(x)=0(x)), x|} 0.
Suppose that V(x) satisfies

(5.4) LV(x)=—yV(x), v>0, xeR".

Then for 0<e =¢o, € fixed and &o sufficiently small, x°(t) is uniformly
stochastically asymptotically stable ast - 0, i.e., for any 11 >0 and 11, > 0, there is
a 8 >0 such that if |x(0)| = |x| <8, then

(5.5) Po{x* (1) S nee ™, 120}z 11y,

for all y € S, with ¥ > 0 a constant. Furthermore,
(5.6) Px,y{lim |x5(t)|=0}= 1.
t oo

Remark 1. The global requirements on V(x) are necessary only for (5.6) and
not for the local result (5.5).

Remark 2. In the linear case (F and G linear in x), one can get very sharp
results by deriving closed equations for moments (in the limit) and using well
chosen quadratic functions for V{x).

Proof. We refer repeatedly to the constructions (4.18)—(4.26). The function
f(x) in these constructions will now be the Lyapunov function V(x).

Let Vi(x, y) and V,(x, y) be the functions corresponding to (4.18) and (4.19)
with f = V. Define V° as in (4.20) so that (4.21) holds.

We note that because of (4.2), (5.2) and (4.14), (5.3), V; and V, behave like
V(x) for small |x| and large |x| uniformly in y € S. Thus, there is an &o such that for
O<e=¢gg

(5.7) GVE)EVIX,y)=6,VIX),

for some positive constants ¢, and ¢>.
Let 4 >0 be a constant. From (4.21) we have

&+ V(x, y) =9V (%, y) + LV (x)

aVs(x, aVa(x,
(5.8) +s[(x,y) .%%+G(x’y) VO 16()’: Y)]
+e°G(x,y) - ———avz(j:’ y)
=(L+E7 +eof3) Vi),

for some constant ¢3. If we choose ¥ so that ¢»¥ +&0€3 =y we find that

(5.9) (ZF+9)Vo(x,y)=0.
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Now we write (4.22) with f* =e"V*:

Py € e — y*
(5.10) © VEE©(@), y* (@) = V¥ (x,y)

+ L e (F* +5)VE(xE(s), y* (5)) ds + Mye(1).

Here M,-(t) is a zero-mean, integrable, right-continuous martingale relative to
%.. The increasing process associated with My- has an extra factor e>” multi-
plying Hy+ in (4.23).

Using (5.7) and (5.9) in (5.10) we obtain

(5.11) 0=e”6,Vx* (1)=& V() +My=(8),

and hence & V(x)+Mye(t) is a nonnegative integrable martingale. By Kol-
mogorov’s inequality we have that for each 7,>0

Px,y{ sup "¢, V(x’"(t))>1";2}
O=t=T
(5.12)

- - -~ ~ 52V(X)
_—_Px,y sup (C2V(X)+Mvs(t))>‘n2 = ~ .
0st=T 2

Letting 7' 1 % in (5.12) yields
(5.13) Px,y{sup eVE V(xE (1) > ﬁz} g%ﬁ(}—).
t=0 2

By the positive definiteness and smoothness of V(x), there exist constants
¢, >0 and ¢, >0 and positive integers p and p, such that

(5.14) cifx[ = Vix)=colx|?,

for |x| small, say |x|=K. Thus,

{c1|xﬁ(t)|f’1§e‘?'%, tzo} :{V(xﬁ(t))ge”%, t;o},
1 1
and hence
e iz \ 5 V() __7
() =e ™™ £> 20}21-—92——— =1
(5.15) Px,y{|x (H]=se (c”lcl ,tz0p= P V=,
Let n;>0 and 1, >0 be given. Choose 7, so small that (5.15) yields
3t C,V
Pyl (O] Se i 1202125,

N2

and then choose 8 >0 so that for |x]| <8, V(x) <& 'n,m1. This proves (5.5).
To prove (5.6), we note that

{ im (1) = 0} - {11112 Ve () = o} > {sup e?‘alwx"‘(t))gc}

t=0
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where C is a constant. Thus, from (5.13),

& Vi(x)
C

and letting C 1 o0 yields (5.6). The proof of the theorem is complete.

Px,y{lim lx* ()] = O} z1-
t1oo

5.2. Linear systems. We shall consider the linear system

d ¢ t 1 € & £ £
O LA 0w 0 +Bo O, (>0,
x°(0)=x,

or, in the scaling of (2.15),

dx®(r)
dr

x°(0)=x,

(5.16)

=eA(y()E" (1) + &’ B(y ()% (1), >0,
(5.16')

where y(t) is as before (cf. §§ 3 and 4), y*(t) =y(¢/¢?) and A(y), B(y) are n Xn
continuous matrix functions on S such that

(5.17) L A(y)P(dy)=0.

The theorems of §§ 4 and 5.1 specialize without changes to (5.16) and (5.16').
The limiting diffusion process has the infinitesimal generator £ given by (4.10)
where (4.11) and (4.12) are replaced by the following.

a;(x) = symmetric part of { 2 II x(y, dz)P(dy) . 15'11 A (y)Au(x )xkx;}
(5.18) o . ’
[ B ¥ Anooaon |

(519 b= [[x0.d2P@y) £ AumIax@n+ [Py E Brtx,

Lj=1,2,---,n.

We prove next the following theorem which extends Khasminskii’s result for
linear Itd equations [9], [10].

THEOREM. Let x°(t) be the process defined by (5.16) and suppose that there
exists a smooth function h on S" ', the unit sphere in R", such that if
(5.20) fx) =log x| +h(x/[x]),
then

(5.21) Ff(x)=q <0, x€R",
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where q is a constant. Then, for 0<e =g, ¢ fixed and &, sufficiently small,

(5.22) Px,y{lim Ix"'(t)|=0}= 1, xeR", yeS.
t1oo

If instead of (5.21) we have
(5.23) H(x)z=q >0,
then (5.22) is replaced by

(5.24) px,y{nm Ixe(t)|=00}= 1, x€R", yeS.
t1o0

Remarks. 1. The conditions of this theorem are sharper than the ones of the
theorem of § 5.1.

2. The device of introducing k is due to Pinsky [10]. Before proving the
theorem we elaborate on (5.20) and (5.21); see also [10].

Let us introduce polar coordinates

(5.25) x=p¢ p=|x|, &£=x/xl|,

and the following notation:

A0.0- L= § Ay -ae)TE,
(5.26) o ’
5*0.6- L= % Baae,-aTE,
a*0.0= 3 An()é,
(5.27) o

B*(,6)= Y Bu(y)&ts

ik=

628 o@=[[x0.dPapa*.0 - H2

+ j Pldy)b* (3, £).

The infinitesimal generator & (cf. (4.10), (5.18) and (5.19)) has the following form
in polar coordinates:

Hf(p, &)= JI x(, dz)P(dy)[A (g, &) - _5_5_+a#(y’ 'f)pi]

(5.29) [A (2.6)- f(p 5) +a (z’g)paf(:p,g)]
+Jﬁ(dy)[B#(y,§) o, §)+b (v, £)p af (o, f)]
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Therefore,
(5.30) ZL(logp +h(€))=v(&)+ZLh(€),

where %; is the infinitesimal generator of the angular process (on $"~') and

2@~ [ [ xaPanao o 2areo 2L
(5.31)
+[ Panso.0- L.

The operator Z; is an elliptic differential operator of second order defined on
smooth functions on $”7'. If it is uniformly elliptic, then the corresponding
angular process is ergodic with 135 (A), A =S", itsinvariant measure. Moreover,
the Fredholm alternative holds in the same way as in (3.8)-(3.11). Thus, in the
ergodic case, if

(5.32) a=|_ v©Piag),

then h(£) can be chosen so that it is smooth and
(5.33) ZLeh(§)=~v(&)+q.
Combining this with (5.30) yields

(5.34) ZL(logp +h(é))=q.

Thus, (5.21) or (5.23) can be verified by computing the integral (5.32) in the
ergodic case. In the nonergodic case, there are no general criteria assuring the
existence of h with g >0 or g <0.

Proof. We shall use polar coordinates and the notation (5.25)—(5.31). The
infinitesimal generator of (x®(¢), y°(¢)) has the following form in polar coordi-
nates:

o0& op

Let f(x) =log p +h(£) be as in (5.20) and define f1(£, y), f2(& y) as in (4.18)
and (4.19); they do not depend on p since (5.16) is linear:

Losd{(ar gty ) (50 Lente?)
(5.35) * —Ezo+8( +atpl ) (B o).

(536)  fult,y)= jx(y,dz)[a (2, O+ A%z &) "”’@]

3
fie 0= [ xtrana*c.o)- afl(‘-";’” B(,¢)- "”‘f)
(5.37) y
+b (z,§>—v<§)—$gh<§>].
Define

(538) fs(p, §’ Y)zlogp+h(§)+sfl(§’ Y)+€2f2(§a Y)
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Then, as in (4.21), we have'

21 =t +e[4°0.0- LEDspp. 0. "’f‘fi;y)]
(5.39)

The analogue of (4.22) is as follows:

og b 01+ W7 5) + oz v )+l v 0)

=log |x|+h(|-i—l) +8f1<§-|, y) +82fz(|‘;c‘|, )’)

(5.40)
‘ 40 Gy )
+L $f(xe(s))+eA*(| A )) =
°(s)
ol ey v )
s X5(8) oo\ Mx(s)l
+e“B (—”——lx’(s)ry (s)) pY: ds + M (1),

where M;-(¢) is a zero-mean, integrable, right-continuous martingale relative to
%, Asin (4.23) and (4.295), its increasing process is given by

(5.41) M) = | He (2L e (s)) ds
o [x*(s)|’

where

(5.42) Hr(&,Y)=a0) [ 70,40 [ (xtz. )= de)(er+e(6 0)]

and
Gil6y)=a*(y, ) +A* (. ) - ‘”’f)
(5.43)
galy)=A*p, &) L) L gy oy ah(f)

a¢
+b*(y, &)~ v(€) = ZLh(§).

! 'We use interchangeably rectangular and polar coordinates to simplify notation.
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Let us assume that (5.21) holds; the case (5.23) is similar. For 0 <g =g and
with g, sufficiently small, it follows that

f2(§’ }’)

PY: —Z=+B*(y,¢)-

qtesup|A°(,6)- af‘(g’y)’

(5.44)

+ezsgp B*(y, &)- afZ(f’Y)l

Thus, from (5.40) it follows that for ¢ fixed and 0 <e =&,
(5.45) i?allog x* () =4 +IiElM,s @),
tfoo t ttoo t

with probability one. The lemma that follows shows that ¢~ 'Mj<(t) >0 as t >0
with probability one. We have thus proved the following sharper result.

—1
Px,y{lim —log |x°(¢)| §c§} =1.
t1oo t
The proof of the theorem is complete.

LEMMA. Let M(t) be a zero-mean right-continuous martingale with (M (¢t)) its
increasing process such that

(M) = L H(s) ds

with
sup E{H(t)} = C <o
=0
Then,
1
?M(t)—>0 ast—> o,
with probability one.

Proof. The proof is similar to the one in [23, p. 487]. Let Y(¢) = 7M@),
t>0.Fora>1 m*=t<(m+1)”, m =integer, we have

L Y() == M) = M) + = [M() ~ M(m®)]

=Y(m®)+Z(m", ).
Put
Um®)=  sup |[Z(m*, t)|.
m®=t<(m+1)*

To show that t~"M(¢) > 0 with probability one we must show:
(i) Y(m*)->0 as m - 00 with probability one,
(i) U(m*)— 0 as m - o0 with probability one.
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We have

L EQYn= ¥ M (m))

o0

-3 2a<M(m“)><c 5 ;1L<oo ffa>1.

= m=1

Thus, Y =1 |Y(m®)| <00 and hence Y (m®)—0 with probability one. This proves
().

With o > 1 fixed we show that with probability one there exists an mq such
that for some g8 >0 fixed,

1
U(m"‘)é—m—ﬂ, m>mo.

By the Borel-Cantelli lemma it suffices to show that the series below converges:

z P{U(m"‘)>——} z p{ astsg(pﬂ)aIM(t)—M(m“)|>m°"B}
= E{M(m+1D)—Mm*)’}

m=1 m2a—B

© (m+1)*—m"~

m2(a*B)

iin

=C

m=1

The last series converges provided a >28 + 1. Clearly a = 3 and 8 =3 satisfy all
conditions and the lemma is proved.

5.3. The harmonic oscillator. In this section we shall consider in detail an
example: the harmonic oscillator with random spring constant.

There are (at least) two different ways the wide-band noise limit (= white
noise limit) may be considered depending on whether the radian frequency of the
oscillator is of order one or large (going to o) as £ - 0. Both cases can be treated
without difficulty. The former leads to the white noise problem studied in {11].
The latter leads to a much simpler white noise problem because an additional
averaging is superimposed [3]. Therefore, we shall treat here the large frequency
problem which illustrates at the same time how averaging can be handled in
general. For multidimensional versions of this interaction between the wide-band
noise limit and averaging see [3] and the references cited there.

As another variation of the general theme up to now, we shall consider the
problem in the scaling (2.15). Thus, we have

2~e ~E
4 262 0y (02 4 eyt =0, >0,
dr dr
(5.46)
. %°(0)
£°(0)=x;, =wX3,
dr
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where w is the radian frequency'” and v is the damping constant of the oscillator.
The process y(r) is taken as the random telegraph process, i.e., the two state
Markov process y(7) = £8, 8 >0, with « " the mean time between jumps. We are
interested in the asymptotic behavior of the oscillator as 7->00, when ¢ is
sufficiently small and fixed. We are also interested in the dependence of this
behavior on the parameters, a, 8, ¥ and @ and on the size of &, the length of the ¢
interval.
Define

—1325(7')

xi(r)=%(r), x3(7)=w o

so that (5.46) becomes

;;(gg;) - (—w —sg_ly('r) —2(:‘:2’)/)(?62213) ’ >0,

(5.47)
x1(0)=x1, x5(0)=x,.

As usual, (x5(7), x5(r), y(r)) is a Markov process on R xR x{~-B, B}. Its
infinitesimal generator is defined on functions f(x1, x2, y), y = =£8, as follows: "

Lf(x1, %2, y) = a(—f(x1, X2, y) +f(x1, X2, =)

+w(x af(xth’ Y)_x 6f(x1, X2, y>>
2 x4 ! 0x;

(5.48)
—1yx13f(x1, X2, y)—822yx28f(x1’ X2, )’).
0xo 0Xo

—EW

With the introduction of polar coordinates

(5.49) x1=e cosf, x,=e sing,
—o<r<oo, 0=0<2w,

ZF* of (5.48) becomes

of(r, 6, y)
06

1 1, af(r, 0,y) 2 af(r,e,y)]

- = Py Sl
20 y[25m20 pe +cos” 0 28

ofr,0,y) 1 . af(r,(),y)]

__.__._+_ —_—
s 2sm 20 S

$€f(r’ 0’ y):a[—f(r’ 0’ Y)+f(ra 0’ ")’)]“w
(5.50)
—8227[sin20

Note that £° has the form (cf. (3.16), (3.17))

(5.51) F =L+l +e’Fs,

2 Not to be confused with a point in a probability space.
'3 Because of the scaling (2.15) #° of (3.12) is multiplied by >,
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where
d
(5.52) ££1=Q—w53, Qfy)=al-f(y)+f(-y)],
__ 1 ]
(5.53) Lr=—w y[25m20 +cos® 060
= fsinz 4l i]
(5.54) L5 Zy[sm 0ar+2sm 2060 .

From the form of £, above, it is clear that the effect of large radian frequency
is the extra term —wd/06. In the problem corresponding to [11] this term would
appear as part'* of £». We must now study the ergodic properties of £ in (5.52).
Since Q and wd/30 commute this presents no difficulties. In fact if g(y, 9) is a
function on {—B, B} X [0, 27) such that

(5.55) | Py =32 0)+15-8.0-0,  o0ss<2m
then
(556 ~L1'8(.0)=3 | ¢ ™Igkr0-wn-g(-y. 0-wn]dr

Let f(r) be a smooth function on —oco<r <co. We define fi(r, 6, y) and
f2(r, 8, y), as usual, by (4.18) and (4.19) which now yield

f (r)

(5.57) filr, 0,y)= 5-(c sin 20 —cos 28)——

4o ( a’)
(5.58) fa(r, 6, y)=0.

Thus, the generator of the Ilimiting diffusion process to which r°(v)=
log (x§(r) +x5(7))"/? converges as £ -0 is given by

(5.59) ()= aB? azf(,)+< op’ ——y) af(r)

16w*(w*+a’) or’ 8w(w’+a?) ar

The process r(7) generated by £ in (5.59) is one dimensional Brownian motion
with variance
__ap®
8w(w>+a?)
and drift
af 2

S ra) "

14 1t can also appear as part of %5, as it does in some applications [7], [24]. We still have averaging,
however.
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Now choose f(r) =r. Then,
2
af

60 - =
(5.60) Zf(r) 8w2(w2+a2) Y=4q
and hence the stability condition for the limit problem (q < 0) is now"?
2
af
5.61 — e < Y.
( ) S 2(0)2 +a2) Y

From the expression corresponding to (5.44) we estimate the relevant g, as
follows: stability (with probability one) persists for (5.47), provided 0<e <egq
where

_dyo2o (0’ +a?®)—(a +1)B]—aB?

B 8wi(w’+a?) ’

and where a, 8, v and w satisfy (5.61). This result corresponds to (5.22). The
instability result (5.24) follow analogously. When y = 0 the system is unstable, as
is well known.

One may ask the following question regarding (5.47) and problems similar to
it. If (5.61) holds, is it true that (5.47) is stable for any ¢ >0 not just for 0 <g <ggo?
We do not have an answer to this question at present (cf. also [11]).

Stability of moments and explicit bounds on the range of variation of £ can be
obtained easily in much the same way done above.

(5.62) €0

6. Asymptotic distributions for large time based on the wide-band noise
approximation.

6.1. A Lyapunov theorem. We shall prove a theorem closely related to the
one in § 5.1, the main difference being that (5.2) and (5.3) do not hold here. We
shall work with the scaling (2.15) and with the assumptions of § 4.

THEOREM. Let (X°(7), y (7)) be the process defined by (2.15) jointly with the
external influence process and let £ be the infinitesimal generator of the limiting
diffusion process defined by (4.10)-(4.12).

Assume that there exists a smooth function V(x) such that

(i) V(x)=0, V(x)»> as |x|>0 and V(x) and its derivatives are
bounded by powers of |x| for |x| large,
(ii) for some y>0and K >0,

6.1) EVx)=-yV(x), forlx|>K.

Then, for 0<e =g, € fixed and e, sufficiently small, (x°(7), y(v)) has
invariant probability measures on R" X S. If the diffusion process x (t), with generator
&, has a unique invariant measure p, if u° is the marginal measure on R" of any
invariant measure of (X°(7), y(7)) and if f(x) is a bounded continuous function, then

6.2) tim [ f)n* @) = [ (@),
elO0

'3 This result was first obtained formally in [1].
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Remarks. 1. Conditions (i) and (ii) imply that x(¢) has an invariant probability
measure. This follows from a theorem of Bene§[12] since x(¢) isa C Feller process
(cf. (3.15)).

2. If V(x) behaves like |x|?, p an integer, for |x| large, then any limit measure
(astorr100) u and u° of x(t) and X° (7) respectively, has moments of order p < p.

Proof. We construct V°(x, y) as in (4.20) with f = V exactly asin § 5.1. The
inequalities (5.11) hold again for |x| > K and there is a ¥ and an £,>> 0 sufficiently
small so that (5.9) holds for |x|>K and 0<g =g,. With the use of (4.4), the
martingale term drops out in (4.10) on taking expectations and we obtain
(allowing for the (2.15) scaling)

& Exyfe™ T V(E* (1)}
=E {e™ V(& (r), y(r)}

T

(6.3) =V°(x,y)+e’ j' eV TE (& +H)VEE(s), y(5))} ds

0

=&,V(x)+e j " E, (" +9)V(E (), y(6)), £ )| > K} ds
+ j 7, {(L° +y)V (F° (5), y(5)), | (5)| = K }ds.

Now when |x| =K, (¥° +¥)V” is bounded by a constant Ck. Thus, from (6.3), we
obtain

G

6.4) E AVE @) sFe ™ +2%,
1
with 0 <& =gy, and ¢, sufficiently small.
Inequality (6.4) implies that the probability distributions of £° (1), 7 = 0, with
x, y and ¢ fixed, are tight. Since V(x) - +00 as |x|—> 00, it follows that there is a
function R(K)- o0 as K - 00 such that |x|> K implies V(x)>R(K). Thus,

P {I%°(1)|>K}=P, ,{V(E* (1)) > R(K)}

1 ~E
= mEx,y { V(x (7))},

(6.5)

and this along with (6.4) gives tightness.

We can now apply a theorem of Benes [12] to the Markov process (x°(7),
y(r)) on R" x S and deduce'® that as t > 00, 0 <& = &, it has invariant probability
measures »° on R" X S. Note that we make no statement about uniqueness; there
may be many limits. For any limit measure, we have that P(A)=v°(R" X A), A is
a Borel subset of S, since P(A) is the unique invariant measure of y(7).

Let u*(B)=v"(BXS), B a Borel subset of R", let f(x) be the bounded
continuous function on R" and let u be the unique invariant measure of the
diffusion x (¢) (we assume it is unique). By the ergodic theorem for x(¢) we have

16 By (3.15), Z°(7), y(r)) is a C Feller process as required in [12]. Recall that S is compact.
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that for almost all x

6.6) lim E.{/( O = [ F@ns).

Thus, for ¢ >0 fixed,

im | [ 763 (@) [ fm(a)

~lim [ ] @ apBa G wen- | reman
(6.7) £
lim [ [ @ dy)[Ex,y{fozeu/e2))}—Ex{f<x<t/sz»}][

+lim | [ @ Bdrawen-[ roman]|

=0.

The second term on the right side of the last inequality in (6.7) is zero in view of
(6.6) and the dominated convergence theorem. The first term is zero by the weak
convergence theorem of § 4 and the dominated convergence theorem. This proves
(6.2) and the proof of the theorem is complete.

6.2. Linear systems. Asin § 5.2, one can be considerably more specific when
dealing with linear problems. We shall consider the following analogue of (5.16):

%E_(_’_)=1[A (O ) +A ()]
t £
6.8) +By* )X () + By (1)), >0, x°(0)=x,

where y*(t)=y(t/e 22 as in (2.13), A(y) and B(y) are n Xn continuous matrix

functions on S and A (y) and B(y) are continuous n-vector functions on S such
that

6.9) j A()P(dy)=0, j Ay)P(dy) =0.

In the scaling (2.15), the process x°(7) satisfies the system

L) A )+ AG @)

(6.8) ) X
+e [BA(m)E*(r)+B(y())], 7>0, x*(0)=x,
which corresponds to (5.16').

Note that for both (6.8) and (6.8') the origin x = 0 is no longer an equilibrium
point as it was in § 5.2.
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For the processes x°(t) of (6.8) (or X°(r) of (6.8')) the limiting diffusion
process has, according to the theorem of § 4, generator £ given by

(6.10) Ff(x) =ELif(x) + Lof (x),

where

.60 = [ [xty, d)Pan[ Az - (A )]

@10 ; oF )
+IP(dy)B(y)x- -
and
%f0)=[ [ xtr, a0Pa@n[ Aoy Z(ae - L2)
(612 ram - (A0 L)1 A¢) (4@ LD
+[ PayBo) - L2,

Note that .Z; is the same as the operator denoted by £ in § 5.2, given by (5.29) in
polar coordinates.

THEOREM. Let %° (1) be the process defined by (6.8") and assume that there
exists a smooth function h on S"", the unit sphere in R", such that if

(6.13) fx)=log |x|+h(x/Ix]),
then
(6.14) Lif(x)=q<0, lx|>K,

where q and K are constants.

Then for 0 <e =gy, € fixed and &, sufficiently small, (X° (7), y (7)) has invariant
probability measures on R" X S. If the process x(t) with generator £1+%> in
(6.10) has a unique invariant measure p., if u° is the marginal measure on R" of any

invariant measure of (X° (1), y(v)) and if f(x) is a bounded continuous function on
R” then

(6.15) tim [ @)’ @0 = [ ).
el0

Remarks. 1. The conditions (6.13), (6.14) are essentially the same as (5.20)
and (5.21) since {é’l is the same as £ of (5.29). Thus, we are demanding that (6.8’)
be stable when A and B are removed.
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2. As in Remark 2 of § 5.2, we shall work with polar coordinates (5.25). In

addition to the notation (5.26)-(5.31) (with & in these formulas being &; of (6.11)
in polar coordinates) we need the following definitions:

0,0 LE= £ A0)6,-66) L2
(6.16) ; "o !
B*(.6)- f@ £ B, -e6)LE,

a*0.0= T A,
6.17) -

6*0.6)= 3 By

The operator £, is identical with & of (5.29) as mentioned already. The operator
&, of (6.12) has the following form in polar coordinates:

210 )= [ [ x0.a )P (A% 00 540,077

(4o Lt iarq L)

+ (A *(y, &) - i+a*(y, E)pai)
( *(2.8)- af(p,§) L', g)af(p,f))

6.18
(618) +(5A°0.0)- Em**(y,‘f)—)

( (2, £) - 6f(péf) +a*e, g)af(P,f))]

+ P‘(dy)[—é*(y, &) -"’f%f—)

150, 0729).

Proof. Let ¢(p) be a C* function on [0, o) such that

(0 ifp=1,
4’(”)_{1 itp=2,

and define f(x) by

(6.19) £(x) = b (lx]) log |xl+h(|—j§—|).
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Since (6.14) is not altered by adding a constant to 2 we may assume that
(6.20) f(x)>0.

From the boundedness and smoothness of the various coefficients in £, of (6.18)
and from their specific dependence on p, it follows from (6.14) that

(6.21) Ff(x)=Lf )+ Lof (x) =G <0, lx|>K,

where K is sufficiently large and |t§| is smaller than |q|.

We construct next the functions f(p, & y) and fx(p, &, y) as in (5.36) and
(5.41) but now, because of the A and B terms, they do depend on p. It is easily
seen that they are uniformly bounded, however, along with their p derivatives.
For 0 <& =¢q and g sufficiently small, we can arrange to have

(6.22) (0, & y)=F(p, &) +ef1lp, & y) +&°f(p, & y) 2O,

and
L (p, &, y)sSM<o ifp=K,
L (p, £ y)=4<0  ifp>K.

Therefore, using (4.4) to let the martingale term drop, we have

05 B { (k) e gy 0)

=1 (kb o)+ [ 21 (O ) s

=f (b foy) +e'm j P, {li* ()| =K} ds

(6.23)

(6.24)

+e% J' P A% (5)|> K} ds,
0

and hence'’
e X a 5) o
(6.25) —f(|x|,m,y)—52qrg(gzm—s [ P, {7 ()| =K} ds.

From (6.25) it follows that for x ranging over a compact set and any y €S
(0<e =gy

(6.26) Tim 1J P, {lE° ()| =K} ds > 0.
7foo
Now we can use again the theorem of Benes [12] to establish the existence of
an invariant measure for (x°(7), y(7)). The rest of the argument is as in § 6.1. The
proof is complete.
In [13], Zakai used condition (6.26) and the theorem of Bene$ in the same
manner as above for general (not necessarily linear) Ito stochastic differential

7 Recall § is negative.
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equations. It is easily seen that his results have direct analogs in the present
context; the linear systems provide a more concrete situation.

7. An estimate for large deviations of stable linear systems. Consider the
systems (5.16) or (5.16") under the usual hypotheses and in particular'® (5.20),
(5.21). Thus £° (1) (we shall use the (2.15) scaling, or (5.16")) is stable as 7 >0 in
the sense of (5.22). In this section we shall estimate the quantity

P.o{suplx”(s)| =R}

for 0<e =gy, g¢ sufficiently small. We shall show (Theorem 2 below) that it is
exponentially smallin t =¢”“1, 7=0.

The analysis we shall follow is motivated by the setup of §§ 4 and 5 and results
of Pinsky [14] on the analogous large deviations problem for Itd stochastic
equations. Since the white noise results are of independent interest, we shall
reproduce them here in Theorem 1 below.

Let us consider the following system of linear Itd stochastic differential
equations:

dx(t)=Bx(t)dt+ Y A*x(t) dwi(t), t>0,
k=1
(7.1)
x(0)=x.
Here x(z) takes valuesin R”, A', A%, - - -, A™ and B are n X n constant matrices

and (wq(t), - - -, w,n(2)) is the standard m dimensional Brownian motion. The
infinitesimal generator L of the diffusion process x(¢) has the form
i 'z": ko ik, Of(x)

Ai[X[Aj,x, + z Biix af(x).

iiXj
ilr=1k=1 ox;0x;  ij=1 ox;

(7.2) Lf(x)=

N[ ==

We assume that x =0 is a stable equilibrium point of x(¢) in the sense that
there exists a smooth function h (x/|x[) on "', the unit sphere in R", such that if

(7.3) f(x)=1log |x|+h(x/|x]),
then
(7.4) Lf(x)=—¢ <0,

where q is a positive constant.
Applying Itd’s formula to f(x(r)) yields

log |x(t>|+h(| t )|) = log |x|+h(|—j—[) +| Lf(s)) ds
(7.5) ’

of) £ 2 TED Ak dmo,
0

=1k=1

'® The case (5.23) leads to entirely analogous results and requires 1o special treatment.
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Direct computation leads to the following expression for the integrand of the
stochastic integral in (7.5)

(1.6) Hk(| I) Z Ak[xJTzl i6h<|x|)(x'6" x»xg)] k=12, -.m,

Al=1 Ix r=10X, |x| |x

and these are smooth functions on $" ', Define also

(1.7) (, |) E Hk(' l)

We may now rewrite (7.5) in the form

10g|x(t)(+h(| (t)l)-log|xl+h<| I) J’Lf(x(s))ds+M(t)

(7.8)
M(r)=j0 klek(l’“?;') dwi(s),
M) = [ (lx?;l)d

where M(t) is a zero-mean continuous martingale and (M(r)) (M(¢))={M (1),
M(¢)) for simplicity) is its increasing process.

From the strong law of large numbers for M(¢) (see the lemma atend of § 5.2
or use a time substitution) and (7.4), it follows that

—1

(7.9) lim?log Ix(t)|=—q <0,
t1o0

with probability one.

The following result is due to Pinsky [14].
THEOREM 1. Under the above hypotheses

- |xl 9/H ,(2qh+q2/D)/H P,
(7.10) P {nsl;x Ix(s)| = R} <R) o ,
where q is as in (7.4) and
(7.11) I:IEISlllp H(x), h= IS\lxp h(x).

x|=1 x[=1

Remarks. 1. Clearly (7.10) implies that
(7.12) PAlx@®|ZR}=Ce /D,

with C a constant as above. For (7.12) the constant can be improved a bit by an
elementary direct argument as in the proof below.

2. Let Tx be the time of last entrance of x(¢) into |x|=R from the outside.
Then

PATr >t} =Px{sup |x(s)| ER},
s=t

and so (7.10) gives an upper estimate for the distribution of Tk.
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Proof. For any 8 >0, exp (BM(t)— B*(M(t))/2) is an integrable, continuous,
nonnegative martingale with mean equal to one.
We have the following:

(7.13) Px{max lx(s)IZR} = § P{ max Ix(s)I;R}
s>t v=[t] vEr<v+l1
and for v =[¢], [¢t]+1,---,B8>0,
(7.14) Px{ max |x(s)|-_2_R} =Px{ max B log [x(s)| =B log R}

v<s<w+1 vEs<v+

We also have

max S log |x(s)|

vEs<v+l

= maxpflogls)|+h( s;,)—loglxl— &)- [ i a]

vEs<v+l

(7.15)

+ max B[—h(x(s) )+Iog|xl+h<| I> ILf(x(y))dy]

v=Es<v+l |x(s)|

= max [ﬁM(s)—%(M(s))] +B[2ﬁ+log x| —qv +§I—?(v+1)].

rEs<v+l

Combining (7.14) and (7.15) and using Kolmogorov’s inequality we obtain (8 >0
is fixed)

Px{ max |x(s)|_2.R}—§P{ max (ﬁM(s)—%i(M(S»)

vEs<wv+l vEs<v+l
(7.16) _—>_B(log§-|—2}f+qv——§l-_l(v+l))}

<(lx|)5 2hB+B2H/2 ,—v(qB-B2H1/2)
== _R_ e e .

The choice B8 = q/H optimizes the inequality (7.16). Using the result in (7.13) we
find that

lx| o 2ah+a>/D/H ~vq2/(2H)
=R!=
P"{"s‘if‘lx(s)l‘R}‘(R) —Zme

£ (2gh+q?)/H N
(7 e ~q2e/CHD
=\R 1= ¢-a/CH .

(7.17)

By beginning with 8 = q/H in (7.15) we can improve a bit the constant as in (7.10).
The proof of Theorem 1 is complete.

We turn now to the analogous problem for the linear system (5.16). We
employ systematically the notation of § 5.2; in particular the polar coordinates of
the representation of £ in (5.29) and of #£° in (5.35).
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At first we must establish the analogue of the exponential martingale which
was employed in Theorem 1. Let u(x, y) >0 be a bounded smooth function in x
and continuous in y and suppose that for each 7 =0 the nonnegative random
variable

(7.18) M* (7)) =u(%°(7), y(r)) exp { - LTE 1%"(5)1;5(22:)(sy)E sy) §S)) ds}

is integrable. By direct computation we find that
(7'19) EX,y{ME(T)}zu(x, y):

which is nothing other than the Feynman-Kac formula with the potential equal to
—%ufu, u being the initial data. It follows from this that M*(7) is a right-
continuous, integrable martingale with mean equal to u(x, y). In the case of
diffusions in R", proper choice of u yields the usual martingales of Stroock and
Varadhan [25].

In the spirit of the considerations of the previous sections, we construct a
martingale M°(z) by (7.18) with an appropriate choice of the function u. The u
will depend on ¢ and it will be denoted by u° = u*(|x|, x/|x}, y), in polar coordi-
nates. First we state the result.

THEOREM 2. Let X°(7) be the process defined by (5.16'). Suppose, asin § 5.2,
that there is a smooth function h(¢), £€S" ™", such that if

(7.20) fx) =log |x|+h(x/|x]),
then
(7.21) F(x)=—q <0,

where q is a positive constant and ¥ is defined, in polar coordinates, by (5.29).
Under these conditions there is an £o>> 0 such that for each € € (0, g0} and all
0,

v

r
Px,y{ max |£° (s)| ER}

|x‘>‘1/ﬁ1+a1(£)

(7.22) é(i R

exp {2qﬁ+%—32a2(e)}
-[1—exp (¢°/(2H —aa(e))] " exp{—e’rq®/(2H — as(e))}.

Here a1(e) and a.»(¢) are positive functions which go to zero as € > 0 and are defined
by (7.32) and (7.33) below,

(7.23) h=sup h(x), gqisasin(7.21),

Jef=1
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and
H= |stl_p H(x)
(7.24) B _ R oh(x) |
—lilex)lZ”x(y,dZ)P(dy)[A (x,y) o +a (x,y)]
ah(x) +
[/& (x,z)- pY: +a (x,Z)],

in the notation of § 5.2.
Remarks. 1.Note that (7.10) and (7.22) are very similar. In fact as £ - 0 with

&%r = t fixed we recover (7.10) from (7.22) with appropriate definition of the other
constants, as should be.

2. Remarks 1 and 2 of Theorem 1 apply verbatim to this theorem as well.

Proof. Letf(x)=1logp +h(£)be asin (7.20) and define f1(£, y) and f»(£, y) by
(5.36) and (5.37) respectively. Define f3(£, y) by

oh (f)

(129) f6 )= [ xtv.d2)| fie, (4% 0 F v a2, 0) - HEO|

where H(£) is given by the right hand side of (7.24) without the sup.
Define

u(p, &, y>=p"“"eq"<f’/“’[1+f-ﬂfl<§, )
(7.26)

+—f2<§, y)+E = C4r e n].

A lengthy but straightforward calculation yields the following result (with £°
given by (5.39))

(127)  E€Lu(p.£Y)_ 4 q
el e s e @),

where, omitting the arguments £ and y,

G1+862 G§

2 =
(7 8) U 1+8g1+8 gz’

#* afZ #_Qﬁ
G,=A Y +B PY:

q + Ofs + on on
4(a -35+sz le +f2a +b*)

+(-%)2fa(A*-§’§+a“‘)’

* i q * f + on
Ga=B" - H(B +f,B +f2b\

+
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o)

ci- o g e e ).

(7.29)

2
g1=%f1, gzz%fz"‘(%) f3.

The important thing to observe here is that U*® (£, y) is a bounded function
and that u° is a bounded function of (£, y) multiplied by p?*’. Therefore, by an
elementary moment estimate like (4.4), it follows that M*(7) of (7.18) withu =u*®
of (7.26) is an integrable, right-continuous martingale.

We now continue as in Theorem 1 assuming that 0<<e =¢o and &o is
sufficiently small

Px,y{max %% (s)| éR}

7.30 ®
(7.30) = ¥ Px,y{ max [£° (s)| ER}
V=[E2’T] V/€2§s§(v+l)/92

0

= Y [’;,y{ max 2|JE’E(S)|"/H§R“/E}.

v=[g?7] v/el=s<(w+1)/e

We also have that

max [£° (s)]#/H
V/e2§s<(v+l)/22

_ s _2¢pE, &
e"h/H[1+eg1+£2g2]eXp[—J & Dug;u d’y]

a/H 0

= max X2 (s)]

v/s=s<(w+1)/e? Se2Pu®
"h/”[1+eg1+e gz]exp[ J e dy]
o

fe(S)I,ﬁ%, y(S))eXp [ - J: Szﬂ(l;g;' y(v))(h]}

(7.31)

max {ue(
v/92§s(u+1)/e2

=
min {eqh/ﬁ[1+gg1+s2g2]exp[ J E‘f{ ({E(Y) y(y)) ]}
V/€2§S<(V+l)/52 (0] u | ( )l
max
- V/82§S<(V+1)/82M€(s)

T e~H[] — a4 (g)] e ~¥im92/2A+ax(e)T

Here «1(¢) and a,(¢) are defined by

(7.32) ar(e)=¢ sup 81(£, y) +eg2(&, y)|,
¥
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(7.33) axe)=¢ sup |U* (& y).

Thus

Px,y{ max %€ (s)|* H> Ry/H }

v/52§s<(v+1)/92

(7.34) éPx,y{ max  M°(s) ;Rq/ﬁe—q’*/”[l—al(e)]e—"[-q”‘”"wzfe*ﬂ}

V/e2és<(v+1)/82

x|

VA 1+ai(e) 20 o+ @/ en)

—<R) T—aa(e) €

and returning to (7.30), using (7.34) and summing the series yields (7.22). The
proof of Theorem 2 is complete.
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