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Preface to the Third Edition

Main innovations in this edition concern the averaging principle. A new section
on deterministic perturbations of one-degree-of-freedom systems was added in
Chap. 8. We show there that pure deterministic perturbations of an oscillator
may lead to a stochastic, in a certain sense, long-time behavior of the system, if
the corresponding Hamiltonian has saddle points. To give a rigorous meaning to
this statement, one should, first, regularize the system by the addition of small
random perturbations. It turns out that the stochasticity of long-time behavior is
independent of the regularization. The stochasticity is an intrinsic property of the
original system related to the instability of saddle points. This shows usefulness
of a joint consideration of classical theory of deterministic perturbations together
with stochastic perturbations.

We added a new Chap. 9 where deterministic and stochastic perturbations
of systems with many degrees of freedom are considered. Because of the reso-
nances, stochastic regularization in this case is even more important.

Small changes in the chapters where long-time behavior of the perturbed sys-
tem is determined by large deviations were made. Most of these changes, ac-
tually, concern the terminology. In particular, we explained that the notion of
sub-limiting distribution for a given initial point and a time scale is identical to
the notion of metastability. We also explained that the stochastic resonance is a
manifestation of metastability and the theory of this effect is a part of the large
deviation theory. We also made some comments on the notion of quasi-potential
which we introduced more than forty years ago. One should say that many of
notions and results presented in this book became quite popular in applications,
and many of them were later rediscovered in applied papers.

We also added references to recent papers where the proofs of some conjec-
tures included in previous editions were obtained.

College Park, Maryland M.I. Freidlin
New Orleans, Louisiana A.D. Wentzell



Preface to the Second Edition

The first edition of this book was published in 1979 in Russian. Most of the mate-
rial presented was related to large-deviation theory for stochastic processes. This
theory was developed more or less at the same time by different authors in differ-
ent countries. This book was the first monograph in which large-deviation theory
for stochastic processes was presented. Since then a number of books specially
dedicated to large-deviation theory have been published, including S. R. S. Varad-
han [4], A. D. Wentzell [10], J.-D. Deuschel and D. W. Stroock [1], A. Dembo
and O. Zeitouni [1]. Just a few changes were made for this edition in the part
where large deviations are treated. The most essential is the addition of two new
sections in the last chapter. Large deviations for infinite-dimensional systems are
briefly considered in one new section, and the applications of large-deviation the-
ory to wave front propagation for reaction-diffusion equations are considered in
another one.

Large-deviation theory is not the only class of limit theorems arising in the
context of random perturbations of dynamical systems. We therefore included in
the second edition a number of new results related to the averaging principle.
Random perturbations of classical dynamical systems under certain conditions
lead to diffusion processes on graphs. Such problems are considered in the new
Chap. 8. Some new results concerning fast oscillating perturbations of dynamical
systems with conservation laws are included in Chap. 7. A few small additions
and corrections were made in the other chapters as well. We would like to thank
Ruth Pfeiffer and Fred Torcaso for their help in the preparation of the second
edition of this book.

College Park, Maryland M.I. Freidlin
New Orleans, Louisiana A.D. Wentzell



Preface

Asymptotical problems have always played an important role in probability the-
ory. In classical probability theory dealing mainly with sequences of independent
variables, theorems of the type of laws of large numbers, theorems of the type of
the central limit theorem, and theorems on large deviations constitute a major
part of all investigations. In recent years, when random processes have become
the main subject of study, asymptotic investigations have continued to play a ma-
jor role. We can say that in the theory of random processes such investigations
play an even greater role than in classical probability theory, because it is ap-
parently impossible to obtain simple exact formulas in problems connected with
large classes of random processes.

Asymptotical investigations in the theory of random processes include results
of the types of both the laws of large numbers and the central limit theorem and, in
the past decade, theorems on large deviations. Of course, all these problems have
acquired new aspects and new interpretations in the theory of random processes.

One of the important schemes leading to the study of various limit theorems
for random processes is dynamical systems subject to the effect of random per-
turbations. Several theoretical and applied problems lead to this scheme. It is
often natural to assume that, in one sense or another, the random perturbations
are small compared to the deterministic constituents of the motion. The problem
of studying small random perturbations of dynamical systems has been posed in
the paper by Pontrjagin, Andronov, and Vitt [1]. The results obtained in this arti-
cle relate to one-dimensional and partly two-dimensional dynamical systems and
perturbations leading to diffusion processes. Other types of random perturbations
may also be considered; in particular, those arising in connection with the aver-
aging principle. Here the smallness of the effect of perturbations is ensured by
the fact that they oscillate quickly.

The contents of the book consists of various asymptotic problems arising as
the parameter characterizing the smallness of random perturbations converges
to zero. Of course, the authors could not consider all conceivable schemes of
small random perturbations of dynamical systems. In particular, the book does
not consider at all dynamical systems generated by random vector fields. Much
attention is given to the study of the effect of perturbations on large time inter-
vals. On such intervals small perturbations essentially influence the behavior of
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the system in general. In order to take account of this influence, we have to be
able to estimate the probabilities of rare events, i.e., we need theorems on the
asymptotics of probabilities of large deviations for random processes. The book
studies these asymptotics and their applications to problems of the behavior of a
random process on large time intervals, such as the problem of the limit behavior
of the invariant measure, the problem of exit of a random process from a domain,
and the problem of stability under random perturbations. Some of these problems
have been formulated for a long time and others are comparatively new.

The problems being studied can be considered as problems of the asymp-
totic study of integrals in a function space, and the fundamental method used
can be considered as an infinite-dimensional generalization of the well-known
method of Laplace. These constructions are linked to contemporary research in
asymptotic methods. In the cases where, as a result of the effect of perturbations,
diffusion processes are obtained, we arrive at problems closely connected with
elliptic and parabolic differential equations with a small parameter. Our investi-
gations imply some new results concerning such equations. We are interested in
these connections and as a rule include the corresponding formulations in terms
of differential equations.

We would like to note that this book is being written when the theory of large
deviations for random processes is just being created. There have been a series of
achievements but there is still much to be done. Therefore, the book treats some
topics that have not yet taken their final form (part of the material is presented in
a survey form). At the same time, some new research is not reflected at all in the
book. The authors attempted to minimize the deficiencies connected with this.

The book is written for mathematicians but can also be used by specialists of
adjacent fields. The fact is that although the proofs use quite intricate mathemat-
ical constructions, the results admit a simple formulation as a rule.
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Introduction

Let b(z) be a continuous vector field in R". First we discuss nonrandom pertur-
bations of a dynamical system

We may consider the perturbed system
Xo = b(Xe, 1), 2

where b(z,y) is a function jointly continuous in its two arguments and turning
into b(x) for y = 0. We shall speak of small perturbations if the function ¢ giving
the perturbing effect is small in one sense or another.

We may speak of problems of the following kind: the convergence of the
solution X; of the perturbed system to the solution z; of the unperturbed system
as the effect of the perturbation decreases, approximate expressions of various
accuracies for the deviations X; — z; caused by the perturbations, and the same
problems for various functionals of a solution (for example, the first exit time
from a given domain D).

To solve the kind of problems related to a finite time interval we require less
of the function b(z,y) than in problems connected with an infinite interval (or
a finite interval growing unboundedly as the perturbing effect decreases). The
simplest result related to a finite interval is the following: if the solution of the
system (1) with initial condition x at ¢ = 0 is unique, then the solution X; of
system (2) with initial condition X, converges to z; uniformly in ¢t € [0, 7] as
Xo — xo and [|¥||or = supg<i<r [¥t] — 0. If the function b(z,y) is differ-
entiable with respect to the pair of its arguments, then we can linearize it near
the point x = x4, y = 0 and obtain a linear approximation d; of X; — x; as the
solution of the linear system

o ob'
0= 50 53+Za 7 (,0) - 0y 3)

under sufficiently weak conditions, the norm supg<,<p | X; — ¢ — 0| of the

remainder will be o(| Xo — xo| + ||¢¥|lor). If b(z,y) is still smoother, then we
have the decomposition
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Xi=m+ 6+ + o(|Xo — mo> + 1U]5r), 4

in which v, depends quadratically on perturbations of the initial conditions and
the right side (the function ~; can be determined from a system of linear differ-
ential equations with a quadratic function of 1, §; on the right side), etc.

We may consider a scheme

X§ = b(X7,ety) (5)

depending on a small parameter €, where 1), is a given function. In this case for
the solution X} with initial condition X§ = x¢ we can obtain a decomposition

T+ EY;U) + 62Yt(2) + 4 €"Yt(") (6)

in powers of € with the remainder infinitely small compared with €”, uniformly
on any finite interval [0, T7].

Under more stringent restrictions on the function b(z, ), results of this kind
can be obtained for perturbations v, which are not small in the norm of uniform
convergence but rather, for example, in some L”-norm or another.

As far as results connected with an infinite time interval are concerned, sta-
bility properties of the unperturbed system (1) as t — oo are essential.

Let z, be an equilibrium position of system (1), i.e., let b(z.) = 0. Let this
equilibrium position be asymptotically stable, i.e., for any neighborhood U > z.,
let there exist a small neighborhood V' of ., such that for any 2o € V the trajec-
tory x; starting at o does not leave U for ¢ > 0 and converges to x, as t — oo.
Denote by G, the set of initial points zy from which there start solutions con-
verging to x, as ¢ — oco. For any neighborhood U of z, and any point z¢ € G.
there exist § > 0 and T" > 0 such that for

| Xo — @] <0, SUPg<icns Wi <6

the solution X; of system (2) with initial condition xy does not go out of U for
t > T. This holds uniformly in x within any compact subset of G, (i.e., § and
T can be chosen the same for all points x of this compactum). This also implies
the uniform convergence of X; to x; on the infinite interval [0, co) provided that
Xo = 20, SUPg<y< oo |Pe] — 0.

On the other hand, if the equilibrium position z.. does not have the indicated
stability properties, then by means of arbitrarily small perturbations, the solution
X, of the perturbed system can be “carried away” from z, for sufficiently large
t even if the initial point X equals z.. In particular, there are cases where the
solution z; of the unperturbed system cannot leave some domain D for ¢ > 0,
but the solution X; of the system obtained from the initial one by an arbitrarily
small perturbation leaves the domain in finite time.

Some of these results also hold for trajectories attracted not to a point x, but
rather a compact set of limit points, for example, for trajectories winding on a
limit cycle.
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There are situations where besides the fact that the perturbations are small,
we have sufficient information on their statistical character. In this case it is ap-
propriate to develop various mathematical models of small random perturbations.

The consideration of random perturbations extends the notion of perturba-
tions considered in classical settings at least in two directions. Firstly, the re-
quirements of smallness become less stringent: instead of absolute smallness for
all ¢ (or in integral norm) it may be assumed that the perturbations are small
only in mean over the ensemble of all possible perturbations. Small random per-
turbations may assume large values but the probability of these large values is
small. Secondly, the consideration of random processes as perturbations extends
the notion of the stationarity character of perturbations. Instead of assuming that
the perturbations themselves do not change with time, we may assume that the
factors which form the statistical structure of the perturbations are constant, i.e.,
the perturbations are stationary as random processes.

Such an extension of the notion of a perturbation leads to effects not charac-
teristic of small deterministic perturbations. Especially important new properties
occur in considering a long lasting effect of small random perturbations.

We shall see what models of small random perturbations may be like and
what problems are natural to consider concerning them. We begin with perturba-
tions of the form )

X7 = b(XF, etb), ™)

where v, is a given random process, for example, a stationary Gaussian process
with known correlation function. (Nonparametric problems connected with arbi-
trarily random processes which belong to certain classes and are small in some
sense are by far more complicated.) For the sake of simplicity, let the initial point
Xo not depend on €: X5 = zo. If the solution of system (7) is unique, then the
random perturbation () leads to a random process X7 .

The first problem which arises is the following: Will X} converge to the
solution z; of the unperturbed system as ¢ — 0? We may consider various kinds
of probabilistic convergence: convergence with probability 1, in probability, and
in mean. If supy<, < [tt| < oo with probability 1, then, ignoring the fact that
the realization of ), is random, we may apply the results presented above to
perturbations of the form et); and obtain, under various conditions on b(z,y),
that X; — x; with probability 1, uniformly in ¢ € [0, 7] and that

X =z 4+ eV +o(e) (®)
or
X =ae+ e+ 4™ o) )

(o(e) and o(e™) are understood as being satisfied with probability 1 uniformly in
t€[0,T]ase — 0).

Nevertheless, it is not convergence with probability 1 which represents the
main interest from the point of view of possible applications. In considering small
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random perturbations, perhaps we shall not have to do with X for various ¢
simultaneously but only for one small €. We shall be interested in questions such
as: Can we guarantee with practical certainty that for a small ¢ the value of X7 is
close to x;? What will the order of the deviation X; — x; be? What can be said
about the distribution of the values of the random process X7 and functionals
thereof? etc. Fortunately, convergence with probability 1 implies convergence in
probability, so that X} will converge to x; in probability, uniformly in ¢ € [0, 7]
ase — O
P{ sup |Xf—act|25}—>0 (10)
0<t<T

for any 6 > 0.

For convergence in mean we have to impose still further restrictions on
b(x, y) and v;; we shall not discuss this.

From the sharper result (8) it follows that the random process

converges to a random process Yt(l) in the sense of distributions as € — 0 (this
latter process is connected with the random perturbing effect 1, through linear
differential equations). In particular, this implies that if 1); is a Gaussian process,
then in first approximation, the random process X; will be Gaussian with mean
x; and correlation function proportional to £2. This implies the following result:
if f is a smooth scalar-valued function in R" and grad f(z,) # 0, then

p{ng}:q)(E) +o(1) (11)

g

as ¢ — 0, where ®(y) = fi’m(l/\/ﬁﬁ)e_zz/z dz is the Laplace function and
o is determined from grad f(x:,) and the value of the correlation function of

Yt(l) at the point (tg,to). We may obtain sharper results from (9): an expansion
of the remainder o(1) in powers of . We may also obtain results relative to
asymptotic distributions of functionals of Y7, 0 < ¢ < T, and sharpenings of
them, connected with asymptotic expansions.

Hence for random perturbations of the form (7) we may pose and solve a se-
ries of problems characteristic of the limit theorems of probability theory. Results
on the convergence in probability of a random solution of the perturbed system
to a nonrandom function correspond to laws of large numbers for sums of inde-
pendent random variables. We can speak of the limit distribution under a suitable
normalization; this corresponds to results of the type of the central limit theorem.
Also as in sharpenings of the central limit theorem, we may obtain asymptotic
expansions in powers of the parameter.

In the limit theorems for sums of independent random variables there is still
another direction: the study of probabilities of large deviations (after normaliza-
tion) of a sum from the mean. Of course, all these probabilities converge to zero.
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Nevertheless we may study the problem of finding simple expressions equivalent
to them or the problem of sharper (or rougher) asymptotics of them. The first gen-
eral results concerning large deviations for sums of independent random variables
have been obtained by Cramér [1]. These results have to do with asymptotics, up
to equivalence, of probabilities of the form

Gl 4+ & —nm
P{ —~ >x} (12)

asn — 00, x — oo and also asymptotic expansions for such probabilities (under
more stringent restrictions).

We may be interested in analogous problems for a family of random processes
X arising as a result of small random perturbations of a dynamical system. For
example, let A be a set in a function space on the interval [0, T, which does not
contain the unperturbed trajectory z; (and is at a positive distance from it). Then
the probability

P{X® € A} (13)

of the event that the perturbed trajectory X; belongs to A, of course, converges
to 0 as € — 0, but what is the asymptotics of this infinitely small probability?

It may seem that such digging into extremely rare events contradicts the gen-
eral spirit of probability theory, which ignores events of small probability. Never-
theless, it is exactly this determination of which almost unlikely events related to
the random process X; on a finite interval are “more improbable” and which are
“less improbable,” that, in several cases, serves as a key to the question of what
the behavior, with probability close to 1, of the process X; will be on an infinite
time interval (or on an interval growing with decreasing ).

Indeed, for the sake of definiteness, we consider the particular case of pertur-
bations of the form (7): )

X = b(X7) + et (14)

Furthermore, let ¢/, be a stationary Gaussian process. Assume that the trajectories
of the unperturbed system (1), beginning at points of a bounded domain D, do
not leave this domain for ¢ > 0 and are attracted to a stable equilibrium position
x, as t — oo. Will the trajectories of the perturbed system (14) also have this
property with probability near 1? The results above related to small nonrandom
perturbations cannot help us answer this question, since the supremum of |t
for t € [0, 00) is infinite with probability 1 (if we do not consider the case of
“very degenerate” processes ;). We have to approach this question differently.
We divide the time axis [0, c0) into a countable number of intervals of length 7'.
On each of these intervals, for small €, the most likely behavior of X} is such
that the supremum of | X§ — x| over the interval is small. (For intervals with
large indices, X; will be simply close to x, with overwhelming probability.)
All other ways of behavior, in particular, the exit of X; from D on a given time
interval, will have small probabilities for small €. Nonetheless, these probabilities
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are positive for any € > 0. (Again, we exclude from our considerations the class
of “very degenerate” random processes v;.) For a given € > 0 the probability

P{X; ¢ D forsomet € [kT, (k+ 1)T]} (15)

will be almost the same for all intervals with large indices. If the events involving
the behavior of our random process on different time intervals were independent,
we would obtain from this that sooner or later, with probability 1, the process
X7 leaves D and the first exit time 7° has an approximately exponential distribu-
tion with parameter 7~ 1P{ X¢ exits from D for some t € [kT, (k + 1)T]}. The
same will happen if these events are not exactly independent but the dependence
between them decreases for distant intervals in a certain manner. This can be en-
sured by some weak dependence properties of the perturbing random process ;.

Hence for problems connected with the exit of X; from a domain for small ¢,
it is essential to know the asymptotics of the probabilities of improbable events
(“large deviations”) involving the behavior of X} on finite time intervals. In the
case of small Gaussian perturbations it turns out that these probabilities have
asymptotics of the form exp{—Ce?} as ¢ — 0 (rough asymptotics, i.e., not up
to equivalence but logarithmic equivalence). It turns out that we can introduce
a functional S(¢p) defined on smooth functions (which are smoother than the
trajectories of X7 ), such that

P{p(X®,¢) < 6} ~ exp{—c25(¢)} (16)

for small positive d and e, where p is the distance in a function space (say, in
the space of continuous functions on the interval from 7} to T5; for the precise
meaning of formula (16), cf. Chap. 3). The value of the functional at a given
function characterizes the difficulty of the passage of X[ near the function. The
probability of an unlikely event consists of the contributions exp{—e~25(¢)}
corresponding to neighborhoods of separate functions ¢; as € — 0, only the
summand with smallest S(¢) becomes essential. Therefore, it is natural that the
constant C' providing the asymptotics is determined as the infimum of S () over
the corresponding set of functions ¢. Thus for the probability in formula (15) the
infimum has to be taken over smooth functions ; leaving D for t € [kT, (k +
1)T]. (Exact formulations and the form of the functional S(¢) may be found in
Sect. 5, Chap. 4; there we discuss its application to finding the asymptotics of the
exit time 7¢ as € — 0.)

Another problem related to the behavior of X; on an infinite time interval
is the problem of the limit behavior of the stationary distribution p* of X} as
e — 0. This limit behavior is connected with the limit sets of the dynamical
system (1). Indeed, the stationary distribution shows how much time the process
spends in one set or another. It is plausible to expect that for small € the process
X7 will spend an overwhelming amount of time near limit sets of the dynamical
system and, most likely, near stable limit sets. If system (1) has only one stable
limit set K, then the measure p® converges weakly to a measure concentrated
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on K as ¢ — 0 (we do not formulate our assertions in so precise a way that we
take account of the possibility of the existence of distinct limits p*¢ for different
sequences £; — 0). However, if there are several stable sets, even if there are at
least two, K7 and K, then the situation becomes unclear; it depends on the exact
form of small perturbations.

The problem of what happens to the stationary distribution of a random pro-
cess arising as an effect of random perturbations of a dynamical system when
these perturbations decrease has been posed in the paper of Pontrjagin, Andronov,
and Vitt [1]. The approach applied in this article does not relate to perturbations of
the form (14) but rather perturbations under whose influence there arise diffusion
processes (given by formulas (19) and (20) below). This approach is based on
solving the Fokker-Planck differential equation; in the one-dimensional case the
problem of finding the asymptotics of the stationary distribution has been solved
completely (cf. also Bernstein’s article [1] which appeared in the same period).
Some results involving the stationary distribution in the two-dimensional case
have also been obtained.

Our approach is not based on equations for the probability density of the sta-
tionary distribution but rather the study of probabilities of improbable events. We
outline the scheme of application of this approach to the problem of asymptotics
of the stationary distribution.

The process X; spends most of the time in neighborhoods of the stable limit
sets /{1 and K5, it occasionally moves to a significant distance from K; or Ky
and returns to the same set, and it very seldom passes from K; to K5 or con-
versely. If we establish that the probability of the passage of X} from K; to K,
over a long time 7" (not depending on €) converges to 0 with rate

exp{—V12672}
as € — 0, and the probability of passage from K5 to K has the order
exp{—Va1e?}

and V2 < V51, then it becomes plausible that for small  the process spends most
of the time in the neighborhood of K. This is so since a successful “attempt” at
passage from K to K5 will fall on a smaller number of time intervals [T, (k +
1)T7] spent by the process near K7, than a successful attempt at passage from K
to K with respect to the number of time intervals of length 7" spent near K.
Then p° will converge to a measure concentrated on K5. The constants Vi4 and
Va1 can be determined as the infima of the functional S(¢) over the smooth
functions ¢ passing from K; to K5 and conversely on an interval of length T
(more precisely, they can be determined as the limits of these infima as T — 00).

The program of the study limit behavior which we have outlined here is car-
ried out not for random perturbations of the form (14) but rather perturbations
leading to Markov processes; the exact formulations and results are given in
Sect. 4, Chap. 6.
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As we have already noted, random perturbations of the form (14) do not rep-
resent the only scheme of random perturbations which we shall consider (and not
even the scheme to which we shall pay the greatest attention). An immediate gen-
eralization of it may be considered, in which the random process v, is replaced
by a generalized random process, a “white noise,” which can be defined as the
derivative (in the sense of distributions) of the Wiener process w;:

X7 =b(X]) + ety (17)

Upon integrating (17), it takes the following form which does not contain distri-
butions:

t
X :Xo+/ b(XZ)ds + e(wy — wp). (18)
0

For perturbations of this form we can solve a larger number of interesting prob-
lems than for perturbations of the form (14), since they lead to a Markov process
X;.

A further generalization is perturbations which depend on the point of the
space and are of the form

X =0(X7) +eo(X7)ur, (19)

where o (z) is a matrix-valued function. The precise meaning of (19) can be for-
mulated in the language of stochastic integrals in the following way:

t t
X :X0+/ b(X§)ds+s/ o(X¢) dw,. (20)
JO 0

Every solution of (20) is also a Markov process (a diffusion process with drift
vector b(x) and diffusion matrix 20 (x)o*(z)). For perturbations of the white
noise type, given by formulas (19), (20), we can also obtain results on conver-
gence to the trajectories of the unperturbed system, of the type (10), and results
on expansions of the type (9) in powers of €, from which we can obtain results on
asymptotic Gaussian character (for example, of the type (11)). Of course, since
the white noise is a generalized process whose realizations are not bounded func-
tions in any sense, these results cannot be obtained from the results concerning
nonrandom perturbations mentioned at the beginning of the introduction; they
have to be obtained independently (cf. Sect. 2, Chap. 2).

For perturbations of the white noise type we establish results concerning
probabilities of large deviations of the trajectory X; from the trajectory z; of
the dynamical system (cf. Sect. 1, Chap. 4 and Sect. 3, Chap. 5). Moreover, be-
cause of the Markovian character of the processes, they become even simpler; in
particular, the functional S(y) indicating the difficulty of passage of a trajectory
near a function takes the following simple form:
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where (a;;(x)) = (o(z)o* (x))*l.

What other schemes of small random perturbations of dynamical systems
shall we consider? What families of random processes will arise in our study?
The generalizations may go in several directions and it is not clear which of
these directions are preferred to others. Nevertheless, the problem may be posed
in a different way: In what case may a given family of random processes be
considered as a result of a random perturbation of the dynamical system (1)?

First, in the same way as we may consider the trajectory of a dynamical sys-
tem, issued from any point, we have to be able to begin the random process
at any point x of the space at any time ty. Further the random process under
consideration should depend on a parameter h characterizing the smallness of
perturbations. For the sake of simplicity, we shall assume 5 is a positive numer-
ical parameter converging to zero (in Sect. 3, Chap. 5 families depending on a
two-dimensional parameter are considered). Hence for every real ¢y, x € R" and

h >0, XfO’T’h is a random process with values in R", such that X*O’T’h = x.

We shall say that X f 07 i< a result of small random perturbations of system (1)
if X!"" converges in probability to the solution z/°*” of the unperturbed sys-
tem (1) with the initial condition asigm =xash /0.

This scheme incorporates many families of random processes, arising in var-
ious problems naturally but not necessarily as a result of the “distortion” of some
initial dynamical system.

EXAMPLE 0.1. Let {£,,} be a sequence of independent identically distributed
r-dimensional random vectors. Fort, € R,z € R, h > 0 we put

n e

Xpomh — g4 b Z . 1)

k= 1t0]

It is easy to see that X t0-%" converges in probability to z!0* = x + (t — to)m
uniformly on every finite time interval as i | 0 (provided that the mathematical
expectation m = M¢y, exists), i.e., it converges to the trajectory of the dynamical
system (1) with b(z) = m.

EXAMPLE 0.2. For every h > 0 we construct a Markov process on the real
line in the following way. Let two nonnegative continuous functions () and
r(x) on the real line be given. Our process, beginning at a point x, jumps to the
point z — h with probability 2~ 1I(x) dt over time dt, to the point = + h with
probability h~1r(z) dt, and it remains at = with the complementary probability.
An approximate calculation of the mathematical expectation and variance of the
increment of the process over a small time interval At shows that as h | 0, the
random process converges to the deterministic, nonrandom process described by
(1) with b(z) = r(x) — I(z) (the exact results are in Sect. 2, Chap. 5).
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Still another class of examples: &; is a stationary random process and X}* =
X" s the solution of the system

X! =b(X], &) (22)

with initial condition x at time %y. It can be proved under sufficiently weak as-
sumptions that X/ converges to a solution of (1) with b(x) = Mb(r,&,) as h | 0
(Mb(x,&s) does not depend on s; the exact results may be found in Sect. 2,
Chap. 7).

In the first example, the convergence in probability of X tt 0Tl as h J Oisalaw
of large numbers for the sequence {,,}. Therefore, in general we shall speak of
results establishing the convergence in probability of random processes of a given
family to the trajectories of a dynamical system as of results of the type of the
law of large numbers. Similarly, results involving the convergence, in the sense of
distributions, of a family of random processes X tt 0%k —xi”’w after an appropriate
normalization to a Gaussian process are results of the type of the central limit
theorem. Results involving large deviations are results involving the asymptotics
of probabilities of events that the realization of a random process falls in some
sets of functions, not containing the trajectory azio ¥ of the unperturbed dynamical
system. We say a few words on results of the last kind.

For the random step function (21) constructed from the independent random
variables &g, the results of the type of large deviations are connected, of course,

with the asymptotics, as n — co, of probabilities of the form

p{u > x} (23)

n

The results concerning the asymptotics of probabilities (23) can be divided into
two groups: for rapidly decreasing “tails” of the distribution of the terms &;, the
principal term of the probability is due to uniformly not too large summands and
the asymptotics has the form exp{—Cn} (up to logarithmic equivalence); if, on
the other hand, the “tails” of the &; decrease slowly, then the principal part of
probability (23) is due to one or more summands of order nx and the probability
has the same order as nP{&; > na}. The first general results concerning large
deviations were obtained by Cramér under the assumption that the exponential
moments Me*¢ are finite, at least for all sufficiently small z; they belong to the
first group of results. The results, considered in this book, on large deviations for
families of random processes are also generalizations of results belonging to the
first group. The assumptions under which they are obtained include analogues of
the Cramér condition Me*¢ < oo. Moreover, approximately half of the devices
used in obtaining these results is a generalization of Cramér’s method (cf. Sects. 2
and 3, Chap. 3 and Sects. 1 and 2, Chap. 5).

Furthermore, in this book we only consider rough results on large deviations,
which hold up to logarithmic equivalence. In connection with this we introduce
a notation for rough (logarithmic) equivalence:
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Ah = Bh (h \L O), (24)

iflnA, ~InByash | 0.

Cramér’s results and a great many subsequent results are not rough but sharp
(up to equivalence and even sharper). Nevertheless, we have to take into con-
sideration that random processes are more complicated objects than sums of in-
dependent variables. One may try to obtain sharp results on the asymptotics of
large deviations for families of random processes; some results have indeed been
obtained in this direction. However, in this respect there is an essentially differ-
ent direction of research: from theorems on large deviations one tries to obtain
various other interesting results on the asymptotic behavior of families of ran-
dom processes which are deterministic in the limit (which may be considered as
a result of small random perturbations of a dynamical system). In the authors’
opinion, one can deduce more interesting rough consequences from rough theo-
rems on large deviations than sharp consequences from sharp theorems.

Hence we shall consider results of three kinds: results of the type of the law
of large numbers, of the type of the central limit theorem, and rough results of the
type of large deviations (and, of course, all sorts of consequences of these results).
The results of the first type are the weakest; they follow from results of the second
or third type. Sometimes we shall speak of them in the first place because it is
easier to obtain them and because they are a sort of test of the correctness of a
family of random processes to appear in general as a result of small perturbations
of a dynamical system.

The results of the second and third types are independent of each other and
neither is stronger than the other. Therefore, in some cases we do not consider
results of the type of the central limit theorem but rather discuss large deviations
immediately (and in the process of obtaining results in this area, we obtain results
of the type of the law of large numbers automatically).

The random perturbations are said to be homogeneous in time if the distribu-
tions of the values of the arising random process at any finite number of moments
of time does not change if we simultaneously shift these moments and the initial
moment ¢, along the time axis. In this case all that can be said about perturbations
can be formulated naturally in terms of the family X’ " of random processes be-
ginning at the point z at time 0: X ) Among the schemes of random
perturbations we consider, only (21) is not homogeneous in time.

We discuss the content of the book briefly. First we note that we consider
problems in probability theory in close connection with problems of the theory
of partial differential equations. To the random processes arising as a result of
small random perturbations there correspond problems connected with equations
containing a small parameter. We study the random perturbations by direct prob-
abilistic methods and then deduce consequences concerning the corresponding
problems for partial differential equations. The problems involving the connec-
tion between the theory of Markov processes and that of partial differential equa-
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tions are discussed in Chap. 1. There we recall the necessary information from
the theory of random processes.

In Chap. 2 we consider mainly schemes of random perturbations of the form
X = b(XF,e&) or Xi = b(XE) + eo(XF )y, where by, is a white noise
process. We discuss results of the type of the law of large numbers in Sect. 1, we
discuss sharper results, connected with asymptotic expansions in Sect. 2, and the
application of these results to partial differential equations in Sect. 3.

In Chap. 3, for the first time in this book, we consider results involving large
deviations for a very simple family of random processes, namely, for the Wiener
process w; multiplied by a small parameter €. The rough asymptotics of prob-
abilities of large deviations can be described by means of the action functional.
The action functional appears in all subsequent chapters. The general questions
involving the description of large deviations by means of such functionals consti-
tute the content of Sect. 3 of this chapter. We calculate the action functional for
families of Gaussian processes in Sect. 4.

Chapter 4 is devoted mainly to the study of perturbations of dynamical sys-
tems by a white noise process. We determine the action functional for the cor-
responding family of random processes. We study the problem of exit from a
neighborhood of a stable equilibrium position of a dynamical system, due to ran-
dom perturbations, and we determine the asymptotics of the average exit time of
the neighborhood and the position at the first exit time. In the same chapter we
study the asymptotics of the invariant measure for a dynamical system with one
equilibrium position. The problems to be considered are closely connected with
the behavior, as ¢ — 0, of the solution of problems for elliptic equations with a
small parameter at the derivatives of the highest order. The limit behavior of the
solution of Dirichlet’s problem for an elliptic equation of the second order with
a small parameter at the derivatives of the highest order in the case where the
characteristics of the corresponding degenerate equation go out to the boundary
was studied by Levinson [1]. In Chap. 4 this limit behavior is studied in the case
where the characteristics are attracted to a stable equilibrium position inside the
domain. (The case of a more complicated behavior of the characteristics is con-
sidered in Chap. 6.) We consider Gaussian perturbations of the general form in
the last section of Chap. 4.

In Chap. 5 we generalize results of Chap. 4 to a sufficiently large class of fam-
ilies of Markov processes (including processes with discontinuous trajectories).
Here the connection with theorems on large deviations for sums of independent
random variables becomes clearer; in particular, there appears the apparatus of
Legendre transforms of convex functions, which is a natural tool in this area
(a separate section is devoted to Legendre transforms).

In Chap. 6 the generalization goes in a different direction: from problems
for systems with one equilibrium position to systems with a more complicated
structure of equilibrium positions, limit sets, etc. Here an essential role is played
by sets of points equivalent to each other in the sense of a certain equivalence
relation connected with the system and the perturbations. In the case of a finite
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number of critical sets, the perturbed system can be approximated in some sense
by a finite Markov chain with transition probabilities depending on the small pa-
rameter. For the description of the limit behavior of such chains a peculiar appa-
ratus of discrete character, connected with graphs, is developed. A large portion
of the results of this chapter admits a formulation in the language of differential
equations.

In Chap. 7 we consider problems connected with the averaging principle.
Principally, we consider random processes defined by equations of the form
Xf = b(XF, &), where & is a stationary process with sufficiently good mix-
ing properties. For the family of random processes X; we establish theorems
of the type of the law of large numbers, the central limit theorem, and finally,
of large deviations. Special attention is paid to the last group of questions. In
Sect. 6, Chap. 7 we study the behavior of X; on large time intervals. Here we
also consider examples and the corresponding problems of the theory of partial
differential equations. In Chap. 7 we also consider systems of differential equa-
tions in which the velocity of the fast motion depends on the “slow” variables.

White noise perturbations of Hamiltonian systems are considered
in Chap. 8. Let b(x) in (17) be a Hamiltonian vector field in R? : b(x) =
(0H(x)/0x?, —0H (x)/0x'), where H(z), = € R?, is a smooth function. Let
lim| ;o0 H (x) = oc. Then all the points of the phase space R? are equivalent
for the process X; defined by (17) from the large-deviation point of view. This
means, roughly speaking, that for any x € R? and any open set & = R? one can
find a nonrandom ¢ = ¢(¢) such that the probability that X} goes from z to &
in the time ¢(¢) is, at least, not exponentially small as € | 0. Here the averaging
principle rather than large-deviation theory allows us to calculate asymptotic be-
havior of many interesting characteristics of the process X; as € | 0. One can
single out a fast and a slow component of X} as ¢ | 0: The fast component is
close to the deterministic motion with a fixed slow component. The slow compo-
nent H (X ; / 6), at least locally, is close to the one-dimensional diffusion governed
by an operator with the coefficients defined by averaging with respect to the fast
component. But if the Hamiltonian H (x) has more than one critical point, the
slow component H (X[ /E) does not converge in general to a Markov process as
e | 0. To have a Markov process the limit should consider a projection of X; on
the graph homeomorphic to the set of all connected components of the level sets
of H(z), provided with the natural topology. We describe in Chap. 8 the diffusion
processes on graphs and calculate the process which is the limit of the slow com-
ponent of X7 as € | 0. As usual, such a result concerning the diffusion process
implies a new result concerning the PDEs with a small diffusion coefficient and
the Hamiltonian field as a drift. The limit of the solutions of a Dirichlet problem
for such an equation is found as the solution of an appropriate boundary problem
in a domain on the graph.

In the last section of Chap. 8, pure deterministic perturbations of Hamiltonian
systems with one degree of freedom are considered. If the Hamiltonian has saddle
points, the classical averaging does not work, and a stochastic process on the
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graph corresponding to the Hamiltonian should be considered as the limiting
slow motion for this pure deterministic system. To give a rigorous meaning to this
statement, various stochastic regularizations of the system are considered; but the
resulting limiting slow motion is independent of the type of regularization.

Perturbations of Hamiltonian systems with many degrees of freedom are stud-
ied in Chap. 9. As is known, in the many-degrees-of-freedom case, because of
the resonances, the limit of the slow component for the system with a fixed ini-
tial point may not exist. Assuming that the set of resonance frequencies is “small
enough”, the limit of the slow component exists in the sense of convergence in
the Lebesgue measure for the initial points. This is equivalent to regularization
of the system by stochastic perturbations of the initial point. But even in the case
of one degree of freedom, examples show that if the Hamiltonian has more than
two saddle points, this type of regularization does not provide the convergence
of the slow motion; this convergence can be provided by stochastic perturbations
of the equation. We show in Chap. 9 that in the many-degrees-of-freedom case,
the averaging principle in a domain without critical points can be regularized by
stochastic perturbations of the equation, if the resonance set has the Lebesgue
measure zero. We apply these results to a system of weakly coupled oscillators.
The phase space of the slow motion is in this case an open book II—a multidi-
mensional counterpart of a graph. We calculate the limiting slow motion, which is
a stochastic process on 11, deterministic inside the “pages” and having a stochas-
tic behavior at the “binding” of the book.

Chapter 10 contains the applications of the results obtained in the preceding
chapters to the study of stability with respect to small random perturbations. We
introduce a certain numerical characteristic of stability, which is connected with
the action functional. A series of optimal stabilization problems is considered.

The last, eleventh, chapter has the character of a survey. We discuss sharp-
enings of theorems on large deviations, large deviations for random measures,
results concerning the action functional for diffusion processes with reflection at
the boundary, random perturbations of infinite-dimensional systems, and appli-
cations of large-deviation theory to asymptotic problems for reaction-diffusion
equations.

Since the first edition of this book was published, many papers have appeared
that generalize and refine some of the results included there. Some further results
and references can be found in Day [1], [2] (exit problem for processes with small
diffusion). The averaging principle is studied in Kifer [4], [S], Liptser [1], [2], and
Gulinsky and Veretennikov [1]. Problems concerning infinite-dimensional sys-
tems are considered in Da Prato and Zabczyk [1]. Further references can be found
in these publications and in the monographs on large-deviation theory mentioned
in the Preface to the Second Edition.



Chapter 1

Random Perturbations

1 Probabilities and Random Variables

We shall assume known the basic facts of the Lebesgue integral and measure
theory, as well as probability theory. The necessary information concerning these
topics is contained, for example, in the corresponding chapters of the book by
Kolmogorov and Fomin [1] and in the book by Gikhman and Skorokhod [1]. In
this chapter we introduce notation and recall some information from the theory
of stochastic processes in an appropriate form. We shall not provide proofs but
rather references to the pertinent literature.

According to Kolmogorov’s axiomatics, at the base of all probability theory
is a triple {2, #, P} of objects called a probability field or probability space.
Here () is a nonempty set, which is interpreted as the space of elementary events.
The second object, .7, is a o-algebra of subsets of 2. Finally, P is a probability
measure on the o-algebra .%, i.e., a countably additive nonnegative set function
normalized by the condition P(2) = 1. The elements of the o-algebra .# are
called events.

The most important objects of probability theory are random variables, i.e.,
functions ¢ (w) defined on § with values on the real line R! such that {w : £(w) <
x} € F forevery x € R!. In general, a random variable &(w) with values in a
measurable space (X, %) is a measurable mapping of (£2,.%) into (X, £).!

If as (X, #) we take the r-dimensional space R" with the o-algebra %"
of Borel sets, then the corresponding mapping £(w) is called an r-dimensional
random variable. The probability measure defined by the equality

WD) =P{{(w)e D}, DeA

on the o-algebra 4 is called the distribution of the random variable &(w).

For random variables &(w) with values in R' the mathematical expecta-
tion M{(w) = [, &(w)P (dw) is defined provided that this integral exists as
a Lebesgue integral. In this book we shall use repeatedly Chebyshev’s inequality

! A measurable space is a set X together with a o-algebra 2 of subsets of X . The measur-
ability of a mapping means that the inverse image of every measurable set is measurable.

M.L Freidlin, A.D. Wentzell, Random Perturbations of Dynamical Systems, 1
Grundlehren der mathematischen Wissenschaften 260,
DOI 10.1007/978-3-642-25847-3_1, (© Springer-Verlag Berlin Heidelberg 2012
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P{{(w) > a} <

for any nonnegative monotone increasing function f(-) on R! provided that

Mf(£) < oo.

For integrals on parts of {2 we shall sometimes use the notation

/ammw:MM@.
A

If in the space (X, %) a topology is given and the open sets are measurable,
then we can speak of the convergence of random variables with values in (X, £).
Various kinds of convergence can be considered. A sequence of r-dimensional
random variables &, (w) is said to converge in probability to an r-dimensional
random variable &(w) if lim, o P{|&,(w) — {(w)| > 6} = 0 for any § > 0,
where |¢,(w) — &(w)| is the Euclidean length of the vector &, (w) — &(w). If
lim,, 00 M|, (w) — &(w)|? = 0, then we say that &, converges to & in mean
square. Finally, a sequence &,, converges to £ with probability 1 or almost surely
if P{lim,, 00 &p(w) = &(w)} = 1.

If £, — £ in mean square, then M&,, — M¢, as follows from the Cauchy-
Bunyakovsky inequality. If £, — £ almost surely or in probability, then for the
convergence of M¢,, to M¢ we must impose additional assumptions. For example,
it is sufficient to assume that the absolute values of variables &,, do not exceed a
certain random variable 7(w) having finite mathematical expectation (Lebesgue’s
theorem). We shall use repeatedly this and other theorems on the passage to the
limit under the mathematical expectation sign. All the needed information con-
cerning this question can be found in the book by Kolmogorov and Fomin [1].

Let ¢ be a o-subalgebra of the o-algebra .# and suppose ¢ is complete with
respect to the measure P (this means that the o-algebra ¢ contains, together with
every set A, all sets from .% differing from A by a set of probability 0).

Let 1 be a one-dimensional random variable having finite mathematical ex-
pectation. The conditional mathematical expectation of 7 with respect to the o-
algebra 4, denoted by M(n|¥), is defined as the function on €2 measurable with
respect to the o-algebra ¢ for which

AMM%Pwdzémem)

for every A € ¢. The existence of the random variable M(n|¥) follows from the
Radon—-Nikodym theorem. The same theorem implies that any two such random
variables coincide everywhere except, maybe, on a set of measure 0. If the ran-
dom variable x 4(w) is equal to 1 on some set A € .# and 0 for w /=A, then
M(xal|%¥) is called the conditional probability of the event A with respect to the
o-algebra ¢ and is denoted by P(A|¥). We list the basic properties of conditional
mathematical expectations.

1. M(n|¢9) > 0if n > 0.
2. M(&+n|9) = M(E|9) + M(n|¥9) if each term on the right exists.
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3. M(&n|9) = EM(n|¥) if M&n and Mr) are defined and £ is measurable with
respect to the o-algebra ¢.

4. Let 4! and 42 be two o-algebras such that ¥* C 92 C .. We have
M(£|9") = M((M¢|92)[91).

5. Assume that the random variable £ does not depend on the o-algebra ¢, i.e.,
P{¢ € D}nA) =P{¢ € D} -P(A) for any Borel set D and any A € ¥.
Then M(£|9) = M¢ provided that the latter mathematical expectation exists.

We note that the conditional mathematical expectation is defined up to values
on a set of probability 0, and that all equalities between conditional mathematical
expectations are satisfied everywhere with the possible exception of a subset of
the space €2 having probability 0. In those cases which do not lead to misunder-
standing, we shall not state this explicitly.

The proofs of Properties 1-5 and other properties of conditional mathematical
expectations and conditional probabilities may be found in the book by Gikhman
and Skorokhod [1].

2 Random Processes. General Properties

Let us consider a probability space {2,.%, P}, a measurable space (X, %), and
a set T on the real line. A family of random variables &, (w), ¢t € T with values
in (X, %) is called a random process. The parameter ¢ is usually called time
and the space X the phase space of the random process &;(w). Usually, we shall
consider random processes whose phase space is either the Euclidean space R"
or a smooth manifold. In Chaps. 8 and 9, we consider also stochastic processes on
graphs and on their multidimensional counterparts. Some classical problems lead
to consideration of such processes. For every fixed w € €2 we obtain a function
&, t € T with values in X, which is called a trajectory, realization, or sample
function of the process & (w).

The collection of distributions (i, ... ¢, of the random variables (&, ,&,, .- .,
&,) forallr = 1,2,3,... and ¢1,...,t. € T is called the family of finite-
dimensional distributions of &;. If T' is a countable set, then the finite-dimensional
distributions determine the random process to the degree of uniqueness usual in
probability theory. In the case where 7' is an interval of the real line, as is known,
there is essential nonuniqueness. For example, one can have two processes with
the same finite-dimensional distributions yet one has continuous trajectories for
almost all w and the other has discontinuous trajectories. To avoid this nonunique-
ness, the requirement of separability of processes is introduced in the general
theory. For all processes to be considered in this book there exist with probabil-
ity one continuous variants or right continuous variants. Such a right continuous
process is determined essentially uniquely by its finite-dimensional distributions.
We shall always consider continuous or right continuous modifications, without
stating this explicitly.
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With every random process &, ¢ € 1" one can associate o-algebras <, =
ﬁgt =o0{{,s <t} and F>, = fit = 0{&,s > t}, which are the smallest
o-algebras with respect to which the random variables £, (w) are measurable for
s < tand s > t, respectively. It is clear that for £; < f2 we have the inclusion
F itl CZ §t2. In what follows we often consider the conditional mathematical
expectations M(n|ﬁ£t), which will sometimes be denoted by M(n|&;, s < t).
By M(n|¢;) we denote the conditional mathematical expectation with respect to
the o-algebra generated by the random variable &;,. Analogous notation will be
used for conditional probabilities.

Assume given a nondecreasing family of o-algebras A7 : A5, C A4, for
0 <ty <tg;t1,to € T. We denote by 4 the smallest o-algebra containing all
o-algebras .4 for t > 0. A random variable 7(w) assuming nonnegative values
and the value +o0 is called a Markov time (or a random variable not depending
on the future) with respect to the family of o-algebras .47 if {w : 7(w) < t} €
i forevery t € T. An important example of Markov time is the first hitting
time of a closed set in R" by a process £; continuous with probability 1. Here the
role of the o-algebras .4; is played by the nondecreasing family of o-algebras
gﬁt = 0_(5578 S t)

~ We denote by .45 the collection of the sets A C .4 for which

An{r<tleH

for all t € T. It is easy to verify that .4, is a o-algebra and 7 is measurable
with respect to this o-algebra. If a process &; is right continuous, and 7 is a
Markov time with respect to the o-algebras A4; = F. Et, then the value & is also
measurable with respect to .4, = Z<,. The proofs of these assertions and a
series of other properties of Markov times can be found in Wentzell’s book [1].

The description of a random process by means of its finite-dimensional distri-
butions is very cumbersome and is usually employed only in problems connected
with the foundations of the theory. Interesting results can be obtained for spe-
cial classes of random processes. We mention here the basic classes of processes
which occur in the book.

Gaussian Processes. We recall that an r-dimensional random variable £ =
(€1,...,¢7) is said to be Gaussian if its characteristic function

fo(z) = Mexp{i(z,€)}, z€R,
has the form f*(z) = exp{i(z,m) — (Rz,2)/2}, where z = (21,...,2.) € R".

(2,6) = Y7 2%, m = (m!,...,m") is the vector of mathematical expecta-
tions, i.e., m* = M¢F and R = (R¥) is the covariance matrix, i.e.,

R =M(§" —m')(& —m).

A random process &;, t € T is said to be Gaussian if all of its finite-dimensional
distributions are Gaussian. Since a Gaussian distribution is determined by its
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mathematical expectation and covariance matrix, all finite-dimensional distri-
butions of a Gaussian process &; are completely determined by two functions:
m(t) = M¢,; and the correlation function

R(s,t) = M(& —m(s))(& — m(t)).

We shall usually consider Gaussian processes for t € T = [0, Tp] and assume
that the functions m(¢) and R(s, t) are continuous for s,¢ € [0, 7p]. Under these
assumptions, the process &; is continuous in mean square and it can be assumed
that fOTO |€5|? ds < oo for almost all w. If in addition to the continuity of m(t), we
assume that the function R(s,t) has some smoothness properties, for example,
that it has a mixed second derivative for s = ¢, then there exists a continuous
modification of &;. This means that on the same probability space on which &;(w)
is defined, there exists a random process &; (w) such that P{&;(w) = & (w)} =1
for t € [0,Tp] and the functions &; (w) are continuous on the interval [0, Tp] for
almost all w € € (cf. Gikhman and Skorokhod [1]).
With a process &, t € [0, Tp] there is associated the operator

To
A: (Ap) = R(s,t)ps ds,
0
called the correlation operator. If the function R(s,t) is continuous, then A is a
symmetric completely continuous operator in the Hilbert space L[2O o] of func-

tions defined on [0, Tp] and with values in R!. As usual, the norm in this space is
given by the equality [|p]| = ([ ¢s|? ds)'/2.
We shall also consider multidimensional Gaussian processes

&= (& &)

In this case m(t) = M&; is a vector-valued function and R(s,t) = (R%(s,t)),
where R (s,t) = M(§.—m'(s)) (5 —m/ (t)); i,j = 1,2,...,7. The correlation
operator acts in the space of functions with values in R".

Markov processes are, roughly speaking, random processes whose behavior
after a fixed time ¢ under the condition that the behavior of the process is given
until time ¢ (inclusive) is the same as if the process began at the point X; at
time ¢. This phrase can be turned into a precise definition in several ways. For
this we need a certain technique connected with the circumstance that we have to
stipulate the possibility of “emitting” the process from every point of the space
in which it takes place.

Let (©2,.%) and (X, %) be measurable spaces and in {2 let a nondecreasing
system of o-algebras 4 C #,t € T be chosen, where T is either the set
{0,1,2,...} of nonnegative integers or the right half-line [0, c0).

A Markov process (more precisely, a homogeneous Markov process) with
respect to the system of o-algebras .47 is, by definition, a collection of the fol-
lowing objects:
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(A) arandom process X;(w), t € T, w € ) with values in X;
(B) a collection of probability measures P, (A) defined for z € X and A € .%.

The following conditions are assumed to be satisfied:

(1) forevery t € T the random variable X;(w) is measurable with respect to the
o-algebra A;;

(2) forany t € T and I" € B the function P, {X; € I'} = P(t,z,T") is measur-
able in the variable = with respect to the o-algebra %,

3) P(0,z, X\{z}) =0;

@) ift,bueT,t<u,ze X, €A, then the equality

Po{X, €T|M} =Pu—t X;,T)

holds almost surely with respect to the measure P, .

The function P(t,z,T") is called the transition function of the Markov pro-
cess.

If there is a topology in X and & is the o-algebra of Borel sets in X, i.e.,
the o-algebra generated by the open sets, then we can speak of various continuity
properties of the Markov process. The weakest of these properties is stochastic
continuity.

A Markov process is said to be stochastically continuous if its transition func-
tion has the following property: lim,; o P(¢,z, X\U) = 0 for every € X and
every neighborhood U of x. We shall consider only stochastically continuous
Markov processes.

A Markov process X; is considered on not only one probability space but
rather a whole family of probability spaces {{2,.%,P,}. The concept of a pro-
cess that it can be emitted from every point x of the space can be expressed by
making the trajectories of the process depend on x and by making the probabil-
ities independent of z. Let {Q),.%, P} be a probability space and A7, t € T a
nondecreasing system of o-algebras.

A Markov family (with respect to the above system of o-algebras) is, by
definition, a collection of random processes X (w),t € T,z € X which satisfies
the following conditions:

(1) forevery t € T and x € X the random variable X (w) is measurable with
respect to A;;

(2) P{X} eT'} = P(t,z,T) is a #-measurable function of z;

3) P{0,z, X{z}) =0;

@ ift,ueT,t<u,xif X andI' € B, then

P{XZel|#4}=Pu-tX/;TI)

almost surely with respect to P.
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The notions of a Markov process and a Markov family introduced above are
special cases of the corresponding concepts in Dynkin’s book [2]. It is easy to
construct a Markov process corresponding to a given Markov family X (w) on
a probability space {2, .%, P}. For this it is sufficient to set

' =0xX, Xi(W') = XF(w) forw' = (w,x);
P.{X, € '} = P{X7 € I'}.

It can be proved (cf. Dynkin [2]) that the random process X;(w’) and the collec-
tion of the probability measures P,, z € X on Q' form a Markov process. The
Markov process (X, P,.) thus constructed will be called the Markov process cor-
responding to the family X.

In what follows we shall use both Markov families and Markov processes. If
the index x appears in the trajectories of X", then a Markov family is considered
and if the index appears in the probability P, then the corresponding process is
considered. Mathematical expectation with respect to P, will be denoted by M.

Usually, we shall consider random processes defined by differential equations
of the form X, = b(Xy, & (w)), where & (w) is a random process. The solutions
of this equation are defined for all possible initial conditions Xg = x € X. Let
XY be the solution issued from the point x: X§ = z. Under certain conditions,
the processes X7 (w) form a Markov family with respect to the nondecreasing
system of o-algebras ﬂﬁt = o{&;,s < t}. We shall use the notation P, and M,,
for probabilities and mathematical expectations connected with the process X
in the case of non-Markovian processes, as well. The index x will indicate the
initial condition under which the differential equation is being solved.

It follows from the definition of a Markov process that if the position of a
process is known at time ¢, then the events determined by the process before and
after time ¢ are independent. If we fix the position of a process at a random time
7(w), then the events determined by the behavior of the Markov process before
and after time 7(w) may turn out to be dependent even if 7(w) is a Markov
time. Those Markov processes for which these events are independent for every
Markov time 7(w) are called strong Markov processes. For a precise definition,
cf. Dynkin [2]. A Markov process (X, P) with respect to a nondecreasing system
of g-algebras .4 is said to be strong Markov if for every Markov time 7 with
respect to the o-algebras .45 and forallt > 0,z € X, and I' € 4 the relation

P{X, 1 €T|M} =Pt X,.T)

is satisfied for almost all points of the set 2, = {w € Q : 7(w) < oo} with
respect to the measure P,.

Conditions ensuring that a given Markov process is a strong Markov process
together with various properties of strong Markov processes, are discussed in
detail in Dynkin’s book [2]. We note that all Markov processes considered in the
present book are strong Markov.
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As a simple important example of a Markov process may serve a Markov
chain with a finite number of states. This is a Markov process in which the pa-
rameter ¢ assumes the values 0, 1, 2, . .. and the phase space X consists of a finite
number of points: X = {ej,...,e,}. A homogeneous Markov chain (we shall
only encounter such chains in this book) is given by the square matrix P = (p;;)
(¢,j = 1,...,n) of one-step transition probabilities: P.,{X1 = ¢;} = p;;. It
follows from the definition of a Markov process that if the row vector ¢(s) =
(q1(8)), ..., qn(s)) describes the distribution of X (w) (i.e.,

Pr{Xs‘ = ei} = Qz(S))7

then ¢(t) = q(s)P'"% for t > s. A row vector ¢ = (q1,..-,qn), ¢ > 0,
> ;@ = 1, for which P = ¢ is called an invariant distribution of the Markov
process. Every chain with a finite number of states admits an invariant distribu-
tion. If all entries of P (or a power of it) are different from zero, then the invariant
distribution ¢ is unique and lim;_, o, P,{X¢(w) = €;} = g; forallz and e; € X.
This assertion, called the ergodic theorem for Markov chains, can be carried over
to Markov processes of the general kind.

In the forthcoming sections we shall return to Markov processes. Now we
recall some more classes of processes.

We say that a random process &;(w), ¢ > 0 in the phase space (R", #") is a
process with independent increments if the increments

Etn = Etn—1,80-1 = &tn2y- 5 &1y — &1y

are independent random variables for any ¢,, > t,—1 > --- >t > 0.

The Poisson process is an example of such a process. It is a random process
V¢, t > 0 assuming nonnegative integral values, having independent increments
and right continuous trajectories with probability one for which

k
Plvy —vs =k} = We_(“s))‘; 0<s<t; k=0,1,...,
where ) is a positive parameter.

In the next section we shall consider another process with independent incre-
ments, the Wiener process, which plays an important role in the theory of random
processes.

For a process with independent increments we may associate the Markov
family X7 = = + & — & and the Markov process which corresponds to this
family. Another class of processes, the class of martingales, is also closely con-
nected with processes with independent increments.

A random process &;, t € T is called a martingale with respect to a nonde-
creasing family of o-algebras .4 if the random variable £, is measurable with
respect to #; for every t € T and M&;, < oo and M(&;|A5) = & for s, t € T,
s < t. If M(&]45) < &, then the process &; is called a supermartingale.
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A detailed exposition of the theory of martingales can be found in Doob’s
book [1].

A random process & (w), —00 < ¢ < oo is said to be stationary (in the strict
sense) if for a given natural number 7 and given ¢4, . . ., t, the distribution of the
random variable (&, 4, Etythy - - -5 &t +n) 1S the same for all real numbers h. It
is clear that if M|&;|? exists for a stationary process &;, then M& = m = const
and the correlation function R(s,t) = M(&; —m)(& —m) depends only on ¢ —s.

Finally, we recall the notion of weak convergence of measures corresponding
to a family of random processes. Every random process X (w) defines a mapping
of the probability space {£2,.%, P} into the space of trajectories. This mapping
induces a probability measure p in the space of trajectories. In many problems in
probability theory, random processes are considered up to the distributions which
the processes induce in the space of trajectories. In connection with this, an im-
portant role is played by those types of convergence of random processes which
mean convergence, in one sense or another, of the distributions in the space of
trajectories. For the sake of definiteness, let X7, ¢t € [0,T7], € > 0, be a family of
random processes whose trajectories are, with probability one, continuous func-
tions defined on [0, 7] with values in R". As usual, we denote by Cor(R") the
space of such functions with the topology of uniform convergence. Let 1* be the
family of measures corresponding to the processes X in Cor(R"). We say that
the measure p° on Cor(R") converges weakly to a measure y as € — 0 if

ti [ fn (o) = [ foy(ao)
for every continuous bounded functional f(z) on Cor(R"). In Prokhorov [1]
(cf. also Gikhman and Skorokhod [1]) conditions of compactness in the topol-
ogy of weak convergence are studied for a family of measures corresponding to
random processes. If the family of measures i is weakly compact and the finite-
dimensional distributions corresponding to the random processes X; converge to
the distributions of some process X;, then the measures p® converge weakly to
the measure p corresponding to the process Xj.

3 Wiener Process. Stochastic Integral

A Wiener process is, by definition, a Gaussian process wy, t € [0, c0) with values
in R! having the following properties:

(1) Mw, = 0 fort > 0;
(2) Mwsw; = min(s,t);
(3) for almost all w, the trajectories of w;(w) are continuous in ¢ € [0, 00).

It can be proved (cf., for example, Gikhman and Skorokhod [1]) that a process
with these properties exists on an appropriate probability space {2, .7, P}. From
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the Gaussianness of wy it follows that for arbitrary moments of time ¢,, > ¢,,_1 >
.-+ > t1 > 0 the random variables
we,, — Wt,,—1, Wt,, —1 — Wt,, —2y - - -, Wi, — Wiy

have a joint Gaussian distribution and from property (2) it follows that they are
uncorrelated: M(wy,,, — wy, )(wy,, —wy;) = 0ford,j = 1,2,...,n;4 # j.
We conclude from this that the increments of a Wiener process are independent.
We note that the increment of a Wiener process from time s to ¢,s < ¢ has a
Gaussian distribution and M(w; — ws) = 0, M(w; — ws)? = t — s. It can be
calculated that M|w; — ws| = /27 1(¢t — s).

We recall some properties of a Wiener process. The upper limits (lim sup) of
almost all trajectories of a Wiener process are +oco and the lower limits (lim inf)
are —oo. From this it follows in particular that the trajectories of a Wiener
process pass through zero infinitely many times with probability 1 and the set
{t : w¢(w) = 0} is unbounded for almost all w. The realizations of a Wiener
process are continuous by definition. Nevertheless, with probability 1 they are
nowhere differentiable and have infinite variation on every time interval. It can
be proved that with probability one the trajectories of a Wiener process satisfy a
Holder condition with any exponent «v < 1/2 but do not satisfy it with exponents
a > 1/2. We also note the following useful identity:

P{ sup ws > a} = 2P{wr > a}.

0<s<T

Every random process &;(w), t € T with values in a measurable space (X, #)
can be considered as a mapping of the space (2, %) into a space of functions de-
fined on T, with values in X. In particular, a Wiener process w;(w), t € [0,T]]
determines a mapping of (2 into the space CJ-(R') of continuous functions on
[0,T] which are zero at ¢ = 0. This mapping determines a probability mea-
sure fi,, in CY(R'), which is called the Wiener measure. The support of the
Wiener measure is the whole space CJ,(R'). This means that an arbitrary small
neighborhood (in the uniform topology) of every function ¢ € CJ,(R') has
positive Wiener measure.

A collection of r independent Wiener processes w; (w), w?(w), . .., w} (w) is
called an r-dimensional Wiener process.

The important role of the Wiener process in the theory of random processes
can be explained to a large degree by the fact that many classes of random pro-
cesses with continuous trajectories admit a convenient representation in terms of
a Wiener process. This representation is given by means of the stochastic integral.
We recall the construction and properties of the stochastic integral.

Suppose we are given a probability space {2, %, P}, a nondecreasing family
of o-algebras A4, t > 0, A; C %, and a Wiener process w; on {2, %, P}. We
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assume that the o-algebras .4; are such that ﬁ%”t C A for every t > 0 and
M(w; — wg|A5) = 0; M(Jw; — ws|*[A5) =t — s

for every 0 < s < ¢. This will be so, at any rate, if A} = .FY,

We say that a random process f(t,w), t > 0 measurable in the pair (£, w)
does not depend on the future (with respect to the family of o-algebras .4} ) if
f(t,w) is measurable with respect to .4 for every ¢ > 0. We denote by H o z
0 <a < b < oo, the set of functions f(t,w) not depending on the future and
such that f; M|f(t,w)|? dt < oc. For such functions we define Itd’s stochastic
integral f; f(s,w) dws. We note that since the trajectories of a Wiener process
have infinite variation over any interval, this integral cannot be defined as a Stielt-
jes integral. Itd’s integral is first defined for step functions belonging to H? ap I
th =a <t <ty < <ty =0 fs,w) = fi(w) for s € [t“tlﬂ)
i=0,1,...,n—land f(s,w) € H ,, then we set

b n—1
[ e du. =Y pe)wn, - ).
a i=0

Consequently, we assign the variable 77 (w f f(s,w) dws to the step func-
tion f(s,w) € HY, ;. If we introduce the norm

[ fllez = (/abl\/l|f(s,w)|2ds>

in H2 , and the norm ||| = (Mn?)'/2 in the space of random variables, then
the mapping f — 7y is norm-preserving, as is easy to see. This mapping, defined
first only for step functions, can be extended to the closure with preservation of
the norm. It can be proved that the closure of the set of step functions in H?L b
coincides with HZ - Therefore, to every element f € H? 1 there corresponds
a random Varlable 1, which is called It6’s stochastic 1ntegral of the function

f(s,w) and is denoted by fa f(s,w) dws. We list the basic properties of the
stochastic integral (f(s,w),g(s,w) € H ,):

L JJ(af(s,w) + Bg(s,w)) dw, = a [} fls,0) dw, + B [ g(s,w) duw;
2befswdw5\JV):O'
3Mff5wdwsfg5wdws\</l/ ffsw (s,w)ds| M),

in particular,
b
Ji{l) = M(/ f2(s,w)ds %)

([ e

1/2
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We note that the stochastic integral is defined up to an w-set of measure zero
and all equalities listed above are satisfied almost surely with respect to the mea-
sure P on €.

Now we consider the stochastic integral as a function of the upper limit of
the integral. We denote by x;(s) the function equal to 1 for s < ¢ and zero for
s > t. If f(s,w) € H,, then x;(s)f(s,w) € H, for every t. We define

/. f f(s,w) dws for t € [a, b] by means of the equality

/atf(svw) dw, = /abxt(s)f(sw) dw,.

Since for every ¢, the integral ff Xt(8) f(s,w) dws is determined up to events
of probability zero, we have some arbitrariness in the definition of the left side. It
can be proved that the right side can be defined for every ¢ in such a way that the
stochastic integral on the left side will be a continuous function of the upper limit
for almost all w. Whenever in this book, we consider stochastic integrals with a
varying upper limit, we always have in mind the variant which is continuous with
probability 1.

It follows from the above properties of the stochastic integral that the stochas-
tic process & = f(f f(s,w) dws, together with the nondecreasing family of o-
algebras .47, forms a martingale. This martingale has continuous trajectories with

probability 1 and
M(E2|A5) = </ f2(s,w)ds >

For these martingales we have the following generalized Kolmogorov inequality:

{rgz}é(b/j”swdwg }_ (/fzswds )

Sometimes we have to consider the stochastic integral with a random time
as the upper limit. Let 7 be a Markov time with respect to a nondecreasing sys-
tem of o-algebras 4%, t > 0 and let x-(s) be equal to 1 for s < 7 and 0 for
s<T.If Xr( )f(s,w) € Hj . then fOT f(s,w)dws = fooo Xr(8)f(s,w) dws
and M [ f(s,w)dws = 0.

In particular, x-(s)f(s,w) € Hf . if [ f(s,w)| < ¢ < oo for all s > 0 for
almost all w and if M7 < co.

Let w; = {w!} now be an r-dimensional Wiener process and let .#; be the
o-algebra generated by the random variables w; for s < t. The stochastic integral

b
/ D(s,w) dws

is defined in a natural manner for matrix-valued functions ®(s,w) with entries
belonging to H2 ,. Namely, if w; is understood as an r-dimensional column

>c
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vector and the matrix ®(s,w) = (®;;(s,w)) has r columns and [ rows, then

b . . . . ) .
J, ®(s,w) dw, is the I-dimensional random variable whose ith component is

equal to the sum
L
Z/ (I)U(S,U))dwg
j=1"a

We consider the /-dimensional random process

t t
th/ @(s,w)dws—i—/ U(s,w)ds, t€[a,bl.

Here the first term is the integral with respect to the r-dimensional Wiener pro-
cess which we have just described and in the second term,

U(s,w) = {T(s,w)}

is an [-dimensional random process. The relation defining X, is sometimes writ-
ten in the form
dX; = ®(t,w) dwy + V(t,w) dt,

and the expression O (¢, w) dw; + ¥(t,w) dt is called the stochastic differential
of X, t-

Let a function u(t,x), t € [a,b], z € R' have a continuous first derivative
with respect to ¢ and continuous second derivatives with respect to the space
variables. In the theory of the stochastic integral an important role is played by
1t6’s formula giving an expression for the stochastic differential of the random
process 1y = u(t, X¢):

T

l
)
S a“ (t, X;) s (t, w) dwk

t

l

ou ou i
+ 56X+ > gt (X)) T (W)

=1

1A & 0%u
+3 SN i (1, )2y (t,w) 5o (1, Xo) | .

k=11i,j=1

A detailed exposition of the construction and proofs of all properties listed
here of the stochastic integral together with additional properties can be found in
the books by Gikhman and Skorokhod [1] and McKean [1].

As we have already noted, by means of the stochastic integral we can obtain
representations of some classes of random processes in terms of the Wiener pro-
cess. Let us discuss the representation of Gaussian processes in detail. We obtain
a representation of the Gaussian process with mean zero and correlation function
R(s,t), which we assume to be continuous for s,¢ € [0, T]. If considered in the
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space L&T, the correlation operator A of such a process is completely continu-
ous, nonnegative definite, symmetric and of finite trace. Let 1 (¢), ..., e,(t),. ..
be its eigenfunctions and let A1, Aa,..., Ay, ... be the corresponding eigenval-
ues. It is known (Riesz and Szokefalvi-Nagy [1]) that the kernel of such an oper-
ator can be expressed in the form

R(s,t) = Z Akek(s)er(t).
k

We set

G(s,t) = Z VAker(s)ex(t).

k
It follows from the finiteness of the trace of A that this series is always conver-
gent in the space L[QO’T]X o,7] ©f square integrable functions on [0,T] x [0,T]. Tt
follows easily from the definition of G(s, t) that

/T G(S,tl)G(S,tQ) ds = R(tl,tg).
0

We consider the stochastic integral

T
Xt:/ G(s,t) dws.
0

This stochastic integral with respect to the Wiener process w; exists, since the
integrand does not depend on chance and fOT G?(s,t)ds = R(t,t) < oco. It
follows from previously mentioned properties of the stochastic integral that X}
is a Gaussian process and

T T
MX; = 0; MX, Xy, = M(/ G(s,t1) dws / G(s,t2) dws>
0 0

= /T G(s,t1)G(s,t2) ds = R(t1,t2).
0

Consequently, we have obtained a representation for the Gaussian process with
vanishing mean and correlation function R(s,t) as a stochastic integral of the
nonrandom function G(s, t).

Sometimes we consider a so-called white noise process w;, the derivative of
a Wiener process w;. As we have already mentioned, the derivative of a Wiener
process does not exist in the ordinary sense. Nevertheless, the stochastic integral
enables us to give a meaning to some expressions containing w;. Having defined
1t0’s integral for functions f(s,w) € Hp 1, we may set

T T
/ f(s,w) dws = / f(s,w)is ds,
0 0
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assuming that the left side defines the right side. In particular, the formula defin-
ing the process X; can be written in the form

T
Xt:/ G(s,t)wsds
0

and we may say that the Gaussian process X; is the result of applying the integral
operator with kernel G(s, t) to the white noise process (this kernel is sometimes
called the impulse response of the operator).

A large class of martingales continuous in the time variable admits a repre-
sentation in the form of a stochastic integral with respect to the Wiener process.
In Sect. 5 we construct diffusion processes starting from a Wiener process.

4 Markov Processes and Semigroups

Let (X;,P,) be a Markov process on a phase space (X, %) and let P(t,z,T")
be its transition function. We denote by B the Banach space of bounded %-
measurable functions on X with the norm || f|| = sup,cx |f(x)|. With the
Markov process (or with its transition function) we may associate the family of
operators 73, t > 0 acting in B according to the formula

(Tof) (@) = My f(X,) = /X F@)P(t, . dy).

Since P(t,z,T") is a probability measure as a function of I", the operators T}
preserve nonnegativity and do not increase norm: if f(x) > 0, then

Tif(z) 20, T fI < [IfII-

It follows from the Markov property that

Tt+sf($) = fo(XtJrs) = Mm(Mth(Xs)) = Tt(Tsf)(iU)»

i.e., the operators T3 form a semigroup: T;7 = T34 . Consequently, with every
Markov process (X, P, ) there is associated the contraction semigroup 7} acting
in the space B of bounded measurable functions on the phase space.

The contraction semigroup is, of course, also associated with the Markov
family X7 (defined on the probability space (£2,.%, P) not depending on z):

(Tuf)(x) = MF(X?) = /X F(w)P(t,x. dy).

If the function f(x) is the indicator xr(x) of aset ' C X (i.e., the function
equal to 1 on I" and 0 outside I"), then we obtain Tyxr(z) = P(t,z,T") and the
semigroup property Ty sxr(z) = Ti(Tsxr) can be written in the form
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P(t+5.20.) = [ Pltaa,dy)Pls.y. D).
T
which is called the Chapman—Kolmogorov equation.

With the transition function P(¢,x,I") we may associate another operator
semigroup Uy, t > 0 acting in the Banach space V of finite countability additive
set functions on (X, %) with the norm ||u||* defined as the total variation of the
set function p:

U(©) = | Plt.oDulds); peV.Tes
X
As is easy to see, the operators T} and U, are conjugate to each other in the sense
that

[ t@ntdn) = [ f@@m; feB uev.
X X

The semigroup U; describes the evolution of the one-dimensional distribu-
tions of the Markov process. Namely, if we consider the Markov process as be-
ginning not at a given point z € X but rather at a random point X with distri-
bution i : P{Xy € T'} = p(T'), the distribution at time ¢ will be exactly Uy

P{X, €T} = / P{X, € dz}P(t,2,T) = (U)(I), T €.
X

A measure p on (X, A) is called an invariant measure of the Markov process
if Uypp = p for all ¢ > 0. It is clear that the invariant measures form a cone in V.
If u(X) = 1, then the invariant measure p is also called a stationary probability
distribution.

The infinitesimal generator A of the semigroup 77 (it is also the infinitesimal
generator of the Markov process (X, P;) or the Markov family X7 with the
given transition function) is defined by the equality

Lif-f

Af = ltlfg e

Here convergence is understood as convergence in norm, i.e., the equality means
that lim, g [t~ 1(T;f — f) — Af|| = 0. The operator A is not defined for all
elements of B in general. The domain of A is a vector subspace, which is denoted
by D 4. It is everywhere dense in the space

By = {f € B:lim 7.7 - f]| = 0.

The infinitesimal generator determines the semigroup 7; uniquely on By. If the
transition function is stochastically continuous, then the semigroup 7} considered
only on By (and consequently, the infinitesimal generator A, as well) determines
uniquely the transition function and all finite-dimensional distributions of the
Markov process (Markov family).
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In the theory of semigroups it is proved that for every f € D4 the function
ug(x) = T3 f () is a solution of the abstract Cauchy problem

Out(x) . _
5 Aug(z), 1&8%@) = f(=).

The solution of this problem is always unique in the class of bounded functions.
The infinitesimal generator A* of the semigroup U; can be defined analo-
gously. For 1 belonging to the domain of A*, the function

v() =Up@), T e,

is a solution of the corresponding Cauchy problem. In particular, it can be verified
easily that every invariant measure belongs to the domain of A* and A*u = 0.
A detailed exposition of the semigroup theory of Markov processes can be
found in Dynkin’s book [2].
We consider examples of Markov processes and their infinitesimal genera-
tors.

FIRST EXAMPLE. Let X be a finite set and let 4 be the collection of its subsets.
A Markov process with such a phase space is called a Markov process with a
finite number of states. With every such process there is associated a system of
functions p;; (t) (4,7 € X, t > 0) satisfying the following conditions:

(1) pij(t) > 0fori,j € X,t>0;

@ 3 ex piglt) = L

(3) pij(0) =0fors /=, p;i(0) =1fori € X;
) pij(s+1t) =D pex Pie(t)pr;(s).

The transition function of the process can be expressed in terms of the functions
pi;(t) in the following way:

P(t,z,T) =) puy(t); z€X,Te€B t>0.

yel’

We shall only consider stochastically continuous processes with a finite num-
ber of states. For these processes the functions p;;(t) satisfy the additional con-
dition
(5) limy o pij(t) = pi;(0).

It can be proved under conditions (1)—(5) that the right derivatives at zero
qij = pj;(0) exist. We introduce the matrix P(t) = (pi;(t)); and use the notation
Q = (aij)-

We calculate the infinitesimal generator A of our Markov process and the
infinitesimal generator A* of the adjoint operator semigroup Uy.

The space B of bounded measurable functions on X and the space V of
countably additive set functions on 4 are finite-dimensional linear spaces with
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dimension equal to the number of elements of X . We identify the elements of B
with column vectors and the elements of V with row vectors. The semigroup 7
acts on vectors belonging to B according to the formula

T.f = P(t)f.

The infinitesimal generator A of the semigroup is defined on the whole of B
and is given by the formula

Af —tim 2 =T _
t10 t

Qf.

The adjoint semigroup U; is given by multiplication by the matrix P(¢) on the
right and its infinitesimal generator is given by multiplication by the matrix () on
the right. It can be proved easily that () has at least one left eigenvector m € V
with eigenvalue zero (m(@) = 0) and with nonnegative components whose sum
is equal to one. Every such vector defines a stationary distribution of the process
with a finite number of states. If all entries of () are different from zero, then the
stationary distribution is unique.

SECOND EXAMPLE. Let v; be a Poisson process starting at zero (cf. Sect. 2).
The collection of the processes vy = = + vy, ¢ € R!, forms a Markov family
with respect to the o-algebras .4, = .#%, (as phase space we take the real line
R'). The corresponding semigroup 7} acts according to the formula

e k
L) = fa+ ke A

k=0

in the space of bounded measurable functions and its infinitesimal generator A
has the form
Af(x) = Af(z+1) = f(2)].

Intuitively, the Poisson process can be described in the following way. If at
some moment the trajectory is at the point z, then it spends an additional random
time 7 at « and then jumps 1 to the right, arriving at the point 41, it spends some
time in this position and then jumps to  + 2 and so on. The random variable 7
follows an exponential distribution:

P{r >t} = exp{—At}.

For a Poisson process, the number ) is the same for all states and also the length
of a jump is fixed. We obtain a jump-like Markov process of the general form if
we allow A (describing the distribution of the time until exit from the state x) to
depend on z and consider jumps whose lengths are random with a distribution
depending on the initial state. A jump-like process (which can be considered
not only on a line but also in r-space R") can be described by the infinitesimal
generator
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Af(z) = Mz) / @+ u) — £(2)) e (du).

Here integration is carried out over all space except for the point 0, A(z) char-
acterizes the distribution of the time until exit from x, and the measure p,,(du)
gives the distribution of the jump length.

In the next section we shall consider a large class of Markov processes
(Markov families) with continuous trajectories and the corresponding infinitesi-
mal generators.

5 Diffusion Processes and Differential Equations

Let w; be an [-dimensional Wiener process and let .#; be the o-algebra generated
by the random variables w, for s < ¢. We consider the stochastic differential
equation '

Xt = b(Xt) -+ O'(Xt)'lbt, X() =X
in R™. Here b(x) = (b"(z),...,0"(x)) is a vector field in R” and o'(z) = (o (x))
is a matrix having [ columns and r rows. By a solution of this equation we un-
derstand a random process X; = X;(w) which satisfies the relation

Xt—x—/ b(X ds—l—/ o(Xs) dws,

with probability 1 for every ¢ > 0. We shall usually assume that the coefficients
b'(x), o () satisfy the following conditions:

(1) S, 6(x) ~ @) + Xi o (@) — 03 (w)| < Ko — gl v,y € B,
@ S0 (@) + X 1o @)] < K(la] + 1),

where |x| is the Euclidean length of the vector z € R" and K is a positive
constant.

Under these conditions it can be proved that the above stochastic differential
equation has a solution X7 (w), t > 0 which is continuous with probability 1, the
random variable X (w) is measurable with respect to the o-algebra .4 for every
t > 0, and ffM\Xf"\zdt < oo forany b > a > 0. For every t > 0, any two
solutions of a stochastic differential equation having these properties coincide for
almost all w € Q.

Using the independence of the increments of a Wiener process and the
uniqueness of the solution, it can be proved (Dynkin [2]) that the set of processes
X for all possible initial points x € R" forms a Markov family with respect
to the system of the o-algebras .4;. It can be proved that the Markov process
corresponding to this family is a strong Markov process.

Consequently, a stochastic differential equation determines a strong Markov
process. This process is called a random diffusion process.
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We shall study the infinitesimal generator of the diffusion process. Let the
function u(z), * € R" have bounded continuous derivatives up to the second
order. By Itd’s formula we obtain

w(X?) — u(z) = /0 (Vu(X7), 0(XT) dws) + /0 Lu(X")ds.

Here Vu(x) is the gradient of u(x), the quantity under the first integral sign
on the right side is the Euclidean scalar product of the vectors Vu(X?) and
0(X?) dws, and the differential operator L has the form

Lu(z) = 2 Z a”(@ )axzaxﬂ + Zbl 8xl ),

7,7=1

where a(z) = (a¥(x)) = o(x)o*(x) is a square matrix of order r. It follows
from the above expression for u(X}) — u(x) that u(x) € D 4 and

Mu(X7) — 1 [
Au(z) = lim w(Xy) = ulz) =lim- [ MLu(X?)ds = Lu(x).
tl0 t tlo t Jg )

Here we have used the continuity of the function Lu(x) and the fact that the
mathematical expectation of the stochastic integral is equal to zero.

Hence the infinitesimal generator of the diffusion process is defined and co-
incides with L for smooth functions. The operator L is sometimes called the
differential generator of the diffusion process, the functions a® (z) are called dif-
fusion coefficients and b(x) is called the drift vector. It is easy to see that the
matrix (a%(x)) of diffusion coefficients is nonnegative definite, i.e.,

r

> a(@)AiN; =0

ij=1

for any real Aj,...,\,.. Conversely, if a nonnegative definite matrix (a'/(z))
and a vector b(z) are given with sufficiently smooth entries, then we can con-
struct a diffusion process with diffusion coefficients o/ (z) and drift b(z). This
can be done, for example, by means of a stochastic differential equation: if the
matrix o (z) is such that o(x)o*(x) = (a*(x)), then the solutions of the equa-
tion X; = b(X,;) — o(X;)uw, form a diffusion process with diffusion coeffi-
cients '/ (z) and drift b(x). For the existence and uniqueness of solutions of
the stochastic differential equation it is necessary that the coefficients o () and
b(x) satisfy certain regularity requirements. For example, as has already been
indicated, it is sufficient that o (z) and b(x) satisfy a Lipschitz condition. A rep-
resentation of (a*/(x)) in the form (a*(z)) = o(x)o*(z) with entries o’(x)
satisfying a Lipschitz condition is always possible whenever the functions a*/ (z)
are twice continuously differentiable (Freidlin [5]). If det(a® (x)) /=,Ghen for



5 Diftusion Processes and Differential Equations 21

such a representation it is sufficient that the functions a* () satisfy a Lipschitz
condition.
Consequently, every operator

I

1 iJ ’L
L= 2 Z a”(z) 81:’8363 Zb 89&

7,j=1

with nonnegative definite matrix (a*/ (x)) and sufficiently smooth coefficients has
a corresponding diffusion process. This diffusion process is determined essen-
tially uniquely by its differential generator: any two processes with a common
differential generator induce the same distribution in the space of trajectories.
This is true in all cases where the coefficients a®/(z) and b%(x) satisfy some
weak regularity conditions, which are always satisfied in our investigations.

In a majority of problems in probability theory we are interested in those
properties of a random process which are determined by the corresponding dis-
tribution in the space of trajectories and do not depend on the concrete represen-
tation of the process. In connection with this we shall often say: “Let us consider
the diffusion process corresponding to the differential operator L,” without spec-
ifying how this process is actually given.

A diffusion process corresponding to the operator L can be constructed with-
out appealing to stochastic differential equations. For example, if the diffusion
matrix is nondegenerate, then a corresponding process can be constructed start-
ing from the existence theorem for solutions of the parabolic equation du/dt =
Lu(t, x). Relying on results of the theory of differential equations, we can estab-
lish a series of important properties of diffusion processes. For example, we can
give conditions under which the transition function has a density. In many prob-
lems connected with degeneracies in one way or another, it seems to be more
convenient to use stochastic differential equations.

We mention some particular cases. If a¥/(z) = 0 for all 4,5 = 1,2,...,7,
then L turns into an operator of the first order:

L= Zbl M

In this case, the stochastic differential equations turn into the following system
of ordinary differential equations:

Zy = b(xy), To = .

Consequently, to any differential operator of the first order there corresponds
a Markov process which represents a deterministic motion given by solutions of
an ordinary differential equation. In the theory of differential equations, this ordi-
nary differential equation is called the equation of characteristics and its solutions
are the characteristics of the operator L.
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Another particular case is when all drift coefficients b’ (x) = 0 and the diffu-
sion coefficients form a unit matrix: ™/ (x) = 6. Then, L = A/2, where A is
the Laplace operator. The corresponding Markov family has the form

wy =& + Wy,

i.e., to the operator A/2 there corresponds the family of processes which are
obtained by translating the Wiener process by the vector x € R". For the sake
of brevity, the Markov process (wy, P,) connected with this family will also be
called a Wiener process. The index in the probability or the mathematical expec-
tation will indicate that the trajectory wy = x + wy is considered. For example,
Po.{w, €T} =P{ax+w, € T}, My f(we) = Mf(x + wy).

It is easy to see that if all coefficients of L are constant, then the corresponding
Markov family consists of Gaussian processes of the form

Xy =z —owy + bt.

The diffusion process will also be Gaussian if the diffusion coefficients are con-
stant and the drift depends linearly on x.

Now let (X;,P,) be a diffusion process, A the infinitesimal generator of
the process, and L the corresponding differential operator. Let us consider the
Cauchy problem

ou(t, x)
ot

= Lu(t,x);  u(0,z) = f(x),
reR", t>0.

A generalized solution of this problem is, by definition, a solution of the follow-
ing Cauchy problem:

ot = Auy, up = f.
The operator A is an extension of L, so that this definition is unambiguous. As
has been noted in Sect. 3, the solution of the abstract Cauchy problem exists in
every case where f € D4 and can be written in the form

ui(z) = Mo f(Xy) = Ti f (2).

If the classical solution u(t, ) of the Cauchy problem exists, then, since Au =
Lu for smooth functions u = u(t, x), the function u(¢, x) is also a solution of the
abstract Cauchy problem and u(t, ) = T} f () by the uniqueness of the solution
of the abstract problem. This representation can be extended to solutions of the
Cauchy problem with an arbitrary bounded continuous initial function not neces-
sarily belonging to D 4. This follows from the maximum principle for parabolic
equations.

If the matrix (a%(z)) is nondegenerate and the coefficients of L are suffi-
ciently regular (for example, they satisfy a Lipschitz condition), then the equa-
tion Ou/dt = Lu has the fundamental solution p(t, z,y), i.e., the solution of
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the Cauchy problem with initial function §(x — y). As can be seen easily, this
fundamental solution is the density of the transition function:

P(t,IC,F) :/p(t,:c,y) dy.
I

The equation Ou/dt = Lu is called the backward Kolmogorov equation of the
diffusion process (X¢, P..).

Let c¢(x) be a bounded uniformly continuous function on R". Consider the
family of operators

Tis(e) = Mof () exo [ t cxyisf oo

in the space of bounded measurable functions on R”. The operators 7} form a
semigroup (cf., for example, Dynkin [2]). Taking into account that

exp{/ot c(Xs) ds} =1+ /Ot c(Xs)ds+o(t)

ast | 0, it is easy to prove that if f € D 4 and the coefficients of the operator L
are uniformly bounded on R", then f belongs to the domain of the infinitesimal
generator A of the semigroup T, and Af(z) = Af(x) + c(z)f(x), where A
is the infinitesimal generator of the semigroup T3 f(z) = M, f(X;). Using this
observation, it can be proved that for a bounded continuous function f(x) the
solution of the Cauchy problem

ov(t, x)
ot

= Lv(t,z) + c(z)v(t,x), z€R", t>0,
v(0,2) = f(z)

can be written in the form

olt,x) = Tif(a) = sz<Xt>exp{ / () ds}.

A representation in the form of the expectation of a functional of the tra-
jectories of the corresponding process can also be given for the solution of a
nonhomogeneous equation: if

aait” = Lw + c(x)w + g(z), w(0,2) =0,

then

w(t,z) = M, /Otg(XS) exp{/os co(Xy) du} ds.

A probabilistic representation of solutions of an equation with coefficients
depending on ¢t and x can be given in terms of the mean value of functionals of



24 1. Random Perturbations

trajectories of the process determined by the nonhomogeneous stochastic differ-
ential equation
Xt = b(t, Xt) + O'(t, Xt)’lj]t, Xto =XT.

The solutions of this equation exist for any x € R", ty > 0 if the coefficients
are continuous in ¢ and z and satisfy a Lipschitz condition in z with a constant
independent of ¢ (Gikhman and Skorokhod [1]). The set of the processes Xf 0%
forall t) > 0 and z € R" forms a nonhomogeneous Markov family (cf. Dynkin
(1D.

In the phase space R" of a diffusion process (X;, P, ) let a bounded domain
D with a smooth boundary 0D be given. Denote by 7 the first exit time of the
process from the domain D : 7 = 7(w) = inf{t : X; ¢ D}. In many problems
we are interested in the mean of functionals depending on the behavior of the
process from time O to time 7; for example, expressions of the form

M, /OT f(Xs)ds, M, exp{/OT f(Xs)ds}, etc.

These expressions as functions of the initial point = are solutions of boundary
value problems for the differential generator L of the process (X, P,). In the
domain D let us consider Dirichlet’s problem

Lu(x) + c(z)u(z) = f(z), =€ D;
u(z)|zeap = ¢ ().

It is assumed that ¢(x), f(x), for z € R", and ¢(x), for z € 9D, are bounded
continuous functions and ¢(z) < 0. Concerning the operator L we assume that it
is uniformly nondegenerate in DUOD, i.e., > a¥ (x)\;A; > k> A2,k > 0, and

K2
all coefficients satisfy a Lipschitz condition. Under these conditions, the function

i) = —M, /0 f(Xt)exp{/Ot (X.) ds} dt
T+ ML(X,) exp{ / Ce(x,) ds}

is the unique solution of the above Dirichlet problem.

In order to prove this, first we assume that the solution u(z) of Dirichlet’s
problem can be extended with preservation of smoothness to the whole space R".
We write Y; = fot c(X) ds and apply It&’s formula to the function u(X;)eY:

u(X) exp [/Ot C(Xs)dS] —u(z) = /Ot(eY*VU(Xs),U(Xs)dws)

+/0t eYs f(X,)ds
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t
+ [ einacen - el ds
0

t Yee s
+/0 u(Xs)e  e(Xs) ds.

This equality is satisfied for all £ > 0 with probability 1. We now replace ¢
by the random variable 7. For s < 7 the trajectory X, does not leave D, and
therefore, Lu(X;) = f(Xs) — ¢(Xs)u(Xs). Hence for ¢ = 7 the last two terms
on the right side of the equality obtained by means of Itd’s formula cancel each
other. The random variable 7 is a Markov time with respect to the o-algebras .4;.
Under the assumptions made concerning the domain and the process, we have
M,7 < K < oco. Therefore

’ Y U o Wg) =
MI/O (e"*Vu(X5),0(Xs) dws) =0,

utilizing these remarks, we obtain

S

Myu(X.) exp [ /0 ' c(Xs)ds} @) = M, /O " (X)) exp { /O c(Xv)dv} ds.

Our assertion follows from this in the case where u(z) can be extended smoothly
to the whole space R". In order to obtain a proof in the general case, we have
to approximate the domain D with an increasing sequence of domains D,, C D
with sufficiently smooth boundaries 0D,,. As boundary functions we have to
choose the values, on 9D, of the solution «(z) of Dirichlet’s problem in D.

We mention some special cases. If ¢(z) = 0, ¢)(x) = 0 and f(x) = —1, then
u(x) = M, 7. The function @(z) is the unique solution of the problem

Lu(x)=—-1 forxz e D, u(x)|ap = 0.
If ¢(z) =0, f(x) = 0, then for (x) = M,y (X,) we obtain the problem
Li(z) =0, =€ D; a(z)|lop = P ().

If ¢(x) > 0, then, as is well known, Dirichlet’s problem can “go out to the
spectrum”; the solution of the equation Lu + ¢(x)u = 0 with vanishing boundary
values may not be unique in this case. On the other hand, if ¢(z) < ¢y < o0, and
M, e®” < oo for x € D, then it can be proved that the solution of Dirichlet’s
problem is unique and the formulas giving a representation of the solution in the
form of the expectation of a functional of the corresponding process remain valid
(Khasminskii [2]). It can be proved that sup{c : M e < oo} = A; is the
smallest eigenvalue of the problem

—Lu = M\u, ulop =0.

We will need not only equations for expectations associated with diffusion
processes, but also certain inequalities.
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If u(x) is a function that is smooth in D and continuous in its closure DUJD,
Lu(z) < ¢y < 0forz € D, then

Mo < u(z) — min{u(zx) : 2 € 0D} 5.1)
x —_ CO b *
if u(z) is positive in D U 0D, and Lu(z) — Au(z) < 0, x € D, then
M,e T < u() (5.2)

~ min{u(z) : x € D}’

A representation in the form of the expectation of a functional of trajectories
of the corresponding process can be given for the solution of a mixed problem
for a parabolic equation. For example, the solution w(¢, ) of the problem

9
Y Lw, t>0,zeD;
at

w(0,z) = f(x), =z € D; w(t, x)|i>0,zcop = Y(x)
can be represented in the form
w(t,z) = M {1 > t; f(X¢)} + Mo {7 < 9(X5)},

under some regularity assumptions on the coefficients of the operator, the bound-
ary of the domain D and the functions f(x) and ¥ (z).

On the one hand, we can view the formulas mentioned in this section which
connect the expectations of certain functionals of a diffusion process with solu-
tions of the corresponding boundary value problems as a method of calculating
these expectations by solving differential equations. On the other hand, we can
study the properties of the functionals and their mathematical expectations by
methods of probability theory in order to use this information for the study of
solutions of boundary value problems. In our book the second point of view will
be predominant.

A representation in the form of the mathematical expectation of a functional
of trajectories of the corresponding process can also be given for several other
boundary value problems, for example, for Neumann’s problem, the third bound-
ary value problem (Freidlin [3], Ikeda [1]).

Now we turn to the behavior of a diffusion process as t — co. For the sake of
simplicity, we shall assume that the diffusion matrix and the drift vector consist
of bounded entries satisfying a Lipschitz condition and

> a(@Nd = kY N, k>0,

ij=1 i=1
for x € R" and for all real A1,..., \.. Such a nondegenerate diffusion process
may have trajectories of two different types: either trajectories going out to infin-
ity as t — oo with probability P, = 1 for any x € R" or trajectories which re-
turn to a given bounded region after an arbitrary large ¢ with probability P, = 1,
z € R although P, {lim o | X;| = 00} = 1.
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The diffusion processes which have trajectories of the second type are said to
be recurrent. The processes for which P, {lim; ., | X;| = co} = 1, are said to
be transient. It is easy to prove that the trajectories of a recurrent process hit every
open set of the phase space with probability P, = 1 for any x € R". We denote
by 7 = inf{t : | X{| < 1} the first entrance time of the unit ball with center at the
origin. For a recurrent process, P,{7 < co} = 1. If M7 < oo for any x € R",
then the process (X, P..) is said to be positively recurrent, otherwise it is said to
be null recurrent. The Wiener process in R! or R? serves as an example of a null
recurrent process. The Wiener process in R is transient for > 3. If, uniformly
for all x € R" lying outside some ball, the projection of the drift b(z) onto the
radius vector connecting the origin of coordinates with the point z is negative and
bounded from below in its absolute value, then the process (X, P,,) is positively
recurrent. It is possible to give stronger sufficient conditions for recurrence and
positive recurrence in terms of so-called barriers—nonnegative functions V' (z),
x € R" for which LV (x) has a definite sign and which behave in a certain way at
infinity. The recurrence or transience of a diffusion process is closely connected
with the formulation of boundary value problems for the operator L in unbounded
domains. For example, the exterior Dirichlet problem for the Laplace operator in
R?, where the corresponding process is recurrent, has a unique solution in the
class of bounded functions while in order to select the unique solution of the
exterior Dirichlet problem for the operator A in R3, it is necessary to prescribe
the limit of the solution as || — oc.

It can be proved that if a diffusion process (X;, P,.) is positively recurrent,
then it has a unique stationary probability distribution u(F) ' e #,ie., a
probability measure for which Uyu(I') = [, p P(t,z,T) = u(T). This
measure has a density m(z) which is the unique solutlon of the problem

L*m(z) =0 forz e R", m(x) >0, / m(z)dx = 1.

Here L* is the formal adjoint of L:

Z s (@ @m(@) = 3 2 ().

For positively recurrent diffusion processes the law of large numbers holds in the
following form:

{Tlgnm—/ foxgds= [ f(x)m(x)dx}zl

for arbitrary © € R" and any bounded measurable function f(z) on R". The
process X7, t € [0, T] defined by the stochastic differential equation

X? = b(X7) 4+ o(XT )y, X2 =z,
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as every other random process induces a probability distribution in the space of
trajectories. Since the trajectories of X[ are continuous with probability 1, this
distribution is concentrated in the space C{, of continuous functions assuming
the value z at t = 0. We denote by p,, the measure corresponding to X" in C{j.
Together with X, we consider the process Y,” satisfying the stochastic differen-
tial equation

Vi =b(Y) + o (Y )i+ (1Y), Y =

The processes Y;* and X[ coincide for ¢ = 0; they differ by the drift vector
f(t,Y%). Let uy be the measure corresponding to the process Y3 in Cg.. We will
be particularly interested in the question of when the measures px and py are
absolutely continuous with respect to each other and what the density of one mea-
sure with respect to the other looks like. Suppose there exists an r-dimensional
vector ¢(t, z) with components bounded by an absolute constant and such that
o(x)p(t,x) = f(t, ). Then px and uy are absolutely continuous with respect
to each other and the density duy /dux has the form

dpy o g x I z\|2
(X ) = exp (Lp(ﬁ, Xi )>dwt) -5 “p(tht )‘ dt
d,UX 0 2 0

(Girsanov [1], Gikhman and Skorokhod [1]). In particular, if the diffusion matrix
a(xz) = o(z)o*(x) is uniformly nondegenerate for x € R", then px and py
are absolutely continuous with respect to each other for any bounded measurable
f(t,z). If X} = x + w; is the Wiener process and

t
Y{“=x+wt+/ f(s)ds,
0

x—; = eXP{/OT(L/"(S)»dws) - % /OT f(s)2ds},

The last equality holds provided that fOT |f(s)]? ds < oc.

then



Chapter 2

Small Random Perturbations on a Finite Time
Interval

1 Zeroth Order Approximation

In the space R" we consider the following system of ordinary differential equa-
tions:
X =b(X7, &), X5 == (L.1)

Here & (w), t > 0is a random process on a probability space {2, .7, P} with val-
ues in R! and ¢ is a small numerical parameter. We assume that the trajectories
of {;(w) are right continuous, bounded and have at most a finite number of points
of discontinuity on every interval [0, 7], T < oco. At the points of discontinuity
of &, where as a rule, (1.1) cannot be satisfied, we impose the requirement of
continuity of X§. The vector field b(z,y) = (b*(z,y),...,b"(z,y)), * € R",
y € R'is assumed to be jointly continuous in its variables. Under these condi-
tions the solution of problem (1.1) exists for almost all w €  on a sufficiently
small interval [0, 7], T = T'(w).

Let b(z,0) = b(x). We consider the random process X} as a result of small
perturbations of the system

Zy = b(xy), To = . (1.2)

Theorem 1.1. Assume that the vector field b(z,y), * € R",y € R is continuous
and that (1.2) has a unique solution on the interval [0, T)]. Then, for sufficiently
small e, the solution of (1.1) is defined for t € [0,T) and

P{lim max | X; — x| = 0} =1.
e—00<t<T

Strictly speaking, this result does not have a probabilistic character and be-
longs to the theory of ordinary differential equations. We are not going to give a
detailed proof but only note that the existence of the solution X; on the whole
interval [0, T] follows from the proof of Peano’s theorem on the existence of the
solution of an ordinary differential equation (cf., for example, Coddington and
Levinson [1]) and the convergence follows from Arzela’s theorem on compact-
ness of sets in Cy if we take into account that the solution of (1.2) is unique.

Now in R" we consider the stochastic differential equation with a small pa-
rameter

M.L Freidlin, A.D. Wentzell, Random Perturbations of Dynamical Systems, 29
Grundlehren der mathematischen Wissenschaften 260,
DOI 10.1007/978-3-642-25847-3_2, (©) Springer-Verlag Berlin Heidelberg 2012
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X{ =b(X{) +eo(Xi )iy,  X;=ux. (1.3)

This equation might be considered as a special case of (1.1) with b(z,y) = b(x)+
o(x)y. Nevertheless, here for y we have substituted a white noise process, whose
trajectories are not only discontinuous functions but distributions in the general
case. Therefore the convergence of the solution of (1.3) to the solution of (1.2),
which is obtained for € = 0, has to be considered separately.

Theorem 1.2. Assume that the coefficients of (1.3) satisfy a Lipschitz condition
and increase no faster than linearly:

Sl @) = B+ Ylol@) - o) < Koyl

> @) + Z[ij‘(x)]2 < K*(1+ [a]?).

Then for all t > 0 and 6 > 0 we have

MIXE — 2> < £2al(t), lim P{ max | XS — x| > (5} =0,
e—0  lo<s<t

where a(t) is a monotone increasing function, which is expressed in terms of |x|
and K.

For the proof, we need the following lemma, which we shall use several times
in what follows.

Lemma 1.1. Let m(t), t € [0,T], be a nonnegative function satisfying the rela-
tion

t
m(t)§0+a/ m(s)ds, tel[0,T), (14)
0

with C, o > 0. Then
m(t) < Ce™

fort €10,T).

Proof. From inequality (1.4) we obtain

m(t) (c + a/ot m(s) ds) - <1.

Integrating both sides from O to ¢, we obtain

¢
ln(C—i—a/ m(s)ds) —InC < at,
0

which implies that
t
C+ 04/ m(s)ds < Ce™.
0

The last inequality and (1.4) imply the assertion of the lemma.
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Now we begin the proof of the theorem. We prove that M| X¢|? is bounded
uniformly in € € [0, 1]. For this, we apply It6’s formula (cf. Sect. 3, Chap. 1) to
the function 1 + | X§ |2. Taking into account that the mathematical expectation of
the stochastic integral in this formula vanishes, we obtain

t
1+M|XF2P=1+ |x|2+2/ M(XE,b(XE))ds
0
t
+52/ M) [k (X5))? ds.
0 ij

Since the coefficients of (1.3) increase no faster than linearly, the last relation
implies the estimate

t
1+ MIXE)? <1+ |z +2/ My/|XE[2K2(1 + | XE[2) ds
0
t
+52K2/ (1+ M|XZ|)?)ds
0
t
<1+ |2+ (2K+52K2)/ (1+ M|XE[?) ds.
0
Using Lemma 1.1, we conclude that

1+ MIXF)? < (1+ |2]?) exp[(2K + 2K?)t]. (1.5)

Now we apply 1t’s formula to the function | X{ — x| and take the mathe-
matical expectation on both sides of the equality:

t
M|X? — z|* = 2/ M(XE — g, b(XE) — b(x,)) ds
0
t .
+52/ M [0k (X5))? ds.
O iy
It follows from this relation that
¢ t
M|XF — 24 < 2K/ M|XE — x4|* ds +52K2/ (1+M|XE?) ds,
0 0
and using Lemma 1.1, we obtain
t
M|X? — zy|* < K¢ -52K2/ (1+ M|XE|?) ds.
0

Combining the last inequality and (1.5), we obtain the first assertion of the theo-
rem:
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t
M|XE — 2,2 < 2K2e2K(1 + |:1c|2)/ exp[(2K + e2K?)s| ds < e%a(t).
0

Now we prove the second assertion of Theorem 1.2. It follows from the defi-
nition of X7 and z; that

¢
g _ < €Y __ . .
max | X; — x| _/0 |b(X5) b(xs)|ds+5012?%(t (1.6)

0<s<t

/ o(X:) dw,
0

From Chebyshev’s inequality and the first assertion of the theorem we obtain an
estimate of the first term on the right side of (1.6):

t t 2
P{/ IB(XE) — b(s)| ds > g} < 4572M U 1b(X) — b(xs)ds]
0 0
t
< 4tK26_2/ M|XE — z,]*ds
0
t
§4tK25_252/ a(s)ds
0
=257 2a,(t). (1.7)

The estimation of the second term in (1.6) can be accomplished with use of
the generalized Kolmogorov inequality for stochastic integrals:

t
> g} < 45—252/ > Mo} (X9)]* ds
0 %
= %6 %ay(t). (1.8)

P{a max

0<s<t

/‘ o(X) duw,
0

Estimates (1.6)—(1.8) imply the last assertion of the theorem. 0O

In some respect we make more stringent assumptions in Theorem 1.2 than in
Theorem 1.1. We assumed that the coefficients satisfied a Lipschitz condition in-
stead of continuity. However, we obtained a stronger result in that not only did we
prove that X converges to x;, but we also obtain estimates of the rate of conver-
gence. If we make even more stringent assumptions concerning the smoothness
of the coefficients, then the difference X; — x; can be estimated more accurately.
We shall return to this question in the next section. Now we will obtain a re-
sult on the zeroth approximation for a differential equation with a right side of a
sufficiently general form.

We consider the differential equation

X =b(e,t, X5 w), Xi=u

in R™. Here b(e, t,z,w) = (b'(e,t,z,w),...,b" (e, t,x,w)) is an r-dimensional
vector defined forx € R",t 2 0,¢ > 0and w € €.

We assume that the field b(e, ¢, z,w) is continuous in ¢ and z for almost all w
for any € > 0,
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sup  Mb(e, t, z,w)|* < oo,
t>A,e€(0,1]

and for some K > 0 we have

sup |b(s,t,x,w) 7b(57t7y7w)| S K|l‘7y|
t>0,e€(0,1]

almost surely for any z, y € R",t > 0, ¢ > 0. We note that continuity in ¢ for
fixed t, x, w is not assumed.

Theorem 1.3. We assume that there exists a continuous function B(t, x),t >0,
x € R" such that forany § > 0,T > 0, x € R" we have

to+T to+T
lim P{ / be,t, 2, w) dt —/ B(t,z) dt' > 5} 0 (19
e—

to to
uniformly in tg > 0. Then the equation

JL?t = B(t,i't), To=21x (110)
has a unique solution and

lim P{ max |X; — T > 5} =0
0<t<T

e—0
foreveryT > 0and § > 0.

Proof. First we note that the function b(Z, z) satisfies a Lipschitz condition in
x with the same constant as the function b(e, ¢, z,w). Indeed, since the function

b(t, z) is continuous, by the mean value theorem we have
t+A _ _
/ b(s, ) ds = b(t,2)A + o(A), A — 0.
t

Taking account of (1.9), we obtain that

t+A tHA
/ b(s,z)ds — / b(s,y) ds
¢ ¢

t+A t+A
/ be, s, x,w)ds — / ble, s,y,w)ds
t t

o(A)
A

- - 1

[B(t, 2) — B(t, )| o(8)

A

A
1

A

IN

A
3K|x—y|+%+5a,

where §. = d.(¢,w) — 0 in probability as ¢ — 0.
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Since this inequality holds for arbitrary small € and A we have
[b(t, ) = b(t,y)| < K|z —y|. (1.11)

It follows from (1.11) that (1.10) has a unique solution.
By the definition of X} and Z; we have

t
Xi—z = / [be, s, XS, w) — B(S,i’s)] ds
0
¢
:/ [be, 5, X3, w) — b(e, 5, T, w)] ds
0

+ /Ot[b(s, 8, Tg,w) — b(s,Z,)] ds.

Define m(t) = m®(t) = maxo<s<¢ |XZ — Z,|. Using the preceding formula, we
obtain the inequality

)< K- /m )ds + max
0<t, <t

/ l[b(gvs,js,w) - E(S,i’s)] ds|.
0

Then we obtain by Lemma 1.1 that

m(T) < eXT max
0<t<T

t
/ [b(e, s, T, w) — b(s,Zs)] ds|, (1.12)
0

where 7' is an arbitrary positive number.

We now show that the maximum on the right side of (1.12) converges to zero
in probability as € — 0. Let n be a large integer, which we will choose later.
Using the Lipschitz condition we have for ¢ € [0, T,

/ [b(57 Svjjsaw) — B(S,i‘é)] ds
0

- (k+1)t/n 3

Z/ be, s,Zs,w) — b(s, Ts)] ds

L—0 ’kt/n

n—1 .(k+1)t/n B

- / [b(gvsajkt/naw) - b(s7:zkt/n)] ds

k=0 kt/n
n=1 .(k+1)t/n

+> / [b(e, 5, Z5,w) — b(e, 8, Ty jn, )] ds
k—o Y kt/n
n—1

(k+1)t/n B
/ [B(s, Teyn) — B(s,7.4)] ds
kt/n

+
NNgk

’_‘?T‘

[
T

3
T

(k+1)t/n

) [b(e, 8, Tpt/m,w) — b(s, Trem)lds + 054, (113)
k=0 t/n
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where |pf, ;| < C/n and C'is a constant depending on the Lipschitz constant K
and T'.

By condition (1.9), the sum on the last side of the formula converges to zero
in probability for given n. Consequently, (1.13) implies that

kT /n _
lim P{ max / [be, s,Ts,w) — b(s,Ts)] ds
0

e—0 0<k<n

]
> 5} =0 (1.14)

forn > 4C/6.
Moreover, we note that

/ [b(e, s, Ts,w) — b(s, T,)] ds
0

2

kT /n _
/ [b(e, s, Ts,w) — b(s, Ts)]
0

P<{ max
0<t<T

< P{ max
0<k<n

0

(k+1)T/n B 5
+ P{Orgn]?%(n /kT/n |b(e, s, Zs,w) — b(s, Ts)|ds > 5} (1.15)

We estimate the last term by means of Chebyshev’s inequality:

(k+1)T/n - 5
P{max/ |b(e, s, Ts,w) — b(s,Ts)| ds > }
k

k T/n 2
(k+1)T/n _ 6
<n-maxP{/ |b(e, s, Ts,w) — b(s,Ts)| ds > —}
k kT /n 2
4 T? _
Sneg—y  sup Mb(e, s, 3,w) = b(s, 2)|”

€>0,e€(0,1]
4772 = _ 2
< —5  sup  M[[b(s, Zs)[ + [b(e, 5,0, w)| + K| Z,]]
nd 5>0,e€(0,1]
Cc\T
— n627

where C' is a constant. Here we have used the fact that

(1.16)

sup  M|b(e, s5,0,w)|? < oo.
§>0,6€(0,1]

It follows from (1.14)—(1.16) that the right side of (1.12) converges to zero in
probability as € — 0. This completes the proof of Theorem 1.3. O

The random process X; considered in Theorem 1.3 can be viewed as a result
of random perturbations of system (1.10). We shall return to the study of similar
perturbations in Chap. 7.
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2 Expansion in Powers of a Small Parameter

We return to the study of (1.1) and (1.3). In this section we obtain an expansion
of X{ in powers of the small parameter ¢ provided that the functions b(x, y) are
sufficiently smooth.

We follow the usual approach of perturbation theory to obtain an expansion

Xe=X" 4ex® 4 pehx® 4 (2.1)

of X7 in powers of €. We substitute this expansion with unknown coefficients

Xt(o), e 7Xt(k)7 ... 1into (1.1) and expand the right sides in powers of . Equat-
ing the coefficients of the same powers on the left and right, we obtain differ-

ential equations for the successive calculation of the coefficients Xt(o), Xt(l), .
in (2.1).

We discuss how the right side of (1.1) is expanded in powers of €. Let X ()
be any power series with coefficients from R":

X(e)=co+cie+--Fepe+---.

We write

1 d*(X (e), =)

q)k:(Pk(CO)Ch"'ackay): k! dEk

e=0
It is easy to see that ®;, depends linearly on ¢, for k > 1 and ®y, is a polynomial
of degree k in the variable y. In particular,

‘I)O = b(CQ, 0),

(Pl - B1<007 O)cl + B?(C()? 0)y>
where By (z,y) = (0b(x,y)/0x") is a square matrix of order r and By(x,y) =
(Ob*(2,y)/0y") is a matrix having 7 rows and [ columns. It is clear from the
definition of @y, that the difference @, — By (co,0)cr, = Ui(co,C1y .-, Cho1,Y)
is independent of cg.

Carrying out the above program, we expand both sides of (1.1) in powers
of e:
XO 4 X® ok x®
= 0o(X(”, &) + e (X0, X[V &) + - -
+ef o (xV XB ) 4

Hence we obtain the differential equations
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X = 20(X{”, &) = b(x;”, 0),
X0 = oy (x”, XV, &) = Bux”,0x{V + By (X[, 0)¢,

N 2.2)
X~ 0, (0, X6

= Bl(Xt(O)a O)Xt(k) + Wk(Xt(O)a cee 7Xt(k_1)7§t)'

To these differential equations we add the initial conditions Xéo) =z, XO(I) =

0,..., Xék) = 0,.... If b(z,y) is sufficiently smooth, then (2.2), together
with the initial conditions, determine the functions X t(0)7 X t(l), el Xt(k)7 ...
uniquely. The zeroth approximation is determined from the first equation of sys-
tem (2.2), which coincides with (1.2). If X t(O) is known, then the second equation
in (2.2) is a linear equation in Xt(l). In general, if the functions Xt(o)7 R Xt(kfl)
are known, then the equation for X t(k)
with coefficients depending on time.

will be a nonhomogeneous linear equation

Theorem 2.1. Suppose the trajectories of a process &(w) are continuous with
probability 1 and that the function b(z,y), * € R",y € R', has k + 1 bounded
continuous partial derivatives with respect to x and y. Then

Xp= X" XM 4 XY 4 R0,
where the functions X(i), 1=0,1,...,k, are determined from system (2.2) and

sup |RE,(t)| < O(w)e"™, P{C(w) < 0} =1.
0<t<T

Proof. From the definition of Xz, X", i = 0,1, ...,k it follows that the func-
tion RS, (t) = X; — Y%, i X" satisfies the relation

Ry () = b(XF,26) — Ze@ X, xe)
b(XF,2&) —b (Z e X, eftﬂ
=0

k k
b (Z e x®, 5&) =Y e (x”, LX), gt)] . 23)
=0 1=0

Since the first derivatives of b(z, y) are bounded then the first term on the right
side of (2.3) can be estimated in the following way:
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k
b(X,et)) — b(Z ex, 8&)

=0

< Ki| Ry (B (2.4)

where K is a constant. _
In the Taylor series of (3", ci XV e¢,) about (X(?,0), the coefficients
of £ are equal to ®; up to i = k. It follows that

k k
b<Z€iXt(l)7€§t> - Zgiq)i(Xt(O)a---vXt(z)7£t)
=0 =0

S s D Ol B il [T

2.5)

Here K, ..., are constants depending on the maximum absolute value of the
(k 4 1)st derivatives of b(x,y), on i1,...,i; and on the dimension.

The following lemma provides an estimate for | X t(i) |.

Lemma 2.1. There exist constants C; < oo such that
X0 <0, (max Je.l)’
t= 0<s<t '

forallt <T.

The lemma can be proved by induction (using (2.2), of course).
If we integrate (2.3) from O to ¢ and take into account that Rj,_ ;(0) = 0 and
inequalities (2.4), (2.5) and Lemma 2.1, as well, we obtain

t k(k+1) ;
R < K1 [ R0 ds+ Kot > [ amled

where K> is a constant. For ¢ < (2maxg<s<7 |£5|) ™" the sum on the right side
does not exceed 2e* 1 (maxg<s<¢ |€5])¥ L. Using Lemma 1.1, we obtain

k+1
RE (D] < Mok Klt( ) .
RE (0] < H 12800 a6

This completes the proof of the theorem. O
Consequently, if b(z,y) is sufficiently smooth, then X; can be calculated

to any accuracy. For this we have to integrate the equations for Xt(i). All these

equations are linear and have approximately the same structure. The zeroth ap-

)

proximation Xt(0 is a nonrandom function while all approximations beginning
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with the first one are random processes. We remark that X t(l) is determined from
the equation

X =B (x00xY + B(x, 06, x{V =o.

It is clear from this that X t(l) can be obtained from &; by means of a linear (non-
random) transformation. In particular, if & is a Gaussian process, then Xt(l) is
also Gaussian, and consequently, the approximation X t(o) +5Xt(1) of X} to within

values of order £ is a Gaussian process.

We discuss the one-dimensional case in more detail: X{ is a process in R!

)

and &, is a one-dimensional process. Then the equation for Xt(1 can be solved

by quadratures:
t t
X = / by (X0, 0)e, exp{ / b (X, 0) du} ds.
0 s
We write out the equation for Xt(2):
o (2 0 29) , 1 0 1
X7 =0 (", 00X + S b (3, 0) (X))’
+ 205", 00XV ¢ + 85, (X, 087,
xP =o.

Here b} and b}, are the derivatives of b(x,y) with respect to = and y and the b

are the second derivatives of the same function. The equation for X t(Q) can also

)

be solved by quadratures. Xt(2 is a quadratic functional of the process &;. The

equations for X t(l) look similar for s = 3,4, ... and can be integrated successively
by quadratures.

These equations become especially simple if Xy = x is an equilibrium po-
sition of the unperturbed system. In this case the functions Xt(l) can be found as
solutions of nonhomogeneous linear equations with constant coefficients.

Theorem 2.1 can be used to calculate the expansions, in powers of a small
parameter, of smooth functions of X; and their mathematical expectations. For
example, if the first and second derivatives of a function f(z) are bounded, then

MF(XF) = MIFOG) + (VF(G), X V) + O(e?)]
= FX) + e(VA), MXY) + O(),
where the function m(t) = MXt(l) is a solution of the differential equation
ii(t) = Bi(X{”,0)m(t) + Bo(X{”, M.

We now consider (1.3). Formally we can consider (1.3) as a special case of (1.1)
with b(z,y) = b(x) + o(x)y. Assuming b(x) and o(x) are sufficiently smooth,
we can write down (2.2) for this case:
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> (0 0 0 e
A0 Zpx©), X0 =xg =2,
X =BXNXD +o(X i, X =0,
: (2.6)
XM = (xV, L xP i), xP =o.

Here B(z) = (9b'(x)/dx7). These equations are all linear in . The set of the
first k£ equations of system (2.6) may be considered as a stochastic differential
equation for the process X ! = (Xt(o), Xt(l), e ,Xt(k)). If b(x) and o(x) have
bounded derivatives up to order k£ + 1, then this stochastic differential equation
has a unique solution and determines a (k + 1)-dimensional Markov process.
As in the case of (1.1), the zeroth approximation is a deterministic motion along
the trajectories of the unperturbed dynamical system (1.2). The process Xt(l) can
be determined from a stochastic differential equation whose drift vector depends

linearly on Xt(l) and the diffusion coefficients depend only on . It can be verified

easily that Xt(l) is a Gaussian process. (It follows, for example, from the fact that
the solution of a stochastic differential equation can be constructed by the method

of successive approximations.) Therefore, the solution of (1.3) to within values of

order 2 is a Gaussian Markov process Xt(o) + eXt(l)

in time.
As an example, we consider the one-dimensional stochastic differential equa-
tion

which is nonhomogeneous

Xf=b(XP) + ey, X5 =u

The zeroth approximation Xt(o) is the solution of the equation Xt(o) = b(Xt(O)),
X(()O) = x. For X, t(l) we obtain the equation

XU =y(xNxD iy

If we consider Xt(o)

the form

known, then the solution of this equation can be written in

t t
xW :/ exp{/ b’(XéO))du} dws.
0 s

t t
X: = Xt(o) + 5/ exp{/ v (X9) du} dwg + o(e).
0 s

Therefore

We formulate the following theorem concerning the expansion of the solution
of the stochastic differential equation in powers of a small parameter €.
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Theorem 2.2. Suppose the coefficients b*(x) and o'(x) have bounded partial
derivatives up to order k + 1 inclusive.
Then for the solution X; of (1.3) we have the expansion

X=X 4ex®M 44X 4R (1), 2.7)

where Xt(o),Xt(l)7 . 7Xt(k) are determined from (2.6). The random process
Xf“ = (Xt(o), . 7Xt(k)) is determined by the first k + 1 equations of sys-
tem (2.6). The process X{ is approximated to within values of order 2 by the
Gaussian process Xt(o) + 5Xt(1). The remainder in (2.7) satisfies the inequality

sup (M\Ri+1(t)|2)1/2 < Ceftl, O < .
0<t<T

The proof of this theorem differs from that of Theorem 2.1 in some tech-
nical details only. However, these technical details require tedious calculations
connected with the proof of the differentiability of a solution of a stochastic
differential equation with respect to a parameter. These questions are outside
the scope of our main theme, and therefore, we do not give the proof of Theo-
rem 2.2 here. The proof can be found in Blagoveshchenskii and Freidlin [1] and
Blagoveshchenskii [1].

From the expansion

Xi =X 4exV 44X o) (2.8)

of the realizations of X7 it is easy to obtain expansions in powers of € for smooth
functionals of realizations. Let the functional F' be Fréchet differentiable at the
point X (%) The derivative of F at this point is a linear functional F/(X (9); ). In
this case we have

F(X©) = F(X(O)) + EF’(X(O);X(D) + o(e) (2.9)

as ¢ — 0, where o(e) is understood in the same way as in (2.8) (uniformly in
t € [0, T for almost all w or in the sense of convergence in probability uniformly
in t).

In the case where Xt(l) is a Gaussian random process, from the expansion
(2.9) we obtain that the value of the functional F'(X¢) is asymptotically normal
with standard deviation proportional to €. The coefficient of proportionality in
this asymptotic standard deviation can be expressed in terms of the derivative
F'(X©); 1) and the correlation function of X t(l) (the asymptotic mean is equal
to F(X () provided that MXt(l) = 0).

Now consider the case where I is twice differentiable, the second derivative
being a bilinear functional F”(X(); h;, hy). We obtain the following expansion
to within values of order o(¢2) as ¢ — 0:
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F(X®) = F(X9) 4 eF/(Xx©, x(1)
L [EFN(X«)). X, xW) 4 fr(x©). x@)
2 b ) )
+ o(e?); (2.10)

and so on.
For example, if the functional F" has the form

T
F(@):/O 9(pe) dt, 2.11)

then formulas (2.9) and (2.10) take the forms (for the sake of simple notation, we
consider the one-dimensional case):

T T T
/ g(X5)dt = / g(X{)dt +e / g (XX dt +o(e);  (2.12)
0 0 0

T T T
/ g(X?) dt = / (X dt + ¢ / ¢ (X)X at
0 0 0
B L PP I
ey [ ooy a
T
+ / g (xx® dt] +o(?). (2.13)
0

In problems connected with random processes, we often have to consider
functionals defined in terms of the first exit time of a domain D. In the case of
a domain with a smooth boundary, the functional 7(p) = min{t : ¢, ¢ D}
will not be Fréchet differentiable or even continuous at all points ¢ of the space
of continuous functions. Nevertheless, it will be differentiable at all points ¢ for
which ¢, has a derivative for ¢ = 7(¢) whose direction is not tangent to the
boundary. We shall not prove this in the language of derivatives of functionals
but rather formulate it directly in the language of expansions in powers of ¢.

Theorem 2.3. Suppose (2.8) holds with k = 1. Let ty be the first time of exit
of Xt(o) from a domain D and let T¢ be the first time of exit of X; from D. Let
the boundary 0D of D be once differentiable at the point Xt(c?) and let n be the
exterior normal at this point. Suppose that (Xt((? ), n) > 0. Then we have

( (1)

Xt() ) n)
<O

to

¢ =1ty —¢ + o(e), (2.14)

(1)
c _ (0 1) w0 (X5 )
xe = xO pe|x® - x{0 T o

to

+o(e) (2.15)
n)
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as € — 0 (here o(¢) is understood in the sense of convergence with probabil-
ity 1 or convergence in probability depending on how o(e) is interpreted in the
expansion (2.8)).

Proof. We use the expansion (2.8) on the interval [0, 7|, where T' > t,. First we
obtain that 7¢ — ¢ as € — 0. From this we obtain
X:. = Xig) + sXﬁ) + o(e)

= X9 4 (75 = 1) X0 0" — o) + XV +0(e).  (2.16)
Taking the scalar product of (2.16) and n, we obtain
(X2 =X n) = (7 —t0) (X, n)+o(r° —to) + (XM, n)+o(e).  (2.17)

On the other hand, because of the smoothness of 9D at the point Xt((?), the

scalar product on the left side of (2.17) will be infinitesimal compared to X*. —
Xt(o). It follows from this and from (2.16) that

0

(X2 — X\ n) = o(7° — tg) + ole). (2.18)
From (2.17) and (2.18) we obtain the expansion (2.14) for 7. Substituting the
expansion in (2.16) again, we obtain (2.15).

The coefficient of ¢ in the expansion (2.15) can be obtained by projecting
X t(ol ) parallel to X t((?) onto the tangent hyperplane at X t([?).

If the expansion (2.8) holds with k = 2, the function X" is twice differen-
tiable and the random function Xt(l) is once differentiable, then we can obtain an
expansion of 7¢ and X¢. to within o(¢?) (although the corresponding functional

is twice differentiable only on some subspace). On the other hand, if Xt(l) is not
differentiable (this happens in the case of diffusion processes with small diffu-
sion, considered in Theorem 2.2) then we do not obtain an expansion for 7¢ to
within o(g2). We explain why this is so.

The fact is that in the proof of Theorem 2.3 we did not use the circumstance
that 7¢ is exactly the first time of reaching the boundary but only that it is a
time when X; is on the boundary, converging to ¢y. If we consider a process
X; of a simple form: X; = x¢ + ¢ + cw, then the first time 7° of reaching
a point 1 > xp and the last time o° of being at x; differ by a quantity of
order €2. Indeed, by virtue of the strong Markov property with respect to the
Markov time 7¢, we obtain that the distribution of o — 7° is the same as that
of the random variable (¢ = max{¢ : t + ew; = 0}. Then, we use the fact that
e 2(te? + ewyez) =t + e twyez = t + Wy, where 10 is again a Wiener process
issued from zero and (¢ = £2¢, where { = max{¢ : t 4+ w; = 0}.
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3 Elliptic and Parabolic Differential Equations with a Small
Parameter at the Derivatives of Highest Order

In the theory of differential equations of elliptic or parabolic type, much attention
is devoted to the study of the behavior, as € — 0, of solutions of boundary value
problems for equations of the form Leu® + c¢(z)u® = f(x) or v /0t = L°v° +
c(xz)ve+g(x), where L is an elliptic differential operator with a small parameter
at the derivatives of highest order:

2 T

5_5 i' 1
L_EZaJ Baﬂaxﬂ Zb &”ﬂ

ij=1

As was said in Chap. 1, with every such operator L* (whose coefficients are
assumed to be sufficiently regular) there is associated a diffusion process X; .
This diffusion process can be given by means of the stochastic equation

XPT = b(X]") +eo( X iy, Xt =a, 3.1)

where o(z)0*(x) = (a¥(x)), b(x) = (b'(x),...,b"(x)). For this process we
shall sometimes use the notation X;*, sometimes X () (in the framework of
the notion of a Markov family), sometimes X; and in which case we shall write
the index x in the probability and consider the Markov process (X5, P.).

In the preceding two sections of this chapter we obtained several results con-
cerning the behavior of solutions X;'*(w) of (3.1) as € — 0. Since the solutions
of the boundary value problems for L® can be written as mean values of some
functionals of the trajectories of the family (X", P) results concerning the be-
havior of solutions of boundary value problems as ¢ — 0 can be obtained from
the behavior of X;*(w) as € — 0. The present section is devoted to these ques-
tions.

We consider the Cauchy problem

ovE(t,x) R . .
5 = LFv®(t, ) + c(x)v®(t,x) + g(x); ¢t>0,z€R", 32)
v (0,2) = f(x)

for ¢ > 0 and together with it the problem for the first-order operator which is
obtained for ¢ = 0:

0
ov (lg?l') = L9° +C(a:)1;0 +g(z); t>0,z€R", UO(O,.I) — f(z). 3.3)

We assume that the following conditions are satisfied.

(1) the function ¢(x) is uniformly continuous and bounded for z € R";
(2) the coefficients of L' satisfy a Lipschitz condition;
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(3) k722007 <300 oy a(x)Nid; < k? 30 A7 for any real Ay, Ao, ..., A and
x € R", where k? is a positive constant.

Under these conditions, the solutions of problems (3.2) and (3.3) exists and
are unique.

All results of this paragraph remain valid in the case where the form
>~ a ()i is only nonnegative definite. However, in the case of degeneracies
the formulation of boundary value problems has to be adjusted and the notion
of a generalized solution has to be introduced. We shall make the adjustments
necessary in the case of degeneracies after an analysis of the nondegenerate case.

Theorem 3.1. If conditions (1)—(3) are satisfied, then the limit lim._,o v°(t,2) =
vO(t, x) exists for every bounded continuous initial function f(x), x € R". The
function v°(t, x) is a solution of problem (3.3).

For the proof we note first of all that if condition (3) is satisfied, then there
exists a matrix o(x) with entries satisfying a Lipschitz condition for which
o(z)o*(x) = (a¥(z)) (cf. Sect. 5, Chap. 1).

The solution of (3.2) can be represented in the following way:

o (1) = M e [ ) s

0 0

t s
+ I\/I/ g(X5") exp {/ e(X27) du] ds, 3.4)

where X[ is the Markov family constructed by means of (3.1). It follows from
Theorem 1.2 that the processes X 5@ (w) converge to X2 (the solution of (1.2)
with initial condition Xg ¥ = z) in probability uniformly on the interval [0, ¢]
as ¢ — 0. Taking into account that there is a bounded continuous functional of
X&*(w) under the sign of mathematical expectation in (3.4), by the Lebesgue
dominated convergence theorem we conclude that

t
lim v° (¢, @) = FXP) exp [ /O o(X97) ds}

t s
+/ g(X2") exp [/ (X0 du} ds.
0 0

An easy substitution shows that the function on the right side of the equality is a
solution of problem (3.3). Theorem 3.1 is proved. O

If we assume that the coefficients of L® have bounded derivatives up to order
k + 1 inclusive, then the matrix o(x) can be chosen so that its entries also have
k + 1 bounded derivatives. In this case, by virtue of Theorem 2.2 we can write
down an expansion for X;** in powers of ¢ up to order k. If the functions f(z),
¢(z), and g(z) have k + 1 bounded derivatives, then, as follows from (2.7), we
have an expansion in powers of € up to order k with remainder of order ¢**1.
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Hence, for example, if g(z) = ¢(z) = 0 and r = 1, then the solution of
problem (3.2) can be written in the form

v (t,z) = My f(XF)
= M (X +exM 4+ XD 4 Ry (1)

k
= &M, G+ O(F™), 3.5)
i=0
where Xt(o), Xt(l), vy X t(k) are the coefficients mentioned in Theorem 2.2 of the

expansion of X; in powers of the small parameter;

Gi=Gi(x, ..., x")= %%f(xt@ rexM 4+ X))
We can derive from formula (3.5) and the equations defining the processes X t(l)
that the coefficients of the odd powers of € vanish. The coefficients of €2 are the
solutions of some first-order partial differential equations; they can, of course, be
found by solving systems of ordinary differential equations.

We illustrate the method of finding the coefficients of the expansion of
ve(t, x) in the simplest case, i.e., for dimension 1 and up to terms of order g2,
For the coefficients of the expansion in powers of e of the solution of the stochas-
tic differential equation

X =b(XE) +eo (X, X5 =u, (3.6)

we write out the first three equations in (2.6):
X0 =px™), x{ =g 3.7)
XD =y (XX 4o (X, X =0, (3:8)

. 1
X =y (XX S () () + 0 (X)X,
(3.9)
X =o.

The function X t(o) is nonrandom and another notation for it is x(z).
If f is a twice continuously differentiable function, then we have the expan-
sion

FX5) = FXO) + e/ (x0)x )

1
+2 | P XNXE + 31XV XDP ] o). (.10)

We take mathematical expectation on both sides:
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o (@) = Mo f(25) = [, (@) + e f (we(2)) Mo X[
P @ EIMX + 2 @)Ma (XD 4 0fe). G

Since the process Xt(l) is Gaussian with zero mean, the coefficient of € van-
ishes. To obtain Mx(Xt(l))2, we apply formula (3.8) and 1t6’s formula:

d .
%(Xt“))? =20/ (X)X + 20X (X iy + o(XV)2. (3.12)
Taking mathematical expectation on both sides, we obtain the following non-
homogeneous linear differential equation for Mgg(Xt(l))2 with initial condition
M, (X{7)2 = o:

d

%M(Xt(l))Z = 20 (4 ()Mo (X)) + a(ay(2)). (3.13)

Solving this equation, we also find the solution of the equation for Mth(z),

which can be obtained by taking the mathematical expectation of (3.9):

d 1
M XP =V (ay (2))M XD + Eb”(:vt(:c))l\/lz(Xt(l))27 M, X =o.

dt
(3.14)

Hence for the determination of the coefficients of the expansion of v°(¢, x)
in powers of ¢ to within order 2, it is sufficient to solve the nonlinear equation
z¢(x) = b(a¢(z)) and the two linear equations (3.13) and (3.14).

The same result can be obtained in a simpler way by using standard meth-
ods of the theory of differential equations. Nevertheless, methods of probability
theory can also be applied to less standard asymptotic problems. For example,
suppose the function f is not smooth at a point y = x:(«) but has a power-like
“corner”: f(z) = f(y)+Clz—y|*+o(lz—y|¥) as z — 3,0 < @ < 1. We use
the expansion

XE =z4(z) + XV + o(e)

of X:. For s =t we obtain
Xi=y+ aXt(l) + o(e),
FXE) = f(y) +eClXD | + o(=®),
ve(t,7) = Mo f(XF) = f(y) + " CM | X[V + 0(e™).

We obtain the mathematical expectation above by using the fact that Xt(l) is
Gaussian; it is equal to

> 1
|l el ML (P
—oo 27M, (X (V)2

_ M (X))ol 1
= ﬁ F<§+§>
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If f vanishes in the neighborhood of Xt(o), the position of the unperturbed
dynamical system (1.2) at time ¢, then all terms of (3.5) vanish. It turns out that
in this case v°(t, z) is logarithmically equivalent to exp{—Ce~?2}, where C'is a
constant. We return to this case in the following chapter.

Now we consider Dirichlet’s problem for the elliptic equation with a small
parameter

N ) S @2 o) = L + e’ = gla)
2 r OxoxI P oxt B = 9%

u®(z)|op = P(). (3.15)
in a bounded domain D € R" with boundary 0D.

We assume that the coefficients satisfy conditions (1)—(3) and ¢(x) < 0. For
the sake of simplicity, the boundary 0D of D is assumed to be smooth and the
function ¢(z), € JD continuous. Under these conditions, there exists a unique
solution of problem (3.15) for every € /= 0This solution can be written in the
form (cf. Sect. 5, Chap. 1)

W(z) = M, [W;) exp [ / " o) ds]

€

- /0 o(z5) exp UO c(Xg)dv] ds], (3.16)

where (X£,P.) is the Markov process defined by (3.1) and 7¢ = min{¢ :
X; ¢ D}.In case we use the notation X{ (), we also write 7¢(x).

We shall say that a trajectory x;(x), * € D of system (1.2) leaves D in a
regular manner if T'(x) = min{t : 2,(x) ¢ D} < oo and &7 (z)45(z) ¢ DUID
for sufficiently small § > 0.

Theorem 3.2. Suppose conditions (1)—-(3) are satisfied and the domain D is
bounded and has a smooth boundary. If ¢(x) < 0 for all x € D U 9D and
for a given x, the trajectory x+(x), t > 0 does not leave D, then lim._,o u®(x) =
u®(x) exists and

)= [~ ateseyes| [ eloo) o] as

If e(x) < 0forall x € DUID and for a given x, the trajectory x(x) leaves D
in a regular manner, then

liy () = () = VCera)) exp | [ " () s
-/ " ) e [t as.

0 0
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Proof. First let T(x) = +o0. For every T' < oo, the distance of the trajectory
segment z4(z), 0 < s < T from D is positive. We denote this distance by d7.
For every o > 0 and a sufficiently small €y > 0 we have

€ or
P{orgnngT|XS (x) — zs(x)| > 7} <o (3.17)

for ¢ < g¢. This follows from the second assertion of Theorem 1.2. From the
definition of 1 and (3.17) it follows that

P{r(z) < T} < a. (3.18)
We write
Co= min ()], tho = max [(x)], go = max ().

On the basis of (3.18) we arrive at the following estimation:

)+ [ ateseyes| [ cfe o ao] as

oo

< ppe T + / goe % ds + a (o + gocy )

T
T
0

— g(zs(z)) exp [/OS c(zy(z)) dv}

sz o] [ xi) o

ds.

Since a and e~“7 can be chosen arbitrarily small for ¢ sufficiently small and

SUpg<s<7|X5(x) —xs(x)| — 0 in probability as € — 0, the first assertion of the
theorem follows from the last inequality.

Now let z:;(z) leave D in a regular manner (Fig. 1). We have 7¢(z) — T'(x)
in probability as ¢ — 0. Indeed, for every sufficiently small § > 0 we have

{L‘T(fﬁ)_(;(x) eD, xT(IH(;(x) ¢ DuUoD.

Let 6, be the distance of the trajectory segment z4(z), s € [0,7(x) — J] from
0D, let 6 be the distance of x(y)45(2) from 9D, and let 0 = min(dy,d2). By
Theorem 1.2 we have

lim P{ sup | XS(z) — zs(x)] > 5} =0.
=0 Lo<s<T(2)46
This implies that 7¢(z) € [T'(z) — 0, T(x) + J] with probability converging to 1
as ¢ — 0. This means that 7°(¢) — T'(x) in probability. Using this circumstance
and Theorem 1.2, the last assertion of the theorem follows from (3.16).

The passage to the limit under the sign of mathematical expectation is legit-
imate by virtue of the uniform boundedness of the expression under the sign of
mathematical expectation.
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Xt

xT(x)

oD
Figure 1.

Now let ¢(z) be of an arbitrary sign. We only assume that it is continuous. In
this case problem (3.15) may go out to the spectrum in general: its solution may
not exist for every right side and may not be unique. As was discussed in Sect. 5,
Chap. 1, in order that this does not occur it is sufficient that ¢(z) < ¢q forz € D
and M e®7 < oco.

Lemma 3.1. Suppose that for every x € D, the trajectory x+(x) leaves D in a
regular manner and T'(x) < Ty < oo for x € D. For some § > 0, let

DUAD)>c¢>0
T(I)Sr?g(rwp(xt(w% )=c>

forall x € D. Then for any X there exist A(\) and €(\) > 0 such that

sup Me < A(N) < oo
xeD

fore <e(\).

Proof. As follows from the analysis carried out in the proof of Theorem 3.2, if
x¢(x) leaves D in a regular manner, then 7¢(z) — T'(z) in probability as e — 0.
The conditions T'(z) < Ty and max p(z.(x), D U dD) > c imply that for every
6 > 0 there exists g > 0 such that for e < g3 we have

P{|7¢(z) — T(x)| > 6} <o
for all x € D. This implies that

sup P, {7 > 2T} < 4. (3.19)
zeD

Moreover, using (3.19) and the Markov property of (X7, P,), we obtain
sup Po{7° >n - 2To} = sup Mo{7° > (n — 1) - 2T0; Px¢, {r¢ > 2T}}
xzeD xzeD
< ¢ -sup P {7° > (n —1)2Tp}.
rzeD

—1)2Tg
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It follows from this inequality that
P.{7® >n 2T} <"

for every integer n and x € D.
Since & can be chosen arbitrarily small for e sufficiently small, from the last
inequality we obtain the assertion of the lemma:

I\/Iwe)‘Ta < Z e,\.2To(n+1)Pw{7—5 > 2T0n}

n=0
< Mo Z(e)"QTO(S)" =A\) <o0. O
n=0

Corollary. For every k > 0 there exists a constant B = B(k) such that t* <
Bet. By Lemma 3.1 this implies that

M, (75)% < B(k)M,e™ < B(k)A(1) = A < .

Theorem 3.3. Suppose that conditions (1)—(3) are satisfied, the domain D is
bounded and has a smooth boundary D and the function (x) is continuous
on OD. Suppose furthermore that for all x € D, the trajectories xi(x) leave D
in a regular manner,

sup T'(z) < Tp < o0,

zeD

and

> .
T(w)gr{?%(w)w plae(x),DUID) > ¢ >0

Then for every continuous function ¢(x), x € D U 9D, the problem (3.15) has a
unique solution for sufficiently small € and

limyu*(0) = ) = V(o o)) e | " @) |
- /0 " @) exp { /O (o)) dv] ds.

Proof. As was indicated in Sect. 5 in Chap. 1, the existence of a unique solution
of problem (3.15) and the validity of (3.16) are guaranteed if

M, exp{TE - max c(m)} <A <oo.
reEDUOD
Therefore, the first assertion of the theorem follows from Lemma 3.1.
The second assertion follows from (3.16) if we note that for any ¢ > 0 and
x € D we have
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7%(x) = T(x), sup |X:(z) —zs(z)] =0
0<s<t
in probability as € — 0 and note that the mathematical expectation of the square
of the random variable in (3.16) under the sign of mathematical expectation is
bounded uniformly in € < ¢ provided that g is sufficiently small.

Remark 3.1. If T(x) < oo but the trajectory x;(x) does not leave D in a regu-
lar manner, then, as follows from simple examples, the limit function may have
discontinuities on this trajectory.

Remark 3.2. It is easy to verify that the limit function u°(x) in Theorem 3.3 sat-
isfies the following first-order equation obtained for ¢ = O:

T uo
L0 () 4 c(x)u’(z) = Zb‘(x) gxl + c(x)u’(z) = g(z).

The function u°(z) is chosen from the solutions of this equation by the condition
that it coincides with v (z) at those points of the boundary of D through which
the trajectories x;(x) leave D.

Remark 3.3. Now let us allow the matrix (a%(z)) to have degeneracies. In this
case problem (3.15) must be modified. First, we cannot prescribe boundary con-
ditions at all points of the boundary. This is easily seen from the example of
first-order equations; boundary conditions will not be assumed at some points of
the boundary. Second, a classical solution may not exist even in the case of in-
finitely differentiable coefficients, and it is necessary to introduce the notion of a
generalized solution. Third and finally, a generalized solution may not be unique
without additional assumptions. To construct a theory of such equations with a
nonnegative characteristic form, we can use methods of probability theory. The
first results in this area were actually obtained in this way (Freidlin [1], [4], [6]).
Some of these results were subsequently obtained by traditional methods of the
theory of differential equations. If the entries of (a®/(x)) have bounded second
derivatives, then there exists a factorization (a/(z)) = o(z)o*(z), where the
entries of o(z) satisfy a Lipschitz condition. In this case the process (X¢,P,)
corresponding to the operator L is constructed by means of (3.1). In Freidlin’s
publications [1] and [4], this process is used to make precise the formulation of
boundary value problems for L?, to introduce the notion of a generalized solu-
tion, to prove existence and uniqueness theorems, and to study the smoothness of
a generalized solution.

In particular, if the functions a®/(x) have bounded second derivatives and
satisfy the hypotheses of Theorem 3.2 or Theorem 3.3, respectively (with the ex-
ception of nondegeneracy), then for every sufficiently small ¢, the generalized
solution exists, is unique, and satisfies (3.16). In this case the assertion of The-
orem 3.2 (Theorem 3.3) also holds if by u®(x) we understand the generalized
solution.

After similar adjustments, Theorem 3.1 also remains valid.
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Theorems 3.2 and 3.3 used results concerning the limit behavior of X7 which
are of the type of law of large numbers. From finer results (expansions in powers
of £) we can obtain finer consequences concerning the asymptotics of the solution
of Dirichlet’s problem. Concerning the expansion of the solution in powers of a
small parameter (in the case of smooth boundary conditions), the best results are
not obtained by methods of pure probability theory but rather by purely analytical
or combined (cf. Holland [1]) methods. We consider an example with nonsmooth
boundary conditions.

Let the characteristic z;(z), t > 0 issued from an interior point z of a do-
main D with a smooth boundary leave the domain, intersecting its boundary for
the value to of the parameter; at the point y = ax4,(x) the vector b(y) is di-
rected strictly outside the domain. Let u® be a solution of the Dirichlet problem
Lfu® = 0, u* — 1 as we approach some subdomain I'; of the boundary and
u® — 0 as we approach the interior points of dD\I'y (and u° is assumed to be
bounded everywhere). Suppose that the surface area of the boundary of I'; is
equal to zero. Then the solution u®(x) is unique and can be represented in the
form

u () = My xr, (X5).

If y is an interior point of I'; or 9D\I'y, then the value of u® at the point
x converges to 1 or 0, respectively, as € — 0 (results concerning the rate of
convergence must rely on results of the type of large deviations; cf. Chap. 6,
Theorems 2.1 and 2.2). On the other hand, if y belongs to the boundary of the do-
main I'y, then the expansion (2.15) reduces the problem of asymptotics of u®(z)
to the problem of asymptotics of the probability that the Gaussian random vector
Xt((?) - Xt([?) [(Xt(ﬂl), n)/(Xt((?), n)] hits the ¢! times magnified projection of I’y
onto the tangent plane (tangent line in the two-dimensional case). In particular, in
the two-dimensional case if I'; is a segment of an arc with y as one endpoint, then
lim. o u®(z) = % The same is true in the higher dimensional case provided that
the boundary of I'; is smooth at y. If this boundary has a “corner” at y, then the
problem reduces to the problem of the probability that a normal random vector
with mean zero falls into an angle (solid angle, cone) with vertex at zero. Using
an affine transformation, one can calculate the angle (solid angle).



Chapter 3

Action Functional

1 Laplace’s Method in a Function Space

We consider a random process X; = X7 (x) in the space R" defined by the
stochastic differential equation

XE=b(XE) ey, X5 =u (1.1)

Here, as usual, w; is a Wiener process in R" and the field b(x) is assumed to be
sufficiently smooth. As is shown in Sect. 1, Chap. 2, as € — 0, the trajectories of
X7 converge in probability to the solution of the unperturbed equation

&y = b(xt), ZTo = @, (1.2)

uniformly on every finite time interval. In the special case which we are consid-
ering it is easy to give an estimate of the probability

P{ sup |Xf(z) — au(2)| > 5}

0<t<T

which is sharper than that given in Chap. 2. Indeed, it follows from equations
(1.1) and (1.2) that

t
Xi(x) —x(x) = / (X5 (x)) — b(xs(x))] ds + ewy. (1.3)
0
Assuming that b(z) satisfies a Lipschitz condition with constant K, we obtain
from (1.3) that

sup |X7 — 2| < eefT sup |wyl. (1.4)

0<t<T 0<t<T

This implies that the probability of the deviation of X{ («) from the trajectory of
the dynamical system decreases exponentially with decreasing ¢:

§
P{ sup |X;(z) — x(z)| > 5} < P{ sup |wg| > —e_KT}
0<t<T 0<t<T €

5
< 2P{|wT| > —eKT}
2e
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where C' is a positive constant (depending on 6, K, and T').

This estimation means that if a subset A of the space of continuous func-
tions on the interval from 0 to 7' contains a function z;(x) together with its
d-neighborhood in this space, then the main contribution to the probability
P{X¢(x) € A} is given by this §-neighborhood; the probability of the remaining
part of A is exponentially small.

In many problems we are interested in probabilities P{X*(x) € A} for sets
A not containing the function z;(z) together with its neighborhood. Such prob-
lems arise, for example, in connection with the study of stability under random
perturbations, when we are mainly interested in the probability of exit from a
neighborhood of a stable equilibrium position or of a stable limit cycle in a given
time or we are interested in the mean exit time from such a neighborhood. As we
shall see, similar problems arise in the study of the limit behavior of an invariant
measure of a diffusion process X; as € — 0, in connection with the study of
elliptic differential equations with a small parameter at the derivatives of highest
order and in other problems.

If the function z;(x) together with some neighborhood of it is not contained
in A, then P{X¢(x) € A} — 0ase — 0. It turns out that in this case, under
certain assumptions on A, there exists a function ¢ € A such that the principal
part of the probability measure of A is concentrated near ¢; more precisely, for
any neighborhood U () of ¢ we have

P{X*(z) € A\U(¢)} = o(P{X"(2) € U(p)})

ase — 0.

A similar situation arises in applying Laplace’s method to calculate the
asymptotics as ¢ — 0 of integrals of the form f; e @ g(z)dx. If zg is
the only minimum point of the continuous function f(z) on the interval [a, b]
and the function g(x) is continuous and positive, then the major contribution
to this integral is given by the neighborhood of x. Indeed, let U; be a neigh-
borhood of zg. Since ¢ is the only minimum point of f in [a,b], we have
mingepq 5)\v, f(x) > f(w0) + v, where v is a positive number. Using this esti-
mate, we obtain

/ o(x) exp{—e~1f(z)} dz
[a,b]\U1

< (b—a) max g(z)exp{e ' f(zo) +7}. (1.5)

z€la,b]
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For the integral over the neighborhood of z(, we obtain the following lower esti-
mate:

zo+0
| s@esw{-ctr@)de> [ gla)exp{-e (7lmn) +1/2)} do
Ux zo+0
> 25 min g(z) exp{~e""(f(z0) +7/2)},

(1.6)

where ¢ is chosen from the conditions: max |, <5 f(2) < f(z0) +7/2, {2 :
|z — x9] < d} C Uy. It follows from estimates (1.5) and (1.6) that the integral
f; g(z) exp{—e~ 1 f(x)} dx is logarithmically equivalent to exp{—e~!f(zo)}
ase — 0,1i.e.,

b
lim <1n / gw) exp{—e~1f(2)} dz = — f (o).

Using the Taylor expansion of f around xy, we can obtain more accurate asymp-

totic formulas for the integral f; g(z) exp{—e L f(x)} du.

The situation is analogous in the calculation of probabilities of various events
connected with the process X;. It turns out that we can introduce a functional
S(¢p) of a function on the interval [0, T] such that for sufficiently small € and ¢
we have

P{IX" — ¢ll < 8} ~ exp{—=25(¢)}.

(The precise meaning of this formula will be explained in the following sections.)

If the minimum of S(p) on the set A is attained at ¢, then in analogy
with Laplace’s method we may expect that for small ¢, the basic contribution
to P{X¢ € A} is given by a neighborhood of (. In order to prove this, we need
to obtain a lower estimate of P{||X¢ — ¢|| < d} of the type of estimate (1.6) and
an upper estimate of the type of estimate (1.5) for the probability of the remaining
portion of A. We carry out this program in the present chapter.

The idea of applying similar constructions in asymptotic problems in a func-
tion space goes back to R. Feynman’s work in quantum mechanics (cf. Feynman
and Hibbs [1]). If there exists a classical mechanical system for which the ac-
tion on the trajectory ; is S(i), then, as is known, the motion of this system
takes place along extremals of the functional S(¢). The same functional can be
used for a quantum mechanical description of a system. In a quantum mechan-
ical motion various trajectories are possible and to every trajectory ¢, there is
assigned the weight C exp{(i/h)S(p)}, called the probability amplitude. (To
give this a precise meaning is a difficult problem.) Here & is the Planck constant
and C' is a normalizing factor. The probability amplitude of a set of trajectories
can be calculated by summing (integrating) the contributions of the trajectories
which constitute the set. The square of the absolute value of the probability am-
plitude corresponding to a set of trajectories is interpreted as the probability of the
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corresponding quantum mechanical motion. Such an approach is convenient in
problems connected with the quasiclassical approximation in quantum mechan-
ics, i.e., where the various characteristics of motion are approximated by their
principal terms as h — 0 and by successive corrections. Hence in Feynman’s
description of a quantum mechanical system, the correspondence principle, as-
serting that every quantum mechanical motion turns into a classical one as h — 0,
follows immediately from the circumstance that in summing probability ampli-
tudes, for small h the major contribution to the sum is given by the trajectories
 which are extremals of the action functional, i.e., the classical trajectories. The
contribution of the other trajectories will be significantly smaller because of the
oscillation of the probability amplitude. This reasoning is an infinite-dimensional
analogue of the principle of stationary phase, according to which the major con-
tribution to the integral

/ g(x) exp{ih™'S(z)} dx

is given by the stationary points of the function S(x).

The functional S(p) which we have introduced for the study of the behavior
as ¢ — 0 of probabilities of events connected with the process X; plays a role
analogous to that of the action functional in Feynman’s description of a quantum
mechanical system; only our arguments are an infinite-dimensional analogue of
Laplace’s method rather than the method of stationary phase (and therefore, they
are simpler).

In analogy with quantum mechanical problems, we shall call e~25(y) the
action functional for the corresponding family of random processes. Of course,
this does not mean that we give this functional a mechanical interpretation; we
only have in mind the analogy with the role played by the action in Feynman’s
approach to quantum mechanics.

In the next section we introduce the action functional and obtain the neces-
sary estimates for the process X; = ew; i.e., in the case where the vector field
b(x) is identically zero. The form of the action functional and the corresponding
estimates for a process X; with an arbitrary field b(z) and also for some other
processes will be established in Sect. 4 of this chapter and in Sect. 1 of the next
chapter.

2 Exponential Estimates

We denote by Cr,17, = Cry1,(R") the set of continuous functions on the in-
terval [T7,T5] with values in R". In this space we shall consider the metric
P17, (P> %) = SUPp <4<, |9+ — 1¢|. For absolutely continuous functions ¢;
we define the functional

1,
S(e) = Snnle) =5 [ el ds
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if a function ¢ € Cr, 1, is not absolutely continuous on [, T3] or the integral
is divergent, then we set S(p) = +oo.

Let w; be a Wiener process in R", wg = 0.

The action functional for the family of random processes X; = cw; is, by
definition, the functional /7, 7, (p) = €287, 1, (); the functional St, 1, () will
be called the normalized action functional for the family ew.

Theorem 2.1. For any 6, v, K > 0 there exist £ > 0 such that

P{por (X, ) < 0} > exp{—c2[Sor(y) + ]}

for 0 < € < gg, where T' > 0 and ¢ € Cqr are such that o9 = 0 and T +
S()T((p) < K.

This theorem gives a lower estimate of the probability of “passing through
the §-tube about ™. In calculating P{X® € A} for a set A C Cyr, this theorem
enables us to give a lower estimate of the neighborhood of an extremal ¢ € A.
In order to be able to apply Laplace’s method, we also have to give an upper
estimate of the probability that a trajectory of X° moves far from the “most
probable” function ¢. The necessary estimate is contained in the theorem below.

Theorem 2.2. Let s be a positive number. Write
®(s) = {p € Cor,po = 0,Sor(p) < s}.

Forany § > 0,v > 0, and sy > 0 there exists an £g > 0 such that for 0 < € < gq
and s < sg we have

P{por (X, @(s)) > 8} < exp{—c7?(s =)}

Proof of Theorem 2.1. If Sor(p) < K < oo, then ¢ is absolutely continuous
and fOT |9s|? ds < co. We consider the random process Y;F = X§ — ¢, obtained
from X; = cwy by the shift by ¢. A shift by a function having a square inte-
grable derivative induces an absolute continuous change of measures in Cyp. If
Hew 18 the measure in Cyr corresponding to the process X; = ew; and py-< is
the measure corresponding to Y7, then the density of the second measure with
respect to the first one has the form

dpy-< { -1 /T - e? /T 212 }
EW) = expy —€ s, dwg) — — ds ;.
dum( ) = exp ; (¢ )~ 3 ; 4

Using this expression, we obtain

P{por(X*, ) < 0}

d =
=P{por(Y<,0) < 4} = / qu
{por (ew,0)<5} CHew

(ew)P(dw)
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= _i iy 2d
= expy — 5 |65 ds
0

T
></ exp{—s_l/ (gbs,dws)}P(dw). 2.1
{por(ew,0)<3} 0

It is easy to see that the probability of the set on which we integrate converges to
1 uniformly in 7" < K as € — 0. This follows, for example, from Kolmogorov’s
inequality. In particular, we can choose a positive number €; such that

P{por(cw,0) < 4} > z (2.2)

fore < €1 and T' < K. Moreover, by Chebyshev’s inequality we have

P{sl /OT(¢s,dws) < 2v2e7! SOT(‘P)}

T
< P{ 571/0 (‘ps»dws)

e 2M( [y (s, duw))?
86_2SOT(QO)

Z 2\/5571 SOT(‘P)}

=1/4,
1.€.,

P{exp{—s_l /OT(¢S7dws)} > exp{—2\/§8_1\/W}} >3/4. (2.3)

From estimates (2.2) and (2.3) we conclude that

T
/ exp{—a_l/ (gbs,dws)}P(dw)
{por(ew,0)<3} 0
1
> iexp{—Q\/ie_l\/SOT(cp)},

and therefore,

1
P{por(X®, ) < 8} > 5 exp{—c"Sor(p) — 2v2e™V/Sor ()}
This implies the assertion of Theorem 2.1. O

Proof of Theorem 2.2. 'We have to estimate the probability that the trajectories of
our process move far from the set of small values of the functional Sy (¢). On
the trajectories of X7 = sw; themselves, the action functional is equal to 400
and we approximate the functions of X; by smoother functions. We denote by
1§, 0 <t < T the random polygon with vertices at the points (0,0), (A, X5),
(2A,X54), ..., (T, X5). We shall choose A later and now we only say that 7'/ A
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is an integer. The event {por (X<, ®(s)) > 0} may occur in two ways: either
with por(X¢,1°) < ¢ or with por(X¢,1°) > 4. In the first case we certainly
have [ ¢ ®(s), i.e., Sor(l¥) > s. From this we obtain

P{por(X®, ®(s)) > 8} < P{Sor(l*) > s} + P{por(X*®,I°) > ¢}. (2.4)
To estimate the first probability, we transform Sor (I¢):

R €2 L2 Jwia — wi—1)al?
SoT(l)=§/0 |lt‘2dt:EZ A( =

k=1

As a consequence of self-similarity and independence of the increments of a
Wiener process, the sum Zf/ f A~ wga —w(—1)a|? is distributed in the same

way as ZTT/ A €2 where the &, are independent random variables having normal
distribution w1th parameters (0,1):

rT/A
P{Sor(l¥) > s} = P{ Z £ > 2523}.

i=1
We estimate the right side by means of Chebyshev’s exponential inequality. Since

-«
2

1
Mexp{ {?}:Ca<oo

for every o > 0, we have

IN

L Mexp{15® 311" €2}
R _ 2 _9 i=1 ?
P{Sor(I°) > s} = P{ ; & >2 S} exp{sEQS(l —a)}

= CrT/A exp{—e725(1 — a)}.
This implies that there exists an €y > 0 such that
1
P{Sor(lf) > s} < 5 exp{—c (s — )} (2.5)

for e < gg and s < sg.
Now we estimate the second term in inequality (2.4):

T/A
P{por(X=,1%) > 4} <

M

P{ max | Xy =15 > 5}
(k—1)A<t<kA

{ Joax, | X —If] >6}

l>\'ﬂ l>|ﬂ

IN

{ max,Jew| > g} (2.6)
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Here we have used the facts that for distinct k’s, the random variables
max(,_1)a<t<ka | X{ — [f| are identically distributed and
=

t
P{ max |X; -5 >6}:P max |ewy — E—w
ogthA‘ ikl =z {O<t<XA ETEATA

)
< P{ max |ew| > —}.
0<t<A 2

Continuing estimation (2.6) and taking account of the inequality

P{wl >z} < exp(—2%/24)

VA
2V 2m
true for a normal random variable w’, with mean 0 and variance A, we have

T arT
P{por(X®,I°) > 6} < —P{ max |ew| > é} < %P{wz > §/2re}

A lo<t<a 2

4rT  2re 52
< — . ——VA — . 2.
=N ovan eXp( 8r2A52> @7

Now it is sufficient to take A < §2 /4723, and the right side of (2.7) will be
smaller than % exp{—e~%(s — 7)} for ¢ sufficiently small and s < so. This and
inequalities (2.4) and (2.5) imply the assertion of the theorem. O

We establish some properties of the functional Sor ().

Lemma 2.1.

(a) The functional Sor () is lower semicontinuous in the sense of uniform con-
vergence, i.e., if a sequence ™) converges to ¢ in Cyr, then Sop(¢) <
h—mn—>oo SOT(QD(n))-

(b) The set of functions @y, 0 < t < T such that ¢y belongs to some compact
subset of R™ and Sor () < 59 < 00 is compact.

Proof. (a) It is sufficient to consider the case where the finite limit
lim, o0 SOT(cp(”)) exists. We use the following fact (cf. Riesz and Szokefalvi-
Nagy [1], p. 86): a function ¢y is absolutely continuous and its derivative is square
integrable if and only if

al ot — 1, |2
sup A (2.8)

0<to<ti<-<tn<T =y i —ti-1

is finite and in this case the supremum is equal to fOT |p¢|? dt.
Expression (2.8) is equal to

N (n) (n) |2
. |<Pt1; - @ti,1|
sup lim E LA D.
0<to<ty <<ty <T Moo= 1 —ti1



62 3. Action Functional
N (n) (n) |2
. |<Pti - Soti_1|
< lim sup _—
n—o0 0<to<t;<--<tn<T =y ti—li-1
n—oo

T
= lim ™2 ds =2 lim Sor(p™) < oco.
0 n— oo

This implies that ¢ is absolutely continuous and Sy () < lim,, SOT(cp(")).
(b) From the estimation fOT |9s]? ds = 2Sy7 () < 250 we obtain that

t T
%+/¢MS§MMwW/INWﬁHW+%ﬂm
0 0

Consequently, all functions of our set are uniformly bounded. This estimation
implies the equicontinuity of the functions ¢:

le| =

t+h t+h
|%M—¢4s/’ (@l ds < h/ (pal? ds
t t

< \/2S(p\Vh < vasov/h.

The compactness follows from Arzela’s theorem. 0O

Corollary. On every nonempty closed set in Cyr for which the initial values
of po are contained in some compact set, the functional Sy () attains its small-
est value and values close to the smallest value are assumed by the functional
only near functions at which the minimum is attained.

Theorem 2.3. Let a function ¢ € Cor be such that oo = 0, Sor(p) < co. We
have

limlime* InP X = limlime? In P X

lim lim &= In P{por (X, ¢) < 0} i im " n {por(X*=, p) < 0}
= —Sor(»)-

Proof. For the proof of this theorem, it is sufficient to establish that for every

~v > 0 and every sufficiently small §y > 0 there exists an g9 > 0 such that

exp{—e"*(Sor () —7)} = P{por(X=,¢) < 6o}
> exp{—e*(Sor(¥) +7)} 2.9)

for 0 < € < g¢. The right-hand inequality constitutes the assertion in Theo-
rem 2.1. We prove the left-hand inequality. We choose g > 0 so small that

inf S, > S . n
bipor (.4) <o or () > Sor(p) =7/

This can be done relying on Lemma 2.1. By the corollary to the same lemma, we
have
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61 = por({ : por (@, ) < do}, ®(Sor(p) —7/2)) > 0.
We apply Theorem 2.2:

P{por (X, ) < do} < P{por (X, (Sor(p) —7/2)) > 01}
< exp{—e*(Sor(v) —7)}

whenever ¢ is sufficiently small. By the same token inequalities (2.9), and with
them Theorem 2.3, are proved. O

The proofs of Theorems 2.1 and 2.2 reproduce in the simplest case of the
process X; = ew; the construction used in the articles [1] and [4] by Wentzell
and Freidlin. In this special case, analogous results were obtained in Schilder’s
article [1].

3 Action Functional. General Properties

The content of Sect. 2 may be divided into two parts: one which is concerned
with the Wiener process and the other which relates in general to ways of de-
scribing the rough (to within logarithmic equivalence) asymptotics of families of
measures in metric spaces. We consider these questions separately.

Let X be a metric space with metric p. On the o-algebra of its Borel subsets
let 11 be a family of probability measures depending on a parameter i > 0. We
shall be interested in the asymptotics of " as h | 0 (the changes which have to
be made if we consider convergence to another limit or to co or if we consider a
parameter not on the real line but in a more general set, are obvious).

Let A(h) be a positive real-valued function going to +o0o0 as h | 0 and let
S(x) be a function on X assuming values in [0, co]. We shall say that A(h)S(z)
is an action function for u" as h | 0 if the following assertions hold:

(0) the set (s) = {z : S(x) < s} is compact for every s > 0;
(I) forany d > 0, any v > 0 and any x € X there exists an hy > 0 such that
1"y« pla,y) < 8} > exp{—A(h)[S(z) + ]} (3.1)
for all h < hg;
(II) for any 6 > 0, any v > 0 and any s > 0 there exists an hy > 0 such that
W'y < p(y, @(s)) = 0} < exp{=A(h)(s —7)} (3.2)
for h < hg.

If £ is a family of random elements of X defined on the probability spaces
{Qh F" Ph then the action function for the family of the distributions i,
p(A) = Ph{¢" € A} is called the action function for the family &". In this case
formulas (3.1) and (3.2) take the form
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P"{p(¢",x) < 6} > exp{—A(B)[S(z) + 7]}, (3.1)
P"{p(¢", @(s)) > 6} < exp{—A(h)(s — 7)}. (3.2))

Separately, the functions S(z) and A(h) will be called the normalized action
function and normalizing coefficient. It is clear that the decomposition of an ac-
tion function into two factors A(h) and S(x) is not unique; moreover, A(h) can
always be replaced by a function A\ (h) ~ A(h). Nevertheless, we shall prove
below that for a given normalizing coefficient, the normalized action function is
uniquely defined.

EXAMPLE 3.1. X = R!, ;" is the Poisson distribution with parameter h for
every h > 0, and we are interested in the behavior of p/* as h | 0. Here A(h) =
—Inh; S(x) = x for every nonnegative integer x and S(z) = +oo for the
remaining x.

If X is a function space, we shall use the term action functional. Hence for
the family of random processes cw;, where w; is a Wiener process, t € [0, 7]
and wo = 0, a normalized action functional as e — 0 is S(p) = 3 fOT |o¢] dt for
absolutely continuous ¢;, 0 < t < T, g = 0, and S(¢) = +oo for all other ¢
and the normalizing coefficient is equal to =2 (as the space X we take the space
of continuous functions on the interval [0, 7] with the metric corresponding to
uniform convergence).

We note that condition (0) implies that S(x) attains its minimum on every
nonempty closed set. It is sufficient to consider only the case of a closed A C X
with Sy = inf{S(z) : x € A} < oo. We choose a sequence of points z,, € A
such that s, = S(z,) | sa. The nested compact sets ®(s,,) N A are nonempty
(since ®(sy,) N A > x,,), and therefore, their intersection is nonempty and con-
tains a point 2 4, S(x4) = sa.

It would be desirable to obtain immediately a large number of examples of
families of random processes for which we could determine an action functional.
The following result (Freidlin [7]) helps us with that.

Theorem 3.1. Let \(h)S*(x) be the action function for a family of measures ji"
on a space X (with metric px) as h | 0. Let @ be a continuous mapping of X
into a space Y with metric py and let a measure v on'Y be given by the formula
vh(A) = pu"(o~1(A)). The asymptotics of the family of measures v" as h | 0
is given by the action function A\(h)SY(y), where S”(y) = min{S*(z) : = €
0~ Y(y)} (the minimum over the empty set is set to be equal to +00).

Proof. We introduce the following notation:
O(s) ={x:5"(x) <s},  O(s) ={y:S5"(y) < s}

It is easy to see that ®”(s) = (P*(s)), from which we obtain easily that S*
satisfies condition (0).
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We prove condition (I). We fix an arbitrary y € Y and a neighborhood of it.
If S”(y) = oo, then there is nothing to prove. If S¥(y) < oo, then there exists
an z such that p(z) = y, S¥(y) = S*(x). We choose a neighborhood of z
whose image is contained in the selected neighborhood of y and thus obtain the
condition to be proved.

Now we pass to condition (II). The pre-image of the set {y : py (y, ®”(s)) >
0} under ¢ is closed and does not intersect the compact set ®#(s). Therefore, we
can choose a positive ¢’ such that the ’-neighborhood of ®* (s) does not intersect
o Yy : py(y, ®"(s)) > 6}. From inequality (3.2) with px, ®* and ¢’ in place
of §, we obtain a similar inequality for v, py,and 6. O

Remark. The results of type Theorem 3.1 are called the contraction principle.

Using this theorem in the special case where X and Y are the same space
with distinct metrics, we obtain that if A(%)S(x) is an action function for a fam-
ily of measures 4 as h | 0 in a metric p; and another metric ps is such that
p2(z,y) = 0if p1(x,y) — 0, then A(h)S(x) is an action function in the metric
p2, as well. Of course, this simple assertion can be obtained directly. From this
we obtain, in particular, that e=2Syr(¢) = (1/2¢2) fOT |o¢]? dt remains an ac-
tion functional for the family of the processes cw;, 0 < t < T ase | 0if we
consider the metric of the Hilbert space L3

The following examples are more interesting.

EXAMPLE 3.2. Let G(s,t) be a k times continuously differentiable function on
the square [0,77] x [0,7], & > 1. In the space Cor we consider the operator G
defined by the formula

T
é(ptz/ G(s,t) dps.
0

Here the integral is understood in the sense of Stieltjes and by the assumed
smoothness of G, integration by parts is allowed:

T

- 0G(s,t

Gou = G(T.0pr = G000 — [ 25200, s
0

This equality shows that G is a continuous mapping of Cyr into the space Cékal)

of functions having k — 1 continuous derivatives with the metric

_ di(pr — y)
k—1 _ v 7
P () = o nax

0<t<T

dtt

We calculate the action functional for the family of the random processes
~ T
X; =eGuy = 5/ G(s,t) dws
0

in C(()kT_l) as € — 0. By Theorem 3.1, the normalizing coefficient remains the
same and the normalized action functional is given by the equality
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5% () = Sgir(p) = min{Sgr(v) : G = ¢}

. {1 T
= min 7/ [s] ds:Gdjzga};
2 Jo

if there are no ¢ for which Gy = ¢, then S () = +oc.
We introduce an auxiliary operator G in L2, given by the formula

Gr(t) = / Gls,1)f(s) ds,

and express Sg in terms of the inverse of G. This will not be a one-to-one
operator in general, since G vanishes on some subspace Ly C L, which may
be nontrivial. We make the inverse operator one-to-one artificially, by setting
G~ 1 = 1), where 1 is the unique function in L2, orthogonal to Lo and such
that Gty = ¢. The operator G~ is defined on the range of G.

If SX () < oo, then there exists a function ¢ € Cor such that Gy = p and
S¢r(1) < oo. Then ¢ is absolutely continuous and G = Gi). Therefore,

X LT A e
sy =min{ 3 [0 as s Go = o} —min { G151 61 = o},

where || f|| is the norm of f in L2,.. Any element f for which Gf = ¢ can be
represented in the form f = G~ 1o+ f/, where f’ € L. Taking into account that
G~y is orthogonal to Lo, we obtain || f]|? = |G 1o|? + ||f/]I> > |G |
This means that Sgi.(p) = 3||G~"¢||? for ¢ in the range of G. For the remaining

Y E Cé’}_l) the functional assumes the value +oo.

EXAMPLE 3.3. We consider a random process X¢ on the interval [0, T, satisfy-
ing the linear differential equation

d " dkFxe _
P(E)XEEZ% dtkt = gy,

where w, is a one-dimensional white noise process. In order to choose a unique
solution, we have to prescribe n boundary conditions; for the sake of simplicity,
we assume them to be homogeneous linear and nonrandom. We denote by G (s, t)
the Green’s function of the boundary value problem connected with the opera-
tor P(d/dt) and our boundary conditions (cf. Coddington and Levinson [1]).

The process X; can be represented in the form X; = 5f0T G(s,t) dws, ie.,
X =G (ew). In this case the corresponding operator has the single-valued in-
verse G~! = P(d/dt) with domain consisting of the functions satisfying the
boundary conditions. From this we conclude that the action functional for the
family of the processes X{ as ¢ — 0 is e =25z (¢0), where

sv@=3 [ (%)

2
dt,




3 Action Functional. General Properties 67

and if ¢ does not satisfy the boundary conditions or the derivative d” ', /dt" !
is not absolutely continuous, then S () = +oc.

The action functional has an analogous form in the case of a family of mul-
tidimensional random processes which are the solution of a system of linear dif-
ferential equations on the right side of which there is a white noise multiplied by
a small parameter.

In the next chapter (Sect. 1), by means of the method based on Theorem 3.1,
we establish that for a family of diffusion processes arising as a result of a
perturbation of a dynamical system & = b(x;) by adding to the right side a
white noise multiplied by a small parameter, the action functional is equal to
(1/26) [ 1¢e — bleon)|? dt.

We consider the conditions (0), (I), and (II) in more detail.

In the case of a complete space X, condition (0) can be split into two: lower
semicontinuity of S(z) on X (which is equivalent to closedness of ®(s) for ev-
ery s) and relative compactness of ®(s). Such a splitting is convenient in the
verification of the condition (cf. Lemma 2.1). The condition of semicontinuity of
S is not stringent: it is easy to prove that if the functions A(h) and S(z) satisfy
conditions (I) and (II), then so do A(h) and the lower semicontinuous function
S(z) = S(z) Alim,_,, S(y). (The method of redefining the normalized action
functional by semicontinuity is used in a somewhat more refined form in the
proof of Theorem 2.1 of Chap. 5.)

Theorem 3.2. Condition (1), together with the condition of relative compactness
of ®(s), is equivalent to the condition:

(Ieq) for any 6 > 0, v > 0 and 5o > 0 there exists hg > 0 such that inequality
(3.1) is satisfied for all h < hg and all x € ®(sg).

Condition (II) implies the following:

(eq) forany 6 > 0,~v > 0and sg > 0 there exists an hg > 0 such that inequality
(3.2) is satisfied for all h < hg and s < sg.

Conditions (0) and (I1) imply the following:
(Ly) for any 6 > 0 and s > 0 there exist v > 0 and hg > 0 such that
p{y = ply, ®(s)) > 6} < exp{=A(h)(s +7)} (3.3)
forall h < hyg.

Proof. We only prove the last assertion. The values of S on the closed set A =
{y : p(y, ®(s)) > &} are greater than s. Therefore, the infimum of S(y) on this
set is greater than s. We select a positive v so that

inf{S(y) : y € A} > s+ 2v;

then A N ®(s + 2v) = (). We select a positive ¢’ not exceeding p(A, (s + 2v))
(this distance is positive by virtue of the compactness of the second set) and use
inequality (3.2) for ¢’ in place of § and s + 2 in place of s. O
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Conditions (I) and (II) were introduced in describing the rough asymptotics
of probabilities of large deviations in the papers [1], [4] of Wentzell and Freidlin.
There are other methods of description; however, under condition (0) they are
equivalent to the one given here.

In Varadhan’s paper [1] the following conditions occur instead of conditions
(I) and (I):

(') for any open A C X we have

lim A(h) "' In p(A) > inf{S(z) : = € A}; (3.4
hl0

(I') for any closed A C X we have

%)\(h)*l Inp(A) < —inf{S(z) : z € A}. (3.5)
Theorem 3.3. Conditions (I) and (I') are equivalent. Condition (') implies (I1)
and conditions (0) and (I1) imply (1)
Consequently, (1) < (I'), (II) < (II') under condition (0).

Proof. The implications (I') = (I), (I) = (I')and (II') = (II) can be proved
very simply. We prove, for example, the last one. The set A = {y : p(y, (s)) >
&} is closed and S(y) > s in it. Therefore, inf{S(y) : y € A} > s. From (II)
we obtain: limj, o A(h) " In u"(A) < —s, which means that for every v > 0 and
h sufficiently small we have: A(h)~!In ph(A) < —s + 7, ie., (3.2) is satisfied.

Now let (0) and (IT) be satisfied. We prove (II'). Choose an arbitrary v > 0
and put s = inf{S(y) : y € A} — ~. The closed set A does not intersect the
compact set ®(s). Therefore, 6 = p(A, ®(s)) > 0. We use inequality (3.2) and
obtain that

p"(A) < py: ply, ®(s)) > 6}
< exp{—=A(h)(s —7)} = exp{—A(h)(inf{S(y) : y € A} —27)}

for sufficiently small /. Taking logarithms, dividing by the normalizing coeffi-
cient A(h) and passing to the limit, we obtain that limy,jo A(R) "1 In p”*(A) <
—inf{S(y) : y € A} + 2~, which implies (3.5), since v > 0 is arbitrary. O

In Borovkov’s paper [1] the rough asymptotics of probabilities of large devi-
ations is characterized by one condition instead of the two conditions (I) and (II)
or (I') and (IT").

We shall say that a set A C X is regular (with respect to the function S) if
the infimum of S on the closure of A coincides with the infimum of .S on the set
of interior points of A:

inf{S(x) : z € [A]} = inf{S(z) : x € (4)}.

We introduce the following condition:
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q %) for any regular Borel set A C X,

% Ah) "t Inp(A) = —inf{S(z) : x € A}. (3.6)

Theorem 3.4. Conditions (0), (I) and (I1) imply (1 %). Moreover, if A is a regular
set and min{S(x) : x € [A]} is attained at a unique point x, then

i WAz 2 plwo, ) < 6})
hlo p(A)

=1 3.7)

for every § > 0.
Conversely, conditions (0) and (1 %) imply (I) and (II).

We note that in terms of random elements of X, (3.7) can be rewritten in the
form

lim Ph{p(xo, &) < 56" € A} = 1. (3.7')

Proof. We use the equivalences (I) < (I') and (II) < (II) already established
(under condition (0)). That (I') and (II') imply (I %) is obvious. Moreover, if
A is a non-Borel regular set, then (3.6) is satisfied if u/*(A) is replaced by the
corresponding inner and outer measures.

To obtain relation (3.7), we observe that

min{S(x) : x € [4], p(x,z0) > 5} > S(z0)-
We obtain from (3.5) that
%)\(h)_1 Inp"{z € A: p(xo,x) >}

< %)\(h)_l Inp{x € [A] : p(xo,x) > 6} < —S(20).

This means that pu"{z € A : p(zo,x) > J} converges to zero faster than
1 (A) = exp{—A(h)S(0)}.

We show that (I %) implies (I') and (II'). For any positive § and any set A C X
we denote by A 5 the §-neighborhood of A and A _ s the set of points which lie at
a distance greater than § from the complement of A. We set s(£6) = inf{S(x) :
x € Ays} (infimum over the empty set is assumed to be equal to +00). The
function s is defined for all real values of the argument; at zero we define it to be
inf{S(z) : ® € A}. Itis easy to see that it is a nonincreasing function which is
continuous except at possibly a countable number of points.

If A is an open set, then s is left continuous at zero. Therefore, for an arbi-
trarily small v > 0 there exists a 6 > 0 such that s(—d) < s(0) — 7, and s is
continuous at —J. The latter ensures the applicability of (3.6) to A_5. We obtain
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Lim A(h) ™" In g (A) > lim A(h) ™' In " (A—s) > —5(0) — 7.
h10 hl0

Since ~y is arbitrary, this implies (3.4).

In the case of a closed set A we use condition (0) to establish the right con-
tinuity of s at zero and then we repeat the same reasoning with A, s replacing
A_s. O

EXAMPLE 3.4. Let A be the exterior of aball in L2, : A = {¢ € L&, : ||l¢| >
c}. This set is regular with respect to the functional Sg5. considered in Exam-
ple 3.3. To verify this, we multiply all elements of A by a number ¢ smaller than
but close to one. The open set ¢ - A = ¢ - (A) absorbs [A] and the infimum of the
functional as well as all of its values change insignificantly (they are multiplied
by ¢).

Since A is regular, we have

lim 2 In P{|| X¢|| > ¢} = lim e In P{|| X¥|| > ¢}
e—0 e—0

(1 d\ |
—mln{gHP<E>4p }, (3.8)

where the minimum is taken over all functions ¢ satisfying the boundary condi-
tions and equal to ¢ in norm.

We consider the special case where the operator P(d/dt) with the bound-
ary conditions is self-adjoint in L. Then it has a complete orthonormal sys-
tem of eigenfunctions ey (), k = 1,2, ..., corresponding to the eigenvalues A,
k =1,2,... (cf, for example, Coddington and Levinson [1]). If a function ¢
in L2, is representable in the form Y cxey, then P(d/dt)p = > .2 crAkey
and | P(d/dt)¢||*> = Y ciA2. This implies that the minimum in (3.8) is equal
to ¢2/2 multiplied by A2, the square of the eigenvalue with the smallest absolute
value. Consequently,

lim e? In P{||X?|| > ¢} = —c2\}/2. (3.9)
e—0

The infimum of S(i) on the sphere of radius ¢ in L. is attained on the eigen-
functions, multiplied by ¢, corresponding to the eigenvalue A;. If this eigenvalue
is simple (and — )\ is not an eigenvalue), then there are only two such functions:
ce1 and —ce;. Then for any 6 > 0 we have

hfolp{HXs —cep|| <0 or || X4 e <I|[|XE] >} =1

The same is true for the conditional probability under the condition || X¢|| > c.

A concrete example: P(d/dt)y = d?¢/dt?, boundary conditions: ¢y =
@ = 0. This operator is self-adjoint. The equation " = Ap, w9 = pr = 0
for the eigenfunctions has the solution: X = )\, = —k%72/T?; ex(t) =
(v/2/T) sin(kwt/T). The eigenvalues are simple. We have
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Figure 2.

At

274
for every § > 0 the conditional probability that X¢ is in the J-neighborhood
of one of the functions +c(v/2/T) sin(rt/T), under the condition that || X¢|| is
greater (not smaller) than ¢, converges to 1 as ¢ — 0.

If our differential operator with certain boundary conditions is not self-
adjoint, then A\? in (3.9) must be replaced with the smallest eigenvalue of the
product of the operator (with the boundary conditions) with its adjoint.

: 2 € _
811_r>r(1)5 InP{||X®|| > ¢} =

EXAMPLE 3.5. Let b(x) be a continuous function from R” into R". On the space
Cor of continuous functions on the interval [0, 7'] with values in R", consider the
functional Sor () equal to 3 fOT |os — b(s)|? ds, if ¢ is absolutely continuous
and ¢y = x( to +00 on the rest of Cyr. Let an open set D > xg, D # R" be
such that there exist interior points of the complement of D arbitrarily close to
every point of the boundary 9D of D (i.e., 0D = 9[D]). Let us denote by Ap
the open set of continuous functions ¢y, 0 < ¢ < T such that ¢, € D for all
t € [0, T]. We prove that Ap = Cor\Ap is a regular set with respect to Sy.

Let the minimum of Syr on the closed set Ap be attained at the function
v, 0 <t < T, g = xg (Fig. 2). This function certainly reaches the boundary
at some point ty # 0: ¢y, € dD. The minimum is finite, because there exist
arbitrarily smooth functions issued from x( and leaving D in the time interval
[0, T7; this implies that the function ¢ is absolutely continuous.

For any § > 0 there exists an interior point z° of R™\D in the (-neighbor-
hood of the point ¢,. We put

¢
w?=<pt+t—(9€5—s@to)7 0<t<T;
0

this function belongs to the interior of Ap. We prove that Sor (%) — Sor(p)
as ¢ J 0. This implies the regularity of Ap. We have

1 T
Surle®) = Sor(e) = 5 [ 168 =B = lon oo
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T
= / (¢f - b((pf) —prt+ b(%"t)7¢t - b(SOt)) dt
0

T
5 [ 1ol =eh) = d bR an
On the other hand, ) —b(f) — ¢ +b(pr) = tg ' (20 = p1,) +b(1) =b(]) = 0
uniformly in ¢ € [0, 7] as ¢ | 0. Consequently, the scalar product of this function
with ¢; — b(y;) and its scalar square in L. also converge to zero.

In Chap. 4 we prove that £2Sy7(¢) is the action functional for the family of
diffusion processes X¢ described by the equation X¢ = b(X?) + ey, X§ = ¢
(provided that b satisfies a Lipschitz condition). Then as € — 0 we have: P{X}
exits from D for some value ¢ € [0, T]} < exp{—e~?min, 4, Sor(p)}. If this
minimum is attained at a unique function, then the trajectories of X, going out
of D lie near this function with an overwhelming probability for small €.

We note that if D does not satisfy the condition D = J[D], then the corre-
sponding set Ap may not be regular.

If the boundary 0D is smooth, then we can prove that Ap is regular with
respect to the same functional.

The last remark is concerned with the notion of regularity: if the action func-
tion is continuous (which was not the case in several examples related to function
spaces), then a sufficient condition of regularity of the set A is the coincidence of
O(A) with 9[A4].

Here is another form of the description of rough asymptotics (the integral
description):

(1) If F'(x) is a bounded continuous function on X, then

1}%% Ah)t ln/ exp{A(h)F(z)}u" (dz) = max{F(z) — S(z)}. (3.10)
2 X x
This condition (under condition (0)) is also equivalent to conditions (I') and (II')
(or (I) and (II)). A deduction of (IIT) (and even more complicated integral condi-
tions) from (I') and (II") is contained in Varadhan’s article [1].

We mention still another general assertion.

Theorem 3.5. The value of the normalized action function at an element v € X
can be expressed by either of the following two limits:

i T —1 h .
S(w) = —limlim A(h)™"Inp*{y : p(z,y) < o}
= —limlim A(h) " In p"{y : p(x,y) < 6} 3.11)
610 h10
Proof. From condition (I) we deduce that lims, lim;, |, > —S(z), and from
conditions (IT) and (0) that lims}o lims;o < —S(x). We prove the second one.
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For any v > 0, the compact set ®(S(z) — «y) does not contain x. We choose a
positive § smaller than one half of the distance of = from this compact set. We
have

p{y :p(x,y) < 6} < p{y: ply, ®(S(x) — 7)) > 6}

By (3.2), this does not exceed exp{—A(h)(S(x) — 2v)} for h sufficiently small.
This gives us the necessary assertion. [

We note that we cannot replace conditions (I), (II) (under condition (0)) by
relations (3.11). Relations (3.11) do not imply (II), as the following example
shows: X = R, ,uh is a mixture, with equal weights, of the normal distribution
with mean 0 and variance h and the normal distribution with mean 0 and variance
exp{e?/"*}, and A(h) = h~". Here limg,o limp, 0 A(R) "> In " {y : p(a,y) <
§} = —a? /2 for all z; the function 22 /2 satisfies (0) but (II) is not satisfied.

We formulate, in a general language, the methods used for the verification of
conditions (I) and (II) in Sect. 2 (they will be used in Sect. 4 and Sects. 1 and 2
of Chap. 5 as well). To deduce (I), we select a function g,,(y) on X so that the
family of measures i (dy) = exp{A(h)g.(y)}u"(dy) converge to a measure
concentrated at x; then we use the fact that

w{y : p(z,y) < 6} = exp{—A(h)g.(y)} i"(dy).
{y:p(z,y)<d}

On a part of the domain of integration with a sufficiently large ji"-measure we
estimate g, (y) from above: ¢, (y) < g.(x) + 7 (we use Chebyshev’s inequality)
and we take g, () as S(z). This method was used by Cramér [1] to obtain precise
rather than rough results in the study of distributions of sums of independent
random variables.

We have obtained condition (II) in the following way: we chose a function
Z(z) such that its values belong to {y : S(y) < oo} and a set A such that
p(Z(z),z) < ¢ for x € A. Further we used the inequality

WM s pla, B(s)) > 5} < p(X\A) + M € A: 2(x) ¢ B(s)).

We estimated the first term by means of Kolmogorov’s exponential inequality
and the second term also by means of Chebyshev’s exponential inequality:

p{e e A:z(z) ¢ &(s)} = pu"{x € A: S(2(x)) > s}
< [ exp{(1 ~ NS (@) b o)
A
x exp{—(1 — »)\(h)s}.

Of course, the problem of estimating the integral on A is solved separately in
each case.
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Finally, we discuss the peculiarities arising in considering families of mea-
sures depending, besides the main parameter i, on another parameter x assuming
values in a space X (X will have the meaning of the point from which the trajec-
tory of the perturbed dynamical system is issued; we restrict ourselves to the case
of perturbations which are homogeneous in time). First, we shall consider not just
one space of functions and one metric; instead for any 7" > 0, we shall consider
a space of functions defined on the interval [0, T'] and a metric por. Correspond-
ingly, the normalized action functional will depend on the interval: S = Sp7. (In
the case of perturbations considered in Chaps. 4, 5, and 7, this functional turns
out to have the form Sy (¢ fo (@1, p¢) dt, and it is convenient to define
it analogously for all 1ntervals [Ty, Ts], —o0 < T7 < Ty < 400 on the real
line.)

Moreover, to every point z € X and every value of the parameter & there
will correspond its own measure in the space of functions on the interval [0, T'].
We can follow two routes: we either consider a whole family of functionals de-
pending on the parameter = (the functional corresponding to x is assumed to be
equal to +oo for all functions ¢; for which ¢y # x) or introduce a new def-
inition of the action functional suitable for the situation. We follow the second
route.

Let {Q", .Z" P!} be a family of probability spaces depending on the param-
eters h > 0 and x running through the values of a metric space X and let X},
t > 0 be a random process on this space with values in X. Let pgr be a metric in
the space of functions on [0, 7] with values in X and let Sor(¢) be a functional
on this space. We say that A(h)Sor(y) is the action functional for the family
of the random processes (X' P") uniformly in a class </ of subsets of X if we
have:

(0.) the functional Sy is lower semicontinuous and the sum of the ®,(s) for
2 € K is compact for any compact set K C X, where ®,(s) is the set of
functions on [0, T'] such that ¢y = x and Sor(¢) < s;

(I,) forany § > 0, any v > 0, any so > 0 and any A € &/ there exists an
hg > 0 such that

P {por (X", ) < 6} > exp{—A(h)[Sor(p) + 7]} (3.12)

forall h < hg,allz € Aand all ¢ € . (sg);
(II,) forany § > 0, > 0, sg > 0 and any A € o there exists an hy > 0 such
that

P {por (X", ®.(s)) > 6} < exp{=A(h)(s —7)} (3.13)
forall h < hg, s < sgand z € A.
For example, in Chap. 4 we prove that (1/2¢2) fOT |os — b(ps)|? ds is an

action functional for the family of processes given by the stochastic equation
X§ = b(X§) + ey, uniformly on the whole space as ¢ — 0.
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4 Action Functional for Gaussian Random Processes
and Fields

Let X; be a Gaussian random process defined for 0 < ¢t < 7T, with val-
ues in R” and having mean zero and correlation matrix a(s,t) = (a(s,t)),
a'(s,t) = MX!X]. The functions a* (s,t) will be assumed to be square inte-
grable on [0, T x [0, 7.

We denote by A the correlation operator of X, acting in the Hilbert space
L2, of functions on [0, 7] with values in R™: Af; = fo (s,t)fs ds. The scalar

product in this space is (f, g) fo S Fi(s)g%(s) ds, and the norm is || f| =

(f, f)/?. We retain the notation (f, g) for the integral fOT( fs,9s) ds in the case
where the functions do not belong to L2, but the integral is defined in some
sense. For example, if 1 is an r-dimensional white noise process, then (f, w) =
fo 5) dws.

We assume that A has finite trace. As is known (Gikhman and Skorokhod [2],
Chap. V, Sect. 5), this implies that the trajectories of X; belong to L2,. We denote
by A'/? the nonnegative symmetric square root of A. The operator A'/? as well
as A are integral operators with a square integrable kernel. In order to reconstruct
this kernel, we consider the eigenfunctions eq (t), ..., e,(t),... of A and the cor-
responding eigenvalues A1,..., A,,.... Since a(s,t) is a correlation function,

A is nonnegative definite, i.e., Ay > 0. We put G(s,t) = > A,lc/zek(s)ek(t). The
operator A has finite trace Y A, < oo. Therefore, the series > )\,1/ en(s)en(t)
is convergent in L[0 T]x[0T]" The function G(s,t) is precisely the kernel of the

integral operator A'/2. In order to see this, it is sufficient to note that the eigen-
functions of the operator with kernel G(s, t) coincide with the eigenfunctions of
A and its eigenvalues are square roots of the corresponding eigenvalues of A.

The random process X, admits an integral representation in terms of the ker-
nel of A'/2:

T
Xt:/ G(s,t) dws,
0

where w; is an r-dimensional Wiener process. We shall write this equality in the
form X, = AY/?4,. In order to prove it, it is sufficient to note that X = A2
is a Gaussian process with MX; = 0 and

T
MX,X; = / G(s,u)G(t,u)du = a(s,t).
0

The operators A and A'/2 nullify some subspace Lo C LZ,. This sub-
space is nontrivial in general, and therefore, for a definition of the inverses A~!
and A—'/2, additional agreements are needed. We define the inverses by setting
A lp = wl, A2 = 1/)2 if Ay = o, AY24py = @ and 1, 1), are orthogonal
to Lg. Consequently, A~' and A~'/2 are defined uniquely on the ranges of A
and A'/2, respectively.
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On L2, we consider the functional S(¢) equal to 3[|A=1/2¢||%; if A=1/2¢p
is not defined, we set S(¢) = +oo. For functions ¢ for which A~ is de-
fined, we have S(p) = (A7 ¢, ¢), i.e., S(¢) is an extension of the functional

1(A7 0, ).

Theorem 4.1. The functional S(p) is a normalized action functional for the
Gaussian process X; = X in Ly as ¢ — 0. The normalizing function is
Ae) =¢e72.

Proof. Let G (s,t) be a symmetric positive definite continuously differentiable
kernel on the square [0, 7] x [0, T'] such that

o 2 1
/O /0 (Gs.) = G (s, 1) ds dt < .,

where G(s,t) is the kernel of A'/2. We denote by G'y the operator with kernel
G (s, t). First we verify the inequality

P{IX® — oIl < 6} > exp{—e*(S(¢) + )} 4.1

for any 4,y > 0 for sufficiently small positive . If S(¢) = 400, then (4.1) is

obvious. Let S(¢) < oo. There exists a ¢y € L2, orthogonal to Ly and such that

A2y = w. We put oy = Gyt and Xy = Gpyw. Choose Ny so large that
T T

lon =@l < 1WI(fy Jo 1G(s.t) = Gn(s,t)]* dsdt)'/* < §/3 for N > No.

For such N we have

{lleX — ol <6} 2{lleX —eXnl <6/3,[eXn —on| < 6/3}.

From this we obtain
1
P{lleX -l < 6} > P{neXN—som < g}—P{neX—eXNn > §/3). (42)

Since G n (s, t) is a continuously differentiable kernel, in estimating the first term
of the right side, we can use the result of Example 3.2:

P{lleXn —onll < 3/3} = exp{—72(S(¢) +7)} 4.3)

for € smaller than some 1. Here we have used the fact that

_ _ 1 1,
Gilon =¥ =A%, S(p) = SI0I* = 5IGx NI,

Moreover, using Chebyshev’s inequality, we obtain

P{lleX —eXn| > 0/3}

A{[[[[ - cranae]az £)
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—2 9a T T ’
<e * M eXp{é—z/ [/ (G(s,t) = Gn(s,t)) de} dt} (4.4)
0 0

for an arbitrary a > 0. For sufficiently large NN, the mathematical expectation
on the right side is finite. To see this, we introduce the eigenfunctions ¢, and
corresponding eigenvalues uy, £ = 1,2,... of the symmetric square integrable
kernel Ty (s,t) = G(s,t) —Gn(s,t). Itis easy to verify the following equalities:

Tn(s,t) = Y mpr(s)en(t),
T T
Z,uz:/ / I'n(s,t)*dsdt,
T
/0 In(s,t)dws = Z#k%k /0 k(s) dws,

1 vesn] =S ]

The random variables &, = fOT ¢k (s) dws have normal distribution with mean
zero and variance one and they are independent for distinct k. Taking account of
these properties, we obtain

9a [TT (T 2 9a 9 .9
M exp 5 L In(s,t)dws| dt p =Mexp 5 Z,ukfk
= 9a s 18a ,\ "/
= H Mex {52 /lkfk} H <1 T2 N%) : 4.5
k=1
The last equality holds if (18a/6%)u3 < 1 for all k. Since

T T
Zuﬁ:/ / Tn(s,t)>dsdt — 0
o Jo

as N — oo, relation (4.5) is satisfied for all N larger than some N1 = Nq(a, 9).
The convergence of the series Y u2 implies the convergence of the infinite prod-
uct in (4.5). Consequently, if N > Nj then the mathematical expectation on the
right side of (4.4) is finite and for a = S(p) + ~y and for ¢ sufficiently small we
obtain

P{|[eX —eXn]| > 6/3} < const - exp{—e2(S(p) +7)}. (4.6)

Combining estimates (4.2), (4.3), and (4.6), we obtain (4.1).
Now we prove that for any s > 0, v > 0, § > 0 there exists an £y such that

P{o(eX, ®(s)) > 6} < exp{—e"*(s =)} 4.7)
for e < eg, where ®(s) = {¢ € L2, : S(p) < s}.
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Along with the image ®(s) of the ball of radius v/2s in L2, under the
mapping A'/2, we consider the image ® (s) of the same ball under G y. Let
N > 6s/6. Taking account of the definition of G (s, t), we obtain

sup  [|Gy — Gny|?

e:llell<v2s
T (T 2
= sup /{/ (G(s,t) — GN(s,t))psds| dt
eillell<v2s /O L0
< swp / / — G (s, ) ds dto]?
s«JIIwH<\/Z
<4/3.

From this we obtain

P{p(eX,®(s)) > 0} < P{[leX —eXn| >0/3}
+ P{p(eXn,Pn(s)) > 6/3} (4.8)

for N > 6s/d. By virtue of (4.4), the first term on the right side can be made
smaller than exp{—e~2(s — v/2)} for N sufficiently large. The estimate

P{p(cXn,®n(s)) > 6/3} < exp{—e (s —7/2)}

of the second term follows from Example 3.2. Relying on these estimates, we can
derive (4.7) from (4.8). Theorem 4.1 is proved. 0O

Remark. As was established in the preceding section, estimates (4.1) and (4.7)
are satisfied for sufficiently small e uniformly in all functions ¢ with S(¢) <
const and for all s < sy < oo, respectively.

In the above proof, taken from Freidlin [1], the main role was played by the
representation X; = A'/21i, of the Gaussian process X;. This representation
enabled us to reduce the calculation of the action functional for the family of
processes € X; in L, to the estimates obtained in Sect. 2 of the corresponding
probabilities for the Wiener process (for the uniform metric). We are going to
formulate and prove a theorem very close to Theorem 4.1; nevertheless, we shall
not rely on the estimates for the Wiener process in the uniform metric but rather
reproduce proofs from Sect. 2 in a Hilbert space setting (cf. Wentzell [4]). This
enables us to write out an expression of the action functional for Gaussian random
processes and fields in various Hilbert norms. Of course, a Gaussian random
field X, can also be represented in the form fOT G(s, z) dws and we can use the
arguments in the proof of Theorem 4.1. Nevertheless, this representation is not
as natural for a random process.

Let H be a real Hilbert space. We preserve the notation (, ) and || || for the
scalar product and norm of H. In H we consider a Gaussian random element X
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with mean 0 and correlation functional B(f,g) = M(X, f)(X, g). This bilin-
ear functional can be represented in the form B(f,g9) = (Af,g) where A is a
self-adjoint linear operator which turns out to be automatically nonnegative defi-
nite and completely continuous with a finite trace (Gikhman and Skorokhod [2],
Chap. V, Sect. 5). As earlier, we write S(y) = $||AY/2¢|/2. If A=1/2¢ is not
defined, we set S() = -+o0. In order to make A~'/2 single-valued, as A~'/2¢
we again choose that element ) which is orthogonal to the null space of A and
for which A2t = ¢.

Theorem 4.2. Let s, § and -y be arbitrary positive numbers. We have
P{lleX — ol < 8} > exp{—e72(S(¢) +7)} (4.9)

for € > 0 sufficiently small. Inequality (4.9) is satisfied uniformly for all ¢ with
S(p) <s<oo. IfP(s) ={p € H:S(p) < s}, then

P{p(eX,®(s)) > 6} < exp{—e%(s — )} (4.10)

for € > 0 sufficiently small. Inequality (4.10) is satisfied uniformly for all s <
Sp < 00.

Proof. Let e;, i = 1,2,... be orthonormal eigenfunctions of A and let \; be
the corresponding eigenvalues. We denote by X; and ; the coordinates of X
and ¢ in the basis eq, eq,.... Here X; = (X,¢;),7 = 1,2,..., are independent

Gaussian random variables with mean zero and variance MX? = M(X, ¢;)? =
(Aei,e;) = ;. The functional S(p) can be represented in the following way:
S(p) = $|A7120|> = £ 3°(p2/\;). We assume that S(¢) < oco. Then the
joint distribution of the Gaussian random variables X; — e 1p;, i = 1,2,...,
has a density p with respect to the distribution of the variables X;,7 =1,2,...:

At
p(xr,...x HeXp{ e i — 175—2%2}.

Therefore,

oo

PYIX — ¢l < o]l = P{Z(X— — e < (5fe)? )
_ {Z)@ (6/¢) ,p(Xl,XQ,...)}
- M{||X||2 < (5/2)*
X exp{a_l i)\;1<p,-Xi — 5—25(@)}}. (4.11)
=

Using Chebyshev’s inequality, we find that



80 3. Action Functional

PUIXI? < (6/2)*} 2 1 =20 MIIX[P =1 - %52 )\ > 3/4
i=1
fore < 25(>25°, \i)~'/? and

0o 2
P{’Z MoK < Kp=1- KM (Z /\i_lcpiXi>
=1

oo
=1-K ) N\l =1-2K25(p) > 3/4
i=1

for K > 2v/2./S (). It follows from these inequalities that the random variable
under the sign of mathematical expectation in (4.11) is greater than
exp{—e725(¢) — e K} with probability not smaller than 1/2. This implies
inequality (4.9).

Now we prove the second assertion of the theorem. We denote by X the
random vector with coordinates (X, Xs,...,X;,,0,0,...). The choice of the
index ¢g will be specified later. It is easy to verify that

P{p(eX, ®(s)) > 6} < P{eX ¢ ®(s)} + P{p(X,X) > 6/e}.  (4.12)

The first probability is equal to

P{S(eX) > s} = P{S(X) > se 2} = P{i ATXE > 235—2}. (4.13)

i=1

The random variable »_.° )\ZIXE is the sum of squares of ¢y independent
normal random variables with parameters (0, 1), and consequently, has a x?2-
distribution with 7o degrees of freedom. Using the expression for the density of a
X 2-distribution, we obtain

P{eX ¢ ®(s)} = P{i ATTXE > 235—2}

i=1

_ L /=1 )2
B /255*2 F(20/2)270/2x ‘ e

< const - e exp{—¢ s} 4.14)

for € > 0 sufficiently small. The second probability in (4.12) can be estimated by
means of Chebyshev’s exponential inequality:

P{p(X,X) > d/e} < exp{—g(é/s)Q}M exp{gp(x,f()?}. 4.15)
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The mathematical expectation on the right side is finite for sufficiently large 7.
This can be proved in the same way as the finiteness of the mathematical expec-
tation in (4.4); we have to take account of the convergence of the series > .~ \;.
Substituting ¢ = 2562 in (4.15), we have

P{p(X,X) > d/c} < const - exp{—se 2} (4.16)

for sufficiently large 7¢. Combining formulas (4.13), (4.14) and (4.16), we obtain
the last assertion of the theorem. O

This theorem enables us to calculate the action functional for Gaussian ran-
dom processes and fields in arbitrary Hilbert norms. It is only required that the
realizations of the process belong to the corresponding Hilbert space. In many
examples, for example, in problems concerning the crossing of a level by a ran-
dom process or field, it is desirable to have estimations in the uniform norm. We
can use imbedding theorems to obtain such estimations.

Let D be a bounded domain in R" with smooth boundary. Let us denote by
W), the function space on D obtained from the space of infinitely differentiable
functions in D by completing it in the norm

lllwy = <||Z / <u<q><x>>2dz)1/2,
q|<l

where ¢ = (q1,...,¢:) |g| = 3. ¢; and u(® = 9l9ly /929" - - - Dxdr. The space
W/, with this norm is a separable Hilbert space (Sobolev [1]). Roughly speak-
ing, WY consists of functions having square integrable derivatives of order /. In
order that the realizations of a Gaussian random field X,, z € D C R" with
mean zero and correlation function a(u,v) = MX, X, belong to W(D), it
is sufficient (cf., for example, Gikhman and Skorokhod [1]) that the correlation
function have continuous derivatives up to order 2/ inclusive. Let m be a multi-

index (my,...,m;), my > 0,and let [m| =m; +mg+ - +m, <1 —r/2.
For all x € D we have the estimation
olmlu(z)

W‘ < const - [[uflyy-
This inequality comprises the content of an imbedding theorem (cf. Sobolev [1]
or Ladyzhenskaya and Ural’tseva [1], Theorem 2.1). It follows easily from this
that if the correlation function of a random field has continuous derivatives of
order 2] in D U 9D, then estimates (4.9) and (4.10) are satisfied in the metric of
an) for m < I < r/2. Moreover, the functional S(¢) is defined by the equality
S(p) = $||A71/2¢||?, where A is the correlation operator. As above, A~1/2 is
made single-valued by requiring the orthogonality of A~/ to the null space
of A. If A=Y/2¢ is not defined, then S(¢) = +oo. In particular, for 2/ > r,
estimates (4.9) and (4.10) hold in the norm of Cp.

If we apply sharper imbedding theorems to obtain estimates in Cp, we can
reduce the requirements on the smoothness of the correlation function.
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Lemma 4.1.

(a) The set ®(s) = {p € H: S(p) < s}, s < oo is compact in H;
(b) the functional S(p) is lower semicontinuous, i.e., if ||on, — ¢| — 0 as
n — oo, then S(p) < lim S(pn)-

—_—n—00

Proof. First we prove (b). We consider the Hilbert space H;y C H obtained
by completing the domain D 41,2 in the norm || f||; = ||A~/2f||. This ex-
pression indeed defines a norm, since A=1/2 ig linear and does not vanish
on nonzero elements. It is sufficient to prove our assertion for a sequence ¢,
such that lim,_,~, S(py) exists and is finite. For such a sequence, ||¢,l1 =
[25(¢n)]'/? < const < oo for all n. Since the set {¢,} is bounded, it is
weakly compact, i.e., there exists an element ¢ € H; such that some subse-
quence ¢,,, converges weakly to @in Hy : (¢n,-f)a, = (A=Y 20, A=V2f) =
(@, F)ar, = (A~Y25, A=1/2f) asi — oo forany f € H;. This implies that ¢,,,
converges weakly to ¢ in H. Indeed, let ¢ € H. We have Ag € H; and

(onig) = (A2AY 20, g) = (A7 2p,;, AV2g)
= (A_1/290ni7 A_l/zAg) = (Spni ) A9>H1 —0
as ¢ — oo. By virtue of the uniqueness of weak limits in H we obtain that ¢ = ¢.
Now we obtain assertion (b) of the lemma from the lower semicontinuity of the
norm in the weak topology.

Assertion (a) of the lemma follows from (b) and from the fact that A, and
thus A'/2, are completely continuous. [

Remark. Tt follows from the proof that S(y) is lower semicontinuous in the
topology of weak convergence in H.

We indicate some more properties of S((p), clarifying its probabilistic mean-
ing.

Theorem 4.3. Let p € D 4—1/2. We have

limlime? In P{|le X — =_ : 4.1
imlime”In P{lleX — ]| <o} = —5(¢); (4.17)

o PUIEX — 1] < 8

_ -2
=P {eX] < o7 =exp{—¢""S(p)}. (4.18)

Proof. The first assertion was proved in a general setting Sect. 3. We prove the
second assertion only for ¢ € D 4-1. (Concerning a proof for ¢ € D 41,2, cf.
Sytaya [1]; there is a sharpening of the first assertion of the theorem there.) Using
the notation of Theorem 4.2, from equality (4.11) we obtain

P{leX — o] < 6} = M{|sX|| <6 exp{a-lzwmi —e-Qs«o)}}
1=1
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= eXp{—€25(90)}M{II€X|| <9;

X exp{g—le;I%Xi}}. (4.19)
=1

If o € Dy, then [ SN 10 X;| = [(A7Yp, X)| < [|A7 ||| X||. From this
we conclude that

g MUleX | < Grexp{et A @iXi}}

1.
510 P{l[eX] <o}

The last equality and (4.19) imply the second assertion of the theorem. O

Remark. Relation (4.18) is also interesting in problems not containing a small
parameter. It can be interpreted as an assertion stating that for a Gaussian random
field (process) X, the functional exp{—S(p)} plays the role of a nonnormalized
probability density with respect to “uniform distribution in the Hilbert space H.”

Example 4.1. Let D be a bounded domain in R" with smooth boundary 9D. Let
X, be a Gaussian random field defined for z € DUQJD and having mean zero and
correlation function a(z1, z2). We assume that a(z1, 22) has continuous deriva-
tives through order r 4 2. Then the realizations of X, have square integrable par-
tial derivatives up to order [r/2]+1 on D with probability 1. In other words, these
realizations belong to W[;/ A+ (D), and consequently, by the above imbedding
theorem, X € Cpusp and

I Xl < const - ||XHW£T/2]+1.

This implies that the functional S(y) defined as 3[|A~1/2¢||? if A=1/2p is de-
fined and as 4-oo for the remaining ¢, is a normalized action functional for the
random field e X, as € — 0 not only in W[QT/Q]Jrl but also in Cpusp.

We put G = {¢ € Cpusp : max.epuap |¢(z)| > 1}. We study the behav-
ior of P{e X € G} as € — 0. Every element of the boundary of the closed set G
can be moved into the interior of G by multiplying it by a number arbitrarily
close to 1. Since S(ap) = aS(yp), this implies the regularity of G with respect
to S(¢). Therefore, by Theorem 3.4 we have

. 2 .
il_%s InP{eX € G} = érelfGS(go).

We calculate the infimum.

We denote by e (z) and Ay the eigenfunctions and the corresponding eigen-
values of the symmetric kernel a(z;22). It is known that a(z1,22) = > A\g X
er(z1)er(z2). We calculate the value of S at the function ¢, (2) = a(zp,2) =
> Akek(z0)er(z). We have
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S(z)

1. 1 _
5”14 1/2§020H2 = 5 ZAkl(gpzoaek)

1 1
3 Z /\kei(zo) = aa(zo7 20)-

Let the function a(z, z) attain its maximum on D U 0D at the point 2. Put

o(2) = a(2,2) Lps(2).

At 2 the function ¢ assumes the value 1; S(¢) = Sa(Z, 2) 1. We show that S(¢)
is the infimum of S(¢) on G. Indeed, let p(z) = > crer(z) be any function
assuming a value not smaller than 1 at some point Z. Using the Cauchy inequality,

we obtain

S(p)-a(z,z) = % SR ek (2)

1 1 1
Z5 cker(Z) = 5@(5) Z3
This implies
1 1
S(p) > §aL(za z)~t > §a(2,2)—1. (4.20)

Hence inf,c S(p) = 3a(2,2)7 L.

If we assume that Z is the only absolute maximum point of the function
a(z,z) on D U 0D, then the equality in (4.20) can be attained only for ¢, =
Awer(2)a(2,2)7L k = 1,2,..., ie., the infimum of S(y) is attained only for
©(z) = ¢(z). Theorem 3.4 yields

1 1 -1
L2 N
g%s InP{eX € G} = 2a(z7 Z) 5 (zenll)%){gD al(z, z)) .

If a(Z, 2) > a(z, z) for all remaining points z of D U 9D, then
lim P{sup eX, — ¢(2)| < dleX € G} =1
e—0 2

for every 6 > 0.

In the case of a homogeneous random field X, there exists no function ¢
along which the realizations of ¢ X, reach the level 1 with overwhelming proba-
bility as € — 0 under the condition that they reach it at all. Nevertheless, in this
case, the functions a(zo, z) for various zy can be obtained from each other by
shifts and it can be proved that

a(z — 2o)

STy

lim P< max
e—0 2e€DUOD

< 0leXy, > 1} =1,

where 6 > 0, a(z) = a(z0, 20 + 2).



Chapter 4

Gaussian Perturbations of Dynamical Systems.
Neighborhood of an Equilibrium Point

1 Action Functional

In this chapter we shall consider perturbations of a dynamical system
&y = b(xy), o = x, b(z) = (b'(x),...,b"(x)) (1.1

by a white noise process or by a Gaussian process in general. Unless otherwise
stated, we shall assume that the functions b’ are bounded and satisfy a Lipschitz
condition: |[b(z) — b(y)| < K|z — yl, |b(xz)] < K < oco. Here we pay particular
attention to the case where the perturbed process has the form

X =b(XE) +euy, X5 =u, (1.2)

where w, is an r-dimensional Wiener process. In Chap. 2 we mentioned that as
e — 0, the processes X; converge in probability to the trajectories of the dy-
namical system (1.1), uniformly on every finite interval [0, T]. This result can
be viewed as a version of the law of large numbers. In Chap. 2 there is also an
assertion, concerning the processes X;, of the type of the central limit theorem:
the normalized difference (X — x:) converges to a Gaussian process. This re-
sult characterizes deviations of order ¢ from the limiting dynamical system. In
this chapter we study the asymptotics of probabilities of large (or order 1) devi-
ations for the family X7 of processes and consider a series of problems relating
to the behavior of the perturbed process on large time intervals. In the last sec-
tion we consider large deviations for the processes X;, which are defined by the
equations .

X =b(X7, ), X; =u=, (1.3)

where (; is a Gaussian process in R! and b (z,y), z € R",y € R! is a continuous
function for which b(z,0) = b(x).

Let 1)+ be a continuous function on [0, 7] with values in R". In Cor(R") we
consider the operator B,, : ¥ — v, where v = vy is the solution of the equation

t
vt:x—i—/ b(vs)ds + 1y, t€[0,T). (1.4)
0
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It is easy to prove that under the assumptions made concerning b(x), the
solution of (1.4) exists and is unique for any continuous function %) and any = €
R". The operator B, has the inverse

t
(B ')y =y = vy —x — / b(vs) ds.
0
Lemma 1.1. Suppose the function b(x) satisfies the Lipschitz condition
[b(z) = b(y)| < Klz —yl.
Then the operator B, in Cor(R") satisfies the Lipschitz condition

|Bop — Botb|| < "Ml —ll;  o,9 € Cor(R").

Proof. By the definition of B, for u = B, v = B, we have

lug — ve| =

A@%wwm»@+@—m>

t
SK/W%—mw&w¢—wutemmy
0

Relying on Lemma 1.1 of Chap. 2, this implies the assertion of Lemma 1.1. O

On Cyr(R") we consider the functional S(¢) = Sor(y) which is defined
by the equality

TR
Su() =5 [l = el ds

for absolutely continuous functions and we set Sy () = 400 for the remaining
p e COT(RT).

Theorem 1.1. The functional e=2S () is the action functional for the family X{
of processes defined by (1.2) in Cor(R") as € — 0 uniformly with respect to the
initial point x € R".

Proof. For every fixed z, the assertion follows from Theorem 3.1 of Chap. 3 and
Lemma 1.1 if we take account of the form of the actional functional for the family
of processes ewy.

Indeed, since B, is continuous in Cor(R") and has an inverse, the action
functional for the family of the processes X¢ = B, (ew) has the form e 25(¢p),
where
2 1 /7T

d=5 [l - dr
0

if the function (B, 1), = ¢ — x — fot b(ps) ds is absolutely continuous. It is
clear that this function is absolutely continuous if and only if ¢, is so.
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Now we have to prove uniformity in z. The fulfillment of formulas (3.12),
and (3.13) of Chap. 3 for small values of the parameter for all x € R" follows
immediately from the uniform continuity of B, in x (a Lipschitz condition with
a constant independent of ). It remains to prove (0.) of Sect. 3 of Chap. 3:
the lower semicontinuity of Spr and the compactness of |, ®:(s) for any
compact set K. This can be deduced from the fact that (x, ) — B, is a home-
omorphism if we consider only 9 with ¢p = 0. O

This implies in particular that the infimum of Syr(¢) on any bounded closed
subset of Cyp(R") is attained and Sy assumes values close to the smallest value
only near functions at which the minimum is attained.

We note that if Sor(¢) = 0, then the function ¢ defined on [0, 77 is a trajec-
tory of the dynamical system (1.1), since in this case, ¢ is absolutely continuous
and satisfies the condition ¢; = b((;) almost everywhere on [0, T'].

We consider some simple applications of Theorem 1.1. Let D be a domain
in R", let 9D be its boundary, let ¢(z) be a bounded continuous function on R",
and let g(z) be a bounded continuous function defined on 9D.

We write 7¢ = min{t : X; ¢ D}, where X{ is a solution of (1.2) and

Hp(t,z) ={p € Cor(R") : 99 = x,: € DUOD},
Hp(t,z) = {p € Cor(R") : po = z,05 ¢ D for some s € [0,¢]}.

Theorem 1.2. Suppose that the boundary of D coincides with the boundary of
its closure. We have

lim 2 InP,{Xf € D} = — in S , 1.5
51—%8 n { 0 € } Lpeiln;r(lt,m) OT(QO) (1.5)
lime?InP,{r° <t} =— min Sor(p). (1.6)
e—0 peHp(t,z)

If the extremal (p providing the minimum of So;(p) on Hp(t, ) is unique and it
assumes a value in 0D at only one value § € [0, t], then

(1.7)

Proof. Since e ~2Sy7(¢) is the action functional for the family of processes X§,
relations (1.5) and (1.6) follow from Theorem 3.4 of Chap. 3. In seeing this,
we have to use the regularity of Hp(t,2) and Hp(t,x), which was proved in
Example 3.5 of Chap. 3.

To prove (1.7), we consider the events A = {7° < t,po:(X%, @) < 4},
AS = {75 < t,pot(X=,$) > 0}. On the set A we have

€

‘g«as)exp{ / § (g dsf gz e] [ c(Xi)dsH < (B)
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where A\; — 0 as ¢ | 0. This estimate follows from the circumstance that the time
spent by the curve ¢ in the d-neighborhood of the point ¢z € 0D converges to
zero as ¢ | 0 and after the time $, the extremal ¢ does not hit 9D. The relations
A U A = {7° <t} and (1.8) imply the inequality

(stznexn [ o) dsh =35 ) Par” < 1) = P(AD)] — glel1P. (41

€

<m{rf <ngxsen{ [ cxsas)]
< (steaem] | (o) ds} 428 )Palr® < 1)+ Lall P, (49, (19

where ||c|| = sup |e(x)], ||g|| = sup|g{z)|. Since ¢ is the only extremal of the
action functional on H p(t,x), the value of Sy, at functions reaching 9D and
being at a distance not smaller than ¢ from ¢ is greater than Sy () + -y, where 7y
is some positive number. Using Theorem 1.1 (the upper estimate with /2 instead

of 7), we obtain that

P2(A3) < exp{—e"*(Sor(@) +7/2)}

for € sufficiently small.
Taking account of relation (1.6), from this we conclude that

lim P, (A3)/P.{r° <t} =0. (1.10)
e—0

If we now divide inequality (1.9) by P,{7° < ¢} and take account of (1.10)
and the fact that lims o As = 0, we obtain (1.7). O

Thus, the calculation of the principal term of the logarithmic asymptotics of
probabilities of events concerning the process X; has been reduced to the solu-
tion of some variational problems. These problems are of a standard character.
For the extremals we have the ordinary Euler equation and the minimum itself
can be found conveniently by means of the Hamilton—Jacobi equation (cf., for
example, Gel’fand and Fomin [1]). If we write

V(tvxvy) = min S()t(QO)7

PO=T,Pt=Y

then

i S = 3 V t, , ,
oD, ) S0e0) = in, V(E2,y)
min S| = min V(s,z,y).

pEHp (t,7) 0t(¢9) oizsgt ( Y)

The Hamilton—Jacobi equation for V (¢, z, y) has the form
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oV (t,x,y)
ot

where V, is the gradient operator in the variable 3. We have to add the conditions
V(0,z,2) =0,V (t,z,y) > 0to (L.11).
Concluding this section, we note that the functions

1
+ 3V V(2P + (), VyV(E2,9)) =0, (L1

u®(t,z) = P.{X; € D}, vE(t, x) = P{m° < t},

€

wr(ta) =M < gz en{ [ cxsas}

are the solutions of the following problems:

8 € 2
81;5 — %Aua + (b(z),V,u®), xz€R", t>0
u(0,2) =1 forx € D,
u®(0,2) =0 forx ¢ D;
a 5 2
8Ut - %AUE + (b(z), Vy0%), zeD,t>0;
v°(0,2) =0, v (¢, x)|zeop = 1;
awa 2

o %Auﬁ + (b(z), Vaw®) + c(z)w®, x €D, t>0;

w®(0,z) = 0,
WE(t, x)|zeap = g(x);

so that Theorem 1.2 can be viewed as assertions, concerning the behavior as the
parameter converges to zero, of solutions of differential equations with a small
parameter at the derivatives of the highest order.

2 The Problem of Exit from a Domain

Let D be a bounded domain in R" and let 9D be its boundary, which we assume
to be smooth for the sake of simplicity. If the trajectory x(x) of the system (1.1)
issued from the point z € D leaves D U 0D within finite time, then for small
g, the trajectories of the process Xy issued from x leave D within the same time
with probability close to one and the first exit from D takes place near the exit
point of z;(x) from D with overwhelming probability (cf. Chap. 2).

In this paragraph we shall assume that (b(z),n(z)) < 0 for z € 9D, where
n(x) is the exterior normal to the boundary of D, so that the curves x+(x) cannot
leave D for x € D. The trajectories of X; issued from a point x € D leave
D with probability 1 (in the case of (b(z),n(z)) < 0 too, for every ¢ /=)
Nevertheless, the point of exit and the time necessary for reaching the boundary
are not any more determined by the trajectory x;(z) of the dynamical system for
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small ¢, but rather depend on the form of the field b(x) in the whole domain D
in general. Here we study the problem of exit from D for the simplest structure
of b(z) in D which is compatible with the condition (b(z),n(z)) < 0. A more
general case will be considered in Chap. 6.

Let O € R" be an asymptotically stable equilibrium position of system (1.1),
i.e., for every neighborhood &7 of O let there exist a smaller neighborhood &
such that the trajectories of system (1.1), starting in & converge to zero without
leaving &1 as t — oo.

We say that D is attracted to O if the trajectories z+(x), z € D converge to
the equilibrium position O without leaving D as t — oo.

The quasipotential of the dynamical system (1.1) with respect to the point O,
is, by definition, the function V' (O, x) defined by the equality

V(Ovl‘) = inf{STsz (410) p e CT1T2 (Rr)v YT = Oa PT, = x7T1 < TQ}

We note that the endpoints of the interval [T}, T3] are not fixed. The meaning of
the term “quasipotential” will be clarified in the next section. It is easy to verify
that V(O,x) > 0, V(O,O) = 0 and the function V' (O, z) is continuous.

Theorem 2.1. Let O be a stable equilibrium position of system (1.1) and suppose
that the domain D is attracted to O and (b(x),n(x)) < 0 for x € D. Suppose
Sfurthermore that there exists a unique point yo € 0D for which V(O,yq) =
minyecap V(0,y). Then

Jorevery § > 0and x € D, where 7¢ = inf{t : X; € 0D}.

The proof of this theorem will be done according to the following plan. First
we show (by means of Lemma 2.1) that with probability converging to 1 as
e — 0, the Markov trajectories X; issued from any point z € D hit a small
neighborhood of the equilibrium position before they go out to 9D (Fig. 3). Since
X7 is a strong Markov process, this implies that it is sufficient to study how the
trajectories starting in a small neighborhood of O go out of the domain.

Let I' and  be two small spheres of radii p and 11/2 with their center at the
equilibrium position O (Fig. 4). We introduce an increasing sequence of Markov
times 79, 0g, 71,01, T2, . . . in the following way: 79 = 0 and o, = inf{t > 7, :
X; €T}, 1, = inf{t > 0,1 : X§ € yU 0D} (if at a certain step, the
process X; does not reach the set I' any more, we set the corresponding Markov
time and all subsequent ones equal to +co. We note that infinite 7,,’s or o,,’s
can be avoided if we change the field b(z) outside D in an appropriate way).
The sequence Z,, = X7 forms a Markov chain on the set v U 0D (generally
speaking, a nonconservative chain: Z,, is not defined if 7,, = oo but this can
happen only after exit to D). For small ¢, this Markov chain passes from any
point x € v U 0D to the set v in one step with overwhelming probability. On
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Figure 3.

Figure 4.

the other hand, it turns out that if the chain indeed passes from x € ~ onto 0D,
then with probability converging to 1 as ¢ — 0, this passage takes place into a
point lying in the neighborhood of the minimum point y, of the quasipotential:
for every 6 > 0 we have

lim P.{|Z) — yo| < 6|2, € 0D} =1 2.1)
e—0
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uniformly in z € ~y. The assertion of the theorem can be deduced easily from
this.
The proof of (2.1) will of course, use the action functional and its properties.
We formulate and prove the auxiliary assertions needed for the proof.

Lemma 2.1. Let F' be a compact set in R" and let T and 6 be positive numbers.
There exist positive numbers €y and (8 such that

P.{por(X®,z(z)) > 6} < exp{—c~23},

forany x € F and € < e, where x¢(x) is the trajectory of the dynamical system
issued from x.

Proof. Put

G(z) = {¢ € Cor : o = =, por (¢, z(x)) > d}.

By the corollary to Theorem 1.1, the infimum d of Syr(p) on the closed set
U.cr G(2) is attained at some element of this set. The functional Spz vanishes
only on trajectories of the dynamical system. Therefore, d > 0.

For any d' < d, the sets |, G(z) and |J, . p ®.(d’) are disjoint. Let us
denote the distance between them by ¢’. (¢ is positive because the first set is
closed and the second is compact.) We use Theorem 1.1: for any v > 0 we have

P{pOT(stx(I)) > 5} = Pw{XE € G(:l))} < Px{pOT(ng(b:c(d/) > 5/)}
< exp{e”*(d' —7)}

for sufficiently small € and for all x € F'. Hence the assertion of the lemma holds
for B = d’ — ~y (as 3 we can therefore choose any number smaller than d). O

In what follows, we denote by &5(a) the d-neighborhood of a point a € R".
We shall need the following lemma in Sect. 4, as well.

Lemma 2.2. Suppose that the point O is a stable equilibrium position of system
(1.1), the domain D is attracted to O and (b(x),n(z)) < 0 for x € OD. Then for
any o > 0 we have:

(a) there exist positive constants a and Ty such that for any function p, assuming
its values in the set D U 0D\&,(O) for t € [0,T], we have the inequality
Sor(p) > a(T —To);

(b) there exist positive constants ¢ and Ty such that for all sufficiently small
€ > 0and any x € D U OD\&,(O) we have the inequality

Px{Ca > T} < exp{—E_ZC(T - TO)}7

where (,, = inf{t: X7 ¢ D\&,(O)}.
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Proof. (a) Let &,/(O) be a neighborhood of O such that the trajectories x(x)
of the dynamical system issued from &, (O) never leave &, (O). We denote by
T(a, x) the time spent by z;(z) until reaching &, (O). Since D is attracted to O,
we have T'(a, ) < oo for x € D UAD. The function T'(«, ) is upper semicon-
tinuous in x (because x(z) depends continuously on x). Consequently, it attains
its largest value Ty = max,cpuap T'(a, x) < oo.

The set of functions from Cyr,, assuming their values in D U 90D\ &, (0), is
closed in Cyr,. By the corollary to Theorem 1.1, the functional Syr, attains its
infimum on this set. This infimum is different from zero, since otherwise some
trajectory of the dynamical system would belong to this set.

Hence for all such functions, Sy, (¢) > A > 0. By the additivity of S,
for functions ¢ spending time 7T longer than 7j in D U 9D\&,(0O), we have
Sor(y) > A; for functions spending time 7' > 2Tp in D U 9D\ &, (O), we have
Sor(p) > 2A, etc. In general, we have

S()T(gz)) > A[T/T()] > A(T/TO — 1) = a(T — To)

(b) From the circumstances that D is attracted to O and that (b(z), n(z)) < 0
on the boundary of D, it follows that the same properties will be enjoyed by
the d-neighborhood of D for sufficiently small § > 0. We shall assume that §
is smaller than «/2. By assertion (a), there exist constants T and A such that
Sor, () > A for functions which do not leave the closed d-neighborhood of D
and do not get into &, /2(O). For x € D, the functions in the set ®x (A) = {¢:
wo = x, Sor, () < A} reach &, /5(O) or leave the §-neighborhood of D during
the time from 0 to Tp; the trajectories of X} for which (, > T are at a distance
not smaller than § from this set. By Theorem 1.1, this implies that for small € and
all z € D we have

Po{Ca > To} < exp{—c*(4 -7}
Then we use the Markov property:

Px{Ca > (TL + ].)To} = MIKQ > nlp; PX’ZTO {Ca > To}]

S PCD{COL > TLT()} - sup Py{Ca > TO};
yeD

and we obtain by induction that
T (T/To]
P${Coz > T} S Pw Ca > T TO S |:SU-p Py{(a > TO}:|
0 D

ye

comf- (2 1)a-)

Hence as ¢, we may take (A — 7)Tp, where + is an arbitrarily small number. O

We formulate another simple lemma.
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Lemma 2.3. There exists a positive constant L such that for any x and y € R"
there exists a smooth function ¢, o = x, or = y, T = |z — y| for which
Sor(p) < L-|z—yl.

Indeed, we may put o, = = + [(y — z)/(ly — z|)].
We now pass to the proof of the theorem. Let § > 0. We write

d= mln{V(an) RS aDa |y - y0| Z 5} - V(an())

Since g is the only minimum place of V', we have d > 0.
We choose a positive number p < d/5L such that the sphere I' of radius
and center O is inside D (L is the constant from Lemma 2.3).

Lemma 2.4. For sufficiently small € we have
P.{Z, € 0D} > exp{—e*(V(O,y) + 0.45d)}
Sorall © € ~y. (We recall that +y is the sphere of radius /2 and center O.)

Proof. We choose a point y; outside D U 9D at a distance not greater than zi/2
from yo. There exists 7" > 0 such that for any point = € ~y there exists a function
0, 0 <t <T, 95 =, 97 =y1, Sor(¢”) < V(0,y0) +0. 4d

Indeed, first of all we choose a function <p§ )0 <t<T) <p =0, <pT1 =

yo such that Soz, (M) < V(O, o) + 0.1d. We cut off its first portion up to the

point 1 = gog ) of the last intersection of gogl) with T', i.e., we introduce the new

function <p§ ) = wgﬂt, 0<t< Ty, =T —t;. We have ap((f) = 11, <p(T2) = Yo,
Sor, (¢?) = Sy, Tl( M) < V(0,y0) + 0.1d. Moreover, by Lemma 2.3, we
choose functions got ,0<t<Ts =p,p (3) =0, ¢(3) = 1, Sor, (¢®) <
0.2d; (", 0 <t < Ty, o = yo. 47 = w1, Sor, () < 0:1d. Finlly by

the same lemma for any = € ~y we choose a function ¢; (%) ,0<t < T5 =p/2,

gog ) = g, apT = 0, Sor, (™) < 0.1d depending on x. We construct the

function ¢7 out of pieces ), 03, (2 and PH): 7 = cp(S) for 0 < t < Ty;
= o\ for Ty <t < Ts + Ty; = o\, g, for Ts + T3 <t < Ts + Ty + T;
= o\ g, for Ts + T + Ty < t < T + T3 + Ty + T (Fig. 5).

We choose the positive §’ smaller than z/4 and the distance of y; from 9D
and use Theorem 1.1. For € smaller than some £g and for all x € v we obtain

P.{por(X®,¢") < &'} > exp{—e*(V(0O,y0) + 0.4d + 0.05d)}.

On the other hand, if a trajectory of X passes at a distance smaller than ¢’ from
the curve ¢, then it hits the §’-neighborhood of y; and intersects 9D on the way,
not hitting ~ after reaching I'. Consequently, the probability that Z; belongs to
dD is not smaller than exp{—e~2(V (0, yo) + 0.45d)}. O
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Figure 5.

Lemma 2.5. For sufficiently small € we have
P.{Z1 € OD\&5(yo)} < exp{—e*(V(O,y0) + 0.55d)}
forall z € 7.

Proof. We recall that Z; = X¢ , where 7y = inf{t > 0¢ : X7 € yUOD}. We
introduce the notation 7(y U dD) = inf{t > 0 : X{ € v U dD}. The random
variable Z; is nothing else but the variable X® (yUOD) calculated for the segment,
shifted by oy on the time axis, of a trajectory after time oy. We use the strong
Markov property with respect to the Markov time oy. We obtain

P2{Z1 € OD\&(yo)} = MaPx: {X7(,00p) € OD\E5(yo)}-

Since X € I, this probability does not exceed

sup P2 {X7(yuap) € OD\E5(yo)}
x€

for any = € . We estimate the latter probability.

By Lemma 2.2, for any ¢ > 0 there exists 7" such that P,{r(y U D) >
T} < exp{—e2¢c} for all z € T and e smaller than some gy. As ¢ we
take, say, V (O, yo) + d. To obtain the estimate needed, it remains to estimate
Po{r(yUOD) < T,X: op) € OD\E5(yo)}. We obtain this estimate by
means of Theorem 1.1.

We consider the closure of the 1/2-neighborhood of 9D\ &5 (yo); we denote it
by K. No function ¢, 0 < t < T, ¢g € ' such that Sor(¢) < V(O, yo)+0.65d
hits K. Indeed, let us assume that ¢;, € K for some t; < T'. Then Sy, () <
Sor(p) < V(0,yo) + 0.65d. By Lemma 2.3, we take the functions <p§1), 0<

t<Ty, goél) =0, w%) = (g, with SOTI(@(I)) < 0.2d and <p§2), 0<t<Ty,
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80(()2) = ¢, <PT2 € OD\&s(yo) with SOTQ( ) < 0.1d and out of pieces <p(1)
¢ and ¢ we build a new function: $(t) = ¢, ™ for 0 <t < Ty =@
for Ty <t < Ty +t;= ¢y, for Ty + <t < T+t + Ty Then

¢o = o, ¢T1+t1+T2 € aD\(”@’Y(yO) and SOT1+251+T2 (@) < 0.2d + V(O,yo) +
0.1d + 0.65d. This is smaller than the infimum of V (O, y) for y € D\&5(yo),
which is impossible.

This means that all functions from |J, . ®.(V (O, y0) + 0.65d) pass at a
distance not smaller than p/2 from 0D\&5(yo). Using Theorem 1.1, we obtain
for sufficiently small € and all z € I" that

Po{r(yUOD) < T, X7 uap) € OD\&s(yo)}
< Pa{por(X®, @2(V(O, yo) + 0.65d)) = 1/2}
< exp{—e"2(V(O, yo) + 0.65d — 0.05d)},
Po{ X7 uap) € OD\Es5(yo)} < Po{r(yUOD) > T} + Po{r(yUOD) <T,
X3 (yuap) € OD\E5(yo)}
exp{—e"*(V(O,y0) + d)}
+ exp{—e2(V(0O,yo) + 0.6d)}
< exp{—e"3(V(0,yo) + 0.55d)}.

N

IN

It follows from Lemmas 2.4 and 2.5 that
P.{Z, € OD\&s(yo)} < P{Z, € 9D} exp{—c2-0.1d}

for sufficiently small € and all z € . We denote by v the smallest n for which
Zy, € 0D. Using the strong Markov property, for « € v we find that

Po{| X5 — ol > 6}
=P.{Z, € 0D\&s(yo)}

=Y " Pu{v =n,Z, € 9D\& (o)}

n=1

=Y Mo{Z1€7,.... Zn1 €7 Pz, ,{Z1 € ID\&5(yo)}}
<> Mo{Z1 €7, Zn1 €% Pz, {Z1 € OD} - exp{—c2-0.1d}}

= Z P.{v=n}-exp{—e2-0.1d}
n=1
=exp{—e?-0.1d} =0

as ¢ — 0. Consequently, the theorem is proved for x € +.
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If z is an arbitrary point in D, then
Po{lX5 —yol >0} < P.{X7 (vuoD) € oD}
+ Pﬂi{XT('yUc')D) €7 |‘XV‘1€'E - y0| > 5}

The first probability converges to zero according to Lemma 2.1. Using the strong
Markov property, we write the second one in the form

M {X (yUdD) €7 PX.,.(_YUD){|XTE - yO‘ > 6}}7
which converges to zero by what has already been proved. 0O

In the language of the theory of differential equations, Theorem 2.1 can be
formulated in the following equivalent form.

Theorem 2.2. Let g(x) be a continuous function defined on the boundary D of
a domain D. Let us consider the Dirichlet problem

2
9 z .

us(x) =g(z), z€dD.
If the hypotheses of Theorem 2.1 are satisfied, then lim._,o u®(z) = g(yo)-

Proof. The proof follows easily from the formula u®(x) = M,g(X&.) (cf.
Sect. 5, Chap. 1) if we take account of the continuity and boundedness of g(x).
On the other hand, we can obtain Theorem 2.1 from Theorem 2.2 by means of
the same formula. O

Under additional assumptions, we can obtain more accurate information on
how a trajectory of X goes out of D for small ¢.

Now it will be more convenient to use the notation X (), ¢(t) instead of
X:, ¢4, etc.

We have defined V' (O, y) as the infimum of Sor () for all functions (t),
0 <t < T going from O to y. This infimum is usually not attained (cf. ex-
amples in the next section). However, it is attained for functions defined on a
semiaxis infinite from the left: there exists a function ¢(t), —oco < t < T such
that p(—o00) = O, p(T) = y, S—co,7(¢) = V(O,y). We shall not prove this
but rather include it as a condition in the theorem we are going to formulate.
(The assertion is contained in Wentzell and Freidlin [4] as Lemma 3.3 with the
outlines of a proof.) The extremal o (t) is not unique: along with it, any translate
o(t) = ot + a), —oo <t < T — aof it will also be an extremal.

We introduce the following definition. Let G be a neighborhood of O with
smooth boundary 0G. A curve p(t) leading from O to the boundary 0D of D,
necessarily intersects G somewhere. Let us denote by 05 () the last moment
of time at which ¢(¢) is on 0G : g (@) = sup{t : ¢ € IG}. If for some
a > 0, the function p(t) assumes values inside G for t € [fac () — @, ac(¢)],
then we shall say that ¢(t) leaves G in a regular manner.
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V(07 ,V) = V(Ov yO)

Figure 6.

Theorem 2.3. Suppose that the hypotheses of Theorem 2.1 are satisfied and there
exists an extremal ¢(t), —oo < t < T, unique up to translations and going from
O to OG (namely, to the point yo, Fig. 6). Let us extend $(t) by continuity to
t > T in an arbitrary way.

Let G C D be a neighborhood with smooth boundary of the equilibrium
position and suppose that the extremal $(t) leaves this neighborhood in a regular
manner. Let us denote by 03 the last moment of time at which the trajectory of
X¢(t) is on OG until exit onto 0D : 05, = max{t < 7° : X*(t) € 0G}. For
any 6 > 0and x € D we have

limPe{ ma | |XC(0) — 4t~ b5+ boc (@) <5} =1.

In other words, with probability converging to 1 as € — 0, the last portion of
the Markov trajectory until exit to 9D but after exit from G is located in a small
neighborhood of the extremal ¢(¢) translated in an appropriate way.

The proof of this theorem can be carried out according to the same plan as
that of Theorem 2.1. We ascertain that for functions ¢(t), 0 < ¢ < T leading
from O to D and lying at a distance greater than /2 from all translates of
the extremal, we have Syr(¢) > V (O, yo) + d, where d is a positive constant.
Then we choose (1 < d/5L A ¢/2 and the spheres v and I". The functions (),
0 <t < T starting on I, lying farther than 6/2 from the translates of (¢) and
such that Sor () < V (O, yo)+0.65d, do not reach the p/2-neighborhood of D.
As in the proof of Theorem 2.1, from this we can conclude that
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Px{m UAD) < T, X*(r(yUdD)) € 9D,

max | X°(t) - $(t — O + 0o ()] = 0}

05, <t<re
< eXp{—5_2(V(O,y0) +0.6d)}
forall x € I" and
P.{X*(r(yUOD)) € OD, max |X*(t) ~ $(t — O3 + Oac(@))] = 0}

SaSt<Te
< P {X®(7(yUAdD)) € 9D} exp{—e~2-0.1d}

for all z € ~, from which we obtain the assertion of the theorem for these x and
thenforallz € D. O

If the dynamical system (1.1) has more than one stable equilibrium position
in D, then before it leaves the domain, the trajectory of X; can pass from one
stable equilibrium position to another. In this case, the point of exit from the do-
main depends on the initial point. We consider such a more complicated structure
of a dynamical system in Chap 6. Here we discuss the case where system (1.1)
has a unique limit cycle in D.

As a concrete example, let D be a planar domain homeomorphic to a ring.
The boundary 0D is assumed to be smooth, as before. We assume that system
(1.1) has a unique limit cycle I in D and D is attracted to I, i.e., the trajectory
x¢(z) for z € D converges to II with increasing ¢, without leaving D. On the
boundary 9D we assume that the earlier condition (b(x),n(x)) < 0 is satisfied.

The quasipotential of system (1.1) with respect to II is, by definition, the
function

V(H7$) = inf{ST1T2 ((,0) foT € 11, Ty = SC}
The following theorem can be proved in the same way as Theorem 2.1.

Theorem 2.4. Suppose that the domain D is attracted to a stable limit cycle 11
and (b(z),n(x)) < 0 for x € OD. Furthermore, suppose that there exists a
unique point yo € 0D for which

V(IL yo) = yrgg}) V(I y).

Then
. . _
&111’% Po{| X5 —wol| <0} =1,

forevery 6 > 0and x € D.

The assertion of Theorem 2.4 remains valid in the case where not the whole
domain D is attracted to II but only its part exterior to II, provided that the
interior part does not have an exit to @D. Then the cycle may be stable only from
the outside.

If the extremal of the functional S(y) from II to 9D is unique up to transla-
tions, then an analogue of Theorem 2.3 can be proved.
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3 Properties of the Quasipotential. Examples

In the preceding section it was shown that if we know the function V (O, z), i.e.,
the quasipotential of the dynamical system, then we can find the point yy on the
boundary of the domain, near which the Markov trajectories of X starting inside
the domain reach the boundary for small €. In the next section we show that this
function is important in other problems, as well. For example, the principal term
of the asymptotics of the mean time M,7° spent by a trajectory of X} before
reaching the boundary of a domain can be expressed in terms of V (O, x). The
behavior of the invariant measure of X; as € — 0 can also be described in terms
of V(0, x).

In this section we study the problem of calculating the quasipotential V (O, ),
establish some properties of the extremals of the functional S(¢) and consider
examples. We shall only deal with the quasipotential of a dynamical system with
respect to a stable equilibrium position; the case of the quasipotential with respect
to a stable limit cycle can be considered analogously.

Theorem 3.1. Suppose that the vector field b(x) admits the decomposition

b(z) = -VU(z) + l(z), 3.1
where the function U(x) is continuously differentiable in D U 0D, U(O) = 0,
U(z) > 0and VU (x) # 0 for x # 0 and (I(x), VU (x)) = 0. Then the quasipo-
tential V (O, x) of the dynamical system (1.1) with respect to O coincides with
2U(x) at all points x € D U 0D for which U(z) < Uy = minyegp U(y). If
U(x) is twice continuously differentiable, then the unique extremal of the func-

tional S(p) on the set of functions ps, —oco < s < T, leading from O to x is
given by the equation

SOS = VU(SD\&) + l(@s)a s € (_OOvT)7 YT = . (3.2)

Proof. If the function ¢, for s € [T1,T5] does not exit from D U dD, then the
relation U (p72) — U(pr,) = ;;2 (VU (ps), ¢s) ds implies the inequality

T T>
Sre) =5 [ 10a= VUl ~ (e Pds+2 | (6 VU(e) ds
> 2[U(¢r2) — Ulen)]- (3.3)

From this we can conclude that St, 1, () > 2U(z) for any curve ¢;, o1, = 0,
o1, = 2, where z is such that U(z) < Uy. Indeed, if this curve does not leave
D U 9D over the time from T} to T5, then the assertion follows from (3.3) (we
recall that U(O) = 0). If, on the other hand, ¢, leaves D U 0D, then it crosses
the level surface U(x) = Uy at some time T € (T}, T5). By the nonnegativity
and additivity of S(¢), we obtain

Stym, (9) 2 Sy () > 2U(p7) = 2Ug > 2U ().
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On the other hand, if ¢, is a solution of (3.2), then p_,, = O. This follows
from the facts that dU (¢;)/ds = |[VU($s)|* > 0 for 45 # O and O is the only
zero of U (x). From this we obtain

T
Seowir(@) =2 [ (0 VU(22)) ds = 2{U () - U(0)] =20 a).
Consequently, for any curve @, connecting O and = we have: S(p) > 2U(z) =

S(@). Therefore, V (O, x) = inf S(p) = 2U(z), and 5 is an extremal.

If U(x) is twice continuously differentiable, then the solution of (3.2) is
unique, and consequently, the extremal from O to x normalized by the condi-
tion pp = x is also unique. 0O

It follows from the theorem just proved that if b(x) has a potential, i.e., b(x) =
—VU (x), then V (O, z) differs from U () only by a multiplicative constant. This
is the reason why we call V' a quasipotential.

If b(x) has a decomposition (3.1), then from the orthogonality condition for
VU (z) and I(x) = b(z) + VU (x) we obtain the equation for the quasipotential:

%(VV(O,x),VV(O,x)) + (b(x), YV (O, 2)) =0, (3.4)

which is, in essence, Jacobi’s equation for the variational problem defining the
quasipotential. Theorem 3.1 says that the solution of this equation, satisfying the
conditions V(0,0) = 0, V(0,x) > 0 and VV (O, z) # 0 for z # 0, is the
quasipotential. It can be proved that conversely, if the quasipotential V' (O, x) is
continuously differentiable, then it satisfies (3.4), i.e., we have decomposition
(3.1). However, it is easy to find examples showing that V (O, ) may not be
differentiable.

The function V' (O, z) cannot be arbitrarily bad: it satisfies a Lipschitz condi-
tion; this can be derived easily from Lemma 2.3.

Now we pass to the study of extremals of S(¢) going from O to x. For them
we can write Euler’s equations in the usual way:

. [ Ob* o N, O
@f‘Z(@(@t)—@(%))%{—Zb](%)w(sﬂt)ZQ 1<k<r

j=1 j=1

If b(x) has the decomposition (3.1), then we can write the simpler equations
(3.2) for the extremals. From these equations we can draw a series of qualitative
conclusions on the behavior of extremals. At every point of the domain, the ve-
locity of the motion on an extremal is equal to VU (x) + I(z) according to (3.2),
whereas b(x) = —VU () + I(z). From this we conclude that the velocity of the
motion on an extremal is equal, in norm, to the velocity of the motion of trajec-
tories of the system: |VU (z) + I(z)| = |-VU(x) + I(z)| = |b(z)|. The last
assertion remains valid if we do not assume the existence of the decomposition
of b(x). This follows from the lemma below.
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Lemma 3.1. Let S(¢) < 0o. Let us denote by p the function obtained from ¢ by
changing the parameter in such a way that |p| = |b(@¢)| for almost all s. We
have S(p) < S(p), where equality is attained only if |ps| = |b(ps)| for almost
all s.

Proof. For the substitution s = s(t), p; = @) We obtain

1 [T .
S =5 [ e =i ds
L Ty
5 | b0~ G s de
t(Ty)
1 t(Tg) B . 5 . _ t(T2) N .
=5 [ @R + 1B e - [ g0, g
t(T1) t(Ty)
t(T2) . t(T2) .
2 / b(@1)] - |95t|dt_/ (b(@r), o) dt, (3.5)
t(Ty) t(Ty)

where t(s) is the inverse function of s(¢). In (3.5) we have used the inequality
ar? + a~ly? > 2wy, true for any positive . We define the function s(t) by the
equality

s(t) . .
- / @nllb(u)] " du.
0

This function is monotone increasing and ¢; = @) is absolutely continuous
in ¢. For this function we have |@;| = |b(;)| for almost all ¢ and inequality (3.5)
turns into the equality

t(T2) . t(T2) .
s@)= [ ol adde— [ e doe

(Tv) t(T1)
This proves the lemma. 0O

Remark. Lemma 3.1 implies that the quasi-potential U (x) can be evaluated not
as the infimum of the action functional over the set of all functions ¢ : [T7, T2 —
R", o, = O, pp, = x, T1 < Tb, but over the set of curves connecting the
points O and z, the optimal parametrization on the curve being determined by
|| = |b(t)]. For a curve ¢ in R™ described parametrically by a function ¢ :
[Ty, T5] — R™ we take

56 = | " el = (bt 21 )| -l

T

= [116) - b¢) - nie)
%)
= [ st £
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(the integral obviously depends only on the curve ¢ and does not depend on its
parametrization ;).

Here dl is the length element on the curve ¢, and Z(n(y), b()) is the angle
between the vector b() and the unit vector n(p) tangent to ¢ at the point . If
we take as ¢ the function ¢; introduced in the proof of the lemma, we get that
U(z) = inf{S(p) : the curve ( connects O and x}.

Now we consider some examples.

EXAMPLE 3.1. Let us consider the dynamical system @; = b(x;) on the real
line, where b(0) = 0, b(z) > 0 for x < 0 and b(z) < Oforx > OandDisan
interval (a1, aip) C R! containing the point 0. If we write U (x) = — fo y) dy,
then b(z) = —dU/dzx, so that in the one-dimensional case every field has a
potential. It follows from Theorems 2.1 and 3.1 that for small €, with probability
close to one, the first exit of the process X; = = + fo (X¢)ds + ew; from the
interval (o, ) takes place through that endpoint «; at Wthh U(x) assumes
the smaller value. For the sake of definiteness, let U (c;) < U(ag). The equation
for the extremal has the form c,és = —b(ps); we have to take that solution @,
—o0 < s < T, of this equation which converges to zero as s — —oo and for
which @T = Q1.

In the one-dimensional case, the function v¢(z) = P,{X2. = ay} can be
calculated explicitly by solving the corresponding boundary value problem. We

obtain
(e D) o a2 o -1
ve(x):/ 2 "U) dy - (/ e~2e U dy) )
x (o5}

Of course it is easy to see from this formula that lim._,o P, {X%. = a;} = 1if
U(Oél) < U(ag).

Using the explicit form of v®(x), it is interesting to study how X exits from
(a1, 2) if U(ay) = U(az). In this case, Theorem 2.1 is not applicable.

Using Laplace’s method for the asymptotic estimation of integrals (cf., for
example, Evgrafov [1]), we obtain that for z € (ay, a2),

/“2 252U gy o g2 exp{2e 72U (a2)}

2 [Ufa)]
/ze W) gy o 2 exp{2¢72U (1)}
o 2 |U()]

as ¢ — 0. From this we find that if U(a;) = U(az) and U'(e;) /=00 = 1,2,
then

U ()|~
U ()|~ + U (ag)|

P, {X¢

TE

:Oéi}*)

ase — 0.

Consequently, in this case the trajectories of X exit from the interval through
both ends with positive probability as € — 0. The probability of exit through a;
is inversely proportional to |U’(a;)| = |b(c;)].
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EXAMPLE 3.2. Let us consider a homogeneous linear system @; = Ax; in R"
with constant coefficients. Assume that the matrix A is normal, i.e., AA* = A*A
and that the symmetric matrix A+ A* is negative definite. In this case, the origin
of coordinates O is an asymptotically stable equilibrium position. Indeed, the
solution of our system can be represented in the form z; = ez, where xg
is the initial position. The normality of e4? follows from that of A. Using this
observation and the relation eted™t = ¢(AT4A7)t e obtain

|$t|2 — (eAtxo,eAtxo) — (e(AJrA*)tl‘o,xo) < |$0‘ . |€(A+A*)t$0|.

Since A + A* is negative definite, we have |e(At47)tz5| — 0. Consequently,
|#¢|? — 0 for any initial condition (.

It is easy to verify by direct differentiation that the vector field Az admits the
decomposition

Aw——V(—A+A x,m)—l—A_A . (3.6)
4 2
Moreover, the vector fields V(—1(A4 + A*)z,z) = —1(A + A*)z and $(A —

A*)x are orthogonal:

(;(A + A%z, %(A — A*)x) = ——[(Az, Az) — (A*x, A*2))

1
= 71[(A*Ax,x) — (AA%z,x)] =
Let the right sides of our system be perturbed by a white noise:
X5 = AX{ + ey,

We are interested in how the trajectories of X exit from a bounded domain D
containing the equilibrium position O. From Theorem 3.1 and formula (3.6) we
conclude that the quasipotential V' (O, z) of our dynamical system with respect
to the equilibrium position O is equal to —3((A + A*)x,z). In order to find
the point on the boundary 0D of D near which the trajectories of X first leave
D with probability converging to 1 as ¢ — 0, we have to find the minimum of
V(O, x) on 0D. The equation for the extremals has the form

b = —§(A+A )%+§(A—A Jpr = — A%y

If yo € OD is the unique point where V' (O, x) attains its smallest value on 9D,
then the last piece of a Markov trajectory is near the extremal entering this point.
Up to a shift of time, the equation of this trajectory can be written in the form
P —A*t

Pt =¢ Yo.
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Figure 7.

For example, let a dynamical system

21 1 2
Ty = =Ty — Ty,
2 1 2

Ly = Ty — Ly,

be given in the plane R?. The matrix of this system is normal and the origin of co-
ordinates is asymptotically stable. The trajectories of the system are logarithmic
spirals winding on the origin in the clockwise direction (Fig. 7). The quasipoten-
tial is equal to [(x1)? + (22)?], so that with overwhelming probability for small ¢,
X7 exits from D near the point yo € 0D which is closest to the origin. It is easy
to verify that the extremals are also logarithmic spirals but this time unwinding
from O in the clockwise direction.

The case of general linear system X = AX, not necessarily with a normal
matrix A is considered in Chen and Freidlin [1].

4 Asymptotics of the Mean Exit Time and Invariant Measure
for the Neighborhood of an Equilibrium Position

As in Sect. 2, let D be a bounded domain in R", O € D a stable equilibrium
position of the system (1.1), 7¢ the time of first exit of a process X; from D.
Under the assumption that D is attracted to O, in this section we calculate the
principal term of In M, 7¢ as ¢ — 0 and also that of In m# (D), where m*(-) is
the invariant measure of the process X7, D = R™\D. Since the existence of an

invariant measure and its properties depend on the behavior of b(z) not only for
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x € D, in the study of m¢(D) we have to make some assumptions concerning
b(x) in the whole space R".

Theorem 4.1. Let O be an asymptotically stable equilibrium position of the sys-
tem (1.1) and assume that the domain D C R" is attracted to O. Furthermore,
assume that the boundary 0D of D is a smooth manifold and (b(z),n(z)) < 0
for x € OD, where n(x) is the exterior normal of the boundary of D. Then for
x € D we have ,
ggrng InM,7% = yré%% V(O,y). 4.1)

Here the function V (O, y) is the quasipotential of the dynamical system (1.1)
with respect to O.

The proof of this theorem uses arguments, constructions and notation em-
ployed in the proof of Theorem 2.1.

To prove (4.1), it is sufficient to verify that for any d > 0, there exists an ¢
such that for ¢ < £¢ we have

(@) e2lnM,7¢ <V +d.
(b) e2InMy78 > Vy —d.

First we prove inequality (a). We choose positive numbers u, h, 77, and Ts
such that the following conditions are satisfied: firstly, all trajectories of the un-
perturbed system, starting at points x € D U 9D, hit the p/2-neighborhood of
the equilibrium position before time 7} and after time 77 they do not leave this
neighborhood; secondly, for every point « lying in the ball G = {x € R" :
|z — O] < p}, there exists a function % such that ¢f = z, ¢} reaches the ex-
terior of the h-neighborhood of D at a time T'(z) < T» and 7 does not hit the
1/ 2-neighborhood of O after exit from G and Syp(,(0") < Vo +d/2.

The first of these assumptions can be satisfied because O is an asymptotically
stable equilibrium position, D is attracted to O and for x € 9D, we have the
inequality (b(z),n(z)) < 0.

The functions ¢ occurring in the second condition were constructed in
Sect. 2.

From the definition of the action functional, we obtain for y € G that

_ d
Py{ sup | X7 —f| < h} > exp{—e 2 <SOT<y)(<Py) + 5)}

0<t<T(y)
> exp{—s_Q(Vo +d)},

whenever ¢ is sufficiently small.
Since the point gp%(y) does not belong to the h-neighborhood of D, from the
last inequality we conclude that

P {r° <To} >P,{r° <T(y)} > exp{—e2(Vp +d)} 4.2)

for sufficiently small ¢ and y € G.
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We denote by o the first entrance time of G : ¢ = min{t : X7 € G}. Using
the strong Markov property of X, for any € D and sufficiently small ¢ we
obtain

P <T1 +To} > My {o < T; P {7° < T2 }}
> P{o <Ti} - exp{—c?(Vo +d)}
1
> 5 exp{—e2(Vo +d)}. (4.3)
Here we have used inequality (4.2) for the estimation of Px: {7 < T} and the
fact that the trajectories of X converge in probability to ; uniformly on [0, T} ]

ase — 0.
Then, using the Markov property of X, from (4.3) we obtain

M,7° < i(n + )M+ )Pe{n(Th + 1) < 7° < (n+ 1)(T1 + T2)}
n=0

= (Tl =+ TQ) i PI{TE > n(T1 + TQ)}

n=0

<(Ti+Ty) ) [1-minP.{r < Ty + )]

n=0
oo _1
= i £ <
(Ty +T») ;L:O(ggg P{rs<Th + TQ})

< 2Ty + Tv) exp{e *(Vo + d)},

whenever e is sufficiently small. This implies assertion (a).

Now we prove assertion (b). We introduce the Markov times 73, o, and the
Markov chain Z,, defined in the proof of Theorem 2.1. The phase space of Z,, is
the set yUOD, where v = {x € R" : [t —O| = p1/2}. For the one-step transition
probabilities of this chain we have the estimate

P(z,0D) < max P{m =1}

ye
= mealzq[Py{TE =n<T}+P{r°=mn>T}. 4.4)
Bt

As follows from Lemma 2.2, T can be chosen so large that the second prob-
ability have the estimate

1
Py{rf=m>T} <3 exp{—e~*(Vo — h)}. (4.5)
In order to estimate the first probability, we note that the trajectories of X;, 0 <

t < T, for which 7 = 7y < T are a positive distance from the set {¢ €
Cor(R") : w0 = y,Sor(¢) < Vo — h/2} of functions provided that b > 0
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is arbitrary and p is sufficiently small. By virtue of the properties of the action
functional, we obtain from this that

PAre =71 < T} <exp{—c%(Vo — h)}

for y € T" and sufficiently small &, u > 0.
It follows from the last inequality and estimates (4.4) and (4.5) that

P(z,0D) < exp{—c (Vo — h)}, (4.6)

whenever e, p are sufficiently small.
As in Theorem 2.1, we denote by v the smallest n for which Z,, = X in S
0D. It follows from (4.6) that

P.{v>n}>[1—exp{—2(Vo—h)}"!

for x € ~.Itis obvious that 7¢ = (7 —79) + (o — 1) + -+ + (7, — Tv—1)-
Therefore, M, 75 = Y07 Mo {v > n;7, — 71}

Using the strong Markov property of X; with respect to the time o,,_1, we
obtain that

Mz{y Z n;Tn — 7_n—l} Z Mz{l/ 2 n;Tn — Un—l}

> > - .
> P.{v>n} ;Ielfll M, 71

The last infimum is greater than some positive constant ¢; independent of ¢. This
follows from the circumstance that the trajectories of the dynamical system spend
some positive time going from I" to .

Combining all estimates obtained so far, we obtain that

- .
M7 > t; ZIZHGIEPZ{V >n}
n

>t (1—exp{—e (Vo — W)} " = trexp{e *(Vo — h)}

for sufficiently small € and p and = € y.
This implies assertion (b) for x € y. For any x € D, taking into account that
P.{7¢ >} — lase — 0, we have

M7 = M {7% < 757} + M {7° > 7;7°}
> M {7 > 1; MS ¢}

t
>ty exp{(Vo — h)e 2} P {7° > 711} > 51 exp{e %(Vo — h)}.

By the same token, we have proved assertion (b) forany x € D. 0O
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Remark. Analyzing the proof of this theorem, we can see that the assumptions
that the manifold 0D is smooth and (b(x), n(x)) < 0 for z € 9D can be relaxed.
It is sufficient to assume instead of them that the boundary of D and that of the
closure of D coincide and for any « € 9D, the trajectory z;(z) of the dynamical
system is situated in D for all ¢ > 0.

We mention one more result relating to the distribution of the random vari-
able 7¢, the first exit time of D.

Theorem 4.2. Suppose that the hypotheses of Theorem 4.1 are satisfied. Then for
every o > 0 and x € D we have

lim Px{eE_Q(VO*O‘) <7< 65_2(‘/”“)} =1.
e—0

Proof. If
Mm P, {r° > e (ote)} 5 g
e—0

for some o > 0, then
lim 2 InM,7° > V) + «,
e—0

which contradicts Theorem 4.1. Therefore, for any v > 0 and x € D we have
lim P, {7° < exp{e *(Vp +a)}} = 1. (4.7)
e—0

Further, using the notation introduced in the proof of Theorem 2.1, we can write:

P.{r® < e (oma)}

< Mm{ﬁ < 7€, Z PXi1 {v=n,7° <exp{e?(Vp — a)}}}

n=1

+ PI{TE — 7_1}. (48)

The last probability on the right side of (4.8) converges to zero. We estimate
the remaining terms. Let m. = [C exp{e~2(Vy — a)}]; we choose the constant
C later. For z € v we have

Z P.{v=n,7° <exp{e (Vo — a)}}

n=1
<P {v<m.}+ Z P.Av =n,7, <exp{e2(Vo —a)}}
<P v <m}+Po{rm. <exp{e 2(Vo —a)}}. (4.9)

Using the inequality P, {v = 1} < exp{—e~2(Vp — h)}, which holds for z € 7,
h > 0 and sufficiently small £, we obtain that
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P.{v<m.}<1—(1—exp{—e2(Vo—h)})™ =0 (4.10)

as e — 0, for any C, a > 0 and h sufficiently small.

We estimate the second term on the right side of (4.9). There exists § > 0
such that P,{my > 6} > 1/2 forall z € y and ¢ > 0. For the number S,,
of successes in m Bernoulli trials with probability of success 1/2, we have the
inequality

P{S,, >m/3} >1—-0

for m > my. Since 7, = (11 — 70) + (72 — 71) + -+ + (Tsn — Tin—1), using the
strong Markov property of the process, we obtain that

_ - 1
P, <€ (ome)} = Pr{jne < 5} <4, 4.11)

€

if /3 > 1/C and m, is sufficiently large.
Combining estimates (4.8)—(4.11), we arrive at the relation

lim P, {r¢ < ¢ (Vo=®)} =0, zeD. (4.12)
e—0

The assertion of the theorem follows from (4.7) and (4.12). O

Remark. One can show, under conditions of Theorem 1 (see Day [1]), that

TE

lium{ >t} =et, zeD.
el0 E,r¢

Now we pass to the study of the behavior, as € — 0, of the invariant measure
of X defined by (1.2). For the existence of a finite invariant measure, we have to
make some assumptions on the behavior of b(z) in the neighborhood of infinity.
If we do not make any assumptions, then the trajectories of X7 may, for example,
go out to infinity with probability 1; in this case no finite invariant measure exists.
We shall assume that outside a sufficiently large ball with center at the origin, the
projection of b(x) onto the position vector r(x) of the point z is negative and
separated from zero, i.e., there exists a large number N such that (b(z), r(x)) <
—1/N for |z| > N.

This condition, which will be called condition A in what follows, guarantees
that X7 returns to the neighborhood of the origin sufficiently fast and thus there
exists an invariant measure. A proof of this can be found in Khas’minskii [1];
the same book contains more general conditions guaranteeing the existence of a
finite invariant measure.

If there exists an invariant measure p°(-) of X£, then it is absolutely continu-
ous with respect to Lebesgue measure and the density m*(x) = du®/dx satisfies
the stationary forward Kolmogorov equation. In our case, this equation has the
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form

%Ams(x) - 21: %(bi(x)ms(x)) = 0. (4.13)

Together with the additional conditions [, m®(z)dz = 1, m®(x) > 0, this
equation determines the function m?(z) uniquely.

First we consider the case of a potential field b(x): b(x) = —VU(z). In this
case, the conditions of the existence of a finite invariant measure mean that the
potential U (z) increases sufficiently fast with increasing |z|; for example, faster
than some linear function x| 4+ S. It turns out that if b(x) has a potential, then
the density of the invariant measure can be calculated explicitly. An immediate
substitution into (4.13) shows that

m®(x) = c. exp{—2e2U(x)}, 4.14)

where c. is a normalizing factor defined by the normalization condition ¢, =
([5- exp{—2¢ 72U (2)} dx)~*. The convergence of the integral occurring here is
a necessary and sufficient condition for the existence of a finite invariant measure
in the case where a potential exists.

Let D be a domain in R". We have pf(D) = c. [, exp{—2¢"2U(x)} dx.
Using this representation, we can study the limit behavior of ® as ¢ — 0. Let
U(z) > 0 and assume that at some point O, the potential vanishes: U(O) = 0.
Then it is easy to verify that

2Inpf(D) = %lnc, + &2 ln/ exp{—2¢72U(z)} dx
D

— —mlgjfj 2U (z) (4.15)

ase — 0. By Laplace’s method, we can find a more accurate asymptotics of p°(+)
as ¢ — 0 (cf. Bernstein [1] and Nevel’son [1]). If b(x) does not have a potential,
then we cannot write an explicit expression for the density of the invariant mea-
sure in general. Nevertheless, it turns out that relation (4.15) is preserved if by
2U (z) we understand the quasipotential of b(z).

Theorem 4.3. Let the point O be the unique stable equilibrium position of system
(1.1) and let the whole space R" be attracted to O. Furthermore, assume that
condition A is satisfied. Then the process X{ has a unique invariant measure [1°
for every e > 0 and we have

lim % In (D) = — inijV(Ow)7 (4.16)
rE

e—0

for any domain D C R" with compact boundary 0D common for D and the
closure of D, where V (O, x) is the quasipotential of b(x) with respect to O:

V(0,z) = inf{Sor(p) : ¢ € Cor(R"), 0 = O, o7 =2, T > 0}
(Fig. 8).
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Figure 8.

We outline the proof of this theorem. As we have already noted, condition
A implies the existence and uniqueness of a finite invariant measure. To prove
(4.16), it is sufficient to verify that for any h > 0 there exists g = £o(h) such
that for ¢ < €9 we have the inequalities

(@) puf(D) > exp{—e~2(Vop +h)},
(b) 15(D) < exp{—e~?(Vo — h)},

where Vp = inf,cp V(O, z).

If Vo = 0, then inequalities (a) and (b) are obvious. We discuss the case
Vo > 0. It is clear that Vo > 0 only if p(O,D) = py > 0. For the proof
of inequalities (a) and (b), we use the following representation of the invari-
ant measure. As earlier, let v and I be the spheres of radii /2 and p, respec-
tively, with center at the equilibrium position O and let 1 < pg. As in the
proof of Theorem 2.1, we consider the increasing sequence of Markov times

70,00, 71,01, T2, - - .. Condition A implies that all these times are finite with
probability 1.
The sequence X7 , X7 ..., XZ ,... forms a Markov chain with compact

phase space . The transition probabilities of this chain have positive density with
respect to Lebesgue measure on . This implies that the chain has a unique nor-
malized invariant measure (¢ (dz). As follows, for example, from Khas minskii
[1], the normalized invariant measure p°(-) of X can be expressed in terms of
the invariant measure of { X } on v in the following way:

1E(D) :cg/l\/lw/ﬁ (X ds i (dx), @.17)
lo% 0

where x p(x) is the indicator of D and the factor c. is determined from the nor-
malization condition u°(R") = 1. We set 7p = min{t : X{ € D U 9D}. From
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(4.17) we obtain

4 (D) = c. / w. [ " XD (XE) ds I (da)

<c. Iglﬁlea’i( P.{mp <71} ;161%)[() My 71. (4.18)

It follows from condition A and the compactness of 0D that

max M7 < a; < oo 4.19)
yeoD

uniformly in € < g9 < 1. Moreover, it follows from the proof of Theorem 2.1
that for sufficiently small 1 and € and z € y we have

P {mp <11} < exp{—e2(Vh — h/2)}. (4.20)

Taking account of the relation

Ce = <L M, 71 lE(dx))l,

it is easy to see that for sufficiently small ;s and ¢,

0<Ine: < “4.21)

22"
We conclude from estimates (4.18)—(4.21) that for sufficiently small ¢ we have

_ h Vo—h/2  Vo—h
ln,u (D)<@— 52 = — 52 .
In order to prove (b), we introduce the set D_g = {x € D : p(z,0D) > S}.
For sufficiently small /3, this set is nonempty and inf,cp_, V(O,z) < Vo+h/4.
If z € v and ¢, u > 0 are sufficiently small, then

P.{min{t: X5 € D_g} <71} > exp{—e 2(Vp + h/2)},

T1
inf Mx/ XD(XS) ds > as > 0.
0

z€D_g

Combining these estimates, we obtain from (4.17) that for small €,
T1
u (D) > c. -min P, {min{t : X; € Dg} < 7y} inf I\/Im/ xp(X5)ds
TEY zcD_g 0
> coexp{—e*(Vo + h/2)} - ag.

Takig account of (4.21), from this we obtain assertion (b). O

We note that if b(z) has stable equilibrium positions other than zero, then
the assertion of Theorem 4.3 is not true in general. The behavior of the invariant
measure in the case of a field b(x) of a more general form will be considered in
Chap. 6.
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5 Gaussian Perturbations of General Form

Let the function b(x,y), * € R", y € R! with values in R" be such that
[b(z1,91) = b(w2,y2)| < K - (|1 — 22| + |y1 — y2l).

We consider a random process X; = X7 (z), t > 0, satisfying the differential

equation
X;=0b(Xf,e¢), X5 =u, (.1
where (; is a Gaussian random process in R'.

We shall assume that (; has zero mean and continuous trajectories with prob-
ability 1. As is known, for the continuity it is sufficient that the correlation matrix
a(s,t) = (a¥(s,t)),a"(s,t) = MC!(] have twice differentiable entries. We
write b(z) = b(x,0). The process X; can be considered as a result of small
perturbations of the dynamical system x; = x¢(z):

& = b(xy), To = .

It was proved in Chap. 2 that X7 — x; uniformly on every finite time interval
as ¢ — 0. In the same chapter we studied the expansion of X} in powers of the
small parameter . In the present section we deal with large deviations of X7
from the trajectories of the dynamical system z;.

For continuous functions ¢, s > 0, with values in R! we define an operator
B.(p) = u by the formula

t
U=up = / b(us, @s) ds + x.
0

In other words, u; = B, (i) is the solution of (5.1), where (; is replaced by ¢
and we take the initial condition uy = . In terms of B, we can write: X7 =

B, (0).
We shall denote by || - || and || - ||z the norms in Cor(R") and L, (R')
respectively.

Lemma 5.1. Suppose that the functions b(z,y) satisfy a Lipschitz condition with
constant K and u = B (), v = By (), where @, € Cor(R"). Then

lu = vlle < EVTeXT o — | 2.

Proof. By the definition of B,, we have

lug — ve| =

/0 [b(u57 SDS) - b(U57 %)] ds

t t
SK/ |us—1}3|dS+K/ |<Ps_ws|d8'
0 0

We conclude from this by means of Lemma 1.1 of Chap. 2 that

T
u=vllc <K [ o~ il ds < VT T~ a.
0
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We denote by A the correlation operator of (. It acts in L%T(Rl) by the
formula

T
Aapt:/ a(s,t)ps ds.
0

As has been shown in the preceding chapter, the action functional of the fam-
ily of processes (; in LgT(Rl) as € — 0 has the form

1, .-
Sor(e) = 147 2llE. (5.2)
If A=1/2¢ is not defined, then we set SgT(<p) = +oo.
We put
1
S(p)=S&(p) = inf  Z||ATY2p|3..
(¥) or () DB ()= 2 I ¢||L2

Theorem 5.1. Let X; be the random process defined by (5.1). The functional
S(f(T(go) is the normalized action functional for the family of processes X¢ in
Cor(R"); the normalizing coefficient is f() = e =2

Proof. Since B, acts continuously from L2, (R') into Cor(R") and the ac-
tion functional of the family € in L2 (R') has the form (5.2), by Theorem 3.1
in Chap. 3 the action functional of the family of processes X¢ = B,(e() in
Cor(R") as e — 0 is given by the formula Sg-(¢) =

infy.p, (p=p 5IIA72P)F,. O

EXAMPLE 5.1. Let r = [ = 1 and let system (5.1) have the form Xf =
—arctan(X§ — €¢;), X = z. In this case B, has an inverse: B, '(¢) =
tan ¢+ . The action functional of the family X} can be written in the following
way:

1 T
ngT = 5/0 \Ail/z(tangbs + @s)|* ds,

where A is the correlation operator of (;.
For example, if (; is a Wiener process, then

1 [T d 1 [T
5@(@)25/0 d3:§/0

s (tan s + )

Knowing the action functional, we can determine the rate of convergence to
zero of probabilities of various events connected with the perturbed system on a
finite time interval and thus obtain results analogous to Theorem 1.2 (cf. Nguen
Viet Fu [1], [2]). If the perturbations are of a stationary character, we may hope
to also obtain results, analogous to those of Sects. 2, 4, concerning the most
probable behavior, for small ¢, of the trajectories X{ (z) of the perturbed system
on infinite time intervals or on time intervals growing with decreasing €.

2 2

Ps ds.

cos? @,

+¢S
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For example, let O be an asymptotically stable equilibrium position of the
system @; = b(x;), inside a domain D, on the boundary of which the field b(x)
is directed strictly inside D. We consider the time

7%(x) = min{t > 0; X; (z) ¢ D}
of first exit from D. We may try to prove the following analogue of Theorem 4.1:

111%52 In M7¢(z) = Vo = inf{Sor(¢) : wo = O, 9r € OD;T > 0}. (5.3)
e—

Nevertheless, it becomes clear immediately that this is not so simple. First of
all, an analysis of the presupposed plan of proof shows that the role of the limit
of &2 In M7 () may also be presumably played by

Vo =inf{S_ocr(p) : o1 =0,—0c0 <t <0,0r € 0D;T > 0}

for the same reason. In the case of Markov perturbations, V) and Vj; obviously
coincide but in the non-Markov case they may not. Moreover, in the proof of The-
orems 2.1, 4.1, and 4.2, we have used a construction involving cycles, dividing
a trajectory of the Markov process X[ into parts, the dependence among which
could be accounted for and turned out to be sufficiently small.

For an arbitrary stationary perturbation €(; we do not have anything sim-
ilar: we have to impose, on the stationary process (;, conditions ensuring the
weakening of dependence as time goes. Since we are dealing with probabilities
converging to zero (probabilities of large deviations), the strong mixing property

sup{|P(ANB) — P(A)P(B)| : A€ ¢, B € <.}
<alt—s)—=0 (t—s— o)
turns out to be insufficient; we need more precise conditions. These problems

are considered in Grin’s works [1], [2]; in particular, for a certain class of pro-
cesses X7, the infima Vj and V" coincide and (5.3) is satisfied.



Chapter 5

Perturbations Leading to Markov Processes

1 Legendre Transformation

In this chapter we shall consider theorems on the asymptotics of probabilities of
large deviations for Markov random processes. These processes can be viewed
as generalizations of the scheme of summing independent random variables; the
constructions used in the study of large deviations for Markov processes gener-
alize constructions encountered in the study of sums of independent terms.

The first general limit theorems for probabilities of large deviations of sums
of independent random variables are contained in Cramér’s paper [1]. The basic
assumption there is the finiteness of exponential moments; the results can be for-
mulated in terms of the Legendre transforms of some convex functions connected
with the exponential moments of the random variables.

The families of random processes we are going to consider are analogues of
the schemes of sums of random variables with finite exponential moments, so
that Legendre’s transformation turns out to be essential in our case, as well. First
we consider this transformation and its application to families of measures in
finite-dimensional spaces.

Let H(a) be a function of an r-dimensional vector argument, assuming its
values in (—oo, +00] and not identically equal to +oc. Suppose that H («) is con-
vex and lower semicontinuous. (We note that the condition of semicontinuity—
and even continuity—is satisfied automatically for all o with the exception of the
boundary of the set {a : H(a) < oo}.) To this function the Legendre transfor-
mation assigns the function defined by the formula

L(B) = sup[(e, B) — H(av)], (1.1

«
where (o, 8) = >_i_, a; 8" is the scalar product.
It is easy to prove that L is again a function of the same class as H, i.e., it
is convex, lower semicontinuous, assuming values in (—o0, +0c] and not iden-
tically equal to 4+o00. The following properties of Legendre’s transformation can

be found in Rockafellar’s book [1]. The inverse of Legendre’s transformation is
itself:

H(a) = Sl;p[(a, p) — L(B)] (1.2)
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(Rockafellar [1], Theorem 12.2). The functions L and H coupled by relations
(1.1) and (1.2) are said to be conjugate, which we shall denote in the following
way: H(a) + L(8). At points « interior for the set {a : H(a) < oo} with
respect to its affine hull, H is subdifferentiable, i.e., it has a (generally nonunique)
subgradient, a vector 3y such that for all «,

H(a) > H(a) + (a — ag, Bo) (1.3)

(Rockafellar [1], Theorem 23.4; geometrically speaking, a subgradient is the an-
gular coefficient of a nonvertical supporting plane of the set of points above the
graph of the function). The multi-valued mapping assigning to every point the set
of subgradients of the function H at that point is the inverse of the same mapping
for L, i.e., (1.3) for all v is equivalent to the inequality

L(B) > L(Bo) + (a0, B — Bo) (1.4)

for all 8 (Rockafellar [1], Theorem 23.5, Corollary 23.5.1). We have L(5) — oo
as || — oo if and only if H(«) < oo in some neighborhood of o = 0.

For functions H, L which are smooth inside their domains of finiteness, the
determination of the conjugate function reduces to the classical Legendre trans-
formation: we have to find the solution & = () of the equation VH («) =
and L([) is determined from the formula

L(B) = ((B), B) — H(a(B)); (1.5)

moreover, we have a(8) = VL(B). If one of the functions conjugate to each
other is continuously differentiable n > 2 times, and the matrix of second-order
derivatives is positive definite, then the other function has the same smoothness
and the matrices of the second-order derivatives at corresponding points are in-

verses of each other:
L(B)\ ([ 0*H -1
(851‘853) - (5%30@- (O‘(ﬁ))) .

Example 1.1. Let H(a) = r(e® — 1) + 1(e”® — 1), @ € R*; r,l > 0. Upon
solving the equation H'(a) = re® — le~® = 3, we find that

_lnﬁ+\/52+4rl_
a 2r ’

()
L) = PV e,

It turns out that the rough asymptotics of families of probability measures in
R" can be connected with the Legendre transform of the logarithm of exponential
moments. The following two theorems are borrowed from Gértner [2], [3] with
some changes.
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Let u" be a family of probability measures in R" and put
H'(0) =t [ exp{(a)) (o).
The function H" is convex: by the Holder inequality, for 0 < ¢ < 1 we have

H"(coy 4+ (1 = ¢)ap) = ln/ exp{c(ar, z)}exp{(1 — c)(az,z)} u"(dz)

r

<l ([ ewllanaut@)

([ esplama)atan)
(/. ) |

= cHh(al) +(1- c)Hh(ag);

H" is lower semicontinuous (this can be proved easily by means of Fatou’s
lemma), assumes values in (—oo, +00] and is not identically equal to 400, since
H"(0) = 0.
Let A(h) be a numerical-valued function converging to +oo as h | 0. We
assume that the limit
H(e) = lim A(h) " H"(A(h)c) (1.6)
exists for all . This function is also convex and H(0) = 0. We stipulate that

it be lower semicontinuous, not assume the value —oo and be finite in some
neighborhood of o = 0. Let L(8) + H(«).

Theorem 1.1. For the family of measures p" and the functions \ and L, condition
(L) of Sect. 3, Chap. 3 holds, i.e., for any § > 0,~ > 0, s > 0 there exists hg > 0
such that for all h < hg we have

Wy = ply, (s)) = 0} < exp{=A(h)(s — 1)}, (1.7)
where ®(s) = {8 : L(5) < s}.

Proof. The set ®(s) can be represented as an uncountable intersection of half-
spaces:

O(s) =[{B: (. B) — H() < s}.

This set is compact, because L is lower semicontinuous and converges to +0o at
infinity. We consider the boundary

0P45(s) ={y: ply, 2(s)) = 6}

of the §-neighborhood of ®(s). For every point y of this compact set, there exists
a such that (a,y) — H(a) > s. Hence the open half-spaces
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{y : (ayy) — H(a)) > s} cover the compact set 0P ;5(s). From these o we
choose a finite number a4, . . ., o,. We obtain that the convex polyhedron

ﬂ{y (@iry H(a;) < s}

contains ®(s) and does not intersect 0P, 5(s). This implies that the polyhedron
lies in the d-neighborhood of ®(s).
Using Chebyshev’s exponential inequality, we obtain the estimate

1y p(y, @(s)) > 6} < p (U{y (ai,y) — H(a;) > $}>
< Zuh{y D (aiyy) — H(a) > s}
< Z/ exp{ \(h)[(vs,y) — H(a;) — s]} p" (dy)

= Z exp{A(R)[A(h) " H" (A(h)ai) — H(a)]}
i=1

x exp{—A(h)s}.
We obtain (1.7) from this by taking account of (1.6). O

We shall say that a convex function L is strictly convex at a point (3 if there
exists o such that

L(B) > L(Bo) + (a0, B — Bo) (1.8)

forall 8 /=6. For a function L to be strictly convex at all points interior to the set
{B : L(B) < oo} with respect to its affine hull (with the notation of Rockafellar’s
book [1], Sects. 4, 6, at the points of the set ri(dom L)), it is sufficient that the
function H conjugate to L be sufficiently smooth, i.e., that the set {o : H () <
oo} have interior points, H be differentiable at them and if a sequence of points
«; converges to a boundary point of the set {« : H(a) < oo}, then we have
|V H(c;)| — oo (cf. Rockafellar [1], Theorem 26.3).

Theorem 1.2. Let the assumptions imposed on p", H" and H earlier be satis-
fied. Moreover, let the function L be strictly convex at the points of a dense subset
of {8+ L(B) < oo}.

For the family of measures ;" and the functions \ and L, condition (I) of
Sect. 3 of Chap. 3 is satisfied, i.e., for any § > 0,y > 0 and x € R" there exists
ho > 0 such that for h < hg we have

1"y p(y,x) < 8} > exp{—A(h)[L(z) +7]}. (1.9)
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Proof. ltis sufficient to prove the assertion of the theorem for points x at which L
is strictly convex. Indeed, the fulfillment of the assertion of the theorem for such x
is equivalent to its fulfillment for all =, the same function X and the function f/(x)
defined as L(x) if L is strictly convex at 2 and as +oo otherwise. At the points
where L(x) < L(z), we have to use the circumstance that L(z) = lim,_,, L(y),
and the remark made in Sect. 3 of Chap. 3.

Suppose that L is strictly convex at . We choose ayq so that L(5) > L(z) +
(oo, B — z) for B /=x. Then we have

H(ap) = Sl;p[(aﬂvﬁ) — L(B)] = (a0, ) — L(x). (1.10)

Since H (ay) is finite, H"(A(h)ay) is also finite for sufficiently small A. For such
h we consider the probability measure ;"0 defined by the relation

a0 (T) = / exp{A(h) (a0, y) — H*(A(h)ao)} u* (dy).

We use the mutual absolute continuity of 4 and p/»@0:

1y ply, ) < 6} = / exp{—A(h)(a0,y)
{y:p(y,x)<d}
+ H"(A(h)a) } p (dy). (1.11)

We put & = & A v/3|ap| and estimate the integral (1.11) from below by the
product of the ;"®°-measure of the §’-neighborhood of 2 with the infimum of
the function under the integral sign:

W'y ply,x) < 8} = phofy < ply,z) < '}
x exp{—A(h)[(ao, ) — A(h) " H"(A(h)a)]}

x exp{—)\(h)%}.

By (1.6) and (1.10), the second factor here is not smaller than

exp{—A(R)[L(z) +~/3]}

if h is sufficiently small. If we prove that /> {y : p(y,z) < &'} — lash |0,
then everything will be proved.

For this we apply Theorem 1.1 to the family of measures p"*®°. We calculate
the characteristics of this family:

h,ao a) = In ex a h,a
() = In [ exple )it d)

= H"(a+ A(h)ao) — H"(M(R)a);
29 (0) = T W)~ H 0 (\()a) = Hcto + ) — H ()
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L*(B) = L(B) — [(ao, B) — H(aw)]-

The function L*°(3) vanishes at § = z and is nonnegative everywhere (since
H>(0) = 0). L is strictly convex at = since L([3) is. This implies that L*° (3)
is strictly positive for all § /~=z and

Yo = min{L(8) : p(B,2) > &'/2} > 0.

We use estimate (1.7) with ¢’/2 instead of ¢, positive v < vy and s € (7, 70).
We obtain for sufficiently small & that

WLy s ply, ) > ') < W0 fy < ply, 8 (s)) > 8'/2)
< exp{-A()(s — 7)),

which converges to zeroas h | 0. O

Consequently, if the hypotheses of Theorems 1.1 and 1.2 are satisfied, then
A(h)L(z) is the action function for the family of measures p”* as h . 0.

The following example shows that the requirement of strict convexity of L
onasetdensein {8 : L() < oo} cannot be omitted.

Example 1.2. For the family of Poisson distributions (u"(T') = >, . (h*Fe™"/
k!)) we have: H"(a) = h - (e*—1). If we are interested in values of h converging
to zero and put A(h) = — In h, then we obtain

H(a) = 1}%(— Inh) ' In H"(—alnh)
. h—a+1 - h 0, 07 S 1a
=lim——F— =
R0 —1Inh 400, a>1;

But, the normalized action function found by us in Sect. 3, Chap. 3 is different
from 400 only for nonnegative integral values of the argument.

Another example: we take a continuous finite function S(z) which is not
convex and is such that S(z)/|x| — oo as |z] — oo and min S(z) = 0. As
u! we take the probability measure with density C'(h) exp{—A(h)S(x)}, where
A(h) — oo as h | 0. Here the normalized action function will be S(x) but the
Legendre transform of the function

(@) =l AG) 1o / exp{A(h) (o, )} 1 (d)
will be equal not to .S(z) but rather the convex hull L(z) of S(x). In those do-
mains where S is not convex, L will be linear and consequently, not strictly con-
Vex.
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The following examples show how the theorems proved above can be ap-
plied to obtain rough limit theorems on large deviations for sums of indepen-
dent random variables. Or course, they can be derived from the precise results of
Cramér [1] (at least in the one-dimensional case).

Example 1.3. Let&1,&o, ..., &,, . .. beasequence of independent identically dis-
tributed random vectors and let

Hy(a) =In Me(:&)

be finite for sufficiently small |«|. We are interested in the rough asymptotics as
n — oo of the distribution of the arithmetic mean (§; + - -- + &,)/n.
We have

H"(a)=1InM exp{ (a, w> } =nHy(n 'a).

We put A\(n) = n. Then not only does A(n) "t H"(A(n)a) converge to Ho(c)
but it also coincides with it.

The function H) is infinitely differentiable at interior points of the set {« :
Hy(a) < oo}. If it also satisfies the condition |V Hy(c;)| — oo as the points «;
converge to a boundary point of the above set, then its Legendre transform Ly is
strictly convex and the asymptotics of the distribution of the arithmetic mean is
given by the action function n - Lo(x).

Example 1.4. Under the hypotheses of the preceding example, we consider the
distributions of the random vectors ({1 + &2 + - - - + &, — nM&) / By, where B,
is a sequence going to oo faster than /7 but slower than n. We have

H" (o) = lnMexp{ (04, bt té _nM€k>}

B,

=l (5) - (5 vmo)]
=32 o @5 (5|

If as the normalizing coefficient A(n) we take B2 /n, then we obtain

H(a) = lim A(m) B (A(m)a) = 257 20 (000
@ _nlaoo " e = 2 g Oaiaaj s

If the matrix of this quadratic form, i.e., the covariance matrix of the random
vector &, is nonsingular, then the Legendre transform of H has the form

§) =33 aupp,
%,]
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where (a;;) = ((0*Ho/da;0cr;)(0))~ 1. The action function for the family of
the random vectors under consideration is (B2 /n)L(z). In particular, this means
that

n—nM 1 .
51 + +B§n n fk —!L“ < 6} _ —§Zaijx2$3~
1,7

2 Locally Infinitely Divisible Processes

Discontinuous Markov processes which can be considered as a result of random
perturbations of dynamical systems arise in various problems. We consider an
example.

Let two nonnegative functions /(z) and r(z) be given on the real line. For ev-
ery h > 0 we consider the following Markov process X* on those points of the
real line which are multiples of h: if the process begins at a point z, then over time
dt it jumps distance h to the right with probability h~17(x) dt (up to infinitesi-
mals of higher order as dt — 0) and to the left with probability h=1l(x) dt (it
jumps more than once with probability o(dt)). For small A, in first approxima-
tion the process can be described by the differential equation &; = r(x;) — I(24)
(the exact meaning of this is as follows: under certain assumptions on r and [ it
can be proved that as h | 0, X}* converges in probability to the solution of the
differential equation with the same initial condition).

A more concrete version of this example is as follows: in a culture medium of
volume V there are bacteria whose rates ¢ and c_ of division and death depend
on the concentration of bacteria in the given volume. An appropriate mathemati-
cal model of the process of the variation of concentration of bacteria with time is a
Markov process X" of the form described above with h = V=1, r(2) = z-c, ()
and I(z) =z - c_(x).

It is natural to consider the process X" as a result of a random perturbation
of the differential equation &; = r(x¢) — [(x;) (a result of a small random pertur-
bation for small k). As in the case of perturbations of the type of a white noise,
we may be interested in probabilities of events of the form {por (X", ) < &},
etc. (probabilities of “large deviations™).

As we have already mentioned, the first approximation of X/ for small &
is the solution of the differential equation; the second approximation will be a
diffusion process with drift 7(z) — I(z) and small local variance

h(r(z) +1(x)).

Nevertheless, this approximation does not work for large deviations: as we shall
see, the probabilities of large deviations for the family of processes X/* can be
described by means of an action functional not coinciding with the action func-
tional of the diffusion processes.

We describe a general scheme which includes the above example.
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In 7-space R" let us be given: a vector-valued function b(z) = (b*(z),...,
b"(z)), a matrix-valued function (a% (x)) (of order r, symmetric and nonnegative
definite) and for every x € R" a measure p,; on R"\{0} such that

/ 18P 1 (dB) < o0
RT\{0}

For every h > 0 let (X', P") be a Markov process in R" with right continuous
trajectories and infinitesimal generator A" defined for twice continuously differ-
entiable functions with compact support by the formula

h i( h & f(x)
At Zb 8331 ZZa (2 )am’aaﬂ

9

Bt [ hp) —h i0 } )
4 /R INICUE ZB (dB)
2.1)

If @ (z) = 0 and y, is finite for all x, then X}* moves in the following way:
it jumps a finite number of times over any finite time and the density of jumps
at z is h™ 1, (R"\{0}) (i.e., if the process is near x, then over time dt it makes
a jump with probability » =11, (R"\{0}) dt up to infinitesimals of higher order
as dt — 0); the distribution of the length of a jump is given by the measure
p(RI\{0}) ™t - . (h~tdB) (again, as dt — 0); between jumps the process
moves in accordance with the dynamical system =, = B(l‘t) where

by =vw) [ Bualas).

On the other hand, if p, (R™\{0}) = oo, then the process jumps infinitely many
times over a finite time.

The process under consideration above is a special case of our scheme with
r = 1, measure y, concentrated at the points +1, {1} = r(z), u.{—1} = l(x)
and b(z) = r(z) — l(x).

If the measure 1, is concentrated at O for every x, then the integral term in for-
mula (2.1) vanishes and A" turns into a differential operator of the second order.
In this case (X[, P,,) is a family of diffusion processes with a small diffusion co-
efficient and the corresponding trajectories are continuous with probability one.
In the general case (X}, P.,) combines a continuous diffusion motion and jumps.

The scheme introduced by us is a generalization of the scheme of processes
with independent increments—the continuous version of the scheme of sums of
independent random variables. It is known that in the study of large deviations
for sums of independent random variables, an important role is played by the
condition of finiteness of exponential moments (cf., for example, Cramér [1]).
We introduce this condition for our scheme, as well: we shall assume that for all
a = (aq,...,q.), the expression
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H(z,a) = Z b (z)a; + % Z a' (z)a; o
i ij

+ /RT\{O} <exp{; aiﬂi} —1— ;aiﬂi> 1(dB) 22)

is finite. The function H is convex and analytic in the second argument. It van-
ishes at zero.

The connection of H with the Markov process (X}, P,.) can be described in
the following way: if we apply the operator A" defined by formula (2.1) to the
function exp{}_, a;z'}, then we obtain h ' H (z, ha) exp{>_, a;z"}.

We denote by L(z, ) the Legendre transform of H(x, ) with respect to
the second variable. The equality H(x,0) = 0 implies that L is nonnegative;
it vanishes at 8 = b(x). The function L may assume the value 4oco; however,
inside the domain where it is finite, L is smooth.

For the example considered above we have: H(z,a) = r(z)(e® — 1) +
I(x)(e~*—1), and the function L has the form indicated in the preceding section
with r(z) and [(x) replacing r and [.

For a function ¢, T < t < T5, with values in R", we define a functional by

the formula
Ts

S(e) = Snima(e) = [ Dlenin) dt @3)
1

if ¢ is absolutely continuous and the integral is convergent; otherwise we put

St,1,(p) = 4o0. This functional will be a normalized action functional (and

the normalizing coefficient will be A~ 1).

In particular, if the measure s, is concentrated at 0 and (a%/) is the identity
matrix, then, as follows from results of Chap. 4, the action functional has the
form (2.3), where L(y, ¢) = 3 - |¢ — b(¢)[*. In Wentzell and Freidlin [4] the
action functional is computed for a family of diffusion processes with an arbitrary
matrix (a%) (cf. the next section).

Families of infinitely divisible processes belonging to our scheme have been
considered in Borovkov [1]. We return to these classes of random processes in
the next section. Now we formulate a result which generalizes results of both
Wentzell and Freidlin [4] and Borovkov [1].

In order that h~1Syr(¢) be the action functional for the family of processes
(X}, P,), it s, of course, necessary to impose some restrictions on this family.
We formulate them in terms of the functions H and L.

I. There exists an everywhere finite nonnegative convex function H(a) such
that H(0) = 0 and H(x, ) < H(«) for all z, a.

II. The function L(x, 3) is finite for all values of the arguments; for any R > 0
there exists positive constants M and m such that L(z,8) < M,
\VsL(z, B)] < M, >2,(9°L/0B' OB )(x, B)c'c! > m3 (") for all
xz,c € R"and all 8, |f| < R.
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The following requirement is between the simple continuity of H and L in
the first argument, which is insufficient for our purposes, and uniform continuity,
which is not satisfied even in the case of diffusion processes, i.e., for functions
H and L quadratic in the second argument.

! L(y/7ﬁ)_L(y76)
I11. AL = 5 3
O) = sw s =T

Condition IIT implies the following continuity condition for H:

—0 asd’ —0.

H(y, (1+ AL@) " 'a) - H(y,a) < ALE) 1+ ALE) ™ 24
forall wand |y — y/| < ', where AL(6") — Oas ¢’ | 0.

Theorem 2.1. Suppose that the functions H and L satisfy conditions 1-111 and
the functional S(y) is defined by formula (2.3). Then h=1S(yp) is the action
functional for the family of processes (X}', P in the metric

por(p,¥) = sup [pr —
0<t<T

uniformly in the initial point as h |, 0.

The proof (under somewhat more relaxed conditions) is contained in Went-
zell [7], [8] (see also Wentzell [10]).

First of all we have to prove that Syr is lower semicontinuous and the el-
ements of the set {¢ : Sor(¢) < s} are equicontinuous. We do not include
this purely analytic part of the proof here; we mention that similar results can be
found in the book by Ioffe and Tikhomirov [1], Chap. 9, Sect. 1.

We mention a lemma, also without proof, having to do with the properties of
Sor (for a proof, see Wentzell [7], [8], [10]).

Lemma 2.1. Let condition 111 be satisfied. For every sg > 0 there exists At > 0
such that for any partition of the interval from O to T by points 0 = ty < t; <
c < tpo1 <tp =T, max(tj41 —t;) < At, and for any function ¢, 0 < t <
T, for which Sor(p) < so we have Sor(l) < Sor(p) + 7, where L is a polygon
with vertices at the points (L, ¢t ).

Now, it has to be proved that for any 6 > 0, v > 0 and sg > 0 there exists a
positive hg such that for all h < hy we have

Pi{por (X", ¢) < 8} = exp{—h""[Sor(p) +11}, (2.5)
where ¢ is an arbitrary function such that Sor(¢) < s¢, o = x and that
Pi{por(X", @4(s)) > 8} < exp{-h7"(s =)}, (2.6)

where @,.(s) = {¢ : vo = z,S0r(¢) < s} and z is any point from R" and
s < sp.
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For the sake of simple notation we give the proof in the one-dimensional case.
First we mention a few facts used in both parts of the proof.

Up to the term fot b(X™) ds of bounded variation, the process X" is a square
integrable martingale. Therefore, the stochastic integral with respect to X/ is
meaningful. Let f(¢,w), 0 < ¢t < T be a random function bounded in absolute
value by a constant C' and progressively measurable with respect to the family of
o-algebras F<; = o{X" s <t} (i.e., for any ¢, the function f(s,w) for s < t
is measurable in the pair (s,w) with respect to the product of the o-algebra of
Borel subsets of the interval [0, ¢] and the o-algebra .%<,). Then we can define
the stochastic integral

T
/ f(t—0,w)dX! (2.7)
0

(cf. Kunita and Watanabe [1]). We need to integrate only random functions piece-
wise continuous in square mean; for them the integral (2.7) can be defined as the
limit, in the sense of convergence in probability, of Riemann sums

n—1

DS wxd,, — X

=0

as the partition 0 = ¢y < t; < --- < t, = T becomes infinitely fine. If the
realizations of X" have bounded variation and the realizations of f(¢,w) have
one-sided limits at every point, then the integral (2.7) can be viewed as an ordi-
nary Lebesgue—Stieltjes integral of the left-hand limit f (¢ — 0, w) of the function
F(tw).

We need the following fact:

T T
Mh exp{ ft=0,w)dXP —n=t [ H(X! hf(t,w)) dt} =1 (28)
0

0
(this can be derived from It6’s formula for stochastic integrals with respect to
martingales, cf. Kunita and Watanabe [1]).

The proof of (2.5) is first carried out for piecewise smooth functions ¢. As in
the case of diffusion, we use an absolutely continuous change of measures (the
idea of using such a change of measures is due to Cramér [1]).

We put a(t, x) = (OL/9B)(x, ¢¢). By condition IT and the piecewise smooth-
ness of ¢, the function « is bounded. Then, we put

T
Ph(A) = Mh [A; exp{h1 {/ alt—0, X ) dX}]
0

— /OT H(Xf,a(t,Hf))dt} H

for any event A € F<;.
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According to (2.8), P" is a probability measure. With respect to this measure,
X! turns out to be a Markov process again (cf. Gikhman and Skorokhod [2],
Chap. VII, Sect. 6) but now nonhomogeneous in time. Its infinitesimal generator
is given by the formula (cf. Grigelionis [1])

A f@) = B(t,)7 (@) + a(a) 1(0)

#nt [ B — o) — b (@)  (09),
R™\{0}

where ha(x) is the former diffusion coefficient and the drift b and measure 77 can
be expressed in terms of the former ones by the formulas

l;(t,a:) = %—g(x,a(t,m)),

Mit,o (d8) = exp{a(t, z) B} ma (dB).

By virtue of our choice of a(t,z) = (9L/df)(x, ;). the coefficient b is inde-
pendent of x and equal to ¢;. This means, in particular, that with respect to IS};,
the process X[* — ¢ is a martingale (with vanishing mean, since ¢y = ) and its
variance is given by the formula

t92H

MZ(X[‘ - <Pt)2 = hMZ , 0a?

(XP a(s, X)) ds. (2.9)

Since the density dP" /dP" is positive, the measure P" can be expressed by
integration with respect to P?:

T
Ph(A) = M" {A;exp{hl [—/0 alt—0, X ) dX}]

+ /OT H(Xf,a(t,xth))dt} H (2.10)

We shall use this for the event A; = {supg<, <7 | X/" — ¢¢| < 6}
We put

2

D, = SUD 5 (y,a(t,y)),
2 2
DQ = Stl,lq}) W(y7 Oé(t, y))O{(t, y)

(by condition II, these expressions are uniformly bounded for all functions ¢, for
which the derivative ¢, is bounded by some constant). We introduce the random
events
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Al ={ sup X}~ | < 201/2D}2);
0<t<T
Al = {

T
/ alt —0, X o) d(X} = o)
0
In both cases here on the left side of the inequality we have a martingale (with
respect to P") with mean zero and on the right side a constant estimating from
above the doubled square mean deviation of the martingale. By the Kolmogorov
and Chebyshev inequalities we have

< 2h1/2D;/2}.

Ph(A}) >3/4,  Ph(A}) >3/4.

For h < (4D;)~'62, the event A% implies As. Therefore, P?(As) is es-
timated from below by the P"-probability of A? N A% (which is not smaller
than 1/2) multiplied by the infimum of the exponential expression in (2.10) over
this intersection. The sum of integrals under the exponential sign can be reduced
to the form

T T
- / alt — 0, X[ o) d(XP — o) — / (ot XD — H(XP a(t, XP))] dt.

The first integral here does not exceed 2h'/ ZD;/ ® in absolute value for

w € AP N A% and the second one is equal to — fOT L(X}, ¢4) dt. By virtue of
condition III, this integral (without the minus sign) does not exceed

T
/ L(pe, &0) dt(1 + AL(20'2D}/?)) + AL(2h'/2D}/?) . T
0
Finally, for h < (4D;)~'6% we obtain the estimate

1
Ph{por(X" ) < 8} = S exp{~h~"Sur(p) — 2071/° Dy
— W AL(2RY2DY)[T + Sor ()]}

The factor 1/2 and all terms except —h~1Sor () are absorbed by the term A~ 1y
for sufficiently small h and we obtain inequality (2.5).

In order to establish that (2.5) is satisfied uniformly for not only functions
@ with |¢¢| < const but also all functions with Sor(p) < sg, we use the
equicontinuity of these functions and Lemma 2.1. We choose At > 0 such that
the oscillation of each of these functions ¢ on any interval of length not ex-
ceeding At is smaller than §/2. We decrease this At if necessary so that for
any polygon [ with vertices (t;, ¢;,) such that max(t;;1 — t;) < At we have
Sor(1) < Sor(¢) + /2. We fix an equidistant partition of the interval from 0 to
T into intervals of length not exceeding At. Then for all polygons [ determined
by functions ¢ with Sor(¢) < so we have |l;| < §/2A¢. For h smaller than
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some hy, inequality (2.5) holds for these polygons with §/2 instead of ¢ and /2
instead of . We use the circumstance that por (¢, 1) < §/2. We obtain

Pi{por (X", ) < 8} = Pi{por(X".1) < §/2}
> exp{~h""[Sor(¢) +11}-
Now we prove (2.6). Given a small positive number s, we choose a positive
0" > /2 such that the expression AL(d") in condition III does not exceed 3. We
consider a random polygon [, 0 < t < T with vertices at the points (0, X}),
(At, Xk, 2At, XI,), ..., (T, X%), where the choice of At = T'/n (n is an
integer) will be specified later. We introduce the events

aviy={ s |xP - Xl <0},
IAE<t<(i+1)At

i=0,1,...,n — 1.If all A"(i) occurred, then we had por(X",1") < §; more-
over, por (X", ®,(s)) > & implies I" ¢ ®,(s). Therefore,

P {por (X", ®y(s)) > 6} < P" (L_J A’Ti))

i=0
n—1
+Pa ( ) A" n{i" ¢ @x(s)}) 2.11)
i=0
The first probability does not exceed

n - sup PZ{ sup | X[ —y| > 5’}.
Y 0<t<At
By virtue of a well-known estimate (cf. Dynkin [1], Lemma 6.3), the supremum
of this probability does not exceed
2 sup sup PL{| X} —y| > ¢'/2}.
t<At y

We estimate this probability by means of the exponential Chebyshev inequality:
for any C' > 0 we have

PLIXE — 91> 0'/2) < M exp{h™'C - (X!~ )
+ Ml exp{~hT1C - (X[ — )} OV2 212)

It follows from (2.8) that the mathematical expectation here does not exceed
exp{h " HH(£C)} < exp{h 'AtH(£C)}. Now we choose C' = 4s(/d’ and
we choose At so that AtH(j:C) < sp. Then the right side of (2.12) does not ex-
ceed 2 exp{—h~1sy} and the corresponding terms in (2.11) are negligible com-
pared to exp{—h~1(s —v)}.
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The second term in (2.11) is estimated by means of the exponential Cheby-
shev inequality:

(ﬂ A N{I" ¢ Du(s )}>
<n Ah O{SOT( )>8}>

n—1

() A" (i);exp{h ™" (1 + %)‘QSOT(lh)}]

=0
x exp{—h 1 (1 + »)?s}. (2.13)

<M

Using the choice of ¢§’, we obtain

n—1 ,(i+1)At Xh — Xih
Sor(") = / N L(l?, s At) dt
i=0

X X/
<ZAt[ < Mt,””AAttA’f) '(1+%)+%}

nt XP o = X
(142 At L(th,%>+%T
=0

forw € ﬂ;:ol AMh(i). Taking account of this, we obtain from (2.13) that

(ﬂAh )N {I" ¢ @u(s )}>

n—1

< M ﬂ A" (4) H exp{ (14 )" tAt
1=0
Xh — Xh
(i+1)At iAt
X L<X7,At7 At ) }]
x exp{h H—(1 4 20) %5 + (1 + ) 2T} (2.14)

Using the Markov property with respect to the times At, 2At, ..., (n—1)At,
we obtain that the mathematical expectation in this formula does not exceed

h

[sup M} {Ah(()); exp{hl(l + 2)LALL (y %) }H . (2.15)
Y

Here the second argument of L does not exceed &’/ At. For fixed y, we approx-
imate the function L(y, 8), convex on the interval |3| < ¢’/At, by means of
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—d/AtB_, B, 0 Bo By B.Bs O'/At

Figure 9.

a polygon L'(y, 3) circumscribed from below to an accuracy of ». This can be
done by means of a polygon with the number N of links not depending on vy,
for example, in the following way: we denote by 5_;, 54+, (i = 0,1,2,...) the
points at which L(y, 8) = i (for i # 0, there are two such points) and choose
the polygon formed by the tangent lines to the graph of L(y, 3) at these points,
i.e., we put

L(yf)= max |Ly.B;)+ 2%

—ip<i<ig 86 (yaﬂz)(ﬂ - Bz) . (216)

Here the number NV of points is equal to 2y + 1, where ¢ is the integral part of
»x~sup, SUD|5| <6/ At L(y,8). It is easy to see that L(y, 8) — L'(y, 8) < » for
|8 < &' /At (Fig. 9).

Using the definition of L, the expression (2.16) can be rewritten in the form

L'(y,B) = max [o;8— H(y, )], 2.17)

—ig<i<io

where the o; = L(y, 8;)/0 depend on y. Taking account of this, we can see
that the mathematical expectation in formula (2.15) does not exceed

MZ [Ah(O); exp{h*1(1 + 5) 7! 71,?155;0 [ (XX, — )
— AtH(y,a)] + 711 + %)_1%AtH
<exp{h lux(l + %) tAL}

) i: M2 [A"(0); exp{h " [(1 + 2) " as( XX, — v)

i=—1g

— A1+ )" H(y, )]} (2.18)
By (2.8) we have

At
MZ exp{h1 {(1 + 50 Loy (Xh, —g) — ; H(X! (1420 tay) dt} } =1
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In order to use this, we subtract and add h~! OAt H(X}, (1+ »)~'a;) dt under
the exponential sign on the right side of (2.18). Using the choice of §’ and in-
equality (2.4), we obtain that the 7th mathematical expectation on the right side
of (2.18) does not exceed exp{h 1At - »(1 + ») 71},

We combine the estimates obtained so far:

PZ{pOT(Xh, D,(s)) >} < 4nexp{—h715} + (2ig+1)"
x exp{h T [=(1 4+ 2) 725 + 2¢(1 4+ 30) 2T + 25¢(1 + )~ 'T]}. (2.19)

Since s« > 0 can be chosen arbitrarily small, for & smaller than or equal to some
ho we obtain estimate (2.6) for all s < sg.

3 Special Cases. Generalizations

In this section we derive theorems on large deviations for certain families of
Markov processes. They either follow from Theorem 2.1 or are close to it.

First of all, the hypotheses of Theorem 2.1 are satisfied for the families of
diffusion processes in R", given by the stochastic equations

X5 = b(X]) + eo (X )iy, 3.1

as the parameter ¢ converges to zero, provided that the drift coefficients b*(x) and
diffusion coefficients a”/ (z) = >, _, ot (x)ok(x), i,j = 1,...,r are bounded
and uniformly continuous in x and the diffusion matrix is uniformly nondegen-
erate: >, a' (z)cic; > py 2, c2, u > 0. We calculate the characteristics of the
family of processes (X, PS): the infinitesimal generator for functions f € C(?)
has the form

2 2
A®f(x) = Z b (x) 65:16) + % Z a(z) 255{3(2 . (3.2)

The role of the parameter h of the preceding paragraph is played by £? and the
normalizing coefficient is £~2. Moreover, we have

H(z,a) = Zbi(:c)oz,; + % Zaij(az)oz,;aj; 3.3)

the Legendre transform of this function is
1 ‘ , , ,
L(z,B) = 5 ai(@)(8' = ' (@)(# — ¥/ (), (34)
]

where (a;;(x)) = (a%())~!; the normalized action functional has the form (for
absolutely continuous ¢y, T; <t < T5)
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Srn(e) =3 [ S asle)@ - Ven@ -Vied.  G3)

(ST
We verify conditions I-III of Theorem 2.1. As the function H we may choose
_ 1 9
H(a) = Bla| + §A|a| ,

where B and A are constants majorizing |b(z)| and the largest eigenvalue of the
matrix (a*(z)). As the constant M = M(R) of condition II we may choose
p~ (R + B + 1)?, and as m we may take A~'. Condition III is also satisfied:
the function AL(¢’) can be expressed in terms of the moduli of continuity of the
functions b’(z), a/ () and the constants y, A and B.

The following theorem deals with a slight generalization of this scheme and
in this case the proof of Theorem 2.1 needs only minor changes.

Theorem 3.1. Let the functions b*(z) and a (x) be bounded and uniformly con-
tinuous in R", let the matrix (a" (x)) be symmetric for any x and let

Z a(x)cic; > Z e,
ij i

where 1 is a positive constant. Furthermore, suppose that b'¢(x), . .., b" (x) uni-
formly converge to b*(z),...,b"(z), respectively, as € — 0, (X§, P%) is a diffu-
sion process in R" with drift b°(x) = (b'¢(x),...,b"¢(x)) and diffusion matrix
e2(a%(z)), and the functional S is given by formula (3.5). Then e ~2Syr () is
the action functional for the family of processes (X5, PS) in the sense of the met-
ric por (@, Y) = Supg<i<r |t — Vi|, uniformly with respect to the initial point
ase — 0.

Moreover, this result can be carried over to diffusion processes on a differen-
tiable manifold.

Theorem 3.2. Let M be an r-dimensional manifold of class C®) with metric p.
Suppose that there exists a positive constant A such that in the \-neighborhood of
every point xo € M we can introduce a common coordinate system K, and the
distance p differs from the corresponding Euclidean distance only by a numerical
factor uniformly bounded for all K. For every e > 0let (X5, P%) be a diffusion
process on M (cf. McKean [1]) and suppose that in the coordinate system K,
its infinitesimal generator can be written in the form

2 . 82
25 ij
E b 81;1 E a (:z:)axiaxj. (3.6)

)

(In passage to another coordinate system, the a' () are transformed as a ten-
sor and in the b () there also occur terms of order €2 containing derivatives of
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a'(x).) Suppose that b* (x) — b*(x) uniformly in all x such that p(zg,x) <
and all coordinate systems K,, as € — 0, the functions b'(z), a*(z) are
bounded and uniformly continuous in all z, p(zo,z) < A, and all K, and

Z a’(x)eic; > p Z c?
ij i

forall ci,...,cp, where p = const > 0. Let the functional S be given by for-
mula (3.5).

Then e =2 Sor () is the action functional for the family of processes (X¢, P<)
with respect to the metric por (@, ) = sSupg<i<t pP(©t, ¥t ), uniformly with re-
spect to the initial point as € — 0. o

The proof of Theorem 3.2 (and of Theorem 3.1) is contained in Sect. 1 of
Wentzell and Freidlin [4].

We consider some more families of Markov processes for which the action
functional can be written out easily by using formulas of the preceding section,
but the fact that the expression thus obtained is indeed the action functional does
not follow from Theorem 2.1.

-1 -1 . . .
Let 7% ..., 7" be independent Poisson processes with parameters
h=IXY, ..., h71\", respectively (A, ..., \" are positive constants). We consider
; ip—1 . . .
the process £ = (¢17, ..., &™), where € = hri® . The infinitesimal genera-

tor of this Markov process is

Al fat, . 2"y =h N f (et 4+ 2?2 — f(at 2L 2]
+ e +h*1>\T[f(:C17”.,IT +h) 7f(x17"'7xr717xr)]7

(3.7)
H(z,0) = H(a) = > X(e* — 1), (3.8)
i=1
" B — B4 N] forB>0,...,5" >0,
L) = 1(g) = { S [P s =] or 8 .
400, if at least one of the 5" < 0;
(3.9
the functional S(¢p) is defined as the integral
T
Sty () = / L(py) dt (3.10)
T
for absolutely continuous ¢; = (¢},...,¢}) and as +oo for all remaining ¢

(the integral is equal to 4-oo for all ¢, for which at least one coordinate is not a
nondecreasing function).

The hypotheses of Theorem 2.1 are not applicable, since L equals oo out-
side the set {8 > 0,...,8" > 0}. Nevertheless, the following theorem holds.
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Theorem 3.3. The functional given by formulas (3.10) and (3.9) is the normal-
ized action functional for the family of processes £, uniformly with respect to
the initial point as h | 0 (as normalizing coefficient we take, of course, h™").

This is a special case of Borovkov’s results [1] (in fact, these results are con-
cerned formally only with the one-dimensional case; for » > 1 we can refer to
later work: Mogul’skii [1] and Wentzell [7], [8]).

The preceding results were related to the case where with the increase of the
parameter, the jumps of the Markov process occur as many times more often
as many times smaller they become. We formulate a result concerning the case
where this is not so.

As above, let 7}, ... 77 be independent Poisson processes with param-
eters aXl,... a\". For @ > 0and h > 0 we put & = h(ri® — a)it),
1=1,...,7.

Theorem 3.4. Put

1 Ty T ) _
Sty () = 5 /T D)) dt (3.11)

i=1

for absolutely continuous @i, Ty < t < Ty and St,1,(p) = 400 for the remain-
ing ;. Then (h*a)~1Sor () is the action functional for the family of processes
goh = (gl groh), 0 < t < T, uniformly with respect to the initial point
as ha — 0o, h2a — 0.

This is a special case of one of the theorems of the same article [1] by
Borovkov (the multidimensional case can be found in Mogul’skii [1]).

4 Consequences. Generalization of Results of Chap. 4

Let us see whether the results obtained by us in Sects. 2, 3 and 4 of Chap. 4 for
small perturbations of the type of a “white noise” of a dynamical system can be
carried over to small jump-like perturbations (or to perturbations of the type of
diffusion with varying diffusion).

Let @y = b(x;) be a dynamical system with one stable equilibrium position
O and let (X}', P") be a family of Markov processes of the form described in
Sect. 2. For this family, we may pose problems on the limit behavior as h | 0
of the invariant measure 11", of the distribution of the point X", of exit from a
domain and of the mean time M”7" of exit from a domain. We may conjecture
that the solutions will be connected with the function V(O, ) = inf{St, 1, (¢) :
o1, = O, o1, = x}. Namely, the invariant measure ;" must be described by
the action function A~V (O, z), the distribution of X", as h | 0 must to be
concentrated near those points of the boundary at which min,csp V(O,y) is
attained, M"7" must be logarithmically equivalent to
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expd h™t min V(O, };
p{ Jnin V(0,y)

and for small h, the exit from a domain must take place with overwhelming prob-
ability along an extremal of S(y) leading from O to the boundary, etc.

The proofs in Sects. 2, 4 of Chap. 4 have to be changed in the following way.
Instead of the small spheres v and I' about the equilibrium position, we have to
take a small ball v containing the equilibrium position and the exterior I" of a
sphere of a somewhat larger radius (a jump-like process may simply jump over a
sphere). Instead of the chain Z,, on the set v U 0D, we consider a chain on the
sum of + and the complement of D. A trajectory of X[ beginning at a point of
v is not necessarily on a sphere of small radius (the boundary of I') at the first
entrance time of I'. Nevertheless, the probability that at this time the process will
be at a distance larger than some § > 0 from this sphere converges to zero faster
than any exponential exp{—Kh~'} as h | 0. Theorems 2.1, 2.3, 2.4, 4.1 and
4.2 of Chap. 4 remain true for families (X}, P) satisfying the hypotheses of
Theorem 2.1.

Of course, these theorems are also true for families of diffusion processes
satisfying the hypotheses of Theorems 3.1 and 3.2. We give the corresponding
formulation in the language of differential equations, i.e., the generalization of
Theorem 2.2 of Chap. 4.

Theorem 4.1. Let O be a stable equilibrium position of the dynamical system
¢y = b(x¢) on a manifold M and let D be a domain in M with compact clo-
sure and smooth boundary 0D. Suppose that the trajectories of the dynamical
system beginning at any point of D U 0D are attracted to O as t — oo and the
vector b(x) is directed strictly inside D at every boundary point. Furthermore,
let (X§,P%) be a family of diffusion processes on M with drift b*(x) (in local
coordinates) converging to b(z) as € — 0 and diffusion matrix £2(a" (z)) and
let the hypotheses of Theorem 3.2 be satisfied. For every € > 0 let u®(z) be the
solution of Dirichlet’s problem

) Z€ )
9 Z ] 8{,6’(9{1}7 Z b 8:10’ =0, zeD,

u®(z) =g(z), = €D,

with continuous boundary function g. Then lim._,q u®(x) = g(yo), where y is a
point on the boundary at which minycpp V (O, y) is attained (it is assumed that
this point is unique).

The proof of the theorem below is entirely analogous to that of Theorem 4.3
of Chap. 4.

Theorem 4.2. Let the dynamical system &:; = b(x¢) in R" have a unique equi-
librium position O which is stable and attracts the trajectories beginning at any
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, Where
c is a positive constant, be satisfied. Suppose that the family of diffusion processes
(X¢, PE) with drift b¢ (x) — b(x) and diffusion matrix €2 (a¥ (x)) satisfies the hy-
potheses of Theorem 3.1. Then the normalized invariant measure u° of (X5, PS)
as € — 0 is described by the action function €2V (O, ).

point of R". For sufficiently large |x| let the inequality (z,b(x)) < —c|z

The formulation and proof of the corresponding theorem for diffusion pro-
cesses on a manifold is postponed until Sect. 4 of Chap. 6. The matter is that
this theorem will be quite simple for compact manifolds but the trajectories of
a dynamical system on such a manifold cannot be attracted to one stable equi-
librium position. For families of jump-like processes, the corresponding theorem
will also be more complicated than Theorem 4.3 of Chap. 4 or Theorem 4.2 of
this chapter.

We indicate the changes in Theorem 3.1 of Chap. 4 enabling us to determine
the quasipotential.

Let A be a subset of the domain D with boundary 0D. The problem R 4 for
a first-order differential equation in D is, by definition, the problem of finding a
function U continuous in D U 9D, vanishing on A and positive outside A, con-
tinuously differentiable and satisfying the equation in question in (D U 0D)\ A
and such that VU (z) /= Ofor z € (D U 0D)\ A.

Theorem 4.3. Let H(x,«) <> L(x, 8) be strictly convex functions smooth in the
second argument and coupled by the Legendre transformation. Let St,1,(p) =

ijl * Ly, ¢1) dt (for absolutely continuous functions p and +oo otherwise). Let
A be a compact subset of D. Let us put

V(A,z) = inf{St,1,(p) : o1, € A, o1, =2;—00 < T} < Ty < oo} (4.1)
Suppose that U is a solution of problem R 4 for the equation
H(z,VU(x)) =0 4.2)

in DUOD. Then U(x) = V(A,x) for all x for which U(z) < min{U(y) : y €
OD}. The infimum in (4.1) is attained at the solution of the equation

ot = VaoH(pt, VU(p1)) (4.3)

with the final condition @1, = x for any Th < oo (then the value of ¢ automati-
cally belongs to A for some Ty, —oo < Ty < T3).

Theorem 3.1 of Chap. 4 is a special case of this with H(z, o) = (b(z), ) +
|a?/2, A = {0}.

Proof. Let @y, Ty <t < Ty, be any curve connecting A with = and lying entirely
in DUOD. We use the inequality L(z, 8) > Y, o; 8 — H(z, a), following from
definition (1.1). Substituting ¢y, ¢ and VU (¢;) for z, 5 and «, we obtain
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T>
ST1T2(90) = / L(¢t790t)dt

Th

Ts 8U . Ts
> [ gateddiar= [ G VUG

The second integral is equal to zero by (4.2). The first one is U (o1, ) —U(¢r,) =
U(z). Hence St,1,(¢) > U(z). If U(xz) < min{U(y) : y € 0D}, then the
consideration of curves going through the boundary before hitting = does not
yield any advantage and V (A, z) > U(x).

Now we show that the value U(x) can be attained. For this we construct an
extremal. We shall solve (4.3) for ¢ < T5 with the condition o7, = z. A so-
lution exists as long as ¢; does not go out of (D U dD)\A, since the right
side is continuous (the solution may not be unique). We have (d/dt)U(¢:) =
> (dU 0z (p1) - ¢ = Lo, 1) + H (1, VU(ip1)). The second term is equal
to zero. The first term is positive, since L(x, 3) > 0 and vanishes only for 8 =
b(x) = Vo H(x,0), which is not equal to V, H (x, VU (x)) for z ¢ A (because
VU (xz) /= 0. Hence U(p;) decreases with decreasing ¢. Consequently, ¢; does
not go out of D U dD. We prove that for some 77 < T, (maybe for 77 = —o0)
the curve ¢, enters A. If this were not so, then the solution ¢; would be defined
for all ¢ < T and the limit lim;, o, U(p:) > 0 would exist. However, this
would mean that y; does not hit some neighborhood of the compactum A. Out-
side this neighborhood we have (d/dt)U () = L(p¢, ¢¢) > const > 0, which
contradicts the existence of a finite limit of U () as t — —oo.

Now we determine the value of S at the function we have just obtained:

Ty T>

. d
Srre) = [ Ligngnd= [ GU0dr

T T

= U(<)0T2) - U(@:’H) = U(m)
The theorem is proved. 0O

The hypotheses of this theorem can be satisfied only in the case where all
trajectories of the dynamical system &; = b(x;) beginning at points of D U 9D
are attracted to A as t — oo (or they enter A). The same is true for Theorem 3.1
of Chap. 4.

As an example, we consider the family of one-dimensional jump-like pro-
cesses introduced at the beginning of Sect. 2. If [(z) > r(z) for x > z( and
l(x) < r(z) for z < =z, then the point x( is a stable equilibrium position
for the equation #; = r(x¢) — I(x). We solve problem R, for the equation
H(x,U'(z)) = 0, where H(z,a) = r(z)(e* — 1) + l(z)(e”* — 1). Given z,
the function H (z, ) vanishes at « = 0 and at & = In({(x)/r(x)). For x /fx¢
we have to take the second value, because it is required that U’(z) /4 Ofor
x /=x9. We find that U(z) = f;o In(I(y)/r(y)) dy (this function is positive
for both x > zg and * < xp). It is in fact the quasipotential. An extremal of
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the normalized action functional is nothing else but a solution of the differential
equation ¢; = (9H /00 (1, U (120)) = 1(i20) — r(00).

Now we obtain immediately the solution of a series of problems connected
with the family of processes (X[, P"): the probability that the process leaves
an interval (x1,22) > xo through the left endpoint converges to 1 as h | 0 if
U(z1) < U(zz) and to 0 if the opposite inequality holds (for U(z1) = U(x2)
the problem remains open); the mathematical expectation of the first exit time is
logarithmically equivalent to exp{h~! min[U (zy), U(z2)]} (this result has been
obtained by another method by Labkovskii [1]) and so on. The asymptotics of the
invariant measure of (X[, P") as h | 0 is given by the action function h~1U ()
(this does not follow from the results formulated by us; however, in this case
as well as in the potential case, considered in Sect. 4, of Chap. 4, the invariant
measure can easily be calculated explicitly).



Chapter 6

Markov Perturbations on Large Time Intervals

1 Auxiliary Results. Equivalence Relation

In this chapter we consider families of diffusion processes (X5, PZ) on a con-
nected manifold M. We shall assume that these families satisfy the hypothe-
ses of Theorem 3.2 of Chap. 5 and the behavior of probabilities of large de-
viations from the “most probable” trajectory—the trajectory of the dynamical
system #; = b(x;)—can be described as ¢ — 0, by the action functional
e725(p) = e 251, 1, (), where

TZ . . . .
Se) =5 [ X aule0 (i~ Blen)@l - o) dr

o

We set forth results of Wentzell and Freidlin [4], [5] and some generalizations
thereof.

In problems connected with the behavior of X} in a domain D C M on large
time intervals (problems of exit from a domain and for D = M the problem of
invariant measure; concerning special cases, cf. Sects. 2, 4 of Chap. 4 and Sect. 4
of Chap. 5), an essential role is played by the function

Vp(z,y) = nf{Sor(v) : vo =z, 01 =y, € DUID fort € [0,T]},

where the infimum is taken over intervals [0, T'] of arbitrary length. For D = M
we shall use the notation Vs (z,y) = V(z,y).

For small &, the function Vp (x, y) characterizes the difficulty of passage from
x to a small neighborhood of y, without leaving D (or D U 0D), within a “rea-
sonable” time. For D = M we can give this, for example, the following exact
meaning: it can be proved that

= lim lim lim[—e*InPs{rs < T

V(z,y) = lim lim lim[—e"InPZ {75 < T}],

where 7; is the first entrance time of the -neighborhood of y for the process X;.
It is easy to see that V is everywhere finite. Let us study its more complicated

properties.

M.L Freidlin, A.D. Wentzell, Random Perturbations of Dynamical Systems, 142
Grundlehren der mathematischen Wissenschaften 260,
DOI 10.1007/978-3-642-25847-3_6, (© Springer-Verlag Berlin Heidelberg 2012
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Lemma 1.1. There exists a constant L > 0 such that for any x,y € M with
plx,y) < A, there exists a function ¢, oo = x, pr =y, T = p(x,y), for which
Sor(p) < L-p(z,y).

This is Lemma 2.3 of Chap. 4, adapted to manifolds. Here A > 0 is the
radius of the neighborhoods in which the coordinate systems K, are defined
(cf. Sect. 3, Chap. 5).

This lemma implies that Vp(z,y) is continuous for z,y € D and if the
boundary is smooth, for z,y € D U dD.

Lemma 1.2. For any v > 0 and any compactum K C D (in the case of a smooth
boundary, for K C D U 0D) there exists Ty such that for any z,y € K there
exists a function o1, 0 <t < T, 9o =2x, 07 =y, pr € Dfor0 <t <T,
T < Ty such that Sor(p) < Vp(z,y) + 7.

For the proof, we choose a sufficiently dense finite d-net {z;} of points in K;
we connect them with curves at which the action functional assumes values dif-
fering from the infimum by less than «/2 and complete them with end sections
by using Lemma 1.1: from z to a point x; near z, then from x; to a point x;
near y, and from z; to y.

Let ¢4, 0 <t < T, be a continuous curve in M and let 0 = g < t; <

- < t, = T be a partition of the interval from 0 to 7', such that all values
¢t for t € [t;,t;4+1] lie in one coordinate neighborhood K ,,. We can define a
“polygon” [l inscribed in ¢ by defining I, for ¢ € [t;, ;1] by means of coordinates
in Ky, 1] = ¢ [(tivr — )/ (tisr — t0)] + 01, [(E — 1)/ (tigr — t)]-

Lemma 1.3. For any K > 0 and any v > 0 there exists a positive h such that for
any function @y, 0 <t < T,T + Sor(p) < K, and any partition of the interval
from 0 to T with max(t;+1 — t;) < h we have

Sor(l) < Sor(p) + 7.

The first step of the proof is application of the equicontinuity of all such ¢
in order to establish that for sufficiently small &, the values oy, t; < t < ¢4,
lie in one coordinate neighborhood K, and the number of different coordinate
systems K, is bounded from above by a number depending only on K. This is
the assertion of Lemma 2.1 of Chap. 5 concerning which we referred the reader
to Wentzell [7], [8] (however, for a function L(z, ) quadratic in §3, the proof is
simpler).

We have already seen in the proof of Theorem 2.1 of Chap. 4 that in our ar-
guments we have to go out to a small distance from the boundary of D or, on
the other hand, we have to consider only points lying inside D at a positive dis-
tance from the boundary. Let p(x,y) be a Riemannian distance corresponding
to a smooth tensor g;(x) : (dp)* = 3, gij () dz’ dz?. We denote by D 5 the
d-neighborhood of D and by D _; the set of points of D at a distance greater than
& from the boundary. In the case of a compact twice continuously differentiable



144 6. Markov Perturbations on Large Time Intervals

boundary 0D, the boundaries 9D s and 0D _s are also twice continuously dif-
ferentiable for sufficiently small §. For points x lying between 0D_; and 0D s
or on them, the following points are defined uniquely: ()¢ is the point on 9D
closest to x; (x)_; is the point on 9D _; closest to x; (x) 1 is the point on 9D 5
closest to z. The mappings * — (x)g, * — (x)_s and z — (z)4s are twice
continuously differentiable.

Lemma 1.4. Let 0D be compact and twice continuously differentiable. For any
K > 0and any v > 0 there exists 5o > 0 such that for any positive § < 6y and
any function @, 0 <t < T, T + Sor(p) < K, assuming its values in D U 9D,
there exists a function ¢, 0 <t < T, having the following properties: The value
P coincides with @q if oo € D_sUOD_s and is equal to (pg)—s otherwise; the
same is true for ¢, o1 and Sy (@) < Syi (@) + 7.

The same is true for D s and D replacing D and D_g;.

Proof. First of all we locally “straighten” the boundary, possibly decreasing A
and in neighborhoods covering the boundary we choose new local coordinates
xl 22, ... 2" in which D becomes the hyperplane {z! = 0}, for points z in
a small neighborhood of the boundary outside D the coordinate x! is equal to
p(z,0D) and for points near 9D inside D, x' = —p(x, dD). In these coordinate
systems, the coefficients a™ (), a;;(x) will differ from those in the original stan-
dard systems K, but will be uniformly bounded and continuous for all these
systems (with constants and moduli of continuity depending on the curvature
of OD).

The fact that S(¢) is quadratic is insignificant now. We only use the circum-
stance that it can be represented in the form

T
SOT(SD) = / L(¢t7¢t)dta
0

where L(z, 8) is convex and satisfies conditions II and III of Theorem 2.1 of
Chap. 5 in every local coordinate system.

We choose a positive X', not exceeding A/2 or /3L (L is the constant in
Lemma 1.1). Using the equicontinuity of all functions ¢ under consideration, we
choose hy > 0 such that the values of any of the ¢ on any interval of length not
greater than hg lie in the \'-neighborhood of the left endpoint. We decrease hg so
that for the “polygon” [ inscribed in ¢ with time step not exceeding h(, we have
Sor(l) < Sor(p) + /3 (cf. Lemma 1.3). Let us put n = [K/ho] + 1.

For any function ¢, defined on an interval of length 7" > hg, we take the par-
tition of the interval from O to 7" into n equal parts and consider the corresponding
polygon l;, 0 < t < T'. In each of the local coordinate systems chosen by us, the
modulus of the derivative of [; does not exceed R = n\'/hg at any point. We
choose a positive 6y < A such that AL(dy) < v/(3K + ) (cf. condition IIT
of Theorem 2.1, Chap. 5) and 0o - nsup e, 5<r [(OL/08)(x, B)| < v/3 (cf.
condition II).
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For every 6 < do and each of the functions ¢, under consideration we define
a function ¢;, 0 <t < T =T~
N {zt ifl, € D_sUAD_;
Pt =

(I;)—s otherwise.

This function satisfies the conditions concerning the initial and terminal points.
We estimate Sy (). We have

T . .
Sor (@) — Sor(l) = /0 [L(Pe; @t) — L(@s, )] dt
T . .
Jr/ [L(Pe, 1) — L1y, 1)) dt. (1.1)
0

(The expression L(Qy, lt) is meaningful, since because of the choice dyp < N <
A/2, on the whole interval from iT'/n to (i + 1)T'/n the points ¢, and I; are in a
neighborhood where one of the local coordinate systems chosen by us acts.)

The value ¢ is different from [, only when [; is in the J-strip along the
boundary, i.e., on not more than n little intervals [¢;, ;1] C [T /n, (i + 1)T/n].
Moreover, only the first coordinates may be different. In the first integral in (1.1)
we have <pt and [,; the first of these derivatives, just as the second one, does not
exceed R in modulus (because it either coincides with I, or differs from [; by a
vanishing first coordinate). We have

(i+1)T/n . .
/ L(Ger be) — L do)) di
iT/n

tit1 oL . .
- / 55t (P BO) - (31— 1) (1.2)

i

Here 5(t) Is a point of the interval connecting @, with I; (which varies with ¢ in
general), ¢} — [} does not depend on ¢ and is equal to

(Propy = Uy — 1+ L) [t — 1)

We pull this constant out of the integral. We use the facts that |0L/93'| <
v/3ndy and that 0 < I} — @} < § for all £. We obtain that the integral (1.2)
does not exceed y/3n and the first integral in (1.1) is not greater than /3.

The second integral in (1.1) does not exceed

w2

T
AL(6)~/O (1+ L(L, ) dt < 3K7+7-(T+SOT(1)) <

Finally,
Sor (@) < Sor(l) +2v/3 < Sor(p) + 7.



146 6. Markov Perturbations on Large Time Intervals

On the other hand, if T < hyg, then p(pg, o) < X; the distances of g and
o7 from the points ¢ and ¢4 do not exceed § < dy < N, so that p(@o, ¢7) <
3X < v/L. Using Lemma 1.1, we obtain that these points are connected by the
curve ¢y, 0 < t < T = p(Po, o1), Sy (@) < v < Sor(p) + ~; this curve does
not leave D_s U 0D _s.

The proof can be preserved for curves ¢ in Dys UJD4s and ¢y in D UID.

O

It follows from Lemma 1.4 that Vp(x,y) changes little as D is changed to
D, s with small §, uniformly in z and y, varying within the boundaries of some
compactum in D U dD. It also changes little as D is changed to D_s. In this
case, if z or y lies outside D_5 U 9D _s, then they have to be replaced by (z)_s
or (y)_s, respectively.

With Vp (x, y) there is associated an equivalence relation ~p between points
of DUID : z ~p yif Vp(z,y) = Vp(y,x) = 0. This relation depends only
on the dynamical system and does not change if the matrix (a% (z)) is changed
to another matrix for which the maximal and minimal eigenvalues are different
from each other by a bounded factor. For D = M, we simply write x ~ y in
place of z ~ s y. It is clear that x ~p y implies x ~ y.

It follows from Lemma 1.1 that in the case of a smooth boundary 0D, the
points equivalent to each other form a closed set.

Lemma 1.5. Let © ~p y, y # x. The trajectory x(x) of the dynamical system
&y = b(xy) beginning at x lies in the set of points z ~p .

Proof. There exists a sequence of functions @%"), 0 <t < Ty, @é") = zx,

gp%i) =y, lying entirely in D U 9D and such that Soz, (p(™) — 0. The T,

are bounded from below by a positive constant, say 7'. For the functions gagn)

on the interval from O to 7', the values of Sy converge to 0. Therefore, some
subsequence of these functions converges, uniformly on [0, 77, to a function ¢
with Sor(¢) = 0, i.e., to the trajectory z:(z) of the dynamical system. The
points z;(x), 0 < t < T, are equivalent to = and y; this follows from the fact that
Vp(z, @E")) and Vp (<p§"), y) do not exceed Soz, (™) — 0asn — occ.

We continue with 27 (z). We choose that one of the points = and y which is
farther from z(z). If it is, say, z, then we have p(z7(z),z) > $p(x,y). In the
same way as earlier, we obtain that over some time interval, z;(z) goes within
the set of points equivalent to x. These intervals are bounded from below by a
positive constant and thus we obtain our assertion for all ¢ > 0 by successive
application of the above argument. It is easy to see that our assertion is also true
fort <0. O

Any w-limit set, i.e., any set of partial limits of a trajectory of the dynamical
system as ¢ — oo, consists of equivalent points; this follows from Lemma 1.1.
A maximal set of points equivalent to each other, containing some w-limit set
may consist of one w-limit set, it may be the sum of a finite or infinite number
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Figure 10.

Figure 11.

of w-limit sets, or it may contain further points not belonging to any w-limit
set. Moreover, such a set contains, with every point, a whole trajectory of the
dynamical system.

We give some examples. Let the trajectories of a system be concentric circles
(Fig. 10). In this case, for any two points z, y of a closed trajectory we have
x ~ y. However, x ~p y for x # y if D has the form indicated in the figure.

In Fig. 11, if the trajectories not drawn approach the trajectories drawn, there
are six different w-limit sets: the point 1, the point 2, the exterior curve (including
the point 1), the union of the exterior curve and the intermediate curve, the union
of the intermediate curve and the interior curve, the interior curve; the union of
these w-limit sets forms a maximal set of points equivalent to each other. In the
case where the trajectories not drawn move away from those drawn, the set of
equivalent points remains the same but there remain only two w-limit sets: the
points 1 and 2.

Lemma 1.6. Let all points of a compactum K C D U dD be equivalent to each
other but not equivalent to any other point in D UdD. For any v > 0,0 > 0 and
x,y € K there exists a function ¢;, 0 <t < T, o9 = x, o7 = Yy, entirely in the
intersection of DUOD with the 6-neighborhood of K and such that Syr () < .

Proof. We connect the points x and y with curves

oM eDUOD, 0<t<T, 7> Sor,(p™) 0.
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If all curves (™) left the §-neighborhood of K, then they would have a limit
point outside this d-neighborhood, equivalent to x and y. O

Lemma 1.7. Let all points of a compactum K be equivalent to each other and
let K / 3. Let us denote by T the time of first exit of the process X; from
the 6-neighborhood G of K. For any v > 0 there exists § > 0 such that for all
sufficiently small €, x € G we have

Mirg < e’ . (1.3)

Proof. We choose a point z outside K such that p(z, K) < /3L A XA where L
and A are the constants from Lemma 1.1. We put § = p(z, K)/2 and consider
the d-neighborhood G O K. We denote by z’ the point of K closest to x (or any
of the closest points if there are several such points) and by y the point closest
to z. According to Lemma 1.2, for every pair of points 2’,y € K there exists a
function ¢;, 0 < ¢t < T, @9 = 2, o7 = y, such that Sor(¢) < v/3, and T
is bounded by some constant independent of the initial and terminal points. We
complete the curve @, at the beginning and at the end with little segments leading
from « to z’ and from y to z, with the values of S not exceeding /6 and /3,
respectively. Then the length of the time interval on which each of the functions
¢ is defined is uniformly bounded for z € G by a constant Tj and the value
of S at each of these functions does not exceed 5/6. We extend the definition
of each of these functions up to the end of the interval [0, Tp] as the solution of
&y = b(xy); this does not increase the value of S.
Now we use Theorem 3.2 of Chap. 5: for x € G we have

P {rec < To} > Pi{por,(X°,p) < d} > o—09y-e72
Using the Markov property, we obtain that
Pilre > nlp} <[1— 6_0‘9’\/'672]”_
This yields
,

o0
_92 _
MiTe <Tp g [1—e 097 7| = el 97 7,

n=0
Sacrificing 0.17 in order to get rid of T}, we obtain the required estimate. O

Lemma 1.8. Let K be an arbitrary compactum and let G be a neighborhood
of K. For any v > 0 there exists v > 0 such that for all sufficiently small € and
x belonging to the closed §-neighborhood g U Og of K we have

TG _
M;/ Xo(XE)dt > e " (1.4)
0
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Proof. We connect the point x € gUQdg and the closest point =’ of K with a curve
o with the value of S not greater than /3 (this can be done for sufficiently
small ). We continue this curve by a solution of @; = b(z;) until exit from
g U 0Jg in such a way that the interval on which the curve is defined has length
not greater than some 7' < oo independent of z. The trajectory of X7 is at a
distance not greater than ¢/2 from ¢; with probability not less than e~ /3
(for small €); moreover, it is in g until exit from G, it spends a time bounded from
below by a constant ¢y and the mathematical expectation in (1.4) is greater than
t0€_2’7572/3.

O

Now we prove a lemma which is a generalization of Lemma 2.2 of Chap. 4.

Lemma 1.9. Let K be a compact subset of M not containing any w-limit set en-
tirely. There exist positive constants c and Ty such that for all sufficiently small ¢
and any T > Ty and x € K we have

P {ri > T} <ec eT-To) (1.5)
where T is the time of first exit of X; from K.

Proof. Using the continuous dependence of a solution on the initial conditions,
it is easy to see that for sufficiently small d, the closed §-neighborhood K 5 of
K does not contain any w-limit set entirely, either. For z € K5 we denote by
7(x) the time of first exit of the solution () from K 5. We have 7(z) < oo
for all x € K. The function 7(z) is upper semicontinuous, and consequently,
it attains its largest value max ek ; 7(x) = T1 < 0.

We put Ty = T + 1 and consider all functions ¢, defined for 0 < ¢ < 7T, and
assuming values only in K 5. The set of these functions is closed in the sense of
uniform convergence, and consequently, Sy attains its minimum A on this set.
The minimum is positive, since there are no trajectories of the dynamical system
among the functions under consideration.

Then, using Theorem 3.2 of Chap. 5, in the same way as in the proof of
Lemma 2.2 of Chap. 4, we obtain:

P {rx > Tp} < exp{—e 2(A )},

P {rx > T} < exp{—€_2(T£0 - 1>(A - A)}~

a

Corollary. It follows from Lemma 1.9 that for € smaller than some €y and for all
x € K we have

MeTg < Tp +e%/c < T, =Ty +6g/c.
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2 Markov Chains Connected with the Process (X;, PS)

In this section we shall assume that D is a domain with smooth boundary and
compact closure on a manifold M. We impose the following restrictions on the
structure of the dynamical system in D U 0D:

(A) in D there exist a finite number of compacta K1, Ko, ..., K; such that:

(1) for any two points z, y belonging to the same compactum we have x ~p y;

(2) ifx € K;andy ¢ K, then z »p y;

(3) every w-limit set of the dynamical system &; = b(z;), lying entirely in D U
0D, is contained in one of the K;.

We have seen (Sects. 2, 4, Chap. 4 and Sect. 4, Chap. 5) that in the case of a
dynamical system with one (stable) equilibrium position O, for the study of the
behavior of the process X; on large time intervals for small €, an essential role is
played by the Markov chain Z,, on the set v U D, where + is the boundary of a
small neighborhood of O. We have also seen that the asymptotics of the transition
probabilities of this chain are almost independent of the initial point x € +, so
that for small ¢, the chain Z,, behaves as a simple Markov chain with a finite
number of states. The asymptotics of the transition probabilities of the chain were
determined by the quantities Vo = min{V(O,y) : y € 0D}, min{V(0,y) :
y € OD\&5(yo)}. For example, for small ¢, the transition probability P(x, D)
for x € + is between exp{—e~2(Vp £ §)}, where v > 0 is small. We use an
analogous construction in the case of systems satisfying condition (A).

We introduce the following notation:

VD(Ki,Kj) = inf{SOT(QO) two € K, or € Kj,(pt S (D U(‘)D)\ U K,
s/ %5
for0 <t < T}

(if there are no such functions, we set Vp (K, K;) = +o00). Forz,y € DUOD
we set

Vp(x, K;) = inf{SOT(ﬁﬂ) 1o =, 07 € Kj, 1 € (DUID)\ U K,
s/ 5=

for0 <t < T};
V(K y) = inf{SOT(LP) 2o € Kiyor =y, 0 € (DUOID)\ U K
s/i=

forO<t<T};



2 Markov Chains Connected with the Process (X, P5) 151

Figure 12.

Vp(z,y) = inf{SOT(w) oo =z, 0r =y, € (DUID)\ | J K,

S

for0 <t < T}.
Finally,
Vp(K;,0D) = Jnin Vo(K;,y);
Vp(x,0D) = Jnin Vp(z,y).

It is these quantities which determine the asymptotics of transition probabilities
of the Markov chain connected with the process X; .

We consider an example. Let M = R? and let the trajectories of the dy-
namical system have the form depicted in Fig. 12. Then there are four compacta
consisting of equivalent points and containing the w-limit sets.

It is easy to see that Vb (K7,y) = 0 for all y inside the cycle Ko and in
particular, on Ky we have VD(Kl, Ks) =0 f/D(Kl7 y) = oo for all y outside
K5, whence VD(Kl,Kg) = VD(Kl,K4) = VD(Kl,aD) = oo. In the same
way, VD(K;),, Ky) = VD(K4, K1) = oo. Further, the values VD(KQ, y) are finite
and positive if y ¢ Ko, etc. The following matrix of Vp (K, K;) is consistent
with the structure, depicted in Fig. 12, of trajectories of the dynamical system:

0

0 oo o0
1 0 9 9
co 6 0 6 2.1
co 0 0 0
(That Vi (Ko, K4) is equal to Vi (K2, K3) and Vp (K4, Ko) = Vp (K4, K3) = 0
can be proved easily.)
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Knowing Vp (K;, K ;) for all 4, j, it is easy to determine
Vp(Ki, Kj) = Vp(2,Y)|zek, yek;-
Namely,
Vp(Ki, Kj) = Vp(Ki, Kj) A m}n[VD(Ki, K,) + Vp(Ks, K;)]
A min[Vp (K, Koy ) + Vi (Ko, Kop) + Vo Koy, K)
Aeee A min - (Vp(Ki Koy) 4o+ Vo (Ko K5l

We can express Vp (K, y), Vb(z, K;), Vp(z,y) similarly. This can be proved
by using Lemma 1.6. In the example considered by us, the Vp (K, K;) form the
following matrix:

S O O
S © ©

(2.2)

—_ - = O
[esiN esliNeiNe}

0 0

Let py be a positive number smaller than half of the minimum of the dis-
tances between K, K; and between K;,dD. Let p; be a positive number
smaller than po. We denote by C the set D U 0D from which we delete the pg-
neighborhoods of K;,7 = 1,...,[, by I'; the boundaries of the py-neighborhoods
of the K;, by g; the p;-neighborhoods of the K;, and by g the union of the
gi- We introduce the random times 79 = 0, o, = inf{t > 7, : X§ € C},
7, = inf{t > 0,1 : X§ € dgUOD} and consider the Markov chain Z,, = X% .
From n = 1 on, Z,, belongs to dg U OD. As far as the times o, are concerned,
X¢, can be any point of C; all the following X7 until the time of exit of X7
to 9D belong to one of the surfaces I'; and after exit to the boundary we have
Tp = Op = Tp4+1 = Opy+1 = - - - and the chain Z,, stops.

The estimates of the transition probabilities of the Z,, provide the following
two lemmas.

Lemma 2.1. For any v > 0 there exists py > 0 (which can be chosen arbitrar-
ily small) such that for any p2, 0 < py < po, there exists p1, 0 < p1 < pa
such that for any &y smaller than pg and sufficiently small e, for all x in the pa-
neighborhood G; of the compactum K; (i = 1,...,l) the one-step transition
probabilities of Z,, satisfy the inequalities
oxp{—e(Vp (K¢, K;) +7)} < P(x,9g)
< exp{—e*(Vp(Ki, Kj) =)} (23)
exp{—e2(Vp(K;,dD) + v)} < P(z,dD)
< exp{—e *(Vp(K;,0D) —7)}; (2.4)

forall y € 0D we have
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Figure 13.

exp{—e?(Vp(K;,y) +7)} < P(z,0D N &, (y))
<exp{—e?(Vp(Ki,y) —7)}. (2.5

In particular, if D coincides with the whole manifold M (and M is compact),
then D = (), the chain Z,, has dg as its space of states, and (2.3) implies that
for x € 8gi, P(x,dg;) lies between exp{—e2(V(K;, K;) +7)}.

We provide a figure for this and the next lemma (Fig. 13).

Proof. First of all, VD(Ki, K;) = +oo (or VD(Ki, 0D) = +oo, VD(Ki,y) =
+00) means that there is no smooth curve connecting K; with K; in D U0D and
not touching the other compacta (or connecting K; with 0D or y on the boundary,
respectively). From this it is easy to derive that they cannot be connected even
with a continuous curve not touching the indicated compacta. This implies that
for VD(Ki,Kj) = 00 (or XN/D(Ki,aD) = 00, VD(Ki,y) = 00), the transition
probabilities in (2.3) (or (2.4), (2.5), respectively) are equal to zero. As far as the
finite Vp (K, Kj), Vb (K, y) are concerned, they are bounded by some Vj < co.

We note that it is sufficient to prove (2.3) and (2.5); estimate (2.5) will imply
(2.4), since 9D can be covered by a finite number of §p-neighborhoods.

We choose a positive pg smaller than v /10L, A/2 (L and X are constants from
Lemma 1.1) and a third of the minimum distance between K;, K; and 0D. Let a
p2,0 < pa < po be chosen. By Lemma 1.4 there exists a positive § < pg/2 such
that forall¢,5 = 1,...,l and y € 9D we have

VD+5(KzaK) D(Kz,K) 0.1,
V (KHK) D(Kz,K)+01’Y,
VD-M (Kiyy) > D(Kz,y) — 0.1,

Vp_s(Ki, (y)-s) = Vp(K;,y) +0.17.

For every pair K;, K; for which VD(Ki, K j) < oo we choose a function

i 0 <t < T = T(K;, K;), such that o "™ € K;, on'™ € K;,
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gaf“Kj does not touch Us/i? K, does not leave D_s UdD_sfor0 <t < T,
and for which R
Sor (" 59) < Vp (K, Kj) +0.27.
Further, on 0D we choose a pa-net y1,...,yyN. For every pair K,y for
which VD(Ki, yr) < 00, we choose a function gpf(“y’ﬂ, 0<t<T=T(K;yr)s

gogi’y’“ € K;, cp?yk = (y)—s, which does not touch |, , K, does not leave
D_s U D_gs, and for which

Sor (™) < Vi (Ki, yi) + 0.27.

We fix a positive p; smaller than ps, po/2,

1 e
zmin{p<sof“K’, U Ks> :OSt§T<Ki,Kj),z',j1,...,Z}

s/ 53

and

1 iy
§min{p<<pf(“y’“,UKs> :OStST(Ki,yk),i:1,...,l;k:1,...,N}.

s /=

Let an arbitrary positive 9 < pg be chosen. We derive estimates (2.3) and (2.5).

We choose a positive ¢’ not exceeding 8, p; or pg — po and such that the ¢'-
neighborhood of the segment of the normal passing through any point y € 9D
intersects the boundary in &5, (y). First we derive the lower estimates.

Let Vp (K;, K;) < oo. In accordance with Lemma 1.1, for any z € G; we
take a curve connecting z with a point 2’ € K; for which the value of S does
not exceed 0.1+; the distance between this curve and the set C' is not smaller
than &’. Then, according to Lemma 1.6, we find a curve in G; which connects z’
with goé( ek i» with the value of S not greater than 0.1+ again. We combine
these curves, complete them with the curve @f{ K3 and obtain a function Pty
0 <t < T (psand T depend on z € G; and j), g = z, o7 € K, such
that Sor(p) < VD(Ki, K;) + 0.4~. For j = i we define ¢, so that it connects
x € G; with a point ”’ at distance py + ¢’ from K; and then with the closest
point of K;; then Sor(p) < 0.6y = VD(Ki, K;) + 0.67. The lengths of the
intervals of definition of the functions ¢; constructed for all possible compacta
K;, K; and points € G; can be bounded from above by a constant T < oo
(cf. Lemmas 1.1 and 1.2). We extend all functions ¢; to the intervals from 7' to
Ty to be a solution of &; = b(x) so that Sor, () = Sor(p).

If a trajectory of X§ passes at a distance from ¢, smaller than ¢’ for 0 <
t < Ty, then the trajectory intersects I'; and reaches the §’-neighborhood of
K ; without getting closer than p, + ¢’ to any of the other compacta; moreover,
X3 € 0g;. Using Theorem 3.2 of Chap. 5, we obtain for € not exceeding some
o depending only on ~y, Vj, Tp, and ¢':
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P(I,agj) > P.Er{pOTo(XEWO) < 5/}
> exp{—¢"*(Som, () + 0.17)}
> exp{—e2(Vp(Ki, K;) + )}

The lower estimate in (2.3) has been obtained; we pass to estimate (2.5). Let
x € G,y € 0D, VD(KZ-,y) < 00. We choose a point ;. from our pgp-net such
that p(yx,y) < po; then p((yr)—s, (y)—5) < 2po. We connect z and 2’ € K;
with a curve with the value of S not greater than 0.1 and 2’ and cp(l){ DU e K
with the “value” of .S not greater than 0.1. We complete the curve thus obtained
with <pf( “Y% Then we reach (yj)_s and the total value of S is not greater than
Vb (K, y) + 0.57. We connect (y;) s with (y)5 through (y)_s, increasing the
value of S by no more than 0.3v. Finally, we extend all functions constructed so
far to the same interval [0, Tp] to be a solution of &y = b(w;) in such a way that
Sor, (@) < Vp (K, y) + 0.87.

Using Theorem 3.2 of Chap. 5 again, we obtain the lower estimate in (2.5).

Now we obtain the upper estimates.

It is sufficient to prove estimates (2.3) and (2.5) for x € [; (this follows
from the strong Markov property). By virtue of the choice of py and ¢’, for any
curve ¢, 0 < t < T beginning on I';, touching the ¢’-neighborhood of dg; (the
(69 + &’)-neighborhood of y € 9D), not touching the compacta K, s / #j and
not leaving D5 U 0D, we have: Sor(p) > VD(Ki, K;) —0.3v(Sor(p) >
Vp (K, y) —0.47). Using Lemma 1.9, we choose T} such that for all sufficiently
smalle > 0and x € (D U9dD)\g we have PE{7; > T1} < exp{—e2Vp}.

Any trajectory of X; beginning at a point # € I'; and being in dg; (in 0D N
&s,(y)) at time 7y either spends time 77 without touching dg U 9D or reaches
0g;(0D N &5,(y)) over time T7; in this case

pory (X5, @, (Vp(K;, K;) — 0.37)) > &
(p0T1 (X€7 q)x(VD(Kz,y) — 04’)/)) Z (5/)

Therefore, for any x € I';, we have

PLAXE, €09} <PL{m > T}
+ P {por, (X%, @, (Vb(Ki, Kj) — 0.37)) > 6'}; (2.6)

PAX:, € 0D UG (y)} < Po{n > Th}

+ P {por, (X5, . (VD (Ki, y) — 0.49))
> '} 2.7)

For small ¢ the first probability on the right side of (2.6) and (2.7) does not exceed
exp{—e 2V} and by virtue of Theorem 3.2 of Chap. 5 the second one is smaller
than exp{—e~2(Vp(K;, K;) — 0.57)} (exp{—e2(Vp(K;,y) — 0.5v)}) for all
x € I';. From this we obtain the upper estimates in (2.3) and (2.5). O
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Lemma 2.2. For any vy > 0 there exists pg > 0 (Which can be chosen arbitrarily
small) such that for any p2, 0 < pa < po there exists p1, 0 < p1 < pa such
that for any g, 0 < dg < po, sufficiently small € and all x outside the ps-
neighborhood of the compacta K; and the boundary 0D, the one-step transition
probabilities of the chain Z,, satisfy the inequalities

exp{—e?(Vp(z, K;) +7)} < P(x,0g;) < exp{—e*(Vp(z, K;) = 7)};

(2.8)
exp{—e (Vp(z,0D) + )} < P(z,0D) < exp{—e *(Vp(z,0D) — 1)}
(2.9)
exp{—e*(Vp(z,y) + )} < P(x,0D N &, (y))
< exp{—e2(Vp(z,y) —7)}. (2.10)

Proof. We choose a pg as in the proof of the preceding lemma. Let p2, 0 < p2 <
po, be given. Let us denote by C,, the compactum consisting of the points of
D U 0D except the py-neighborhoods of K; and dD. We choose 4, 0 < § <
po/2,such thatforallz € Cp,,,j =1,...,landy € 9D we have

VD-M (z,K;) = Vp(z, K;) — 0.1,
Vb_,(2,K;) < Vp(z, K;) +0.17,
Vb, (@,y) > Vp(z,y) — 0.1,
Vo_s (@, (y)—s) < Vp(z,y) +0.17.
We choose ps-nets 1,. ..,z in Cp, and y1, . .., yn on dD. For every pair

x;, K for which Vp (z;, K;) < oo we select a function <pfi’K-7, 0<t<T=
T(x;, K;), cpg"’Kj =z, @?’Kj € K, which does not touch US/FKS, does not
leave Ds U dD_; and for which Sor(¢®+%i) < Vp(x;, K;) + 0.27. For ev-
ery pair x;, Y, VD(xi,yk) < oo, we select a function ;Y 0 <t < T =
T(xi,uk), po """ = xi 7" = (yr)—s, not touching | J, K, not leaving
D_5 U &D_; and such that Sor (0% %) < Vp (i, yr) + 0.29.

Further, we pick a positive p; less than ps, pg/2 and half the minimum dis-
tance of the curves constructed in the proof from those compacta which they must
not approach and we pick a § satisfying the same conditions as in the proof of
Lemma 2.1 and not exceeding ps — pj; the proof can be carried out analogously.

O

Lemma 2.2 has a very simple special case where there are no compacta K,
i.e., there are no w-limit sets of the dynamical system in D U dD. In this case we
obtain immediately the following theorem.

Theorem 2.1. Suppose that the family (X, PS) of diffusion processes satisfies
the hypotheses of Theorem 3.2 of Chap. 5 and the drift b(x) satisfies a Lipschitz
condition. Let D be a domain with compact closure and smooth boundary and
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assume that none of the w-limit sets of the system &; = b(xy) lies entirely in
D U OD. Then the asymptotics as € — 0 of the distribution, at the time of exit
to the boundary, of the process beginning at x can be described by the action
function e=2Vp(z,y), y € OD, uniformly in the initial point strictly inside D,
i.e., we have

lim lim e?InPS{X% € &5, (y)} = —Vb(z,v),

5o—0e—0

uniformly in x belonging to any compact subset of D and in y € 0D, where
¢ =inf{t: X; ¢ D}.

In particular, with probability converging to 1 as € — 0, the exit to the bound-
ary takes place in a small neighborhood of the set of the points at which the tra-
jectory x4(z), t > 0, touches the boundary until exit from D U dD. (Of course,
this simple result can be obtained more easily.)

The formulation of Theorem 2.1 in the language of differential equations
reads as follows:

Theorem 2.2. Suppose that u®(x) is the solution of the Dirichlet problem
Léuf(z) = 0in D, u(z) = exp{e 2F(x)} on OD, where in local co-
ordinates we have L¢ = _.b"(z)(0/0x") + /2 > a¥(x)(0? )0zt 0z7),
bie(z) — bi(x) uniformly in x and the local coordinate systems K., as e — 0
and F ' is a continuous function. If none of the w-limit sets of the system &; = b(xy)
lies entirely in DU OD, then u® (x) < exp{e 2 max,cop(F(y) — Vp(z,y))} as
e — 0, uniformly in © belonging to any compact subset of D, where Vp(x,y) is
defined by the coefficients b*(x), a* (x) in the same way as in Sect. 1.

In the case where there are w-limit sets in D U D (and namely, in D) and
condition (A) is satisfied, for the study of problems connected with the behavior
of (X§,PS) we first have to study the limit behavior of Markov chains with
exponential asymptotics of the transition probabilities.

3 Lemmas on Markov Chains

For finite Markov chains an invariant measure, the distribution at the time of exit
from a set, the mean exit time, etc., can be expressed explicitly as the ratio of
some determinants, i.e., sums of products consisting of transition probabilities
(since the values of the invariant measure and of the other quantities involved are
positive, these sums only contain terms with a plus sign). Which products appear
in the various sums, can be described conveniently by means of graphs on the set
of states of the chain.

For chains on an infinite phase space divided into a finite number of parts for
which there are upper and lower estimates (of the type of those obtained in the
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preceding section) of the transition probabilities, in this section we obtain esti-
mates of values of an invariant measure, probabilities of exit to a set sooner than
to another (others), and so on. In the application of these results to a chain Z,,
with estimates of the transition probabilities obtained in the preceding section, in
each sum we select one or several terms decreasing more slowly than the remain-
ing ones. The constant characterizing the rate of decrease of the sum of products
is, of course, determined as the minimum of the sums of constants characterizing
the rate of decrease of each of the transition probabilities (cf. Sects. 4, 5).

Let L be a finite set, whose elements will be denoted by the letters i, j, k, m,
n, etc. and let a subset W be selected in L. A graph consisting of arrows m — n
(m € L\W,n € L, n # m) is called a W-graph if it satisfies the following
conditions:

(1) every point m € L\W is the initial point of exactly one arrow;
(2) there are no closed cycles in the graph.

We note that condition (2) can be replaced by the following condition:

(2") for any point m € L\W there exists a sequence of arrows leading from it to
some pointn € W.

We denote by G(W) the set of W-graphs; we shall use the letter g to de-
note graphs. If p;; (¢,5 € L, j # 4) are numbers, then H(m_m)eg P,,,, will be
denoted by 7(g).

Lemma 3.1. Let us consider a Markov chain with set of states L and transi-
tion probabilities p;; and assume that every state can be reached from any other
state in a finite number of steps. Then the stationary distribution of the chain is

{(Xicr Qi) 'Qi,i € L}, where
Qi= Y (g 3.1)

geG(4)

Proof. The numbers @; are positive. It is sufficient to prove that they satisfy the
system of equations
Qi=> Qpji (i€L),
JjEL
since it is well known that the stationary distribution is the unique (up to a mul-
tiplicative constant) solution of this system. In the ¢th equation we carry the ith
term from the right side to the left side; we obtain that we have to verify the

equality
Qi Y pik = Qipji- (3.2)
k#i J#
It is easy to see that if we substitute the numbers defined by formulas (3.1) in

(3.2), then on both sides we obtain the sum 7(g) over all graphs ¢ satisfying the
following conditions:
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(1) Every point m € L is the initial point of exactly one arrow m — n (n #
m,n € L);

(2) in the graph there is exactly one closed cycle and this cycle contains the
point¢. O

Lemma 3.2. Let us be given a Markov chain on a phase space X divided into
disjoint sets X;, where i runs over a finite set L. Suppose that there exist nonneg-
ative numbers p;; (j # 1,1,j € L) and a number a > 1 such that

a 'pij < P2, X;) <api; (z € X;,i#j)

for the transition probabilities of our chain. Furthermore, suppose that every set
X can be reached from any state x sooner or later (for this it is necessary and
sufficient that for any j there exist a {j}-graph g such that w(g) > 0). Then

az”(ZQz) 1@9( a*'” 2(2@) Qi

i€l i€L

for any normalized invariant measure v of our chain, where [ is the number of
elements in L and the Q; are defined by formula (3.1).

Proof. For any pair ¢, j there exists a number s of steps such that the transition
probabilities P(*)(z, X;) for z € X; can be estimated from below by a positive
constant. It follows from this that all V(X ) are positive Let us consider a Markov
chain with transition probabilities p;; = (1/v(X;)) [y v X, P(z, X;). The sta-
tionary distribution of this chain is {v(X;),4 € L} Wthh can be estimated by
means of the expression given for it in Lemma 3.1. 0O

Now we formulate an assertion which we shall use in the study of exit to the
boundary.

Fori € L\W, j € W we denote by G;;(W) the set of W-graphs in which
the sequence of arrows leading from ¢ into W (cf. condition (2')) ends at the
point j.

Lemma 3.3. Let us be given a Markov chain on a phase space X = |J,.; X
X;NX; =0 (i # j), and assume that the transition probabilities of the cham
satisfy the inequalities

a 'py < P2, X;) <apij (x € X4,j #7), 3.3)

where a is a number greater than one. For x € X and B C UkeW X we de-
note by qw (x, B) the probability that at the first entrance time of | J;,cy, Xk, the
particle performing a random walk in accordance with our chain hits B provided
that it starts from x.

If the number of points in L\W is equal to r, then
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a4 deGij(W) m(9) ZigeG”‘ W) ()
deG(W) m(g) dea(w) m(g)
(x € X;,i € I\W,j € W), (3.4)

< qwl(z, X;) <a*

provided that the denominator is positive.
Proof. We shall prove this by induction on r. For » = 1 we have W = L\{i}.
Using the Markov property, we obtain for z € X; that

ar\ iy (#, Xj) = Pz, X;) + [ P(x,dy)P(y, X;)

X
+ /
X

Let us denote by A;; the infimum of P(z,X;) over z € X;; let B, =
inf,ex, P(x, X;); let us denote by A;;, B; the corresponding suprema. By as-
sumption, Zk#— Dir > 0. This means that B, B; < 1. We have

P, dy) / Plyr, dyo) Ply, X;) + .
X

i

Aij +Aij§i +AU§12 +---< QL\{i}(lZ?an) < Az‘j JFAijBi JFAUB,Q +-e

ie.,

A, y
: —jﬁi < gy, Xj) < _.

But, by assumption,

a'pij < Ay < Aij < apyj; 1—-B; = sup P<1177 U Xk> < GZPik-
a€X; ki kot
(Analogously, 1 — B, >a! > ki pir.) We obtain from this that (3.4) is satisfied
even with a2 instead of a*.
Now let (3.4) hold for all W such that L\W contains 7 elements, for all
i € L\W and for all j € WW. We prove inequalities (3.4) for a set W such that
there are r 4 1 points in L\W. Let ¢ € L\W, j € W and put

F = U X5

keL\W
ki

We may hit X; immediately after exit from X;; we may hit F' first and then X;
we may hit I' first, then return to X; and then hit X; without calling on F, etc.
In accordance with this, using the strong Markov property, we obtain

qw (z, Xj) = qr\ (5} (2, X) +/FQL\{i}(wvd?J)qwu{i}(%Xj)

+/FQL\{2'}(-T7dy)/X awugiy (Y, dr1)qry iy (21, X5)
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+/ QL\{i}(xadyl)/ QWU{i}(yl,dﬂﬂl)/ qr\{iy (71, dy2)
F X, F

X QWU{i}(yZan)+/ QL\{i}(Iadyl)/ awugiy (Y1, dzy)
F X;

i

X/QL\{i}(zladyQ)/ QWu{i}(yQade)QL\{i}(xZan)+"'-
F X

We introduce the notation

Cij= mlen)f( qriiy (2, X5),

D,; = inf /QL\{i}(ﬂU,dy)QWu{i}(anj),
ze€X; Jp

E; = inf / QL\{i}(mady)QWu{i}(ani)
z€X; Jp

and denote the corresponding suprema by C’ij, Dij and E; (as B;, F; is also

smaller than 1). Using this notation, we can write

Cij+ Dy +Ciy By + Dy By + Cy i B7 + Dy E? + -+ < qw (2, X;)
A = A A A P2 . B2
< Cij + Dij + Cszz + DijEi + CijEi + DijEi + -
ie.,
~i3 =43 < X.) < ] — ] .
1-E,; < aw (@ X;) < 1-E;
In order to make the formulas half as bulky, we shall only consider the upper
estimate. Since (3.4) is proved for r = 1, we have C;; < a*(p;;/ Zk# Dik)- By
the induction hypothesis, we have

> a_ Pk a deGm(WU{i})W(Q) — g4t H;j

D;; < a =
! keL\W DokziPik Dgecwupih T(9) > ki Pik - Ki
kot

The H;; here is the sum of the products 7(g) over those graphs in G;;(W) in
which the arrow beginning at ¢ does not lead immediately to 7 and K is the sum
of the same products over all (W U {i})-graphs. From this we obtain

G4 D, < gitar Pl & Hij
1, 1) = I
’ ’ > ki Pik - Ki

where in the numerator we now have the sum of the 7(g) over all graphs belong-
ing to GU(W)

Now we estimate the denominator 1 — E;. From the condition that the denom-
inator in (3.4) does not vanish we obtain that if the chain begins at an arbitrary



162 6. Markov Perturbations on Large Time Intervals

point, it will, with probability 1, hit | J; <1y X, and consequently, i, (i Xk
Therefore, gy iy (y, Xi) = 1 — qwuyiy (¥, Upew Xk) and

1—E; = inf {1 */ oy (@, dy) [1 — qwu{q} (Z/, U Xk)}}
zeX; F rew
= in)t;{qL\{i} <I, U Xk>
peds kew
+/ qr\ iy (7, dy)qwugiy (% U Xk)}
F

keWw

The first term is not less than a=* (3", .y Pik/ > ki Pik); and the second one is
not less than

Z 4 Dit 4 g wurip T(9)
a e a
te\W DiriPik (o, 2gecwuiin ™(9)
ki
= 7Li .
Zk;éi pik - K

The L; here is the sum of the products 7(g) over those graphs in G(W) in which
the arrow beginning at 4 leads to a point belonging to L\W. Bringing the esti-
mates of the first and second terms to a common denominator, we obtain that

4 2kew Pik - Ki + Ly
Zk# ik K;

In the numerator here we have the sum of the 7(g) over all graphs g € G(WW).
Finally, we obtain

1-E;>a

Cij + pij < gt pi; Ki + Hij < gt pij K + Hj
1-E; — Drew Pik - Ki+Li — > wew Pik - Ki+ Li’

which gives the upper estimate in (3.4). Performing analogous calculations for
(C;; + D;;)/(1 — E;), we obtain that (3.4) is proved for the case where the
number of elements in L\W is equal to r + 1.

The lemma is proved. O

Lemma 3.4. Let us be given a Markov chain on a phase space

X=Jx, XinX;=00+#j),
€L

with the estimates (3.3) for the transition probabilities. We denote by my ()
the mathematical expectation of the number of steps until the first entrance of
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Urew Xk, calculated under the assumption that the initial state is x. If the num-
ber of points in L\W is equal to v, then for v € X;, i € L\W we have

i Zgeaavun 9 + Ljerywigi gecwoun T9)

< mw(z)
dec(w) 7(g)
o deG(WU{i}) m(g) + ZjeL\W,j;éi decij(wu{j}) m(9) (3.5)
B deG(W) m(g)

Proof. If L\W consists of only one point ¢, then in the sum in the numerator we
have only one graph—the empty one; the product 7(g) is, of course, taken to be
equal to 1. If L\W consists of more than one point, then the graphs over which
the sum is taken in the numerator can be described as follows: they are the graphs
without cycles, consisting of (r — 1) arrows m — n,m € L\W,n € L, m # n,
and not containing chains of arrows leading from ¢ into 1. We shall denote by
G(i - W) the set of these graphs.

The proof will be carried out by induction again. First let r = 1, i.e., we
consider the first exit from X;. The smallest number of steps until exit is equal
to 1; we have to add one to this if we hit X; again in the first step; we have to
add one more 1 if the same happens in the second step, etc. Using the Markov
property, we obtain

mw (z) = mp\ gy (2) = 1+ P(z, X3) +/X P(x, dxy) P21, X5)

+/ P(Z‘,d?ﬂl)/ P(Il,dIQ)P(IQ,XZ)+ .
X; X

This expression is between 1/(1 — B;) and 1/(1 — B;), where B, and B; are in-
troduced in the proof of Lemma 3.3. We obtain (3.5) for r = 1 from the estimates
of 1 — B;and 1 — B;.

Now let (3.5) hold for all sets L\ W with r elements and for all ¢ € L\TW. We
prove (3.5) for L\W consisting of r 4+ 1 points. As in the proof of Lemma 3.3,
we put F' = e\ w2 Xk The smallest value of the first entrance time of
UkeW X}, is the first exit time of X;; if at this time we hit F’, then we have to add
the time spent in F'; if after exit from F' we hit X; again, then we also have to
add the time spent in X; at this time, etc. Using the strong Markov property, we
can write this in terms of the functions mp\ ;3 («), mwuysy () and the measures

QL\{i}($7 ) QWu{i}(ffh ):
my (r) = mL\{i}(ﬂf) +/FQL\{1‘}($,dy)qu{i}(y)
+/FQL\{2‘}($7CZZ/)/X qwugiy (Y, dz)mpy gy (1)

+/ QL\{i}(xvdyl)/ QWu{i}(yladxl)/ qr\{iy (71, dy)
P X; P
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X qu{i}(yz)Jr/ QL\{i}(xadyl)/ awu{iy (Y1, dzy)
F X;

i

X / QL\{i}(l'lad?JQ)/ awugiy (Y2, dz2)mpy iy (v2) + -+ -
F X;

7

We introduce the notation

M, = xlél)f( mr\ iy (T),

N,; = inf /QL\{i}(mvdy)qu{i}(y)'
ze€X; Jp

The symbols M; and N; denote the corresponding suprema. Using this notation
and I,, F; (introduced earlier), we obtain for z € X that

M, + N,
1-E,

M; + N;
> mw(x) < -5,

We have already estimated the denominators in this formula in the proof of
the preceding lemma and we have already proved that M; and M; are between
a¥t/ Zk# pik. To estimate N, and N;, we use the estimates of qr iy (o, Xi)
and the estimates of my ;) (y) for y € Xy, which hold by the induction hy-
pothesis. We obtain that N; and NV, are between

aFFpiy oF Qir + Rig
)
kEL\W 2 ki Pik K
[

where K; has the same meaning as in the proof of the preceding lemma, ;1 is
the sum of 7(g) over the graphs belonging to G(W U {i} U {k}) and Ry, is the
sum of 7(g) over those graphs without cycles consisting of (r—1) arrows m — n,
m € L\W, m # i,n € L, n # m, in which the chain of arrows beginning at
the point k does not lead to IW. Bringing the fractions to a common denominator
and making the necessary simplifications, we obtain that for x € X;, my () is
between

4+ K; + ZkeL\W,k;ﬁi ik Qik + ZkeL\W,k;éi ik ik
ZkeW i K + L;

(the notation L; was introduced in Lemma 3.3). Here in the numerator we have
the sum of products 7(g) which in fact has to appear in the numerator of formula
(3.5): namely, K; is the sum of 7w (g) over the (W U {i})-graphs, the second
term is the sum over those graphs without cycles consisting of (r — 1) arrows
m — n,m € L\W,n € W, n # m, in which an arrow ¢ — k, k ¢ W, goes
from ¢ and there is no arrow going from k, and the third term is the sum of 7(g)
over the same graphs in which a chain begins at ¢ from more than one arrow and

aT

(3.6)
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ends outside W. This, together with the denominator already computed, gives the
assertion of the lemma.

In order not to get confused, with the empty graph, we have to consider sep-
arately the passage from » = 1 to r = 2. In this case, L\W consists of two
elements ¢ and k and K; = pyi + > ey Prj» Qir + ik, = 1. In the numerator
in (3.6) we have py; + ZjeW Dikj + ik, 80 that the assertion of the lemma is true
in this case, as well. O

4 The Problem of the Invariant Measure

By means of the results of the preceding two paragraphs, here we solve the
problem of rough asymptotics of the invariant measure of a diffusion process
with small diffusion on a compact manifold. We shall use the following formula,
which expresses, up to a factor, the invariant measure ;° of a diffusion process
(X£,P%) in terms of the invariant measure ¢ of the chain Z,, on dg (we recall
that D = M, 0D = ():

pB) = [ v [ xn(x)de “.1)
dg 0

(cf. Khas minskii [1]). It is clear that for the determination of the asymptotics
of sums of products 7(g) consisting of the numbers exp{—e 2V (K;, K;)} we
need the quantities

WK = min VKm,K 4.2
( ,min > ) 4.2)

(m—n)eg
(here V(Km, K,) = VM(Km, K,,) is the infimum of the values of the normal-
ized action functional on curves connecting the mth compactum with the nth one
without touching the others).

Lemma 4.1. The minimum (4.2) can also be written in the form

W)= min Y V(Kn,K,). (4.3)

geG{i}

(m—n)e€g
Proof. 1t is clear that the minimum in (4.3) is not greater than that in (4.2) (be-
cause the inequality holds for the corresponding terms). It remains to prove the
reverse inequality. Let the minimum in (4.3) be attained for the graph g.

If m — n is an arrow from g and V(K,,, K,,) = V(K K,,), we leave

m — n as it is. If, on the other hand,

V(Km, Kp) =V (K, Ki,) + -+ V(K;, Ky)

(cf. Sect. 2), we replace it by the arrows m — i1,...,1s — n. Then the sum
does not change but the {i}-graph ceases to be an {i}-graph. First of all, it may
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turn out that ¢ coincides with one of the intermediate points 7;, 7 = 1,...,s and
in the new graph there is an arrow ¢ — ;44 or ¢ — n; in this case we omit it.
Then in the graph there may be a cycle containing the point n:

n— 1 —>ij41 — >l —> N

This cycle did not appear in g; therefore, one of the points i;,7;41, ..., %, was the
origin of an arrow leading to some other point; in this case we open the cycle by
omitting the new arrow (i; — 441 0rij1 — ij42 -+ oris — n). Finally, there
may still be points 4; from which two arrows are issued. In this case we omit the
old arrows; then the sum does not increase and the graph thus constructed will
be an {i}-graph. Looking over all arrows in this way, we arrive at a graph ¢ for

which
> V(Em K< Y V(Kn, Ky).
(m—n)eg (m—n)eg

O
Theorem 4.1. Suppose that the system &y = b(xt) on a compact manifold M
satisfies condition (A) (cf. Sect. 2). Let u° be the normalized invariant measure
of the diffusion process (X§,PZ) and assume that the family of these processes
satisfies the hypotheses of Theorem 3.2 of Chap. 5. Then for any v > 0 there
exists p1 > 0 (which can be chosen arbitrarily small) such that the y*-measure
of the p1-neighborhood g; of the compactum K; is between

exp{—e (W (K;) — min W(K;) £7)}

Sor sufficiently small e, where the W (K;) are constants defined by formulas (4.2)
and (4.3).

Proof. In accordance with Lemmas 2.1, 1.7 and 1.8, we choose small positive
p1 < p2 < po such that estimates (2.3), (1.3) and (1.4) are satisfied for small
e with /4l replacing . By Lemma 3.2, the values of the normalized invariant
measure v of the chain Z,, lie between

-1
exp{—e_2 (W(KZ) —min W(K;) + — )}
For the estimation of u°(g;) we use formula (4.1):
T1 g0
i) = [ v [ xa (Dde= [ v [ ()
dg 0 9g; 0
For ¢ small, this does not exceed exp{—c~2(W (K;) — min; W(K;) — [(2l —

1)/4l)y)} and is not less than exp{—e 2(W(K;) — min; W(K;) + [(2] —
1)/41]7)}. The sum of these numbers is not less than

-7}
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from which we obtain
20 —1
pe (M) = exp{—€_2 [4—5%}

In order to estimate ;. (M) from above, we use formula (4.1) again:

ME(M):/ I/E(dy)MZTl :/ Ve(dy)[MZO'0+MZM§(Tl]
dg dg

< sup Mjoq + sup Mg 71,
yEDg zeC
The first mean does not exceed exp{e~2(vy/4l)} by virtue of (1.3) and the second
is not greater than some constant by virtue of the corollary to Lemma 1.9.
Normalizing p° by dividing by p(M), we obtain the assertion of the theo-
rem. 0O

If b(x) has a potential, i.e., it can be represented in the form b(z) = —VU (),
where V is the operator of taking gradient in the metric ds* = > a;;(x) dz* da’,
then we can write the following explicit formula for the density of the invariant
measure: m®(x) = C. exp{—2¢2U(z)}, where C. is a normalizing factor. This
can be verified by substituting in the forward Kolmogorov equation; in the case
where (a;;) is the identity matrix, cf. formula (4.14), Chap. 4. This represen-
tation of the invariant measure reduces the study of the limit behavior of the
invariant measure to the study of the asymptotics of a Laplace type integral (cf.
Kolmogorov [1]). Theorem 4.1 gives us an opportunity to study the limit behav-
ior of the invariant measure when no potential exists, and therefore, the explicit
form of the solution of the Kolmogorov equation cannot be used. However, the
results of this theorem are, of course, less sharp.

It follows from Theorem 4.1, in particular, that as ¢ — 0, the measure
(1 is concentrated in a small neighborhood of the union of the K; for which
min W (K;) is attained. This result was obtained in Wentzell and Freidlin [2],
[4]. In some cases, the character of the limit behavior of p° can be given more
accurately.

Theorem 4.2. Suppose that the hypotheses of the preceding theorem are satisfied,
min; W(K;) is attained at a unique K;,, and there exists only one normalized
invariant measure o concentrated in K;, of the dynamical system &y = b(xy).
Then u® converges weakly to g as € — 0.

The proof is standard: of the facts related to our concrete family of processes
(X£,P2), we have to use that MS f(XF) — f(a¢(x)) uniformly in 2 as e — 0
for any continuous function f (the corollary to Theorem 1.2 of Chap. 2).

Results concerning the limit behavior of 1 in the case where more than one
invariant measure of the unperturbed dynamical system is concentrated in K,
have been obtained in two distinct situations. Let K;, be a smooth submanifold
of M.
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Kifer [2] considered the case where the dynamical system on K, is a tran-
sitive Anosov system. (The class of Anosov systems is characterized by the con-
dition that the tangent fibering can be represented as a sum of three invariant
fiberings; in the first one the tangent vectors undergo an exponential expansion
as translated on trajectories of the system, in the second one they undergo an
exponential contraction, and the third one is a one-dimensional fibering induced
by the vector b(z) at every point. These systems form a sufficiently large set in
the space of all dynamical systems.) This case is close to that of a unique in-
variant measure. More precisely, in the case of Anosov systems, from the infinite
set of normalized invariant measures we can select one, say f., connected with
the smooth structure on the manifold under consideration in a certain manner;
this measure has the property that the following condition of exponentially fast
mixing is satisfied for smooth functions:

| [ ertan@)eaon () m(do) - [ 1@ nlde) [ a(e) a(d)

< const - [|1||1]|pa|1e T2l

where || || is the norm in the space C(!) of continuously differentiable functions.
The measure i, appears in various limit problems concerning dynamical sys-
tems, connected with smoothness. It also turns out to be the limit of the invariant
measures u° of the perturbed system, independently of the concrete characteris-
tics of the perturbations.

The second class of examples considered relates to the case where the man-
ifold K, can be fibered into invariant manifolds on each of which the invariant
measure of the unperturbed system is unique. The limit behavior of 1® depends
on the structure of b(x) outside K;, and the concrete form of perturbations; it can
be determined if in the process X; we select a “fast” and a “slow” motion and
use a technique connected with the averaging principle (cf. Sect. 9, Chap. 7). In
Khas’minskii’s paper [3] the limit of x° is found in the following special case:
K, coincides with the whole manifold M, which is the two-dimensional torus,
and in natural coordinates, the system has the form i} = b'(x), 7 = vb'(x),
b(x) > 0. If 7 is irrational, then the invariant measure of the dynamical system
is unique: it can be given by the density C - b'(x)~L. If  is rational, then the
torus can be fibered into invariant circles with an invariant measure on each of
them. The density of the limit measure can be calculated and it does not coincide
with C - b (x)~! in general.

We introduce a definition helping to understand the character of the distribu-
tion of y* among the neighborhoods of the K;. We shall say that a set N C M
is stable if for any z € N,y ¢ N we have V(z,y) > 0. Similarly to the equiv-
alence of points, the property of stability depends only on the structure of the
system @; = b(x;). The example illustrated in Fig. 11 shows that there may ex-
ist a stable compact set not containing any stable w-limit set (i.e., such that any
trajectory of the dynamical system beginning near this set does not leave a small
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neighborhood of the set). In the example in Fig. 12, K5 and K3 are stable and
K, and K, are unstable.

Lemma 4.2. If a compactum K; is unstable, then there exists a stable compactum
K such that V(K;, K;) = 0.

Proof. There exists x ¢ K; such that V (K;,x) = 0. We issue a trajectory z(z),
t > 0, from z. It leads us to its w-limit set contained in one of the compacta K ;;
furthermore, V (K;, K;) = V(z, K;) = 0. The compactum K; does not coincide
with K;, otherwise x would have to be in Kj; if K is unstable, in the same
way we pass from it to another compactum, etc. Finally we arrive at a stable
compactum. 0O

Lemma 4.3.

(a) Among the {i}-graphs for which the minimum (4.3) is attained there is one
in which from the index m, m # i of each unstable compactum an arrow
m — j is issued with V (K., , K;) = 0 and with K; stable.

(b) For a stable compactum K;, the value W (K;) can be calculated according
to (4.3), considering graphs on the set of indices of only stable compacta.

(c) If K is an unstable compactum, then

W(K;) = min[W(K;) + V (K, Kj)], (4.4)
where the minimum is taken over all stable compacta K.

Proof. (a) For an {i}-graph for which the minimum (4.3) is attained we consider
all m for which assertion (a) is not satisfied. Among these there are ones not
containing any arrow from the index of an unstable compactum.

If no arrow ends in m, we replace m — n by m — j with V(K,,, K;) = 0.
Then the {i}-graph remains an {i}-graph and the sum of the values of V' corre-
sponding to the arrows decreases.

If the arrows ending in m are s; — m,...,s; — m, and K, ,..., K, are
stable, we also replace m — n by m — j, V(K,,, K;) = 0. If no cycle is
formed, then we obtain an {i}-graph with a smaller value of the sum. However,
acyclem — j — --- — s — m may be formed. Then we replace s, — m
by s, — nyhave V(K,,, K;) + V(K , K,) = V(Ks,, K,) < V(Ks,, Kn,) +
V(K m, K,), so that the sum of the values of V' corresponding to the arrows does
not increase.

Repeating this operation, we get rid of all “bad” arrows.

(b) That the minimum over {:}-graphs on the set of indices of stable com-
pacta is not greater than the former minimum follows from (a). The reverse in-
equality follows from the fact that every {i}-graph on the set of indices of stable
compacta can be completed to an {4 }-graph on the whole set {1, ..., [} by adding
arrows with vanishing V, beginning at indices of unstable compacta.

(c) For any ¢ # j we have W (K;) < W(K;) + V(K;, K;). Indeed, on
the right side we have the minimum of -, , . V(Kp, Ky) over graphs in
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which every point is the initial point of exactly one arrow and there is exactly
one cycle © — 7 — --- — 4. Removing the arrow beginning at j, we obtain an
{i}-graph without increasing the sum.

If K; is an unstable compactum, then we choose a stable compactum K such
that V(K;, K) = 0 and a graph g for which mingec () > (n—nyeq V (Kms Kn)
is attained and in which indices of unstable compacta are initial points of only
arrows with V(K,,,, K,,) = 0. We add the arrow j — s to this graph. Then a
cycle j — s — --- — j is formed. In this cycle we choose the last index ¢
of a stable compactum before j. To the arrow ¢+ — k issued from ¢ (k may be
equal to j) there corresponds V (K, Kj) = V(K;, K;). We throw this arrow
out and obtain an {i}-graph g’ for which 3, o, V (Km, Ky) = W(K;) —
V(K;, K;). This implies that W(K;) > min[W(K;) + V(K;, K;)] over all
stable compacta K;. 0O

Formula (4.4) implies, among other things, that the minimum of W (K;) may
be attained only at stable compacta.

We consider the example of a dynamical system on a sphere whose trajec-
tories, illustrated in the plane, have the form depicted in Fig. 12. Of course, the
system has another singular point, not in the figure, which is unstable; we have to
introduce the compactum K consisting of this point. If the values V(KZ-, K;),
1 <4, j < 4 are given by the matrix (2.1), then the values W (K j) for stable
compacta are W (K3) = 6 and W(K3) = 9. We obtain that as ¢ — 0, the in-
variant measure u° is concentrated in a small neighborhood of the limit cycle Ko
and converges weakly to the unique invariant measure, concentrated in K, of the
system @; = b(x;) (it is given by a density, with respect to arc length, inversely
proportional to the length of the vector b(x;)).

Theorem 4.3. For x € M let us set
W(z) = min[W(K;) + V(K;, )], (4.5)

where the minimum can be taken over either all compacta or only stable com-
pacta. Let v be an arbitrary positive number. For any sufficiently small neighbor-
hood &,(x) of x there exists ¢g > 0 such that for ¢ < g we have

exp{fa?*Q (W(a:) - rniin W(K;) + ’y)}
< pf(&y(z)) < exp{—a‘_2 (W(ac) - miin W(K;) — 7) }

Proof. For a point = not belonging to any of the compacta K;, we use the fol-
lowing device: to the compact K7, . .., K; we add another compactum {x}. The
system of disjoint compacta thus obtained continues to satisfy condition (A) of
Sect. 2 and we can apply Theorem 4.1. The compactum {x} is unstable. There-
fore, the minimum of the values of W is attained at a compactum other than {z}
and W ({z}) can be calculated according to (4.5).
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U(x)

11
10

Figure 14.

For a point z belonging to some K;, we have W (x) = W(Kj). The value of
w1 (&,(z)) can be estimated from above by 1°(g;) and a lower estimate can be
obtained by means of Lemma 1.8. O

Theorem 4.3 means that the asymptotics as € — 0 of the invariant measure
wf is given by the action function

g2 (W(x) - miin W(KZ))

We consider the one-dimensional case, where everything can be calculated
to the end. Let the manifold M be the interval from O to 6, closed into a circle.
Let us consider a family of diffusion processes on it with infinitesimal generators
b(z)(d/dx) + (¢2/2)(d?/dx?), where b(z) = —U’(z) and the graph of U (z) is
given in Fig. 14. The function U (z) has local extrema at the points 0, 1, 2, 3, 4,
5, 6 and its values at these points are 7, 1, 5, 0, 10, 2, 11, respectively. (This is
not the case, considered in Sect. 3, Chap. 4, of a potential field b(x), since U is
not continuous on the circle M.) There are six compacta containing w-limit sets
of &y = b(z;): the point O (which is the same as 6), 1, 2, 3, 4 and 5; the points 1,
3 and 5 are stable.

We can determine the values of V(l, x) for 0 < x < 2 by solving problem
R, for the equation b(z)V)(1,z) + 3(V/(1,z))? = 0. We obtain V(1,z) =
2[U(xz) — U(1)]. Analogously, V (3, x) = 2[U( )=U(@3)] for2 <z < 4and
V(5,2) =2[U(x)—U(5)] for4 < z < 6 (in all three cases it can be verified sep-
arately that for curves leading to a point x on a route different from the shortest,
the value of the functional is greater). Moreover, we find that

V(1,3) =V(1,2) =8, V(1,5) =V(1,0) =
V(3,1)=V(3,2) =10, V(3,5) =V(3,4) = 20
V(5,1) =V(50) =V(56) =18,  V(5,3)=V(54) = 16.
On the set {1, 3,5} we consider {i}-graphs and from them we select those

which minimize the sums (4.3). For ¢ = 1 this turns out to be the graph 5 — 3,
3 — 1; consequently W(1) = 26. For i = 3 the sum is minimized by the graph
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W) |16 16 16

Figure 15.

1 — 3,5 — 3and W (3) = 24. The value W (5) = 22 is attained for the graph
3 — 1,1 — 5. The function W (x) can be expressed in the following way:

24 + 2U (z) for0 <z < 3,

W(z) (244+2U(x)) A38 for3 < ax <4,
xr) =

18 +2U(x) ford <z <5,

(18 +2U(z)) A 38 forb <z <6.

Subtracting its minimum W (5) = 22 from W, we obtain the normalized action
function for the invariant measure * as € — 0; its graph is given in Fig. 15 (we
recall that the normalizing coefficient here is £ ~2).

The reader may conjecture that as € — 0, the invariant measure of a one-
dimensional diffusion process with a small diffusion is concentrated at the bottom
of the potential well with the highest walls; this conjecture is wrong.

5 The Problem of Exit from a Domain

In this section we do not assume any more that the manifold M is compact.
Instead, we assume that a domain D is given on it with smooth boundary and
compact closure and condition (A) of Sect. 2 is satisfied.
We consider graphs on the set of symbols { K7, ..., K;, x,y,0D}.Forx € D,
y € 0D we put

144 = i 1% . 5.1
p(@y)=  mn . > Vp(e,B) (5.1)
(a—pB)eg

(We recall that G, {y, 0D} is the set of all graphs consisting of (! + 1) arrows
emanating from the points K, ..., K;,  and such that for each of these points
there exists a chain of arrows leading from the point to y or 9D and for the initial
point z this chain ends at y.)
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Lemma 5.1. The minimum (5.1) can also be written in the form

W = i % . 5.2
@y =  min > Vbl B) (5.2)
{a—B}eg

The minimum value of Wp(x,y) over all y € D does not depend on x and
is equal to

Wp = i Vi 53
p= min > Vola,B), (5.3)
(a—p}eg

where either we consider {0D}-graphs on the set { K1, ..., K;,0D} or from this
set we delete the symbols K; denoting unstable compacta.
The minima (5.1), (5.2) can also be written in the form

Wp(z,y) = [Vp(z,y) + Wp] A miiDWD(ﬂ% K;) + Wp(Ki,y)]
= [Vb(z,y) + Wp] Amin[Vp (z, K;) + Wp(Ki,y)l, - (54)

where Wp (K, y) is defined as one of the following minima, in which there occur
graphs on the set {K1, ..., K;,y,0D}:

W, Kia = 1 ‘7 ’
Py 6€Gr,, (1.0D) > Vo(a,5)
! (a—p)eg
= min V a, ) 5‘5
9€CK;, {v,0D} Z CICHE) (5.5)

(a—B)eg

In formula (5.3), Vp(a, 8) can also be replaced by V(a, ) (here o =
Ki,...,K; and (3 is one of the K; or OD).

The proof is analogous to those of Lemmas 4.1 and 4.3. Lemma 4.2 is re-
placed by the following lemma, which can be proved in the same way:

Lemma 5.2. If o is an unstable compactum K; or a point x € D\|J, K;,
then either there exists a stable compactum K; such that Vp(o, K;) = 0 or
Vb (Oé, 6D) =0.

Theorem 5.1. Let 7¢ be the time of first exit of the process X; from D. For any
compact subset F of D, any v > 0 and any § > 0 there exist g9, 0 < dp <  and
gg > 0 such that foralle < g, x € F and y € 0D we have

exp{—e *(Wp(z,y) — Wp +7)} < PL{X: € &,(y)}
< exp{—e*(Wp(z,y) — Wp — )}, (5.6)

where Wp, is defined by formula (5.3) and Wp(x,y) by formulas (5.1), (5.2) or
(5.5).

In other words, for a process beginning at the point x, the asymptotics of the
distribution as € — 0 at the time of exit to the boundary is given by the action
function e=2(Wp(x,y) — Wp), uniformly for all initial points strictly inside D.
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Proof. We put o/ =~ -47'=1 and choose a corresponding py according to Lem-
mas 2.1 and 2.2. We choose a positive py smaller than py and the distance be-
tween F' and 0D. According to the same lemmas, we choose a positive p; < p2
and use the construction described in Sect. 2, involving Z,,.

For z € |J; G; we use Lemma 3.3 with L = {K,,...,K;,y,0D}, W =
{y,0D} and the following sets X, « € L : Gy,...,G;, 9D U &5,(y), 0D\
&5, (y) (beginning with n = 1, Z,, € G, implies Z,, € Jg;). The estimates for
the probabilities P(x, Xg) for z € G, are given by formulas (2.3)—(2.5); we have
Pap = exp{—c2Vp(a, 3)} and a = exp{e~27'}. The deGKm{y,BD} 7(g) is
equivalent to a positive constant N multiplied by exp{—c 2Wp(K;,y)}. (N is
equal to the number of graphs ¢ € Gk, {y,0D} at which the minimum of
> (a—sB)eg Vb (a, B) attained. The denominator in (3.3) is equivalent to a posi-

Yy

tive constant multiplied by exp{—e~2Wp }.) Taking into account that for z € G,
Wp(x,y) differs from Wp (K;, y) by not more than +/, this implies the assertion
of the theorem for z € | J,; G;.

If x € F\J; Gi, we use the strong Markov property with respect to the
Markov time 7:

PL{XZ: € &, (y)} = PL{X7, €65, (v)}
l
+Y MI{X € 09i Pk (X5 € &, ()} (57)
=1

According to (2.10), the first probability is between exp{—c~2(Vp (z,y) £7')};
and according to what has already been proved, the probability under the sign
of mathematical expectation is between exp{—c~2(Wp(K;,y) — Wp + (4! +
1)7/)}. Using estimate (2.8), we obtain that the ith mathematical expectation in
(5.7) falls between exp{ —e~2(Vp(z, K;) + Wp(Ki,y) + Wp + (4- + 1)v)},
and the whole sum (5.7) is between exp{ —c~2(Wp(z,y) — Wp £ (4! +2)7/)},
where Wp(z,y) is given by the first of formulas (5.4). This proves the theorem.
O

Theorem 5.1 enables us to establish, in particular, the most probable place of
exit of X; to the boundary for small €.

Theorem 5.2 (Wentzell and Freidlin [3], [4]). For every j = 1,...,1 let Y; be
the set of points y € 0D at which the minimum of Vp (K, y) is attained. Let the
point x be such that the trajectory xi(x), t > 0, of the dynamical system, issued
from x, does not go out of D and is attracted to K;. From the {OD }-graphs on the
set {Ky,...,K;,0D} we select those at which the minimum (5.3) is attained. In
each of these graphs we consider the chain of arrows leading from K; into 0D;
let the last arrow in the chain be K; — 0D. We denote by M (i) the set of all
such j in all selected graphs.

Then with probability converging to 1 as € — 0, the first exit to the boundary
of the trajectory of X;, beginning at x, takes place in a small neighborhood of

the set J;cpr i) Yi-
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Figure 16.

The assertion remains valid if all the Vp, including those in formula (5.3),
are replaced by Vp.

We return to the example illustrated in Fig. 12. We reproduce this figure
here (Fig. 16). Besides Vp (K, K;), let Vp(Ko,0D) = 8, Vp(K3,0D) = 2,
Vb (K4, dD) = 1 be given; Vp (K1, 8D) is necessarily equal to 4+-00. On 9D we
single out the sets Y3, Y3 and Yy. Now there will be two {9D }-graphs minimizing
Z(a%ﬁ)Eg VD(a, B): the first one consists of the arrows Ky — Ky, Ko — 0D,

K3 — 0D and Ky — K5 and the second one is the same with K; — K3 re-
placing Ky — Ks. Consequently, M (1) = M(2) = {2}, M(3) = {3}, and
M(4) = {2,3}.

The trajectories of the dynamical system emanating from a point x in the left-
hand part of D (to the left of the separatrices ending at the point K ) are attracted
to the cycle K5 with the exception of the unstable equilibrium position /;. The
points of the right-hand part are attracted to K3 and the points on the separating
line to K4. Consequently, for small €, from points of the left half of D, the process
X§ goes out to 0D in a small neighborhood of Ys, from points of the right half,
it hits 9D near Y3 and from points of the separating line near Y5 or Ys.

If we increase Vp (K;,dD) so that Vi (K, D) = 16, Vp (K3, dD) = 10,
Vp(Ky4,dD) = 9, then again there are two {9D}-graphs minimizing the sum
(5.3): K1 — Ko, Ky — K3, K3 — 0D, K, — Ky or K4 — Ks; for all © we
have M (i) = {3}. Consequently, for small ¢, the exit to the boundary from all
points of the domain will take place near Y.

Now we turn to the problem of the time spent by the process X; in D until
exit to the boundary.

We consider graphs on the set L = {K7,..., K;,z,0D}. We put

Mp(x) = min
9EG(z={0D})

> Vp(e,B). (5.8)

a—fB)Eg

The notation G(« - W) was introduced in Sect. 3 after formulating Lemma 3.4.
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Lemma 5.3. The minimum (5.8) can also be written as

Mp(x) = min Vb ( 59
p(z) g€G(z={8D}) a;:eg p( (5:9)
Mp(z) = Wp Amin[Vp(z, K;) + Mp(K;)], (5.10)

where Mp(K;) is defined by the equality

Mp(K; Vb ( 5.11

p(K;) = — %{aD}) Z (e, B), (5.11)
(a—pB)eg

where in the minimum we have graphs on the set {K1, ..., K;,0D} (and Wp is

defined by formula (5.3)).
In determining the minima (5.9) or (5.11), (5.10), one can omit all unstable
compacta K;.

The proof is analogous to that of Lemmas 4.1 and 4.3 again.
Theorem 5.3. We have

lim e2InME7e = Wp — Mp() (5.12)

uniformly in x belonging to any compact subset F' of D.

Proof. We choose 7/, pg, p1, p2 as in the proof of the preceding theorem, but
with the additional condition that the mean exit time from the pg-neighborhood
of the K; does not exceed exp{e 27} (cf. Lemma 1.7). We consider Markov
times 79 (= 0), 71, T2, . . . and the chaln Zn = X: . We denote by v the index of
the step in which Z,, first goes out to 9D, i.e., the ‘smallest n for which 75 = = Tp.
Using the strong Markov property, we can write:

Mi7s = M:{Z, ¢ OD; M3, 7}

n=0

Lemmas l 7, 1.8 and 1.9 yield that in thls sum M% 71 does not exceed

2exp{e~24'} but is greater than exp{—e~* - 7'} (for small ¢). Hence up to a

factor between [2exp{e ™2y} FL, ME 7€ coincides with Y2 P<{Z, ¢ 0D} =

M¢ v. This mathematical expectation can be estimated by means of Lemma 3.4.
First for x € Ui (; we obtain, using estimates (2.3)—(2.5), that

exp{e *(Wp — Mp(K;) — (4" +1)7)}
<Mim < 2exp{e 2(Wp — Mp(K;) + (4" +1)7)},  (5.13)

for small . Then for an initial point x € F'\ | J; G; we obtain
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l
Mi7e = Mim + ) ME{Z; € dg;; Mg, ¢}
i=1

Taking account of the inequality M:7m; < 2exp{e~24'} and estimates (2.8)
(2.10) and (5.13), we obtain that ME 7€ is between exp{e~2(Wp — Mp(x) Fv)}.
This is true for = € | J, G, as well. Since v > 0 was arbitrarily small, we obtain
the assertion of the theorem. 0O

We return to the example considered above (with Vb (K;, K;) given by the
matrix (2.1) and Vp (K, dD) = 8, Vp(K3,0D) = 2, Vp(K4,dD) = 1). We
calculate the asymptotics of the mathematical expectation of the time 7° of exit to
the boundary for trajectories beginning at the stable equilibrium position K5. We
find that Wp = 10 (the minimum (5.3) is attained at the two graphs K; — Ko,
Ky — 0D, K3 — 0D, K4 — Ky or Ky — K3) and MD(Kg) = 6 (the
minimum (5.11) is attained at the graphs K1 — Ko, K3 — Ky, Ky — Ko;
Kl — Kg, Kg — Kg, K4 — KQ; Kl — Kg, Kg — Kg, K4 — Kg) Hence
the mathematical expectation of the exit time is logarithmically equivalent to
exp{e 2(Wp — Mp(K3))} = exp{4e2}.

Considering Z,,, we can understand why we obtain this average exit time.
Beginning in K3, the chain Z,, makes a number of order

exp{e ?Vp(K3,0D)} = exp{2e~?}

of steps on Jgs, spending an amount of time of the same order with probability
close to 1 for small €. After this, with probability close to 1, it goes out to 9D
and with probability of order

exp{—sz(VD(Kg, Ky) — Vp(K3,0D))} = exp{—45*2},

it passes to the stable cycle K5 (it may be delayed for a relatively small number of
steps near the unstable equilibrium position /). After this has taken place, over a
time of order exp{e 2Vp(K3,dD)} = exp{8c~2} the chain Z,, performs tran-
sitions within the limits of Og, and (approximately exp{e=2 - Vp (K2, K1)} =
exp{e 2} times less often) dg; with overwhelming probability. After this it goes
out to the boundary. Hence a mathematical expectation of order exp{4e 2} arises
due to the less likely—of probability of order exp{—4e~2}—values of order
exp{8s2}.

We recall that in the case of a domain attracted to one stable equilibrium
position, the average exit time MZ 7° has the same order as the boundaries of the
range of the most probable values of 7° (Theorem 4.2 of Chap. 4). In particular,
any quantile of the distribution of 7 is logarithmically equivalent to the average.
Our example shows that this is not so in general in the case where there are
several compacta K; containing w-limit sets in the domain D; the mathematical
expectation may tend to infinity essentially faster than the median and quantiles.

This restricts seriously the value of the above theorem as a result characteriz-
ing the limit behavior of the distribution of 7°.
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We mention the corresponding result formulated in the language of differen-
tial equations.

Theorem 5.4. Let g(x) be a positive continuous function on D U 0D and let
ve(x) be the solution of the equation L°v°(z) = —g(x) in D with vanishing
boundary conditions on 0D. We have

v (x) < exp{e 2(Wp — Mp(z))}

uniformly in x belonging to any compact subset as € — 0.

6 Decomposition into Cycles. Sublimit Distributions—
Metastability

In the problems to which this chapter is devoted there are two large parameters:
€72 and t, the time over which the perturbed dynamical system is considered.
It is natural to study what happens when the convergence of these parameters to
infinity is coordinated in one way or another. We shall be interested in the limit
behavior of the measures PZ{X; € I'}; we restrict ourselves to the case of a
compact manifold (as in Sect. 4).

The simplest case is where first e =2 goes to infinity and then ¢ does. Then all
is determined by the behavior of the unperturbed dynamical system. It is clear
that lim;_, o lim._,o P{X;7 € T'} = 1, if the open set I contains the whole
w-limit set of the trajectory x;(x) beginning at the point z¢(x) = . This limit is
equal to zero if I is at a positive distance from the w-limit set.

In Sect. 4 we considered the case where first ¢ goes to infinity and then e~
does. Theorem 4.1 gives an opportunity to establish that

lim lim PE{X; €T} =1

e—0t—o00

2

for open sets I' containing all compacta K; at which the minimum of W (K;)
is attained. In the case of general position this minimum is attained at one com-
pactum. If on this compactum there is concentrated a unique normalized invariant
measure /o of the dynamical system, then

lim lim PE{X; € T} = po(T)

e—=+0t—o00

for all I' with boundary of po-measure zero.

We study the behavior of X{ on time intervals of length ¢(¢~2) where t(¢~2)
is a function monotone increasing with increasing e 2. It is clear that if t(¢~2)
increases sufficiently slowly, then over time t(¢~2) the trajectory of X cannot
move far from that stable compactum in whose domain of attraction the initial
point is. Over larger time intervals there are passages from the neighborhood
of this compactum to neighborhoods of others; first to the “closest” compactum
(in the sense of the action functional) and then to more and more “far away”
ones. First of all we establish in which order X enters the neighborhoods of the
compacta K.
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Theorem 6.1. Let L = {1,2,...,1} and let Q be a subset of L. For the process
X let us consider the first entrance time T¢q of the boundaries 0g; of the p-
neighborhoods g; of the K; with indices in L\Q. Let the process begin in g; U
dgi, i € Q. Then for sufficiently small p, with probability converging to 1 as
e — 0, X& belongs to one of the sets Og; such that in one of the (L\Q)-graphs g
at which the minimum

A(Q)= min > V(K Ky) (6.1)

9eG\Q) | £

is attained, the chain of arrows beginning at i leads to j € L\Q.

The proof can be carried out easily by means of Lemmas 2.1 and 3.3.

In this theorem V(K,n, K,,) can be replaced by V(K,,, K,,) and in this case
we can also omit all unstable compacta and consider only passages from one
stable compactum to another.

We consider an example. Let K;, ¢ = 1,2,3,4,5 be stable compacta con-
taining w-limit sets and let the values V (K, K;) be given by the matrix

0 4 9 13 12
7 0 5 10 11
6 8 0 17 15
3 6 8 0 2
5 7 10 3 0

Let the process begin near K;. We determine the {2,3,4,5}-graph mini-
mizing the sum of values of V. This graph consists of the only arrow 1 — 2.
Therefore, the first of the compacta approached by the process will be K.

Further, we see where we go from the neighborhood of Ky. We put Q = {2}.
We find that the {1, 3,4, 5}-graph 2 — 3 minimizes the sum (6.1). Consequently,
the next compactum approached by the process will be K5, with overwhelming
probability. Then, the graph 3 — 1 shows that the process returns to K. Passages
from K to Ko, from K5 to K5 and from K3 back to K take place many times,
but ultimately the process comes to one of the compacta K4, K5. In order to
see to which one exactly, we use Theorem 6.1 for Q = {1, 2, 3}. We find that the
minimum (6.1) is attained for the {4, 5}-graph 3 — 1,1 — 2, 2 — 4. Hence with
probability close to 1 for small €, if the process begins near K, K5 or K3, then it
reaches the neighborhood of K4 sooner than that of K5. (We are not saying that
until this, the process performs passages between the compacta K1, K> and K3
only in the most probable order K1 — Ko — K3 — K;. What is more, in our
case it can be proved that with probability close to 1, passages will take place in
the reverse order before reaching the neighborhood of Kj.)

Afterwards the process goes from K, to K5 and backwards (this is shown
by the graphs 4 — 5 and 5 — 4). Then it returns to the neighborhoods of the
compacta K1, Ko and K3; most probably to K first (as is shown by the graph
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5 — 4,4 — 1). On large time intervals passages will take place between the
“cycles” K1 — Ky — K3 — Kj and Ky — K5 — Ky; they take place
the most often in the way described above. Consequently, we obtain a “cycle of
cycles”—a cycle of rank two.

The passages between the K; can be described by means of the hierarchy of
cycles in the general case, as well (Freidlin [9], [10]). Let K, ..., K, be stable
compacta and let () be a subset of L = {1,2,...,lp}. We assume that there
exists a unique (L\Q)-graph ¢* for which the minimum (6.1) is attained. We
define R (i), ¢ € @ as that element of L\ which is the terminal point of the
chain of arrows going from ¢ to L\ in the graph g*.

Now we describe the decomposition of L into hierarchy of cycles. We be-
gin with cycles of rank one. For every 79 € L we consider the sequence
00571592, -+« 0n, ... in Which i, = Rg; ~ y(in—1). Let n be the smallest index
for which there is a repetition: i,, = %,,, 0 < m < n and for k£ smaller than n all
1, are different. Then the cycles of rank one generated by the element iy € L are,
by definite, the groups {io}, {i1},. -, {im-1}, {tm = ims1 = -+ = in_1 —
im }» where the last group is considered with the indicated cyclic order. Cycles
generated by distinct initial points ¢y € L either do not intersect or coincide; in
the latter case the cyclic order on them is one and the same. Hence the cycles of
rank one have been selected (some of them consist of only one point).

We continue the definition by recurrence. Let the cycles of rank (k — 1)
(briefly (k — 1)-cycles) 71 75=1 . ,mi ! be already defined. They are sets
of (k—2)-cycles equipped with a cyclic order. Ultimately, every cycle consists of
points—elements of L; we shall denote the set of point which constitute a cycle
by the same symbol as the cycle itself. We shall say that a cycle w;-“ ~1is a succes-
sor of 771 and write 7¥ ! — 7T;-€71 if R¥~1(m) wjl?fl form € 7F 1. It can
k-1

'3 ’

be proved that the function R_x—:(m) assumes the same value for all m € 7
so that the above definition is unambiguous.

Now we consider a cycle 7711-“0_1 and a sequence of cycles wfo_l — ﬂfl_l —
e —>ﬂ'fj_1—> .-+ beginning with it. In this sequence repetition begins from a

certain index. Let n be the smallest such index: ﬂfn_l = wfm_l, 0<m < n. We
shall say that the cycle 7rfo ~1 generates the cycles of rank k {7rlko -1, {Wfl e

{ﬂf;_ll} (m cycles of rank £, each consisting of one cycle of the preceding rank)

k-1 k—1

and{wffl—mri — T
m m—1 tn—1

Wﬁ]_l, we decompose all cycles of rank (k — 1) into k-cycles.

The cycles of rank zero are the points of L; for some k all (k — 1)-cycles
participate in one k-cycle, which exhausts the whole set L.

For small ¢, the decomposition into cycles completely determines the most
probable order of traversing the neighborhoods of the stable compacta by trajec-
tories of X; (of course, all this concerns the case of “general position,” where
every minimum (6.1) is attained only for one graph). Now we turn our attention

to the time spent by the process in one cycle or another.

— anjl}. Taking all initial (k — 1)-cycles
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Theorem 6.2. Let  be a cycle. Let us put

C(m) = A(7) — min min V(Km, Ky), 6.2
()= Ar) —pin min, 3 VUK, 62

where A(r) is defined by formula (6.1) and G {i} is the set of {i}-graphs over
the set 7. Then for sufficiently small p > 0 we have

lim e In M7, = C() (6.3)
e—=0

uniformly in x belonging to the p-neighborhood of |
we have

K; and for any v > 0

e
lim Pe{es (CM— < 1 < f F(O@NY = g (6.4)
uniformly in all indicated x.

Proof. Relation (6.3) can be derived from Theorem 5.3. We recall that for any
set Q C L (not a cycle), lim,_,o 2 In M: 7q depends on the choice of the point
T € UiGQ g; in general (cf. Sect. 5). The proof of assertion (6.4) is analogous to
that of Theorem 4.2 of Chap. 4 and we omitit. 0O

Let the initial point x belongs to the basin of a compactum K;, ¢ € L =
{1,...,1}. Theorem 6.1 allows to calculate a sequence of cycles 7o(z) = {i} C
mi(x) C - Cap(x) C -+ C () (i () has the rank k) such that the trajec-
tory X7, X§ = z, after reaching the union of basins attracted to K, j € m(z),
leaves this union for the basin of a compactum Ky, (»)) belonging to a k-cycle
m. € mpya1(z), k€ {0,1,...,m — 1}. The last cycle 7, (x) in this sequence,
actually, is independent of z. In the generic case, the numbers .4/ (7 (z)) and the
sequence my(z), . . ., Ty, are defined in a unique way (by the numbers V;;). Note
that such a sequence is the same for all z attracted to K, so that one can write
7 (1) = 7 (K;) instead of 7 (z).

Theorem 6.2 allows to find the exit rates e (v) = C(mi(z)) = Ck (7 (7)) for
each cycle mi(z), k € {0,1,...,m}, em(x) oo: For any § > 0, the exit time
7€ (i (2)) is situated between exp{ %1 and exp{ e’“(IH‘;} with probability
closetolase | 0.

For each cycle 7 one can also define the rotation rate () and the main state
m(m). The rotation rate for a k-cycle 7y, is defined by equalities: r(mg) = 0,
r(mr) = maxy, e, e(mr—1), & > 1, where the maximum is taken over all
(k — 1)-cycles forming 7. The time of one rotation over y, is logarithmically
equivalent to exp{@} ase | 0.

The main state m(my, ) of a k-cycle 7, can be defined by induction: m(my) = j
if mo = {j}; m(m,) = m(m;_,), where w;_, is arank k — 1 subcycle of 7, such
that e(7}_,) = max,, ,enr, e(Tr_1).

We can introduce now the notion of the metastable state. For a given initial
point z € R™ attracted to K; and a time T, lim. g e2InT. = X > 0, the
metastable state K s, x), M(z, A) € L, is defined as follows:
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If \p—1(x) < A < Ag(z) and A > r(m(z)), then M (z, A) = m(m(x)). If
Ae—1(z) < A < Ag(x)but A < r(m(x)), consider the sequence of (k—1)-cycles
7, 7@ 7)) starting with (k — 1)-cycle 7(Y) containing A (7, _1 (z))
forming the k-cycle mj,(z). Let n = min{j : e(r(?)) > A}. Such a number
n is well defined since (7)) = max; <<, e(r)) > A;if r(7(M) < A, define
M (z,\) = m(7(™). Otherwise consider the sequences of (k—2)-cycles forming
7(") starting with the (k — 2)-cycle containing .4 (7("~1)) and the first cycle
7 of this sequence such that e(w) > A If (7) < A, put M(xz,\) = m(T).
Otherwise, consider (k — 3)-cycles forming 7 and so on until a cycle 7* appears
with e(7*) > X and r(7*) < A, then put M(z, A) = m(7*). Such a cycle 7*
exists since for each 0-cycle g, 7(mg) = 0.

Theorem 6.3 (Freidlin [10]). Let = be attracted to K;, A € (Ap—1(x), \p(x)),
and lim. g2 Int(e) = A > 0. Then lim. o PoA{Xf, el =1ifI'D>{x e
R™: |z — K(z,\)| < &} for some § > 0; if the distance between I" and K (z, \)
is positive, lim | Px{Xf(s) el}=0.

For any bounded continuous function f(z) and any § > 0,

1 t(e)
limP,< | —— XS)ds — f(K e 60, =0.
m {’t(i?)/o F(XZ)ds — f(Kr ,,\))’> }
Proof. The proof of this theorem is based on the results of Sect. 4 and on Theo-
rems 6.1 and 6.2. We omit the details. O

The theory of metastability based on large deviation theory was developed
in Freidlin [10] in 1977 (see also Freidlin [22], Oliviary and Vares [1]). In this
paper, instead of metastability, a very close notion of sublimit distribution was
used: sublimit distribution, for a given x and ¢(¢) =< e* concentrated (in the
generic case) on the metastable state K/, ). The notion of sublimit distribu-
tion (metastable distribution) is, in a sense, more appropriate than metastable
state. Even in the case of general position, sublimit distribution is not necessar-
ily concentrated at one point: for instance, if Kps(,,y) is a limit cycle, the sub-
limit distribution is the invariant measure of the non-perturbed dynamical system
concentrated on this cycle. In more complex situation, the support of a sublimit
distribution can contain several asymptotically stable compacts K; (see Athreya
and Freidlin [1], Freidlin and Koralov [1]).

We return to the example considered after Theorem 6.1. We illustrate the hi-
erarchy of cycles in Fig. 17: the cycles of rank zero (the points) are unified in
the cycles {1 — 2 — 3 — 1} and {4 — 5 — 4} of rank one and they are
unified in the only cycle of rank two. On the arrow beginning at each cycle m we
indicated the value of the constant C'(7). If lim. g €2 In¢(¢2) is between 0 and
2, then over time (¢~ 2), the process does not succeed in moving away from that
compactum K; near which it began and the sublimit distribution corresponding
to the initial point x is concentrated on that K; to whose domain of attraction z
belongs. Over time #(¢~2) for which lim._,¢ % Int(s~2) is between 2 and 3, a
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Figure 17.

moving away from the O-cycle {4} takes place; i.e., the only thing what happens
is that if the process was near K4, then it passes to K5. Then the sublimit distribu-
tion is concentrated on K5, for initial points in the domain of attraction of K4 and
in the domain of attraction of K. If lim._,¢ €2 In t(5’2) is between 3 and 4, then
over time t(¢~2) a limit distribution is established on the cycle {4 — 5 — 4},
but nothing else takes place. Since this distribution is concentrated at the point 5
corresponding to the compactum K, the result is the same as for

lim % Int(e~?)

e—0
between 2 and 3.

If lim._,0e?Int(c~2) is between 4 and 5, a moving away from the cycle
{4 — 5 — 4} takes place, the process hits the neighborhood of K; and passes
from there to K5, but not farther; the sublimit distribution is concentrated on /5
for initial points attracted to any compactum except K5 (and for points attracted
to K3 on K3). Finally, if lim. ,qe~2Int(¢=2) > 5, then a limit distribution is
established (although a moving away from the cycle {1 — 2 — 3 — 1} and
even from the cycle {3} may not have taken place).

Now we can determine the sublimit distributions for initial points belonging
to the domain of attraction of any stable compactum. For example, for x attracted
to K4 we have lim._,( PZ{Xf(E_2) € I'} = 1foropen I' O K4 provided that
0 < lim,_,ge’Int(e™?) < limyoe®Int(e7?) < 23 limeyo PE{X; ) €
I'} = 1foropen ' O Kj provided that 2 < lim__,,e?Int(e72) < lim._,¢ &2 x
Int(e=2) < 4. If these lower and upper limits are greater than 4 and smaller
than 5, then lim._, Pi{Xf(E_Q) € I'} = 1 for open sets I" containing K. Fi-
nally, if lim__,, e2Int(e=2) > b5, then the distribution of th( -2 is attracted to
K3, independently of the initial point x.

Metastability leads to a number of interesting effects. One of them is the
stochastic resonance Benzi et al. [1]. Mathematical theory of this effect in the
framework of large deviations was presented in Freidlin [22]. Consider a system
with time dependent coefficients

€ l € 3 € I € n
Xt _b<T Xt)+50'<i,Xt)Wt, onl'gR,

i
€
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where T. = exp(Ae2), € | 0. Let, for instance, b(t,z) and o(t,x) be step
functions in ¢: points 0 = ¢y < t; < --- < t,,, = A exist such that b(t,z) =
b (z), o(t,x) = oF(x) fort € [tg_1,t1), k € {1,2,...,m}. We assume that the
vector fields b*(z) and matrix function o* () are regular enough, and matrices
a*(x) = o (x)(c¥(x))* are positive definite. Assume, for brevity, that all vector
fields b* () have the same asymptotically stable compacta K1, . .., K;, and each
of them is an equilibrium point. For each bk( ) and ¥ (), one can define the
action functional, corresponding numbers V% > hierarchy of cycles, and functions
MP¥(x, \) defining metastable states (we assume, of course, that all systems are
generic).

Put al(z,\) = Mz, )\), o?(x,\) = M?(al(z,\),N),...,a"x,\) =
M*(a*=Y(z,\),\), k € {2,3,...,m}. Define

(I)(t) = Kaj(x)\) fort € [tj_l,tj), j=1....m

Let A(B) be the Lebesgue measure of a set B C R!.
One can derive from Theorem 6.3, that

A({t € [0,A]: | Xi7 —®(t)| > 0}) =0

for each § > 0 in probability P, as € | 0 (Freidlin [22]).

In particular, if b(¢, z) and o (¢, z) are periodic in ¢, say, with period 1, then
the function ®(¢) will be also periodic starting from some # > 0 with an integer
period (maybe, different from 1, but not larger than [ — 1, where [ is the number of
attractors K;). If [ = 2, the period is 1. One can consider the case of continuously
changing b(t, z) and o(t, z), system with changing sets of attractors, different
types of convergence X/, to ®(t) (see the same reference).

We note that the problem of limit distribution of X7 =2y is closely connected
with the stabilization problem of solutions of parabolic differential equations with
a small parameter (cf. the same article).

7 Eigenvalue Problems

Let L be an elliptic differential operator in a bounded domain D with smooth
boundary 0D. As is known, the smallest eigenvalue \; of the operator — L with
zero boundary conditions is real, positive, and simple. It admits the following
probability theoretic characterization. Let (X, P, ) be the diffusion process with
generator L and let 7 be the time of first exit of X; from D. Then \; forms the di-
vision between those ) for which M, e*” < oo and those for which M,e*™ = co
(cf. Khas’minskii [2]).

The results concerning the action functional for the family of processes
(X§,P¢) corresponding to the operators

2

£ 6 K3 l
L:EZaJ axzaxj Zb (7.1)
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can be applied to determine the asymptotics of eigenvalues of —L® ase — 0. Two
qualitatively different cases arise according as all trajectories of the dynamical
system &; = b(x;) leave D U @D or there are stable w-limit sets of the system
in D.

The first, simpler, case was considered in Wentzell [6]. As has been es-
tablished in Sect. 1 (Lemma 1.9), the probability that the trajectory of X7
spends more than time 7" in D can be estimated from above by the expression
exp{—e2¢(T — Ty)}, ¢ > 0. This implies that MSe*™ < oo for A < e 2¢,
and therefore, A\ > ¢~ 2¢. The rate of convergence of A to infinity is given more
accurately by the following theorem.

Theorem 7.1. As ¢ — 0 we have: \; = (c1 + o(1))e 2, where

c1 = lim T7'min{Sor(p): s € DUID,0 <t <T} (7.2)

T—o0

and Sy is the normalized action functional for the family of diffusion processes
(Xi,P2).

Proof. First of all we establish the existence of the limit (7.2). We denote the
minimum appearing in (7.2) by a(T'). Firstly, it is clear that a(T'/n) < a(T)/n
for any natural number n (because the value of S(¢) is less than or equal to
Sor(¢)/n for at least one of the intervals [kT'/n, (k + 1)T/n]). From this we
obtain that for any T, T > 0,

a(T) > [T/T]- a(T). (7.3)

In order to obtain the opposite estimation, we use the fact that there exist
positive Tj and A such that any two points = and y of D U 0D can be connected
with a curve ¢ (z,y), 0 < t < T(x,y) < Tp, such that

SOT(m,y) (@(1'7 y)) <A

For some large T let the minimum a(7T") be attained for a function ¢. We put
T = @5,y = @o and construct ¢; from pieces: ¢; = @y for 0 < ¢t < T
or = ¢,_qp(x,y) for T <t < T+ T(xy); we extend ¢ periodically with
period T' + T'(z, ). For any positive 7' we obtain

Sor(p) < ([T/(T + T(2,9))] + 1) (Sor () + Sor e (#(2,9))), (74
a(T) < ([T/T) + 1)(a(T) + A). (7.5)

Dividing (7.3) and (7.5) by T" and passing to the limit as 7" — oo, we obtain

T 'a(T) < lim T7'a(T) < Tim T 'a(T) < T Ya(T)+ A). (7.6)

T—o0 T T—oo

Passing to the limit as T — 00, we obtain that the limit (7.2) exists (and is finite).
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Now let 7¢ be the time of first exit of X; from D. We prove that
ME exp{e~2b7¢} = oo for sufficiently small € if b > c;. It is easy to see that

lim 77 sup min{Sor(p): po =z,07 =y, 0+ € DUID,0 <t < T}
T—o0 z,y€D

is also equal to ¢;. We choose a positive > smaller than (b — ¢;)/3, and T" such
that

T sup min{Sor(p) : o = 2,07 =y, s € DUID,0 <t <T} < c1+s.

z,yeD
(1.7)
Now we choose § > 0 such that
min{Sor(p) : po =2, 7 =y,01 € D_sUOD_5,0 <t <T}
<T(c1 +2x) (7.8)

for all z, y € D_s, where D_; is the set of points of D at a distance greater
than d from the boundary. This can be done according to Lemma 1.4 (T = T,
because the functions ; are defined on the same interval [0, T]; cf. the proof of
Lemma 1.4). For arbitrary x € D_s,y € D_o5 we choose acurve p;,0 <t < T,
connecting them inside D_s U 0D_; and such that Sor(p) < T'(c1 + 23¢). By
Theorem 3.2 of Chap. 5 we obtain that for sufficiently small e and all z € D_j;,

Pe{r® > T,X5 € D_s} > P:{por (X%, ¢) <4}
> exp{—c"?[Sor(¢) + T}
> exp{—e?T(c1 + 3x)}. (7.9)

Successive application of the Markov property (n — 1) times gives
Pe{r° > nT} > exp{—ne >T(c; + 3x)}.
From this we obtain for small € and all » that

ME exp{e2b7°} > exp{e 2T }PS{r° > nT}
> exp{ne *T(b —c; — 3x)},

which tends to infinity as n — oo. Therefore,
ME exp{e2b7°} = o0.

Now we prove that if b < ¢y, then M, exp{e2b7°} < oo for small €. Again
we choose 0 < s¢ < (¢; —b)/3 and T and § > 0 such that

min{Sor(¢) : o1 € D1s U0D45,0 <t <T} > T(c1 — 2x) (7.10)

(we have applied Lemma 1.4 once more). The distance between the set of func-
tions 1), entirely in D for 0 < ¢ < T and any of the sets
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D, (T(c1 —2x)) ={p:po0=2xSor(p) <T(c; —25)}

is not less than §. Therefore, by the upper estimate in Theorem 3.2 of Chap. 5,
for sufficiently small € and all z € D we have

Pe{r > T} < PE{por (X, ®.(T(c; — 25))) > 6}
< exp{—e?T(c; — 3x)}. (7.11)

The Markov property gives us PE{7¢ > nT} < exp{—ne 2T (c; — 3)}, and

Mé exp{e 2b7°} < Z exp{e ™ 2b(n + D)T}P{nT < ¢ < (n+ 1)T}
< Zexp{afzb(n + 1)T}P {re > nT}

> exp{e 2bT} Z exp{ne 2T(b — ¢; + 33)} < .
n=0

The theorem is proved. O

The following theorem helps us to obtain a large class of examples in which
the limit (7.2) can be calculated.

Theorem 7.2. Let the field b(x) have a potential with respect to the Riemannian
metric connected with the diffusion matrix, i.e., let there exist a function U(x),
smooth in D U 0D and such that

Z a(x ay ) (7.12)

Then c; is equal to

:1:€DU8D{ Za” .’E)}, (7.13)

where (a;j(x)) = (a¥(z)) L.

Proof. We denote by ¢} the minimum (7.13). Let the minimum a(7") be attained
for the function :

- /0 % Y aii(p) (@i = () (] — V(o) dt. (7.14)

We transform the integral in the following way:

/ Y a0 gl d / > aij ()b (0e)g] dt
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+/0 %Zaij(@t)bi(%)bj(%)dt-

The first integral here is nonnegative, the second is equal to U(pg) — U(pT)
by (7.12), and the third is not smaller than ¢] multiplied by 7". This implies that
T~ 1a(T) > ¢ — T71C, where C is the maximum of U(z) — U(y) for all
x,y € DU JD. Passing to the limit as 7" — oo, we obtain that ¢; > ¢j. The
inequality c¢; < ¢} follows from the fact that for the function ¢; = z¢, where xg
is a point where the minimum (7.13) is attained, we have TSy (p) = ¢;. O

Now we consider the opposite case—the case where D contains w-limit sets
of the system #; = b(x;). We assume that condition (A) of Sect. 2 is satis-
fied (there exist a finite number of compacta K1, . . ., K; consisting of equivalent
points and containing all w-limit sets). As we have already said, in this case our
process with a small diffusion can be approximated well by a Markov chain with
(I + 1) states corresponding to the compacta K; and the boundary 9D, having
transition probabilities of order

eXp{—€72‘7D(Ki, Kj)},

~ (7.15)

exp{—e*Vp(K;,0D)}
(the transition probabilities from 9D to K; are assumed to be equal to 0 and the
diagonal elements of the matrix of transition probabilities are such that the sums
in rows are equal to 1).

It seems plausible that the condition of finiteness of MEe* is close to the
condition that the mathematical expectation of eM* is finite, where v is the
number of steps in the chain with the indicated transition probabilities until the
first entrance of dD. The negative of the logarithm of the largest eigenvalue of
the matrix of transition probabilities after the eigenvalue 1 turns out to be the
divisor between those \ for which the above mathematical expectation is finite
and those for which it is infinite.

The asymptotics of eigenvalues of a matrix with entries of order (7.15) can
be found in Wentzell’s note [3]. The justification of passage from the chain to the
diffusion process X7 is discussed in Wentzell [2].

Theorem 7.3. Let A7, A5, ..., A} be the eigenvalues, except the eigenvalue 1, in-
dexed in decreasing order of their absolute values, of a stochastic matrix with
entries logarithmically equivalent to the expressions (7.15) as € — 0. We define
constants VF) | =1,... 1,1+ 1 by the formula

V) = mi V. 7.16
i > Va(e,B), (7.16)
(a—pB)eg
where G%) is the set of W -graphs over the set L = {K, ..., K;,0D} such that
W contains k elements.
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(We note that for k = | + 1, we have W = L; in this case there is exactly one
W -graph, which is the empty graph and the sum in (7.16), just as VY is equal
to zero.)

Then for e — O we have
Re(1 — A7) = exp{— (V¥ — y(k+1)y =2} (7.17)

The proof is analogous to those of Lemma 3.1 and other lemmas of Sect. 3:
the coefficients of the characteristic polynomial of the matrix of transition prob-
abilities from which the identity matrix is subtracted can be expressed as sums
of products m(g) over W-graphs. From this we obtain the asymptotics of the
coefficients, which in turn yields the asymptotics of the roots.

We note that the assertion of the theorem implies that V*—1 — y(k) <
V) _y+l) < ) _ y(++2) In the case of “general position,” where
these inequalities are strict, the eigenvalue Aj, turns out to be real and simple for
small € (the principal eigenvalue \; is always real and simple).

As far as the justification of the passage from the asymptotic problem for
the Markov chain to the problem for the diffusion process is concerned, it is
divided into two parts: a construction, independent of the presence of the small
parameter €, which connects diffusion processes with certain discrete chains and
estimates connected with the Markov chains Z,, introduced in Sect. 2.

For the first part, the following lemma turns out to be essential.

Suppose that (X3, P,.) is a diffusion process with generator L in a bounded
domain D with smooth boundary, dg is a surface inside D, I is the surface of a
neighborhood of dg, separating dg from 0D. Let us introduce the random times

oo = min{t; X; € T'}, 71 = min{t > o9 : Xy € 0gUID}.

For @ > 0 we introduce the operators g, acting on bounded functions defined
on Jg:
qaf(x) =M {X,, €0g;c" f(X;)}, x€dg. (7.18)

Lemma 7.1. The smallest eigenvalue Ay of —L with zero boundary conditions
on 0D is the division between those a for which the largest eigenvalue of q, is
smaller than 1 and those for which it is larger than 1.

The proof of this assertion and a generalization of it to other eigenvalues can
be found in Wentzell [5].

In order to apply this to diffusion processes with small diffusion, we choose
0g = J; 0gi andT" = | J, I'; in the same was as in Sect. 2 and for the correspond-
ing operators g;, we prove the following estimates.

Lemma 7.2. For any v > 0 one can choose the radii of the neighborhoods of K;
so small for all a < e™7¢ ~* and sufficiently small € we have

1+ae " < l\/Iie‘ST1 <1+ ae”sﬁ, x € Jg; (7.19)
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exp{—(Vp(Ki, K;) +7)e "} < g5 xg, (2)
=M {X: €gj;e ™} < exp{—(f/D(Ki,Kj) — 7)5_2}, x € Jg;;
(7.20)

exp{—(Vp(K;,0D) +v)e 2} < ME{X: € 0D;e"™}
< exp{—(Vp(K;,0D) —7)e*}, € dg;. (7.21)

The proof is analogous to that of Lemmas 2.1 and 1.7; the upper estimates
are obtained with somewhat more work.
In conclusion, we obtain the following result.

Theorem 7.4. The smallest eigenvalue A\ of —L° is logarithmically equivalent
to
exp{— (V) —v@) (7.22)

as e — 0, where VD, V) are defined by formula (7.16).

In particular, if D contains a unique asymptotically stable equilibrium posi-
tion O, then

A < exp{—s_2 yré%% V(O,y)}, (7.23)

where V' is a quasipotential.

Theorems 7.1 and 7.4 do not give anything interesting in the case where there
are only unstable sets inside D or the stable limit sets are on the boundary of
the domain. Some results concerning this case are contained in the paper [1] by
Devinatz, Ellis, and Friedman.

The results contained in Theorems 7.3 and 7.4 are related to results of Sect. 6.
In particular, the constants which are to be crossed by lim._,q e2ln t(a_2) as a
sublimit distribution changes to another one are nothing else but V(%) — y/(k+1),

We clarify the mechanisms of this connection. Let (X7, PZ) be a diffusion
process with small diffusion on a compact manifold M or a process in a closed
domain D U 9D, stopped after exit to the boundary and let f(z) be a continuous
function vanishing on 9D. We assume that the function u® (¢, z) = MS f(X§)—
the solution of the corresponding problem for the equation Ju® /0t = Ly°—can
be expanded in a series in the eigenfunctions e$ (x) of —L¢:

us(t,x) = Zcfe_kftef(as) (7.24)

with coefficient ¢; obtained by integrating f multiplied by the corresponding
eigenfunction € of the adjoint operator. (Since L¢ is not self-adjoint, the exis-
tence of such an expansion is not automatic.) We assume that the first [ eigen-
values are real, nonnegative and decrease exponentially fast:

)\f = exp{—Cﬁ_Q}, +o00 > Cl > CQ > > Cl[)'
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Let the function t(¢72) be such that Cj.; < lim,_,,e?lnt(e™?) <
lim. o Int(e=2) < C;. We have lim._pe Mt = 1forl < i < jand
this limit is equal to zero for ¢ > j. If the infinite remainder of the sum (7.24)
does not prevent it, we obtain

lim u® (t(e?), ) lim / FW)E; (y) dy - lim e (x). (7.25)

e—0 8—)0

In other words, the character of the limit behavior of u®(t(¢~2), x) changes as
lim._, &2 Int(e~?) crosses C.

This outlines the route following which we can derive conclusions concerning
the behavior of a process on exponentially increasing time intervals from results
involving exponentially small eigenvalues and the corresponding eigenfunctions.
The same method can be used for the more difficult inverse problem.



Chapter 7

The Averaging Principle. Fluctuations in Dynamical
Systems with Averaging

1 The Averaging Principle in the Theory of Ordinary
Differential Equations

Let us consider the system
Z; = eb(Z5,&),  Zo=u (1.1)

of ordinary differential equations in R", where &, t > 0, is a function assuming
values in R!, ¢ is a small numerical parameter and

b(x,y) = (bl(xvy)’ ) br(xv Z/))

If the functions b%(x,y) do not increase too fast, then the solution of (1.1) con-
verges to Z) = x as ¢ — 0, uniformly on every finite time interval [0, 7).
However, the behavior of Z{ on time intervals of order e~! or of larger order
is usually of main interest since it is only times of order ¢! over which signifi-
cant changes—such as exit from the neighborhood of an equilibrium position or
of a periodic trajectory—take place in system (1.1). In the study of the system
on intervals of the form [0, T=~!], it is convenient to pass to new coordinates in

order that the time interval do not depend on e. We set Xi = Z;,_. Then the
equation for X assumes the form
X;=b(X5, &), X§=u (1.2)

The study of this system on a finite time interval is equivalent to the study of
system (1.1) on time intervals of order e 1.
Let the function b(z,y) be bounded, continuous in x and y, and let it satisfy

a Lipschitz condition in « with a constant independent of y:
|b(.’IJ1, y) - b(an y)| < K|l’1 - l‘gl.

We assume that

I .
lim — b(z ds = b(z 1.3
Jim 7 [ b ds = bia) (13)
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for x € R". If this limit exists, then the function b(x) is obviously bounded
and satisfies a Lipschitz condition with the same constant K. Condition (1.3) is
satisfied, for example, if &; is periodic or is a sum of periodic functions.

The displacement of the trajectory X; over a small time A can be written in
the form

A
XZ—x:/O b(X5,&s/e) ds
A A
- / b £,2) ds + / DX €,)2) — bla,£,)0)] ds
0 0

_ A(% /OA/E b(x,fs)d8> + (),

The coefficient of A in the first term of the last side converges to b(x) as
e/A — 0, according to (1.3). The second term satisfies the inequality |p. (A)| <

KA2, Consequently, the displacement of the trajectory X; over a small time
differs from the displacement of the trajectory Z; of the differential equation

Ty = b(T), To=1x (1.4)

only by an infinitely small quantity compared to A as A — 0, /A — 0. If we
assume that the limit in (1.3) is uniform in z, then from this we obtain a proof
of the fact that the trajectory X converges to the solution of (1.4), uniformly on
every finite time interval as € — 0.

The assertion that the trajectory X; is close to Z; is called the averaging
principle.

An analogous principle can also be formulated in a more general situation.
We consider, for example, the system

X;=b1(X5,§), X5=u,

. (1.5)
gts :g_le(thvgtE)a g(s) =Y,

where x € R™, ¢ € R, and by and by are bounded, continuously differentiable
functions on R” ® R with values in R" and R!, respectively. The velocity of the
motion of the variables ¢ has order ! as € — 0. Therefore, the ¢ are called fast
variables, the space R' the space of fast motion and the z slow variables.

We consider the fast motion & () for fixed slow variables = € R":

(@) = ba(x, & (), o(x) =y,

and assume that the limit

T
Jim / by (2, &o(x)) ds = b (2) (1.6)
0

T—o0
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exists. For the sake of simplicity, let this limit be independent of the initial point
y of the trajectory &, (). The averaging principle for system (1.5) is the assertion
that under certain assumptions, displacement in the space of slow motion can be
approximated by the trajectory of the averaged system

.’ft = Bl(ft), IEO = .

For (1.2), the role of fast motion is played by & = &;/.. In this case the
velocity of fast motion does not depend on the slow variables.

Although the averaging principle has long been applied to problems of celes-
tial mechanics, oscillation theory and radiophysics, no mathematically rigorous
justification of it had existed for a long time. The first general result in this area
was obtained by N. N. Bogolyubov (cf. Bogolyubov and Mitropol’skii [1]). He
proved that if the limit (1.3) exists uniformly in «, then the solution X of (1.2)
converges to the solution of the average system (1.4), uniformly on every in-
terval. Under certain assumptions, the rate of convergence was also estimated
and an asymptotic expansion in powers of the small parameter was constructed.
In Bogolyubov and Zubarev [1] (cf. also Bogolyubov and Mitropol’skii [1]),
these results were extended to some cases of system (1.5), namely to systems
in which the fast motion is one-dimensional and the equation for £° has the form
£ = e 1by(X?) and to some more general systems. V. M. Volosov obtained a
series of results concerning the general case of system (1.5) (cf. Volosov [1]).
Nevertheless, in the case of multidimensional fast motions, the requirement of
uniform convergence to the limit in (1.6), which is usually imposed, excludes a
series of interesting problems, for example, problems arising in perturbations of
Hamiltonian systems. In a sufficiently general situation it can be proved that for
every ' > 0 and p > 0, the Lebesgue measure of the set F; of those initial con-
ditions in problem (1.5) for which supg<,<7 |X{ — Z:| > p converges to zero
with e. This result, obtained in Anosov [1], was later sharpened for systems of a
special form (cf. Neishtadt [1], [2], [3]).

Consequently, if a system of differential equations is reduced to the form (1.2)
or (1.5), then it is clear, at least formally, what the equation of zeroth approxima-
tion looks like. In some cases a procedure can be found for the determination of
higher approximations. In the study of concrete problems first we have to choose
the variables in such a way that the fast and slow motions be separated.

As an example, we consider the equation

i+ wir =ef(x,4,t), x€ R (1.7)

If f(x,d,t) = (1 — 2%)d, then this equation turns into the so-called van der Pol
equation describing oscillations in a lamp generator. For ¢ = 0 we obtain the
equation of a harmonic oscillator. In the phase plane (z, %) the solutions of this
equation are the ellipses * = rcos(wt + 6), & = —rwsin(wt + 6), on which
the phase point rotates with constant angular velocity w. Without perturbations
(¢ = 0), the amplitude r is determined by the initial conditions and does not
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change with time and for the phase we have ¢; = wt + 6. If € is now different
from zero, but small, then the amplitude r and the difference ¢; — wt are not
constant in general. Nevertheless, one may expect that the rate of change of them
is small provided that ¢ is small. Indeed, passing from the variables (z, &) to the
van der Pol variables (r, #), we obtain

dr®

— =eby(wt +0°,r%,t), r§5=r0,

dt

- (1.8)
dt :€F2(wt+96,7'5,t), 08 :90,

where the functions F} (s, r,t) and Fy(s,r,t) are given by the equalities
1 . .
Fi(s,r,t) = ——f(rcoss,—rsins,t)sin s,
w
1
Fy(s,r,t) = —— f(rcoss, —rsins,t) cos s.
rw

Consequently, in the van der Pol variables (r, #), the equation can be written in
the form (1.1). If f(x,,t) does not depend explicitly on ¢, then F} (wt + 6, 1)
and Fy(wt + 6,r) are periodic in ¢ and condition (1.3) is satisfied. Therefore,
the averaging principle is applicable to system (1.8). In the case where f(x,z,t)
depends periodically on the last argument, condition (1.3) is also satisfied. If the
frequency w and the frequency v of the function f in ¢ are incommensurable,
then the averaged right sides of system (1.8) have the form (cf., for example,
Bogolyubov and Mitropol’skii [1])

B 1 27 2
Fi(r) = —— / f(rcost, —rsintp, vt) sin e di dt,
47T w 0 0
B 1 27 2w (19)
Fy(r) = P /0 ; flrcost, —rsiny, vt) cos di dt.

It is easy to calculate the averaged right sides of system (1.8) for commensu-
rable w and v, as well. Relying on the averaging principle, we can derive that as
e — 0, the trajectory (rf,65) can be approximated by the trajectory (75, 65) of
the averaged system

rLt :5F1(77t)7 ét :F2(7:t)a 770:7003 0_0:903

uniformly on the interval [0, 7=~!]. Using this approximation, we can derive
a number of interesting conclusions on the behavior of solutions of (1.7). For
example, let F'(rg) = 0 and let the function Fy(r) be positive to the left of o
and negative to the right of it, i.e., let 7y be the amplitude of an asymptotically
stable periodic solution of the averaged system. It can be shown by means of
the averaging principle that oscillations with amplitude close to ry and frequency
close to w occur in the system described by (1.7) with arbitrary initial conditions,
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provided that ¢ is sufficiently small. In the case where F'; (r) has several zeros at
which it changes from positive to negative, the amplitude of oscillations over a
long time depends on the initial state. We shall return to the van der Pol equation
in Sect. 8.

Equation (1.7) describes a system which is obtained as a result of small per-
turbations of the equation of an oscillator. Perturbations of a mechanical system
of a more general form can also be considered. Let the system be conservative,
let us denote by H (p, q) its Hamiltonian, and let the equations of the perturbed
system have the form

dp? 8H € € (€ A€
d¢; OH i .
i~ op (p%.¢°) +efy(p®.q°), i=12....n

Ifn=1p=xqg=dand H(p,q) = ¢*+w?p? [, =0, f; = f(p,q), then this
system is equivalent to (1.7). In the case of one degree of freedom (n = 1), if the
level sets H(p,q) = C' = const are smooth curves homeomorphic to the circle,
new variables can also be introduced in such a way that the fast and slow motions
be separated. As such variables, we can take the value H of the Hamiltonian
H(p, q) and the angular coordinate ¢ on a level set. Since H(p, q) = 0 for the
unperturbed system, H (p§, ¢§) will change slowly.

It is clear that if we choose (H', ) as variables, where H' is a smooth func-
tion of H, then H’ also changes slowly. For example, in the van der Pol variables,
the slow variable is 7 = v/H. In order that the system preserve the Hamiltonian
form, in place of the variables (H, ¢), one often considers the so-called action-
angle variables (I, ) (cf., for example, Arnold [1]), where I = H/w. In the
multidimensional case the slowly varying variables will be first integrals of the
unperturbed system. In some cases (cf. Arnold [1], Chap. 10), in Hamiltonian
systems with n degrees of freedom we can also introduce action-angle variables
(I, ¢); in these variables the fast and slow motions are separated and the system
of equations preserves the Hamiltonian form.

2 The Averaging Principle when the Fast Motion is a Random
Process

As has already been mentioned, condition (1.3), which implies the averaging
principle, is satisfied if the function &; is periodic. On the other hand, this con-
dition can be viewed as a certain kind of law of large numbers: (1.3) is satisfied
if the values assumed by £; at moments of time far away from each other are
“almost independent”.

In what follows we shall assume that the role of fast variables is played by a
random process. First we discuss the simpler case of (1.2), where the fast motion
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does not depend on the slow variables. Hence let £; be a random process with
values in R'. We shall assume that the function b(z, ) satisfies a Lipschitz con-
dition: [b(x1,y1) —b(z2,y2)| < K(Jx1 —x2|+|y1 —y2|). Concerning the process
&:, we assume that its trajectories are continuous with probability one or on every
finite time interval they have a finite number of discontinuities of the first kind
and there are no discontinuities of the second kind. Under these assumptions,
the solution of (1.2) exists with probability 1 for any x € R" and it is defined
uniquely for all £ > 0.

If condition (1.3) is satisfied with probability 1 uniformly in z € R", then the
ordinary averaging principle implies that with probability 1, the trajectory of X[
converges to the solution of (1.4), uniformly on every finite interval (B(x) and Ty
may depend on w in general).

Less stringent assumptions can be imposed concerning the type of conver-
gence in (1.3). Then we obtain a weaker result in general.

We assume that there exists a vector field b(z) in R” such that for any § > 0
and x € R" we have

1 T -
lim P{‘?/t b(x, &) ds — b(x)

T—o0

> 5} =0, 2.1)

uniformly in ¢ > 0. It follows from (2.1) that b(x) satisfies a Lipschitz condition
(with the same constant as b(z,y)). Therefore, there exists a unique solution of
the problem

Ift = B(i’t>, To=2x. (22)

The random process X; can be considered as a result of random perturba-
tions of the dynamical system (2.2), small on the average. Relation (2.1) is an
assumption on the average in time smallness of random perturbations.

Theorem 2.1. Suppose that condition (2.1) is satisfied and sup, M|b(z,&;)[? <
00. Then for any T > 0 and § > 0 we have

lim P{ sup | X7 — 3| > 5} =0.
e—0 0<t<T

The assertion of this theorem follows easily from Theorem 1.3 of Chap. 2.
For this we need to put b(e, s, ¥, w) = b(w, {,/-(w)) and note that condition (2.1)
can be written in the following form: for any 7', § > 0 and € R" we have

lim P{ >(5} =0,
e—0

uniformly in ¢. This is exactly the condition in Theorem 1.3 of Chap. 2.

We note that our arguments repeat, in essence, the proof of the averaging
principle in the deterministic case, which is contained in Gikhman [1] and Kras-
nosel’skii and Krein [1]. A similar result is contained in Khas’minskii [4].

t+T -
/ ble,s,z,w)ds — Tb(x)
¢
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Condition (2.1), which is assumed in Theorem 2.1, is satisfied under quite
relaxed assumptions on the process n* = b(x,&) (x € R is a parameter).
For example, if 77 is stationary in the wide sense, then it is sufficient that the
diagonal entries of its correlation matrix (R% (7)) converge to zero as 7 — 00;
in this case, b(x) = Mb(z, &,). In the nonstationary case it is sufficient that there
exist a function r(z, 7) such that lim, _, o r(z,7) = 0 and

IM(b(z,&s) — B(ﬂ;‘), b(x, Estr) — B(CL’))| <r(z,7).

We postpone examples until Sect. 8 and now study the difference X; — z; in
more detail. In the deterministic case, where, for example, &, is a periodic func-
tion, this difference is of order £ and we can write down the other terms of the
asymptotic expansion in integral powers of €. In the study of probability theo-
retical problems we apparently have to consider typical the situation where the
random process &; satisfies some condition of weak dependence, i.e., a condition
that the dependence between the variables &; and &, becomes weaker in some
sense with increasing 7. It turns out that in this case the deviation of X} from
T is of another character. The difference X¢ — Z; is of order /¢, but no other
terms of the asymptotic expansion can be written down: as € — 0, the expression
(1/4/)(X§ — Z+) does not converge to any limit in general and only has a limit
distribution. In other words, whereas the averaging principle itself—the asser-
tion of Theorem 2.1—can be considered as a result of the type of laws of large
numbers, the behavior of the standardized difference (1/+/2)(X§ — Z:) can be
described by an assertion of the type of the central limit theorem. In order to clar-
ify this, we consider the simplest system Xf = b(&;/<), in which the right sides
do not depend on z. If &; satisfies the strong mixing condition of (cf. below), then
under weak additional restrictions, the distribution of the normalized difference
& = (1//e)(XE — &) converges to a normal distribution as e — 0 (cf., for ex-
ample, Ibragimov and Linnik [1]). In the next section we show that under some
additional assumptions, the distributions of the normalized differences converge
to Gaussian distributions in the case of systems of general form, as well. What
is more, following Khas’minskii [4], we show that not only do the distributions
of the variables & converge to Gaussian distributions for every fixed ¢, but as
e — 0, the processes &; also converge, in the sense of weak convergence, to a
Gaussian Markov process and we also determine the characteristics of the limit
process. In the remaining sections we also study large deviations of order 1 of
X§ from Z; and large deviations of order £, where 5 € (0, ).

3 Normal Deviations from an Averaged System

We pass to the study of the difference between the solution X; of system (1.2)
and the solution Z; of the averaged system. It has been shown in the preceding
section that with probability close to 1 for € small, the trajectory of X7 is situated
in a small neighborhood of the function Z; for ¢t € [0,T], T < oo. Therefore,
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if we take the smoothness of the field b(z,y) into account, we may hope that
the difference X; — Z; can be approximated with the deviation, from Z;, of the
solution of the system obtained from (1.2) by linearization in the neighborhood of
the trajectory of the averaged system. Consequently, the study of the normalized
difference (;f = et/ 2(X§ — #;) may be carried out according to the following
plan: firstly, we study the normalized deviation in the case of a linearized system;
secondly, we verify that the trajectory of the original system differs from that of
the linearized one by a quantity infinitely small compared to /¢ as ¢ — 0. In
implementing the first part of our plan, we have to introduce notions and carry
out arguments very similar to those usually employed in the proof of the central
limit theorem for random processes. Moreover, since we would like to prove the
weak convergence of the processes rather than only convergence of the finite-
dimensional distributions, we also need to verify the weak compactness of the
family of processes ;.

We note that the study of large deviations of order £*, where » € (0, %), can
also be reduced to the study of deviations of the same order for the linearized
system. As to the probabilities of deviations of order 1 of X} from Z, for system
(1.2) and the linearized system, they have essentially different asymptotics.

We pass to the implementation of the above program of the study of devi-
ations of order /. For this we recall, the notion of strong mixing and some
properties of random processes satisfying the strong mixing condition.

In a probability space {Q2, %, P} let us be given an increasing family of o-
algebras F! : Fl1 C FL2 for0 < s3 < 51 < 11 <ty < 0o. We say that this
family satisfies the strong mixing condition with coefficient c(7) if

Sup sup IM&n — MEM| = a(7) | 0 (3.1)
T

as T — 0o go, where the supremum is taken over all .#}-measurable &, |¢] < 1
and .7 ¥ -measurable variables 7, || < 1.

It can be proved (cf. Rozanov [1]) that if £ is an .%#{-measurable and 7 is an
2% .-measurable random variable and M[£[>T9 < oo, M|n|**? < oo, then

IMEy — MEMy| < (MIE[2+)1/CH9) (Ml 49)1/ 340 gl (r))2/(440). 3.2)

If0 < s <t <89 <ty <+ < 5y <ty are arbitrary numbers, A =
Mming<g<m (S, — tx—1) and the random variables 71, . . ., 7, are such that the 7,

are .#*-measurable and || < 1, then

MTT e — T Mw
i

where «(A) is the mixing coefficient for the o-algebras ...

We say that a random process &;, ¢ > 0, satisfies the condition of strong
mixing with mixing coefficient o(7) if the o-algebras .#! generated by the values
of the processes &, for u € [s, t] satisfy the condition (3.1) of strong mixing.

< (m—1)a(A), (3.3)
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Let g = (n'(t),...,n?*(t)) be a random process satisfying the condition of
strong mixing with coefficient a(7). Suppose that for some m > 2 we have

M’ (1)1 < ¢,

/ Tnil[()é(T)](mim/m dr=A4, forn=1,2,...,k;
0

to+T )
/ My (1)| dt < BVT

to

fori = 1,2,...,2k, where C, B, and Ay, ..., A are positive constants. Then
there exists a constant C'(y;), determined only by the constants C, B, Ay, .. ., Ay,
such that

‘M / x '/771(51)772(32) ----- 7% (sor) dsy - - - dsgp| < C(%)Tk, (34
Doy,

where Doy, = {(s1,...,82k) = Si € [to,to + T] fori = 1,...,2k}. If D is
the direct product of two-dimensional convex domains D) ..., D(*) such that
each of them can be enclosed in a square with side T and for all s € [tg, to + T
we have the inequality | f;” M#'(t) dt| < C, then

‘M/D'“/Ul(&)?f(sz)""'ﬂ2k(82k)d81'“d82k

The proof of estimates of the type of (3.4) takes its origin in the first publications

on limit theorems for weakly dependent random variables (cf. Bernstein [2]). In

the form presented here, estimates (3.4) and (3.5) are proved in Khas’minskii [4].
Now we formulate the fundamental result of this section.

< ClopT".  (35)

Theorem 3.1. Let the functions b'(z,y), v € R,y € R, i = 1,...,r, have
bounded continuous first and second partial derivatives on the whole space. Sup-
pose that the random process & with values in R' has piecewise continuous
trajectories with probability 1 and satisfies the condition of strong mixing with
coefficient o(7) such that [;° 7[a(7)]"/?dr < oo and sup, , M|b(z,&)]® <
N < 0. Moreover, let the following conditions be satisfied:

1. The limits
1 to+T
Jim _/ Mb(z, &) ds = b(x),
t

exist uniformly in x € R", ty > 0, where

AR (x5, t) = M[VF (2, €5) — MOF (2, £)][b (2, &) — MY (z, &)



3 Normal Deviations from an Averaged System 201

2. For some C < oo we have

< Ce,

/0 "Mb(2...)0) — Bz ds

T bk bk
/0 [ o l(l's,gs/s) - %(1'5)} ds

forall T € [0, Tp].

max < Ce

ki

Then as € — 0, the process

1
G = ﬁ(Xf )

converges weakly on the interval [0, Ty] to a Gaussian Markov process (Y satis-
fying the system of linear differential equations

=W+ B, =0, (3.6)

where w? is a Gaussian process with independent increments, vanishing math-

ematical expectation and correlation matrix (R¥i(t)), R¥(t) = Mw{ " w"" =

Jiy A¥(Z5) ds and B(z) = (Bi(x)) = (9b' /027 (x)).

Proof. We introduce the notation

Ble.) = (B = (55

Ay \/—/ (Zs,&57e) — b(Ts)] ds,
<I>(s,€,w) = (xs>§s/a) - B(-i's)7

%[b(i's + \/ECg,fs/e) - b(js,gs/s) - B(i’s,fg/g)Cj\/g]

It follows from the definition of X; and Z, that we have the following relation
for the normalized difference (;:

t \/—/ sags/s - (i‘s)]ds
t t
=+ / (%)Qfds‘*‘/ @(875,w)C§d8+/ U(s,e,w)ds. (3.7)
0 0 0

U(s,e,w) =

It is easy to see (it follows from the existence of bounded second derivatives
of b'(z,y)) that U (s, g,w) is of order /£(¢Z)?. In general, the linearized equation
must contain a term corresponding to the third term on the right side of (3.7).
Nevertheless, as will follow from the discussion below, this term has a vanishing
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effect as ¢ — 0, and therefore, we do not include it in the linearized system from

the very beginning.
Hence we consider the simplified linearized equation

t
=A§+/ B(,)Z¢ ds. (3.8)
0

In accordance with our plan, we first have to prove that as € — 0, Z; converges
to a process ¢} satisfying (3.6). For this we need the following lemma.

Lemma 3.1. The process \; converges weakly to the process w) defined in the
formulation of Theorem 3.1 as € — 0.

Proof. We divide the proof of the lemma into several steps.

1. First of all, we prove that the family of processes \; is weakly compact in
Cor,- For this it is sufficient to show (cf. Prokhorov [1]) that for any s,
s+ h € [0,Tp] we have

MIXS,, — XS < OR%, (3.9)

where C'is a constant independent of €. It is obviously sufficient to establish
an analogous estimation for every component of the process

AS = (AS1(s), ..., A" (s)).

From the assumption concerning the mixing coefficient of &; and condition 2
it follows that estimate (3.4) is applicable to the process A\***(s):

(s+h)/ (s+h) /5 4
MIATE (s + ) — Xk (5)]4 = £2M / / V(e o)

— Bk(i‘gsl)] dsq dss dss dS4
2 h‘2 2
<e 01—2 = C1h .
9

This implies (3.9) and weak compactness.
2. The hypotheses of Theorem 3.1 imply the relations

lim MAS = 0; lim MASF (A= (t) = A’”( s)ds. (3.10)
e—0 e—0 0

The first of these equalities follows from condition 2 of Theorem 3.1. From
the same condition we obtain that

M)\Ek )\El / / (u, s,e)dsdu + o (1), (3.11)
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where we have used the notation ¢ (u,s,e) = M[bk(fu,gu/e) —
MO* (T, €0 ye)] X [ (Zs, & je) — MB! (Z5, €5 )] In order to derive the second
equality in (3.10) from this, we put H = {(s,u) : 0 < s < ¢,0 < u < t},
A=t/n, A; ={(s,u) : iIA<s<(i+1)AiA <u<(i+1)A}, where
n is an integer; A = U?;Ol A; and B = H\A. From (3.2) with 6 = 1 we
obtain the estimate

U—s 1/5
o sel < cafa(“22)]

From this we obtain

iAfe z+1)A/6
/ g (u, s,e) duds < 202 Z/ du/ (s —u)]Y/®
B

< 4Cse n/ ula(u)M® du. (3.12)
0

Taking account of the boundedness of the derivatives of b*(z, ) and condi-
tion 1 of Theorem 3.1, we see that

n—1 .(i+1)A/e (i+1)A/e
/gkl(u,s,s) duds = €2 Z/ ds/ du
A iA /e 1A /e

[[ (xiAafs) - Mbk(jiAvgs)]
[ ( zAvfu) Mbl(j:iAvgu)H —|—O(7ZA3)

A (ZA) - A+ 0.(1)
i=0

+0(1/n?). (3.13)

This equality holds as en — 0 and n — oco. From the boundedness of the
derivatives of b(x, y), condition 1 of Theorem 3.1 and the condition of strong
mixing it follows that the functions A*!(z) are continuous. Taking account
of this continuity and relations (3.11)—(3.13), we find that

MASH (A (1) = AAWQMHWM,

where v , — 0 asen — 0 and en? — oo.

3. In conclusion, we show that \; converges weakly to the process w) defined
in the formulation of Theorem 3.1. From the weak compactness of the family
of measures corresponding to the processes A; in the space Cyr, it follows
that every sequence of such processes contains a subsequence converging to
some process A¢. If we show that the distribution of the limit process A does
not depend on the choice of the subsequence, then weak convergence will be
proved.
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It follows from step 2 that M, = 0 and the entries of the covariance ma-
trix of the process A\, = (A'(t),...,A"(t)) have the form MX*(£)Al(t) =
fg AFl(z,) ds. Moreover, A is a process with independent increments. In-
deed, let 51 < t1 < 59 <ty < --- < 5y, < £y, be arbitrary nonnegative
numbers and write A = ming<p<m(sx — tx—1). We apply inequality (3.3)
to the variables 77 = exp{i(z, Aj, — A))}, 2 € R":

M exp{i (2 > - x;)) } — [[Mexp{i(z, X, — X3}
=1

=1
< (m —1Da(A/e).

Taking into account that lim, o, a(7) = 0, we conclude from this that for
the limit process \;, the multivariate characteristic function of the vector
Aty — Asps Aty — Asys - -5 Ar,, — As,,) is equal to the product of the charac-
teristic functions of the separate increments. Consequently, the limit process
A¢ has independent increments.

Therefore, the limit process A has continuous trajectories, independent in-
crements, mean zero and the given covariance matrix (MXE()AL(E)). As is
known, these properties determine A; uniquely and )\; is necessarily Gaus-
sian (cf. Skorokhod [1]) and coincides with w? (in the sense of distributions).
The weak compactness of the family of measures corresponding to the pro-
cesses A7 and the fact that this family has a unique limit point imply the weak
convergence of \{ to wy. Lemma 3.1 is proved. O

Now it is very easy to prove the weak convergence of the measure corre-
sponding to the process Z{ to the measure corresponding to &Y. Indeed, (3.8)
defines a continuous mapping G : \* — Z¢ of Cyr, into itself. It is clear that if
the measure corresponding to A° converges weakly to the measure corresponding
to w", then the measure corresponding to Z¢ = G(\) converges weakly to the
measure corresponding to G(w°) = ¢°.

Hence we have carried out the first part of our plan. Now we estimate the
difference ¢; — Z7 = U;. From (3.7) and (3.8), for U; we obtain the relation

t t t
Uy — / B(z,,85/.)Us ds = / D(s,e,w)Zs ds +/ U(s,e,w)ds. (3.14)
0 0 0

Since the entries of the matrix B(x,y) are bounded, relying on Lemma 1.1 of
Chap. 2, we conclude from the last equality that

t t
U7 | < ed[ / O(s,e,w)Z5ds| + / U(s,e,w)ds
0 0

}, (3.15)

where c is a constant. If we show that the family of measures induced by the
processes (; in Cog, is weakly compact and the right side of the last inequality
converges to zero in probability, then the proof of the theorem will be completed.
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First we prove that the right side of (3.15) converges to zero in probability as
€ — 0. It follows from the boundedness of the partial derivatives of the functions
b'(z,y) that for some C; we have

[ (s,e,w)| < CLvE|CE2 (3.16)
Taking account of the boundedness of M|\§ |2, it is easy to derive from (3.7) that
M|CE| < Cy < oo for s € [0, Tp]. This and (3.16) imply the estimate

t
l\/l/ U(s,e,w)ds| < Csty/e. (3.17)
0

Now we estimate the first term on the right side of (3.15). We use the fol-
lowing representation of the solution of problem (3.8) in terms of the Green’s
function K (¢, s) = (K}(t, s)):

t
78 =\ +/ K(t, )\ ds. (3.18)
0

As is known, K (t, s) is continuously differentiable in the triangle
{(t,s) : 0< s <t <Tp}.
For the norm of the matrix K (¢, s) we have the estimate
K (8, s)I| < || B(Zs) || exp{[[ B(Z:) [t = s} < Ca.

Using the representation (3.18), we find that

t 2

1
§M D(s,e,w)Z: ds

2

<wl [ [B(0.6.)2) — BE )N ds

+M (3.19)

t
/ dS[B(jsvgs/e - ms / K S U )\E du
0

Let us denote by I7 and I the first and second terms on the right side of (3.19),
respectively. Let us put

oF(s/e,e,w) = bF (4, &y /c) — BF (),
ob* ov*
i o _obk
¥ (5/5757(*1) = o (l‘sags/s) Ozd (l‘s)

Taking account of the definition of \; and applying estimate (3.5), we obtain
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2

L <C(r maxM’\/_/dSLpJ s/eew)/s I (u/e,e,w) du

t/e
max/ dsl/ d32/ dul/ dus M goj (s1,€,w)

X @ (827 g, w)(pj (ula &, w)(pj (u23 g, w)}
< O(r)Cse®(t)e)? = Coet?. (3.20)

Here C(r) is a constant depending on the dimension of the space.
In order to estimate /5, we note that the differentiability of the entries K (¢, s)
of the matrix-valued Green’s function and condition 2 of the theorem imply the

estimate
t/e

M@é(s,a,w)Ki(ss,u) ds| < C7 < 0

u/e
for 0 < u <t < Tp. Using this estimate and inequality (3.5), we obtain

M{% /()twé(s/s,e7w) ds/S K,Z(s,u) du/ougok(v/a,e,w)dvr

t t t/e t/e uy /e uz /e
< 63/ dul/ dugl\/l/ dsl/ dsz/ dvl/ dvs
0 u1/€ ug/& 0 0
X p(e, s1,u1,w)P(e, SQ,UQ,UJ)(P (vl,s,w)cpk(vg,s,w) < Cget?,

where §(g, s, u,w) = gpﬁ-(s,a,w)K,{(ss,u). These inequalities imply the esti-
mate Iy < Cye. Taking account of (3.19) and (3.20), we arrive at the inequality

2

M < Choe, (3.21)

t
/ D(s,e,w)Z5 ds
0

which holds for ¢ € [0,Tp]. It follows from (3.15), (3.17) and (3.21) that
M|Uf| — 0ase — 0.

In order to prove the weak compactness of the family of measures corre-
sponding to the {7, we note that ¢ and \; are connected with the relation

_>\5 \/_/ 7§g/5 *b(fsags/s)]ds

Taking account of estimate (3.9) and the boundedness of b(x,y), we can easily
obtain an estimate for ¢;, analogous to (3.9):

MI¢Ey — GFI* < On2.

This estimate guarantees the weak compactness of the family of the processes (7,
t € [0, Tp]. The weak compactness and the convergence of the finite-dimensional
distributions imply the weak convergence of ({ to ¢?. This completes the proof
of Theorem 3.1. O
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In Sect. 8 we shall consider some examples of the application of this theorem
and now we only make one remark. According to Theorem 3.1 we have

lim MF(¢%) = MF(¢?) (3.22)
if the functional F'(¢) is bounded and continuous on Cyr,. For discontinuous
functionals, this passage to the limit is impossible in general. Nevertheless, if
for the limit process ¢!, the set of points of discontinuity of F' has probability
zero, then, as is easy to prove, relation (3.22) is preserved. For example, let us
be given a domain D C R" with smooth boundary 9D and let F'(¢) = 1 if
T(p) = inf{t : ¢, € D} < T, and F(p) = 0 for the remaining functions
in Cor(R"). This functional is discontinuous at those ¢ which reach 9D but
do not leave D U 9D until time 7" and at those ¢ for which 7(¢) = T. If the
matrix of the A% (Z) is nonsingular, then for the limit process ¢}, the set of
trajectories reaching 0D until time 7" but not leaving D has probability zero.
This follows from the strong Markov property of the process and from the fact
that a nondegenerate diffusion process beginning at a point x € 9D hits both
sides of the smooth surface 9D before any time ¢ > 0 with probability 1. The
vanishing of the probability P{7(¢°) = T} follows from the existence of the
transition probability density of ¢{. Consequently, P{7((?) < T’} converges to
P{r(¢°) < T} as e — 0. In particular, choosing the ball of radius & with center
at the point 0 as D, we obtain

lim P{ sup |X7 — & > 6\/5} = P{r(¢°) > T}.
e—0 0<t<T

The last probability can be calculated by solving the corresponding Kolmogorov
equation.

We mention another situation in which we encounter approximation by dif-
fusion processes for deviations from trajectories of the averaged system. If we
return to the “slow” time in which (1.1) is written, then the averaging principle
contained in Theorem 2.1 can be formulated in the following way: If condition
(2.1) is satisfied, then for any 6 > 0 we have

lim P{ sup |Z; — Tet| > 5} =0,

e20 Lo<i<Tye

where Z; is the solution of (1.1) and Z; is the solution of the averaged system
(1.4). In the case b(z) = 0 this theorem implies that in the time interval [0, T'/<]
the process Z; does not move away noticeably from the initial position. It turns
out that in this case, displacements of order 1 take place over time intervals of or-
der ¢ =2, Apparently, it was Stratonovich [1], who first called attention to this fact.
On the level of the rigor of physics, he established (cf. the same publication) that
under certain conditions, the family of processes Z; /2 converges to a diffusion
process and computed the characteristics of the limit process. A mathematically



208 7. The Averaging Principle. Fluctuations in Dynamical Systems with Averaging

rigorous proof of this result was given by Khas minskii [5]. A proof is given in
Borodin [1] under essentially less stringent assumptions.

Without precisely formulating the conditions, which, in addition to the equal-
ity b(z) = 0, contain some assumptions concerning the boundedness of the
derivatives of the b(x,y) and also the sufficiently good mixing and the existence
of moments of &, we include the result here.

Let us introduce the notation

aik(xa S, t) = Mbl(l’, gs)bk(zv Et)a

Ble.y) = (Bila) = (25E2),

xst ZMBsz Ift)

Suppose that the limits

) to+T pto+T
a*(z) = lim —/ / (z,s,t)dsdt,

N to+T t0+T
K'(z) = lim —/ / (z,s,t)dsdt

exist, uniformly in tg > O and x € R".
Then on the interval [0, T'], the process 7§ = Z¢

t/-2 converges weakly to the
diffusion process with generating operator

T

1 i i(
ngzak 81‘1896’“ ZK

i,k=1

as € — 0. A precise formulation and proof can be found in Khas’minskii [5] and
Borodin [1].

A natural generalization of the last result is the limit theorem describing
the evolution of first integrals of a dynamical system. Consider (1.2), and as-
sume that the corresponding averaged system (1.4) has a first integral H(z) :
H(X,) = H(z) = constant for ¢ > 0. Let H(z) be a smooth function
with compact connected level sets C(y) = {z € R" : H(xz) = y}. Since
X¢ — X, as ¢ | 0 uniformly on any finite time interval [0, 7] in probability,
maxo<i<7 |[H(X;]) — H(z)| — 0 as e | 0 in probability. To observe the evo-
lution of H (X} ), one should consider time intervals growing together with £~

Let us rescale time: X P = X5 = The functions X ¢ satisfy the equation

X 1 ~ ~
Xf = (X 6ye).  Xg=zeR (3.23)

We have:
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1

t . .
g/0 (VH(X?),b(X5,&s/e2)) ds

H(X]) ~ H(x)

! / (VH(XS), (b(XE, €, o2) — (X)) ds.
0

3

Here we used the equality (VH (), b(x)) = 0, z € R", which holds since H (z)
is a first integral of system (1.4).

Let &; be a stationary stochastic process with good enough mixing properties.
Then the limit in (1.3) is equal to b(z) = Mb(z, &;), and, due to the central limit

theorem,

! / (VH(2), bz, &, )2) — b(a)) ds

3

converges as € | 0 in the distribution to a Gaussian random variable. Of course,
the characteristics of this Gaussian variable depend on x € R".

Taking into account that the rates of change for Xf and &; /.2 have different
order, and that X} converges to X; as € | 0, one can expect that, if the dynamical
system X; has some ergodic properties on the level sets C(y), the characteristics
of the limit of H(X¢) as ¢ | 0 depend only on H(X¢) but not on the position
of X¢ on C(H(X¢)). This means that the process H(Xg), 0 < ¢ < T, should
converge to a diffusion process Y;:

dY, = o(Y;) dW, + B(Y;)dt, Yy = H(z),

where W is a standard one-dimensional Wiener process. Thus, the convergence
to a diffusion process is the result not just of averaging with respect to the fast os-
cillating process &; /.2, but also of the ergodic behavior of the averaged dynamical
system X; on the level sets of the first integral.

The result of Stratonovich, Khasminskii, and Borodin is a special case of
the limit theorem for first integrals: If b(x) = 0, then each coordinate z° is a first
integral of the averaged system, and the evolution of X £ 1s, actually, the evolution
of the first integrals. No assumptions concerning the ergodicity on the level sets
is needed here, since each level set consists of one point.

To formulate the exact result, we restrict ourselves to the two-dimensional
case. Consider (3.23) for r = 2. Let &, —oo < t < o0, be a stationary pro-
cess with the values in R™. Assume that the trajectories &; have at most a finite
number of simple discontinuities on each finite time interval with probability 1.
Equation (1.2) is satisfied at the points where ;.2 is continuous. The solution
is assumed to be continuous for all ¢ > 0. We assume also that the vector field
b(z,u), z € R% u € R™, is Lipschitz continuous and |b(z, u)| is bounded or
grows slowly; the function b(x) = Mb(z, &) then is also Lipschitz continuous.

Introduce the following conditions.

1. Let H(x), z € R?, be a first integral for averaged system (1.4). Assume that
H (z) is three times differentiable and the sets C(y) = {z € R? : H(z) =
y} are closed connected curves in R? without selfintersections. This means,



210 7. The Averaging Principle. Fluctuations in Dynamical Systems with Averaging

in particular, that H () has a unique extremum point. We can assume without
loss of generality, that this point is the origin O € R?, and that H(O) = 0,
H(zx) > 0 for z # 0. The trajectory X; performs periodic motion along
C(y), y = H(X,) with a period T(y). Assume that T'(y) < ¢(1 + y?) for
y > 0 and some ¢ > 0.

2. Let
|H(x)| < c(|z]*+1),  |VH(z)| < (x| +1),
0?H (z) O3H (z)
0zidxI | — Oxt0xI Oxk

for some ¢ > 0 and for i, j,k € {1,2}, 2 € R?. Let
|z|* < c(H(z) + 1)

for some 1 < p < 2. -
3. Putg(z,z) = b(x, z) — b(z). Suppose a positive function ¢(z) and a constant
¢ > (0 exist such that

b(2)| < c(jz] +1),  [Vb(z)| <,

02b(x)
< <
| <e @)l < ale)
2(z,2) . -
‘ Bt _1+|x|q(z), 1,7 €4{1,2}, x € R*, z € R™.

Let, for some p > (4(u+1))/(p — 1),
Mlg(&)l” < c.

The next assumption concerns the mixing properties of the process & (w),
w e Q, —co <t < oo. Let #! be the o-field generated by the process &,
when —oo < s < v <t < 0. Define

Br)=  sup  [(Por(B) = (Fo x Pr)(B))],
BeZF0  xFg°

where the measures Fy , and Py x P; on the space {2 x {2 are defined by the
relations:

PQ’-,—(Al X AQ) = P(A1 n Ag),
(PO X PT)(Al X AQ) = P(Al)P(AQ),

for A; € FEOO, As € Ffo
We say that the process &; satisfies the absolute regularity mixing condition
with the coefficient 3(7), if B(7) | 0 as 7 — 0.
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It is known that the absolute regularity mixing condition is stronger than
mixing condition (3.1) (strong mixing condition). Note that since &; is a sta-
tionary process, the supremum in ¢ in (3.1) can be omitted. Some sufficient
conditions for these types of mixing properties and bounds for the coeffi-
cients «(7) and 3(7) can be found in Ibragimov and Rozanov [1].

4. Assume that the stationary process &; satisfies the absolute regularity mixing
conditions with the coefficient 5(7) such that

/ 7'3,8(1”78)/”(7') dr < 00,
0

ﬁ(p_s)/p(T) < c-min(1,77%)

(3.24)

for some ¢ > 0 and the constant p defined in condition 3.

If .
= Zuk(:ﬂ)vk(z), n < 00,
k=1

one can replace the absolute regularity condition by the strong mixing condi-
tion with the coefficient «(7) satisfying (3.24) with 3(7) replaced by a(7).
Define

9@, 2) = b(z, z) — b(x),

F(x,2) = (VH(x), 9(z, 2)),
D(z,s) = MF(z,) F(z, &),
Q(z,s) = M(VF(z,&5), 9(x,&0)),

) D) di
) = Tf e )\
Q

where dl is the length element on C(y) = {z € R? : H(z) = y} and
y) = fc(y)(dl/\b(:cﬂ) is the period of the rotation along C(y).

5. Assume that the functions o (y) and B(y) are Lipschitz continuous.

Theorem 3.2 (Borodin and Freidlin [1]). Let Y7 = H(X?), where X is the so-
lution of (3.22) and H (x) is the first integral of averaged equation (1.4). Suppose
that conditions 1-5 hold. Then for any 0 < T' < oo, the processes Y5,0 <t < T,
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converge weakly in the space of continuous functions ¢ : [0, T] — R* to the dif-
fusion process Y; defined by the equation

The proof of this theorem and some of its modifications and generalizations
can be found in Borodin and Freidlin [1]. Some examples related to Theorem 3.2
are considered in Sect. 8.

We assumed in Theorem 3.2 that the first integral H(x) has just one critical
point. This assumption is essential. If for some y the level sets C(y) consist of
more than one connected component, the processes Y = H(X¢), will not, in
general, converge to a Markov process. To have in the limit a Markov process, one
should extend the phase space. We consider such questions in the next chapter
for white noise perturbations of dynamical systems. The situation is similar in
the case of fast oscillating perturbations.

4 Large Deviations from an Averaged System

We have established that for small , over the time [0, T'] the process X7 is near
the trajectory z; of the averaged system with overwhelming probability and the
normalized deviations (1//€) (X —Z;) form a random process, which converges
weakly to a Gaussian Markov process as ¢ — 0. If the averaged dynamical sys-
tem has an asymptotically stable equilibrium position or limit cycle and the initial
point X§ = x is situated in the domain of attraction of this equilibrium position
or cycle, then it follows from the above results that with probability close to 1
for £ small, the trajectory of X; hits the neighborhood of the equilibrium posi-
tion or the limit cycle and spends an arbitrarily long time 7" in it provided that ¢
is sufficiently small. By means of Theorem 3.1 we can estimate the probability
that over a fixed time [0, T the trajectory of X does not leave a neighborhood
D# of the equilibrium position if this neighborhood has linear dimensions of or-
der /. However, the above results do not enable us to estimate, in a precise way,
the probability that over the time [0, 7] the process X; leaves a given neighbor-
hood, independent of ¢, of the equilibrium position. We can only say that this
probability converges to zero. Theorems 2.1 and 3.1 do not enable us to study
events determined by the behavior of X{ on time intervals increasing with 1.
For example, by means of these theorems we cannot estimate the time spent by
X7 in a neighborhood D of an asymptotically stable equilibrium position until
the first exit time of D. Over a sufficiently long time, X; goes from the neigh-
borhood of one equilibrium position of the averaged system to neighborhoods
of others. These passages take place “in spite of”’ the averaged motion, due to
prolonged deviations of £; from its “typical” behavior. In one word, the situa-
tion here is completely analogous to that confronted in Chaps. 4-6: in order to
study all these questions, we need theorems on large deviations for the family
of processes X;. For this family we are going to introduce an action functional
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and by means of it we shall study probabilities of events having small probability
for € < 1 and also the behavior of the process on time intervals increasing with
decreasing <. These results were obtained in Freidlin [9], [11].

In what follows we assume for the sake of simplicity that not only are the
partial derivatives of the b*(z, y), z € R",y € R" bounded but so are the b’ (x, y)
themselves:

7 abi

, ob
sup |b*(z, )| + ’ ,
i,j,0€R",yER! ( Ox?

The assumption that |b(z, y)| is bounded could be replaced by an assumption on
the finiteness of some exponential moments of |b(z, &;)| but this would lengthen
the proofs.

We shall say that condition F' is satisfied if there exists a numerical-valued
function H(z, ), z € R", a € R" such that

e—0

1T T
hmflnMeXp{g/ (%75(%755/5))653} :/ H(ps,as)ds,  (4.1)
0 0

for any step functions ¢, as on the interval [0, T'] with values in R".
If as ¢ and o we choose constants ¢, a € R, then we obtain from (4.1)
that

T
lim llnMCXp{/ (a,b((p,fs))ds} = H(p,aq). 4.2)
T—oo T 0

Lemma 4.1. The function H(x, @) is jointly continuous in its variables and con-
vex in the second argument.

Indeed, it follows from (4.2) that
|H(x + A,a+0) — H(z,a)| < K6 + K|a||A|

and therefore, continuity is proved. The convexity in a also follows from (4.2) if
we take account of the convexity of the exponential function and the monotonic-
ity and concavity of the logarithmic function.

We define the function L(z, 8) as the Legendre transform of H(z, &) in the
variables o

L(w, p) = sup|(e, B) — H(z, )],

The function L(z, 8) is convex in 8 and jointly lower semicontinuous in all vari-
ables; it assumes nonnegative values including +oc. It follows from the bound-
edness of b(z,y) that L(x, 5) = 400 outside some bounded set in the space of
the variables /3.

The function L(z, ) is jointly lower semicontinuous in all variables. Indeed,
it follows from the definition of L(x, 8) that for any z, 5 € R" and n > 0 there
exists ay, = ay,(x, B) such that
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L(xa/B) < (O&n”@) - H(l‘7 O[n) + ]./TL

Taking account of the continuity of H(x, ), from this we obtain that for some
On = Op(x, B, ) and |z — 2’| < &, |8 — B'] < J,, we have

(o, B) — H(z,on) < (a0, f') + H(a2', ) + 1/ < L(2', 8') + 1/n.

Consequently, L(x, 8) < L(z', ') + 2/n if |x — 2| < &, and |5 — 5| < 0,
i.e., L(x, B) is jointly lower semicontinuous in all variables.

Remark 1. Condition F' is equivalent to the assumption that the limit (4.1) exists
for every continuous ,, as.

Remark 2. In general, the variables (z, ) and (x, ) vary in different spaces. If
(1.2) is considered on a manifold G, then « is a point in the manifold, « is an
element of the cotangent space at z, (x, ) is a point of the cotangent bundle and
(x, B) is a point of the tangent bundle.

On Cyr(R") we introduce a functional Syr(¢):

T
SOT(‘)O) = /0 L(@sv@s) ds

if ¢, is absolutely continuous; we put Sy (@) = +oo for the remaining elements
2 of COT(RT).

Lemma 4.2. For any compactum Fy C R" and any s < oo, the set O, (s) =
{¢ € Cor(R") : o € Fy, Sor(¢) < s} is compact in Cor(R"). The functional
Sor (@) is lower semicontinuous in Cor(R").

Proof. Since L(x, 3) is equal to +o0o outside a bounded set in the space of the
variables 3, the set @ i, (s) may only contain functions whose derivatives are uni-
formly bounded. Taking account of the compactness of Fjp, it follows from this
that all functions in @z, (s) are uniformly bounded and equicontinuous. Conse-
quently, for the proof of the compactness of @, (s) we only have to show that
O, (s) is closed. The closedness of @, (s) obviously follows from the lower
semicontinuity of Spr. As in Sect. 2, Chap. 5, concerning semicontinuity we
refer to the book [1] by Ioffe and Tichomirov. O

Theorem 4.1 (Freidlin [9], [11]). Let condition F' be satisfied and let H(x, o) be
differentiable with respect to «. The functional Sy () is the normalized action
Sunctional in Cor (R") for the family of processes X5 as ¢ — 0, the normalizing
coefficient being f(c) = €1, i.e., the set

D, (s) ={p € Cor(R") : po =z, Sor(¢) < s}

is compact in Cor(R") and for any s, ,v > 0 and ¢ € Cor(R"), o = =z,
there exists g > 0 such that for € < €y we have
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P{por(X®,¢) < 6} > exp{—c""(Sor(¥) + 1)}, 4.3)
P{por (X, ®,(s)) >0} < exp{—c (s —7)}, 4.4)

where X; is the solution of (1.2) with the initial condition X§ = x.

We postpone the proof of this theorem until the next section and now discuss
some consequences of it and the verification of the conditions of the theorem for
some classes of processes. First of all we note that for any set A C C3(R") =
{¢ € Cor(R") : o = x} we have

— inf S <lmelnP{Xcec A
St (@)—H—o { }

< TmenP[X* € A] < — inf § 45
< lmelnPlX® € Al < — inf Sp), *)

where [A] is the closure of A and (A) is the interior of A in CZ(R"). Estimates
(4.5) follow from general properties of an action functional (cf. Chap. 3). If the
infima in (4.5) over [A] and (A) coincide, then (4.5) implies the relation

;lg(l]aln P{X® e A} =— ;22 Sor (). (4.6)

We would like to mention that because of the boundedness of |b(x, ;)| and
the possible degeneracy of the random variables b(z, &), the condition of coin-
cidence of the infima of Sor () over the sets [A] and (A) is more stringent than,
say, in the case of a functional corresponding to an additive perturbation of the
type of a white noise (cf. Chap. 4).

It follows from the compactness of @, (s) that there exists g > 0 such that
estimate (4.3) holds for e < ¢ for any function ¢ € ®,(s). Since b(z, y) satisfies
a Lipschitz condition, for any ¢* € C{,(R"), ¢¥ € C{r(R") and § > 0 we
have

fw: por(X%,07) < 6} € {w: por(Ye,0¥) < (X7 425},

if por(¢®, p¥) < 6, where X¢ = X7 and Y = Y are solutions of (1.2) with
initial conditions x and y, respectively and K is the Lipschitz constant. Relying
on estimates (4.3) and (4.5), from this we obtain that if p(¢*, ¢¥) < 4, then

inf S <3 ")
YECH (R7).p(th,p¥) <67 or(¥) < Sor(¢”)

where ¢’ = (eT 4-2)4. Taking account of the last inequality, one can easily see
that

{p(X=, @4(s)) < 6} S {p(Y",Dy(s)) < o'}

for |z — y| < 6. With use of these estimates and inclusions, it is easy to derive
the following “uniform” version of Theorem 4.1’ from Theorem 4.1.
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Theorem 4.1'. Suppose that condition F is satisfied and H(x, ) is differen-
tiable with respect to o The functional e~ Syr () is the action functional for
the family of processes X:, uniformly with respect to the initial point x in any
compactum Q C R", as € — 0. This means that the assertions of Theorem 4.1
hold and for any s,d,~v > 0 and any compactum Q@ C R" there exists g > 0
such that inequalities (4.3) and (4.4) hold for every initial point x € () and every
p e Dy(s).

For a large class of important events, the infimum in (4.6) can be expressed
in terms of the function u,(t,z) = inf{So:(¢) : ¢o = z, ot = z}. As a
rule, the initial point o9 = x is assumed to be fixed, and therefore, we shall
omit the subscript « in u,(t, z). As is known, the function u(¢, z) satisfies the
Hamilton—Jacobi equation. Since the Legendre transformation is involutive, the
Hamilton—Jacobi equation for u(t, z) has the form (cf., for example, Gel fand

and Fomin [1])
ou(t, z) ~Ou ou '\
7 —H(m, ST 8x") =0. 4.7)

The functional Syr(¢) vanishes for trajectories of the averaged system. In-
deed, from the concavity of In x it follows that

T—o0

H(z,a) = lim %m M exp{/OT(a, bz, &) ds}

1 T
ZTh_rgo ?M/O (o, b(x,&5)) ds
1 (7 _
— (i 7 [ W8 ds) = .50))

and consequently, L(ip, ) = sup,[(¢,a) — H(p,a)] = 0 for ¢ = b(p). It
follows from the differentiability of H (z, ) with respect to « that the action
functional vanishes only at trajectories of the averaged system. We take for the
set A = {p € CE(R") : supg<i<p |t — T¢| > d}. Then we conclude from
(4.5) that for any 6 > 0 we have

P{ sup | X7 — Z¢| > 5} < exp{—ce™'}
0<t<T
for sufficiently small ¢, where c is an arbitrary number less than inf ¢4 S(¢).
This infimum is positive, since S(¢) > 0 for ¢ € [A] and S is lower semi-
continuous. Consequently, if the hypotheses of Theorem 4.1 are satisfied, then
the probability of deviations of order 1 from the trajectory of the averaged system
is exponentially small.

In Sect. 8 we consider some examples of the application of Theorem 4.1 and
now discuss the problem of fulfillment of the hypotheses of Theorem 4.1 in the
case where &; is a Markov process.
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Lemma 4.3. Suppose that &, is a homogeneous Markov process with values in
D C R" and for any x,a € R" let

T—o0

T
lim %ln M, exp{/ (a,b(z, &) ds} = H(z,q) (4.8)
0

uniformly iny € D. Then condition F is satisfied.

Proof. Let a, and z, be step functions and let o and zj be their values on
[th-1,tk), 0 = tg < t1 < ta < -+ < t, = T, respectively. Using the Markov
property, we can write

T
My exp{é /0 (O‘Sa b(zw gs/&)) ds}

1 tn—1
=M, [exp{g/ (s, b(2s,&5))) ds}
0
1 tn—tn—1
e, oD [ b6 as |
0

From (4.8) it follows that

< 6k7
4.9)

1 te—tk—1
elnM, exp{g / (g, b2k, €s/c)) ds} — H (2k, o) (tk — th—1)
0

where d;, — 0 uniformly in y € D as ¢ — 0. Repeating this estimation on every
interval [t;_1, tx ), we obtain from (4.9) that

1 T n n
elnMeXp{g/O (as,b(zs,fs/g))ds—ZH(zk,ak)(tk—tk_l)H < de.
k=1

k=1
This relation implies condition F. 0O

For Markov processes we can formulate general conditions of Feller type
and on the positivity of transitional probabilities which guarantee the validity
of condition F' and differentiability of H(z, ) with respect to . We shall not
discuss the general case but rather the case where &; is a Markov process with
a finite number of states. In Sect. 9 we consider the case of a diffusion pro-
cess &;.

Let &, t > 0, be a homogeneous stochastically continuous Markov process
with N states {1,2,..., N}, let p;;(t) be the probability of passage from i to
j over time ¢, and let P(t) = (p;;(t)). We denote by Q = (g;;) the matrix
consisting of the derivatives dp;;(t)/dt at t = 0; as in known, these derivatives
exist.
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Theorem 4.2. Suppose that all entries of Q) are different from zero. Let us denote
by Q™" = (g;;") the matrix whose entries are given by the equalities q;;" =
¢ij + 0i5 - (o, b(x, 7)), where §;; = 1 for i = j and 6;; = O for i /=f. Then Q™"
has a simple real eigenvalue \ = \(x, «) exceeding the real parts of all other
eigenvalues. This eigenvalue is differentiable with respect to o. Condition F' is
satisfied and H (z, o)) = Az, ).

Proof. If & is a Markov process, then the family of operators 73, ¢ > 0, acting
on the set of bounded measurable functions on the phase space of &; according to
the formula

Tof(2) = sz@t)exp{ / t(a,bu,ss))ds},

forms a positive semigroup. In our case the phase space consists of a finite num-
ber of points and the semigroup is a semigroup of matrices acting in the N-
dimensional space of vectors f = (f(1),..., f(IV)). It is easy to calculate the
infinitesimal generator A of this semigroup:

T, — F ,
A=lim tT = (gij + 0ij - (o, b(z,7))) = Q™.
By means of the infinitesimal generator the semigroup 73 can be represented
in the form 7} = exp{tQ*™"}. Since by assumption ¢;; # 0, the entries of
the matrix 7; are positive if ¢ > 0. By Frobenius’ theorem (Gantmakher [1]),
the eigenvalue with largest absolute value u = pu(t,x,«) of such a matrix is
real, positive and simple. To it there corresponds an eigenvector e(t,z, ) =
(e1,...,eN)s Efgvﬂ ex = 1, all of whose components are positive.

It is easy to derive from the semigroup property of the operators 7} that
e(t,z,a) does not actually depend on ¢ and is an eigenvector of the matrix
Q™% ie., Q¥%e(x,a) = A(z, a)e(x, ). The corresponding eigenvalue A(z, «)
is real, simple, exceeds the real parts of all other eigenvalues of Q*“ and
p(t,z,a) = exp{t - A(z,a)}. The differentiability of A(z, ) with respect to
« follows from the differentiability of the entries of Q*“ and the simplicity of
the eigenvalue A(z, ) (cf. Kato [1]).

By Lemma 4.3, in order to complete the proof of the theorem it is sufficient
to show that

1 T
lim Tln Miexp{/o (o, b(x, &5)) ds} = Az,a)

T—o00
fori = 1,2,..., N. This equality can obviously be rewritten in the following
equivalent form:
o1 .
Th_{n()O T In(T3,1)(7) = Az, a), (4.10)

where 1 is the vector with components equal to one.

To prove (4.10) we use the fact that all components of the eigenvector e =
N o ;
e(z,a) = (e1,...,en), > 1_q €x = 1, are positive : 0 < ¢ < minj<p<n € <
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maxi<i<n €r < 1. Using the positivity of the semigroup T}, we can conclude
that
(T1)(0) < (Tie)(i) = e, < (T,1)(i)

for: =1,2,..., N. We take the logarithm of this relation and divide by ¢:

1 1
Z lnC + ; ln(Ttl)(l) <

Letting ¢ tend to oo in this chain of inequalities, we obtain (4.9). Theorem 4.2 is
proved. O

We note that in the case considered in Theorem 4.2, an equation can be writ-
ten for the function (¢, z) introduced above, without determining the eigenvalue
Az, ) of Q< which has the largest real part. Indeed, A(z, o) = A is a root of
the characteristic equation

det(gi; + 9i5[(cv, b(z, 7)) — A]) = 0. 4.11)

Since by (4.7) and Theorem 4.2, u(t, z) satisfies the Hamilton—Jacobi equation
(Ou/0t)(t, z) = Az, V,u), the function u(¢, z) also has to satisfy the equation

det <qij 'y [(Vzu(t, 2),b(2,4)) — %D =0,

where we have to choose that solution of the equation for which du /0t is a root
of (4.11) for « = V,u(t, z), having the largest real part.

5 Large Deviations Continued

In this section we prove Theorem 4.1.

We choose a small number A > 0 such that 7/A = n is an integer. Let
¥ 1 [0,T] — R" be a piecewise constant right continuous function having points
of discontinuity only at points of the form kA, & = 1,2,...,n — 1. Let us
consider the family of random processes

t
Xfﬂ/’:x-k/ b(vs,&s/c) ds
0

and write Sor () = gg’)bT(@) = fOT L(vs, s) ds if @, is absolutely continuous
and Sor(p) = +oo for the remaining ¢ € Cor(R"). The functional Sz ()
is lower semicontinuous; the set ®,(s) = {¢ € Cor(R") : Sor(e) < s,
o = a} is compact in Cor(R"). This can be proved in exactly the same way as
in Lemma 4.2.
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Moreover, we note that the functional S¥ () is lower semicontinuous in
in the topology of uniform convergence for every . This follows easily from
Fatou’s lemma and the joint lower semicontinuity of L(x, 3) in all variables: if
Y™ — 1), then

N T
lim 53" (p) = lm [ L(47.p.)ds
n—00 n—o0 JQ
T T -
0 n—oo 0

Lemma 5.1. Let condition F be satisfied and let the function H(x, «) be differ-
entiable with respect to the variables o.

The functional S¥ () is the normalized action functional in Cor(R") for the
family of processes Xt“b as € — 0, with normalizing coefficient f(g) = e~ 1.

Proof. Let a1, aa,...,a, € R". We denote by «(s) the piecewise constant
function on [0, 7] which assumes the value > ;_. oy, for s € ((i — 1)A,iA],
i = 1,2,...,n. The function h(a,az, ..., ay,), where z is the initial condi-

tion X = z, is defined by the equality

hZ(aq,...,an) =elnM exp{s1 Z(ak,ngp)}.

k=1

Taking account of the definition of X ‘ V. we may write

T n
hi(ai,...,an) =clnM exp{e_l/o (a(s),b(s,&s/c)) ds} + (J;, Zak>.

k=1

This and condition F' imply the existence of the limit h*(ay,...,q,) =
lim._,o hZ (v, ..., o) and the equality

W (ag,...,an) :/0 H (s, as)) ds + <x72ak>.
k=1

It is easy to see that the function h*(ay,..., ;) is convex in the variables
aq, ..., ap. The differentiability of H (z, ) with respect to the second argument
implies the differentiability of h* (s, ..., ay).

We denote by [*(51,...,8,), Bk € R", the Legendre transform of
h*(aq,...,ay,). The function [*(51,. .., 3,) can be expressed in terms of the
Legendre transform L(x, 8) of H(z, «) in the following way:

T
*(B1y. ..y Bn) = /0 L(vs, B(s)) ds, (5.1
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where ((s) is the piecewise linear function on [0, T'], having corners at the mul-
tiples of A and assuming the value §j at kA, 5y = x. Indeed, if = 0, then by
the definition of Legendre’s transformation we have

By, Bn) = sup [Z(ak,ﬁw—AZH(mM,Zai)]
k=1 i=k

[SIFITEIe 20)

k=1
=A sup {sup[(al,ﬂl/A)—H(z/)o,al—i—Zai)]
Qg yeeny Qi aq i—2
+ D (o, Br/A) - ZH<¢(k—1)A,ZOK1’>‘| }
k=2 k=2 i=k
= sup {L(¢O,ﬁ1/A)+ Z(ak’/gk;51>
Q2,...,0p k=2
- Z H("/}(k—l)Aa Z%‘)] }
=2 i=k
_ S Br — B1
- AL(w07ﬂl/A)+A sup lz<ak3A>
(67 PPN [62%) k=2
- ZH<¢(I@1)A’ ZO@)}
k=2 i=k

Taking supremum with respect to cs in the last term, as it was taken with respect
to ay earlier, and then taking supremum with respect to g and so on, we arrive
at the relation

0 _ . ﬂk — /Bk—l
! (517 s 75n) - ZA ! L<¢(k—1)Aa T)a
k=1
which is equivalent to (5.1) for z = 0. Taking into account that [* (81, ..., 5,) =
1°(By—x,...,Bn—x), we obtain (5.1) for an arbitrary initial condition z € R".

Let us put n° = (X3¥, X5, ..., X20). If X7¥ is a process in the 7-
dimensional space, then m° is a random variable with values in (R")", the
product of n copies of R". It follows from the definition of h*(aq,...,an)
that A (v, ..., ) = lim.oelnMexp{e~!(a,n%)}, where @ = (a1, s,

.y a). We write ®2(s) = {e € (R")" : I(eq1,...,e,) < s} for s < o0
and p(e,g) = max |ey — gi|, where e = (e1,...,e,) and g = (¢1,...,gn) are
points of (R")™. It follows from Theorem 1.2 of Chap. 5 that for any s, §, v > 0
and e € (R")" we have

P{p(n°,e) <&} > exp{—c"(I"(e1,...,en) +7)},

(5.2)
P{p(n®, @2(s)) > 0} < exp{—e~'(s =)}
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for sufficiently small e. Let ¢ € Cor(R"), wo = =, Sor(¢) < 00, § > 0. We
write @2 = (A, Pan, - - -, Pna) € (R")™. For sufficiently small §' = §’(J) and
A = A(6) we have

P{por(X=?, ) < 0} > P{p(n°, ) < &'}

This inequality follows from the fact that the trajectories of X N ¥ and any func-
tion ¢ for which S¥ () < oo satisfy a Lipschitz condition. Estimating the right
side of the last inequality by means of the first of the inequalities (5.2), we obtain

Plpor (XY, ) < 6} > exp{—c*(I"(¢a, -, ¥na) +7)}

T
=exp{—sl( / L(wms)dsﬂ)} 53)
0

for every v > 0 and sufficiently small €, where @ is the piecewise linear function
having corners at the multiples of A and coinciding with , at these points.

Taking account of the absolute continuity of ¢ and the convexity of L(x, 3)
in 3, we obtain

n

T 1 kA
L(tbs, 3s) ds = L(¢ . ,—/ sbsds)A
/0 Wt ds =3 L(vunarg [

k=1
n kA
< / L(Y—1)a, $s) ds
; (k—1)A
T ~
- / L(s, ¢2) ds = S2n(). (5.4)
0

Relations (5.3) and (5.4) imply the first of the two inequalities in the definition of
the action functional:

P{por(X=¥,¢) < 6} > exp{—e (S5 (¢) +7)}- (5.5)
To prove the second inequality, we note that we have the inclusion
fwe Q: por(X5, 8,(s)) > 0} C {w € Qs o, 2(5)) > &)
for sufficiently small A(§) and &’ (4), where
,(s) = { € Cor(R") : o = =, 85, (¢) < s}.
This inclusion and the second estimate in (5.2) imply the required inequality
P{por (X, ®,(s)) > 0} < exp{—e"1(s —)}. (5.6)

As has been remarked, the compactness of P, (s) can be proved in the same way
as in Lemma 4.2.
Lemma 5.1 is proved. O
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As usual, this lemma and the lower semicontinuity of Sg’T(cp) imply that

— inf S(p) < limelnP{X"¥ c A}
pe(4) e—0
< limenP{X*¥ € A} < inf S(p) (5.7)
e—0 p€E[A]

for every A C CJ(R"). Here (A) is the set of points of A, interior with respect
to the space C¥-(R").

Lemma 5.2. Suppose that the function H (x, &) is differentiable with respect to
the variables o. Let 1" : [0,T] — R" be a sequence of step functions uniformly
converging to some function ¢ € Cor(R") as n — oo. Then there exists a
sequence " € Cor(R"), uniformly converging to o, such that

T
im [ L™, ™) ds < Sor(p).

n—oo 0

Proof. For an arbitrary partition 0 = tg < t; <ty < - < tp_1 <t, =T we
have

50 > Sor(9) :/0 L(gs, ¢y) ds
T
- / sup|(¢s, @) = H(ps, )] ds

n th
S
k=1 & Jtk—1

(b5, @) = H(ps, )] ds

n te
= Zsup |:((pt,€ — Ot ) — / H(ps, @) ds]. (5.8)
k=1 < te—1

We put
@) = [ Hpuayds 1k(8) = supl(a. /) ~ (e

It follows from the hypotheses of the lemma that the function () is convex
and differentiable. The function [;(8) is convex, nonnegative, and lower semi-
continuous. Relation (5.8) can be rewritten in the form

00 > Sor(p) 2 > l(pr, — ¢u_,)-
k—1

It is known (cf. Rockafellar [1]) that if [;.(3) is a lower semicontinuous con-
vex function and 3* € {f : I(8) < oo} = Ay, then [,(8*) = limg_, 5. 1x(5),
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where the points /3 belong to Ay, the interior of Ay, with respect to its affine hull.!
Therefore, for every § > 0 there exists a function ¢, : [0,7] — R such that

sup |@r — @] <9, Po = o, Pty — Pty € A - (t — te—1)
0<t<T

and
n

Z lk((ptk - sDtk—l) > Z Zk(@tk - @tk—l) — 0.
k=1

k=1
For such a function we have

n

S() 2> (e, — Gr,,) — 0. (5.9)
k=1

For points 3 € Ay, the supremum in the definition of ;,(3) is attained (cf. Rock-
afellar [1]). By virtue of this, there exist ap € R" such that I (@, — @t,_,) =
(Pt — Pty k) — Y (a); the oy, satisfy the relation @;, — @1, _, = Vi (aw).

Let 1™ be any sequence of step functions uniformly converging to ¢ as

m — co. We choose (™) according to the conditions: @ém) = o, ¢§m) =
Vo HW™, ay) for s € (ty_1,t5) and 90,5:?0 = ngf_)o. Then ¢(™) converges to
s at the points 0, t1,%s,...,t, =T as m — oo. Indeed,
(m) _ () "
o = = [ VaH@W™, ar)ds

th—1

23
— VoH (s, 1) ds = @t — Pt - (5.10)

th—1

Here we have used the fact that the convergence of the convex functions 7} (a) =

tt:;l H (wsm), «) ds to the differentiable function ~;(a) as m — oo implies the

convergence V(o) = Vi () (Rockafellar [1]).

(m

Since ¢ ) = Vo H( g’"), ay,) for s € (tg—1,tx), we have
L(y{™, g™ = sup[(p{™, a) — H{™, )]
= (™, o) — H(p{™, ay,). (5.11)

It follows from (5.10) and (5.11) that

! The affine hull (aff A) of aset A C R” is defined by the equality

aff A = {fylas1+~~~—|—fymmm:ml,...7xm€A7Z’yk:1}.
k=1
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T
/ L(p™ 6 dsz/ Supl(el™, @) — H (Y™, )] ds
0 te—1

—ZU  a ds—/ H({™, o) ds

- Zlk(@k — B ) < Sor(p) +6 (5.12)

as m — oo. Choosing ¢ and the intervals between the points ¢;, sufficiently small,

we can bring <p( ™) and ¢ arbitrarily close to each other. This and (5.12) imply
the assertion of Lemma 5.2. 0O

Now we pass directly to the proof of Theorem 4.1. Let ¢ € Cop(R")
and Sor(p) < oo. We choose a step function > and a function ¢* such that
T .
por (9, 9) < A supgcy<r [ —i| < Xand [ L(¥Z, ¢2) ds < Sor{e) +1.
This can be done according to Lemma 5.2. It is easy to derive from the bounded-
ness of the functions b*(z, y) and their derivatives that

{w:por(X5,9) <6} 2 {w: por(X5%", %) < 8"}

for any 0 > 0 provided that A\ = A(J) and ¢’ = ¢’(9) are sufficiently small. This
inclusion and estimate (5.5) imply the inequality

P{por(X®,p) < d} > P{POT(XE’WWA) <d'}
> exp{e 1SV (9*) + )}
> exp{e ' (Sor(v) < 27)} (5.13)

for sufficiently small €.

Now we prove the second inequality in the definition of the action functional.
First of all we note that since |b(x,y)| is bounded, the trajectory of X7, just as
well as that of Xf ¥ issued from a point z € R" belongs to some compactum
F C Cor(R") fort € [0, T]. It follows from the semicontinuity of the functional
S’gJT(@) in ¢ that for any y > 0 there exists § = J,(¢) such that S¥ (¢) > s—7/2
if por(p,1) < & and Sor(¢) > s. Relying on the semicontinuity of S (¢) in ¢,
we conclude that the functional 6., (¢) is lower semicontinuous in ¢ € Cor(R").
Consequently, - (i) attains its infimum on every compactum.

Let F be the compactum obtained from F' by omitting the ¢ /2-neighborhood
of the set ®,(s) = {¢ € Cor(R") : w9 = z, Sor(p) < s}. Let us write
8y = infuep 04(p), &' = 0,/(AKT + 2), where K is a Lipschitz constant of
b(z,y).

Let us choose a finite ’-net in F and let oV, ..., p(N) be the elements of
this net, not belonging to ®,(s). It is obvious that
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N

P{por(X°, ®,(s)) > 0} <Y P{por(X%, ") <&’} (5.14)
i=1

if ¢’ < 4. From the Lipschitz continuity of b(z,y) for por(p, 1) we obtain the
inclusion

{w: por(XE, ) <8} Cl{w: por(X=¥, 0) < QKT +1)8'}.  (5.15)

We choose step functions (M), (2, ... (V) such that por(v®, o) <
§'/2fori=1,2,..., N.Relations (5.14) and (5.15) imply the estimate

5 . e, (® i
P{por (X, ®.(s)) > 0} <Y P{por(X="", W) < 2KT+1)8'}. (5.16)
i=1
Every term on the right side of the last inequality can be estimated by means of
consequence (5.7) of Lemma 5.1. For every ¢ = 1,..., N we have the estimate

P{oor (X5 o) < 6, /2)
< exp{—¢"[inf{SYD(¢) : por(p, ") < 8,/2} —v/4]}

for sufficiently small . It follows from the definition of 4., that the infimum on
the right side of the last inequality is not less than s — /2, and consequently,

P{oor(X=%" o) <8,/2} <exp{—e"M(s—7)}.  (517)
From (5.16) and (5.17) we obtain the lower estimate
P{por (X, ®,(s)) > 0} < exp{—c""(s —7)}

for sufficiently small €. Theorem 4.1 is completely proved. O

6 The Behavior of the System on Large Time Intervals

As we have seen in Chaps. 4 and 6, the behavior, on large time intervals, of a ran-
dom process obtained as a result of small perturbations of a dynamical system is
determined to a great extent by the character of large deviations. In this paragraph
we discuss a series of results concerning the behavior of the process X[, the solu-
tion of system (1.2). These results are completely analogous to those expounded
in Chaps. 4 and 6. Because of this, we only give brief outlines of proofs, concen-
trating on the differences. We shall consider the case where the fast motion, i.e.,
&4, is a Markov process with a finite number of states.

Let O € R" be an asymptotically stable equilibrium position of the averaged
system (2.2) and let D be a bounded domain containing O, whose boundary 0D
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has a continuously rotating normal. We assume that the trajectories z; beginning
at points g = x € D U JD converge to O without leaving D as ¢t — co. We put
7¢ = inf{t : X{ ¢ D}. In contrast with the case considered in Chap. 4, 7¢ may
be infinite with positive probability in general.

We introduce the function

V(z,y) = Weir}llf S(p),

where H, , is the set of functions ¢ with values in ", defined on all pos-
sible intervals [0,7], T > 0, for which ¢y = z, pr = y. The function
V(z,y) can be expressed in terms of the function u, (¢, y) appearing in Sect. 4:
V(z,y) = infisous(t,y). The function V(x,y) is lower semicontinuous in
all problems considered in this section; it can be equal to +oo. We write
V(z,0D) = infycop V(z,y).

Theorem 6.1 (Freidlin [11]). Let the hypotheses of Theorem 4.2 be satisfied. Sup-
pose that for every y € 0D we have

(b(y, i), n(y)) >0 (6.1)

for some i = i(y), where n(y) is the exterior normal vector to 0D at y.
IfV(0,0D) < oo, then

limelnM,7°¢ =V (0,0D)
el0

forany x € D.If V(0,0D) = +o0, then
Pofr = oo} =1 6.2)
forany € > 0.
For the proof of this theorem we need the following lemma.

Lemma 6.1. Suppose that the hypotheses of Theorem 6.1 are satisfied. If
V(zg,0D) < oo for some xy € D, then V(x,0D) is continuous at x. If
V(0,0D) < oo, then V(z,0D) < V(0,0D) < oo for all x € D and
V(z,0D) is continuous.

Proof. Let X; and Z; be solutions of (1.2) issued from xo and z, respectively, at
time zero. For the difference X; — Z; we have the inequality

¢
|Xf—Zf|§K/ |X: — Zds+ |xo— 2|, t>0.
0

From this by means of Lemma 1.1 of Chap. 2 we obtain

X7 — 25| < "o — 2. (6.3)
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If V(xz,0D) < oo, then taking account of condition (6.1), for any v > 0 and
sufficiently small 6 > 0 we can construct a function ¢4, t € [0,T], vo = xo,
p(or, D) > §, for which Sor(¢) < V (29, 0D) + /4. Relying on Theorem 4.1,
from this we conclude that

P{75/y < T} > exp{—e ' (V(x0,0D) +~/2)} (6.4)

for sufficiently small € > 0, where 75, = inf{t : p(X7, D) > 6/2}. Let |2 —

xo| < e %T§/4 and let A be the event that the trajectory of Z§ leaves D until
time 7. It follows from (6.3) and (6.4) that

P(A) = exp{—~"(V(20,0D) +7/2)}.

On the other hand, P(A) can be estimated from above according to Theorem 4.1:
we have

P(A) < exp{—fs_l ( inf Sor(p) — 7/4)}
pEA
for sufficiently small ¢ > 0, where A is the set of functions belonging to
Cor(R") such that p9 = z and ¢, leaves D before time 7. We obtain from
the last two estimates that

V(z,0D) < inf Sor(p) < V(zo,0D) +~
pEA

for |zg — 2| < e%7§/4. On the other hand, the semicontinuity of V (z,9D)
implies the inequality

V(z,0D) > V(x9,0D) — 7,

provided that § is sufficiently small. Therefore, |V (z,0D) — V (xg, 0D)| <  for
sufficiently small §. The continuity at xg is proved.

If V(0,0D) < oo, then V(x,0D) is continuous at O. Let 6* be such that
|V(2,0D) — V(0,0D)| < ~ for |z — O| < §'. Since the trajectory of the av-
eraged system, issued from a point € D, necessarily hits the §'-neighborhood
of O and the action functional vanishes at trajectories of the averaged system,
we have V(z,0D) < V(0,0D) + ~. By virtue of the arbitrariness of ~, this
implies that V' (z,0D) < oo, and consequently, V' (x, 0D) is continuous every-
where in D. Lemma 6.1 is proved. 0O

Now we outline the proof of Theorem 6.1. Due to the continuity of V' (z, dD),
the proof of the first assertion of the theorem is completely analogous to that of
Theorem 2.1 in Chap. 4. We only have to take into account that the process X7
which we are now considering is not a Markov process in general, and therefore,
we need to consider the pair (X, &;/.). This pair forms a Markov process.

We prove the last assertion of the theorem. We assume the contrary. Without
loss of generality, we may assume that (6.2) is not satisfied for ¢ = 1: the tra-
jectories of X} issued from the point X} = O leave D with positive probability.
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Then by condition (6.1) the trajectories of X} leave some §-neighborhood D 5
of D, > 0, with positive probability: for some 7" we have

Po{ri <T}>a >0, (6.5)

where 7} = inf{t: X} ¢ D,s}.
LetO<t; < - <tp_1 <T,0>0,andletig,iy,...,i,—1, be a sequence
of integers. We consider the following set of step functions on [0, T:

A (0) = {02 (s) = dx for s € [sk, ss),
E=0,...,n—1;80 =0, s —tx| <6
forl <k<n-—1,8,=T;%(T) =in_1}.
Relation (6.5) implies that there exist an integer n > (0, moments of time
t1,...,t,_1, integers ig,41,...,4,_1 and 6’ > 0 such that the solution of the

equation

yt = b(%ﬂb(ﬂ)a Yo = Oa

goes out of D_ 5/ before time 7" for any function ¢ € AE;""’?"” (0"). It is easy

seeestn—1

to derive from the Markov property of &; that for some ¢ < co we have

—1

P{&ye € Al 1 (§)) > e

1050 esin—1
Taking account of this estimate, we arrive at the conclusion:
-1
P{rf < T} >e (6.6)

for any € > 0.
On the other hand, by Theorem 4.1 we have

limelnP{r® < T} < — inf Sor(y), (6.7)
el0 pEHR

where HE = {¢ € Cor(R") : po = O, ps € OD for some s € [0,T]}. Since
V(0,0D) < inf e yp Sor(p), we obtain from (6.6) and (6.7) that

V(0,0D) < inf S(p) <limelnP{r* <T} < ¢ < o0,
peH? €l0

which contradicts the condition V (O, 0D) = 4o0. The contradiction thus ob-
tained proves the last assertion of Theorem 6.1. O

We note that for V(O, dD) to be finite it is sufficient, for example, that for
some ¢ = 1,2,..., N the solution of the equation

Ty = b(‘rhi)v To = Ov

leave D.
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Analogously to Sect. 6, Chap. 7, for small € we can solve the problem of
exit of X* from a domain containing several equilibrium positions or limit sets
of a more general form. We only have to take into account that in the situation
considered in this section V' (x, y) may be equal to +o0o and the corresponding
passages may not be possible in general. In particular, as we have seen in The-
orem 6.1, there may exist absorbing limit sets, i.e., limit sets with the property
that if a trajectory hits the domain of attraction of the set, then it never leaves
it. Analogously, there may exist absorbing cycles if, as was done in Chap. 6, we
consider the decomposition of all limit sets into a hierarchy of cycles.

If the condition of connectedness: for any indices ¢, j of the limit sets
Ky, ..., K, of system (2.2), V(K;, Kj) = V(2,9)|zek, yek, < 00, is satis-
fied, then all results of Sect. 6, Chap. 6 on fibering into cycles remain true.

In conclusion, we briefly treat invariant measures of X; and their behavior as
e | 0. If the projection of the averaged vector field b(z) onto the position vector
connecting the origin of coordinates with the point x is negative and separated
from zero uniformly in x ¢ F, where F' is a compactum in R", then it can be
proved that every process X; has an invariant measure, at least for sufficiently
small e. This invariant measure is not unique in general. If we do not make any
additional assumptions, then in general, the family ;* of invariant measures of
X7 has many cluster points (in the topology of weak convergence of measures)
as ¢ | 0. If we assume that the condition of connectedness is satisfied, then there
is only one cluster point in the case of general position. It can be described by
means of the construction of {i}-graphs, considered in the preceding chapter (cf.
Freidlin [11]).

7 Not Very Large Deviations

We have already considered deviations of order €!/? and of order 1 of X}
from Z;. Here we discuss briefly deviations of order ¢*, where » € (0, %) (cf.
Baier and Freidlin [1]). These deviations have common features with both devia-
tions of order 1 (their probabilities converge to zero) and deviations of order £'/2
(they are determined by the behavior of the functions b(x, y) near the averaged
trajectory). In connection with this, deviations of order £*, 3¢ € (0, %), are gov-
erned, as in the case of normal approximation, by the system obtained from (1.2)
by linearization near ;.

For the sake of brevity, in this section we restrict ourselves to deviations from
an equilibrium position of the averaged system, i.e., we shall assume that the
initial condition in (1.2) is an equilibrium position of the averaged system and it
coincides with the origin of coordinates: X§ = 0, b(0) = 0. We assume that this
equilibrium position is asymptotically stable in the first approximation.

We introduce the notation
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b’

b0,9) = (), 550.9)=Bjly), Bl =(Bj),
1T L
k&?ﬁlﬂ@ﬁ:%’ B=(Bi).

We assume that the limits exist in probability and B} = (0b'/027)(0).
We shall say that condition F** is satisfied if for any step function o :
[0,T] — R" we have

T T
1
lime!=2* lnMeXp{E}‘_l/ (ozs,f(fs/g))ds} = —/ (Cas,as)ds, (7.1)
E,l,O 0 2 0

where C' is a constant symmetric matrix of order r. It is easy to see that (7.1) for
as = a implies the equality

T—o0

T 1
lim T2”1lnMexp{T”/0 (o, f(&5)) ds} = i(Ca,a). (7.2)

Under certain assumptions, which we shall not specify, C' is the matrix of
second derivatives of the function H (x, ) introduced in Sect. 4 with respect to
the variables « evaluated at x = 0, o« = 0.

In what follows, for simplicity, we shall assume that det C' /=.0f C'is sin-
gular but has a nonzero eigenvalue, then all results can essentially be preserved;
only their formulation becomes more complicated.

For functions belonging to Cor(R") we define the functional

1

T — —
S(e) = Sor(e) = 5 [ (€7 = Bon). s — Biou)ds.

if o is absolutely continuous; for the remaining ¢ € Cor(R") we put S(¢) =
+00. We have already encountered this functional in Chap. 4; S(¢) is the nor-
malized action functional for the family of Gaussian processes (;* defined by the
differential equation

¢ =BG+ AC iy, (7.3)

where w; is a white noise process. Below we clarify the relationship between our
problem and (7.3).

Theorem 7.1. Suppose that condition F* is satisfied and det C /=.(For some
lim £ In P{ sup

v >1—2xlet
t s
e B(&,,.) — B els—w)B w/e) duds >6}
tim e P{ sup e [ (Bl - B) [ € (e

= —00 (7.4)

forany 6 > 0. Moreover, suppose that there exist to € (0,T] and a function 0(t),
0(t) > 0, limy o 0(t) = 0, such that
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x—1 h+t
lnMexp{:teew/h f(fs/a)ds}

Then €2*~1Syr () is the action functional for the family of processes 77 =
e *X§, » € (0,3) in the space Cor(R") as € | 0, where X{ is the solution of
(1.2) with the initial condition X§ = 0 (we recall that b(0) = 0).

lim sup e!7%* < 0.
el0  e<t<ty
0<h<T—t

The proof of this theorem is a combination of some arguments applied in the
proofs of Theorems 3.1 and 4.1. Therefore, we only outline it. Firstly, it can be
proved that £2#~15(¢) is the action functional for the family of processes Z if
e2%715(¢) is the action functional for the processes Zf = 8_”5(5 , where Xf is
the solution of the linearized system

Xf=f(&.) + B&)Xs, X =0.

Then, using (7.4), it can be proved that the estimates of Ze, appearing in the
definition of the action functional are satisfied if the same estimates hold for
Zy = e~ * X}, where X7 is the solution of the equation

X7 = f(&).) + BXE. (7.5)

To obtain estimates for X ¢ first we calculate the action functional for the fam-
ily of processes 1 = ¢~ * f(f J(&s/) ds. By means of Theorem 3.1 of Chap. 3,

from this we calculate the action functional of Xf . Finally, the calculation of the
action functional for the processes 7; can be carried out in the same way as it
was done in Lemma 4.3 (cf. also Girtner [1]). In the course of this, we use the
last condition of the theorem.

Consequently, the functional S(p) and the normalizing coefficient f(g) =
27~ characterize deviations of order £*, s € (0, %) In accordance with Theo-
rem 3.1, the process e~ '/2X¢ converges to a Gaussian process (P as € — 0. As
is easy to see, in our case this Gaussian process ¢ satisfies (7.3) for A = 1. The
ratio X§ /e* can be written in the form £'/27% . ¢~1/2X?¥ and we can interpret
Theorem 3.1 in the following way: the probabilities of deviations of order £*,
s € (0,1), have the same asymptotics as deviations of order 1 caused by the
Gaussian noise A\Cw, A\ = /2= Of course, this circumstance is in perfect
accordance with the fact that large but not very large deviations for sums of in-
dependent terms have the same asymptotics (in the principal terms) as the corre-
sponding deviations of the normal approximation (cf. Ibragimov and Linnik [1]).

Now we consider some random processes for which the hypotheses of Theo-
rem 7.1 can be verified and the matrix C' can be calculated.

Theorem 7.2. Let & be a stochastically continuous Markov process with a fi-
nite number of states, let p;;(t) be its transition probabilities, and let ¢;; =
dp;j(t)/dt|i=o. Suppose that all q;; are different from zero. Let us denote by
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A(«) the eigenvalue of the matrix Q* = (q5}), 455 = qij + dij(r, b(0,7)) with the
largest real part. Then the hypotheses of Theorem 7.1 are satisfied for » € (0, %)
and C = (C%7), where C' = 02 X(«v) /0c;0c;| a=o-

The proof of this theorem uses the construction applied in the proof of Theo-
rem 4.2. First, in the same way as in Lemma 4.3, it can be proved that in the case
of the process &;, condition F'** follows from relation (7.2). To prove (7.2), we
note that

Miexp{t” /Ot(a,f(ﬁs))dS} = (T} "*1)(3), (7.6)

where T} is the semigroup of operators acting in the space of functions g(i)
defined on the phase space of &; according to the formula

t
(1)) = Mig(&)exn] [ (a6 as).
0
Using the notation introduced in the proof of Theorem 4.2, we obtain

2 ine+ 2 Hn(TE "21)(0) < 2 LT "ve) (i)
= >\t *a) +t?*llne;
<t Un(T! "e1)(3). (7.7)

We note that 1 is the largest eigenvalue in absolute value of 73" for a = 0.
Therefore, A(0) = 0. Taking into account that b(0) = 0, it is easy to see that all
first derivatives of A(«) vanish at &« = 0. Therefore,

as |a| — 0. On account of the last equality, it follows from (7.7) that

—x I« 9% 1
}E& t2 (T 7*1)(3) = 5 MZ_I W(O)aiaj = §(Ca,a).
This and (7.6) imply (7.2) and thus condition F'**. The verification of the remain-
ing conditions of Theorem 7.1 is left to the reader.

An analogous result holds, of course, for some other Markov processes, for
example, if & is a nondegenerate diffusion process on a compact space. Simi-
lar arguments enable us to verify conditions F' and F'* for some non-Markov
processes with good mixing properties, as well (cf. Sinai [1]).

We write out the Hamilton—Jacobi equation for the function wu(t,z) =
inf{Sot(p) : po =0, = x}. As has been said, the principal terms of the
asymptotics of many quantities of interest can be expressed in terms of this
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function. By calculating the Legendre transform of the function L(z,3) =
1(C~Y(B — Bz), B — Bz), we arrive at the following equation for u(t, z):
ou 1

Tl 2(C’Vzu, V) + (Bx, Vau).
It is also possible to write out Euler’s equations for the extremals; in the case
under consideration, these equations are linear. Theorem 7.2 implies in particular

that

lim slfzﬂlnp{ sup |XZ| > e - d} = —min{u(t,z) : |z| = d,t € [0,T]}
e—0 0<t<T
for s € (0, 3).
The deviations of order €* determine the average time needed by the tra-
jectories of the process X7, X5 = 0, to exit from a domain D° contain-

ing 0 if D® is obtained from a given domain D by a stretching with coefficient
e¥:D* =¢*-D.Let

7¢ =inf{t: X; € D}, V(z) = gggu(t,x).

Theorem 7.3. Suppose that the hypotheses of Theorem 7.2 are satisfied, the ma-
trix C' is nonsingular and D° = ¢* - D, » € (0, %), where D is a bounded
domain with smooth boundary. Let us put Vi = mingcop V (x). Then

lime!=2*In My7€ = 1},
el0

lim Po{eshfl(v‘)_” <7t < 652%71(%4‘7)} =1
el0

for any v > 0.

The proof of this theorem is analogous to those of the corresponding results
of Chap. 4 and we omit it.

We say a few words concerning the calculation of V' (z). Analogously to
Sect. 3, Chap. 4, it can be proved that V' (z) is a solution of problem Ry for
the equation

%(ovm;), YV (2)) + (Bz, VV(2)) = 0.

An immediate verification shows that if C~1B is symmetric, then V(z) =
—(C71Bz, ).

Concluding this section, we note that analogous estimates can be obtained
for not only deviations of order £*, » € (0, %), from an equilibrium position but
also deviations of order £* from any averaged trajectory.
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8 Examples

EXAMPLE 8.1. First we consider the case where the right sides of (1.2) do not
depend on x and the process &; is stationary. Then X7 can be expressed in the

form
t/e

t
Xi=z+ /0 b(Esse) ds = x + t(t/e) ! /O b(&s/) ds

We write m = Mb(&,), BY (1) = M(b*(£54,) — m?) (b7 (£,) — m?) and assume
that .7, B“(7) — 0 as 7 — co. By means of the Chebyshev inequality, we
obtain from this for any ¢ > 0 that

s

t+T t+T r _ . _
—T252/ / M(b' (&) —m")(b'(€u) — m") ds du

t+T f+T r
52T2/ / ZB”u—s)duds—>0

uniformly in ¢t > 0 as T increases. Consequently, the hypotheses of Theorem 2.1
are satisfied in this case and supy<;<r |Xf — 2 — mt¢| — 0 in probability as
e — 0. If the process &; has a mixing coefficient a(7) decreasing sufficiently
fast and the functions b(y) increase not too fast (for example if they are bounded)
then Theorem 3.1 is applicable. In the case under consideration, this theorem is
the assertion that the family of processes

1 t/e
P =—=X;—mt—z)= b(&s) —m|d
G =Szt —mt =) = V& [ i) —mlas
converges weakly, as € — 0, to a Gaussian process (; having mean zero and
correlation matrix (M¢i¢J) = (t As) - K = (t A s)(K%), where

K% = / BY(r)dr

It is obvious that (; has independent increments. The assertion that the distribu-
tion of (; converges to a Gaussian distribution (for a given ¢) constitutes the con-
tent of the central limit theorem for random processes (cf., for example, Rozanov
[1], Ibragimov and Linnik [1]).

If condition F' of Sect. 4 is satisfied for the process X7, then we can apply
Theorem 4.1, which enables us to estimate large (or order 1) deviations of X}
from the linear function mt + «, t € [0, 7. Since the right side of (1.2) does
not depend on z, neither does the function H (z, «) defined by condition F', and

the normalized action functional Sor () has the form Sor (¢ fo (¢s) ds,
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where L(/3) is the Legendre transform of H («v). As has been explained earlier, it
is important to be able to determine the function

u(t, x) = inf{Sot(¢) : o = 20, pi =}

for the calculation of the asymptotics of the probabilities of many interesting
events. In the case considered here, the infimum and the extremal for which the
infimum is attained can be calculated easily. We shall assume that L(3) is strictly
convex. Then Euler’s equations
d
—VL(p)=0
g VL9
for the functional S(p) show that only the straight lines ¢ = ¢, ¢ € R" are
extremals. Using conditions at the endpoints of the interval [0, ¢], we obtain that
the infimum is attained for the function @5 = x¢ + [(z — z¢)/t]s, and u(t, z) =
tL((z — wo)/t).
Suppose we would like to determine the asymptotics of In P{X; € D} as

e J 0, where X¢ = fot b(§s/c) ds, and D is a bounded set in R" with boundary
0D. 1t follows from Theorem 4.1 that

limelnP{X; € D} = —t- inf L<£>,

10 r€DUID t
provided that the infimum coincides with the infimum taken over all interior
points of D. If, moreover, the infimum is attained only at one point & € D UJD,
then it is easy to show that

lim P{|X} — | < 4|X; € DUOD} =1

for any 6 > 0.
For example, let &; be defined by the equality
& =mn; fort € [i,i+ 1),41is an integer, 8.1)
where 79,71, - - -, M, - - - 18 @ sequence of independent variables with a common

distribution function F'(z). Then condition F' is satisfied and
He(a) =n [ 0 ap(y),

provided that the integral under the logarithm is convergent. In this case Theo-
rem 4.1 is close to theorems on large deviations for sums of independent terms.
Theorem 4.1 is concerned with the rough, logarithmic, asymptotics of proba-
bilities of large deviations, while theorems on large deviations for sums usually
contain sharp asymptotics. On the other hand, Theorem 4.1 can be used to esti-
mate probabilities of events concerning the course of a process X; on a whole
interval ¢ € [0, T'] and not only for events related to a given moment of time.
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EXAMPLE 8.2. Now let (1.2) have the form
X; =b(X7)+0(X))yew Xg=z€ER, (8.2)

where b(x) = (b'(z),...,0"(x)), o(z) = (ck(x)), and & is an r-dimensional
random process with M& = 0. The functions b*(z), o} (x) are assumed to be
bounded and sufficiently smooth. If the diagonal entries of the correlation matrix
B(s, t) of & converge to zero as |t — s| — oo, then by virtue of Theorem 2.1 we
can conclude that X} converges in probability to the solution of the differential
equation
i’t = b(i’t>, .’Z’O =, (83)

uniformly on the interval 0 < ¢t < T as ¢ | 0. If & has good mixing properties,
then by means of Theorem 3.1 we can estimate the normal deviations from Z;:
we can calculate the characteristics of the Gaussian process ¢?, the limit of (f =
e~ V2(XE — &y).

We now assume that condition F is satisfied for the process &;: there exists a
function He(a) : R” — R! such that for any step function a, : [0,7] — R" we
have

T T
limslnMexp{sl/ (ozs,fs/e)ds} :/ He (o) ds;
el0 0 0

let H¢ () be differentiable with respect to a.. As is easy to see, condition F is
satisfied for (8.2) and

H(z,a) = (b(z),a) + He(o" (z)a). (8.4)

The Legendre transform L(z, §) of H(x, ) can be expressed simply in terms of
the Legendre transform L¢(5) of He(av):

L(z, B) = Le(0™ (2)(8 — b(x))),

provided that the matrix o (z) is nonsingular.

For example, let & be a Markov process taking two values e, e2 € R", let
(pi;(t)) be the matrix of transition probabilities and let g;; = (dp;;/dt)(0). As is
proved in Sect. 4, condition F’ is satisfied for §; and H¢ () is equal to the largest

eigenvalue of
qu1 + (o, e1) q12
q21 qo2 + (v, e2) )

We consider the case where q11 = g22 = —¢, e1 = —e2 = e € R". Solving the
characteristic equation, we find that

He(a) = =g+ V¢ + (a,e)?,

and by means of relation (8.4) we obtain the function H (z, o) for the family of
processes X; .
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We assume that O is an asymptotically stable equilibrium position for system
(8.3). For the determination of the asymptotics of the mean exit time of a domain
containing 0, of the point through which the exit takes place, of the asymptotics
of the invariant measure of X; and of other interesting characteristics, we have
to calculate the function

T
Viz) = inf{/ L(ps,¢s)ds : oo = 0,00 =z, T > O}7
0

as follows from Sect. 6. This function can be calculated as the solution of prob-
lem Ry (cf. Sect. 4, Chap. 5) for the equation

(b(x), VV(z)) — ¢+ /@ + (0*(x)VV (z),e)2 = 0.

If system (8.3) has an asymptotically stable limit cycle I', then deviations from
this cycle can be described by the quasipotential Vi-(z), which can be determined
as the solution of problem R (cf. Sect. 4, Chap. 5) for the same equation.

In this example we now consider deviations of order £*, > € (0, %), from the
equilibrium position 0. If condition F'* is satisfied for &, i.e., if the limit

T T

1
limsl_Q}‘lnMexp{s"_l/ (as,fs/s)ds} = —/ (Ceas, as) ds
el0 0 2 0

exists, where C¢ is a symmetric matrix and o is any step function on [0, 7],
then, as is easy to see, condition F'”* is also satisfied for the process X; defined
by (8.2) and we have C' = 0(0)C0*(0). Let & be the Markov process with two
states considered above. As follows from Theorem 7.2, condition F'* is satisfied
and C¢ = (0?H¢(a) /00 jla=o) = (1/q)(e’e’), where e, €%, ... e are the
components of the vector e. Consequently, in this case for the family of processes
X¢ we obtain C = (1/q)c(0)(e’e?)a*(0).

It is easy to prove that conditions F' and F'* are satisfied for (8.2) and in the
case of the processes &; defined by equality (8.1).

EXAMPLE 8.3. Let us consider the van der Pol equation with random perturba-
tions:
i+ wir = ef(z,d,vt) + o(x, )& (8.5)

Here f(z,,vt) is a sufficiently smooth function, periodic in ¢ with frequency
v, &, is a stationary process in R! with vanishing mathematical expectation and
correlation function K (7), and ¢(x, ¢) is a smooth bounded function.

As in the deterministic case, by introducing the van der Pol variables (r, 6),
which are defined by the relations

x = rcos(wt + 0), & = —rwsin(wt + 0),

and the “slow” time s = ¢t, (8.5) can be rewritten as a system of two equations
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dre
— = Fl(ws/a + 67, 1/8/8,7“6755/5),
ds
o (8.6)
7 = FQ(OJS/E +6°, V5/57r57§s/5)7
s
where
Fy(r,vt,r,§) = ——[f(rcosT, —rwsin, vt)
w
+ @(rcosT, —rwsin )& sin 7,
1
Fy(r,vt,r,§) = ——|[f(rcos T, —rwsin, vt)
rw

+ @(rcos T, —rwsin )& cos 7.

If K(7) decreases with the increase of 7, then the right sides of (8.6) satisfy the
hypotheses of Theorem 7.1. Moreover, as is easy to verify,

1 T
lim — / p(rcos(ws + 0), —rwsin(ws + 0))&, sin(ws + 6) ds
T—oo T 0

1 (T
= lim — / o(r cos(ws + 0), —rwsin(ws + 0))&s cos(ws + 0) ds
T—oo T 0

:O’

so that the terms containing the factors £ in the expressions for the functions
F1, F5 vanish upon averaging and the averaged equations have the same form as
in the absence of stochastic terms. If the ratio w/v is irrational (this case is said
to be nonresonant), then the averaged system has the form

%:Fl(f), %:FQ(F%

where the functions Fy (r), Fy(r) are given by formulas (1.9).

Now we assume, in addition, that &; has finite moments up to order seven
inclusive and satisfies the strong mixing condition with a sufficiently rapidly
decreasing coefficient (7). By Theorem 3.1 the family of random processes
e~ V2(rs — 7,0 — 0,), t € [0,T] converges weakly to the Gaussian Markov
process (p;, ¥¢) which corresponds to the differential operator

1 11—@ 12, O%u 22-@
Lulp, ) = 3 (ARG G + 245+ A2

dFl _ 8U sz _ 3u
+pW(”)8_p +PW(W)%’

where the functions A% () are defined by the equalities
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2m
=3 3/ dt/ dsK( ) (rcost, —rwsint)
w

X 90 7 COS s, —TWSIDS sin s - smt

2
22 I
A% (r) =53 w3 / dt / ds K( ) (rcost, —rwsint)

X (7 cos s, —rwsin s) cost cos s,

1 27
A2 (r) = 27r7“w3/ dt/ dsK( ws)go(rcost, —rwsint)

X (1 cos s, —rwsin §) cost sin s,

All

As was indicated in Sect. 1, if ¢ is the only root of the equation Fy(r) = 0
and the function F}(r) changes from positive to negative in passing through 7o,
then independently of the initial conditions, periodic oscillations with amplitude
close to r¢ and frequency close to w are established in the system described by
(8.5) without random perturbations (¢ = 0) for sufficiently small . If random
perturbations are present, then, as follows from Theorem 7.1, with probability
converging to 1 as ¢ — 0, the phase trajectories (X}, Xf ) approach a limit cycle
of the form

T, ={(z,&) : 2 = rocos(wt + 0), & = —rowsin(wt + 0)},

over time of order £~! and they perform a motion close to the oscillations of

the unperturbed system along I',, deviating from these oscillations from time
to time and returning to them again. We assume that at the initial moment the
system was moving along on the cycle I';,,. Then on time intervals of order e~ 1,
deviations from periodic oscillations have order /¢ with overwhelming prob-
ability, according to Theorem 3.1. By means of this theorem we can calculate
various probabilistic characteristics of these deviations. For example, to calcu-
late the probability that the amplitude r{ deviates from ro by more than i,/ at

least once over the time [0, T'/¢], we need to solve the boundary value problem

ou 1 0*u  dFy ou
—_— = _All Z 1 - _ .
Os (5,7) 2 (7o) or? + dr (ro)r or’ h<r<h

u(0,7) =0, u(s,—h) =u(s,h) =1

The desired probability will be close to (7', 0) for e <« 1.

Deviations of order 1 take place over times of order greater than £~ . To
study these deviations, we need to use the results of Sect. 4. For example, let
& =mny fort € [a — mk/w, o + wk/w), where 19, 01, . . ., Nk, . . . are identically
distributed independent random variables and « is a random variable independent
of {n;} and uniformly distributed in [0, 27 /w]. It is easy to see that condition F’
is satisfied for system (8.6) and

H(r,0,a1,00) = H(r, a1, az)
= Fi(r)ay + Fy(r)as + Hy(o1@1(r) + aapa(r)),
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where
1 e
o1(r) = “rw /o o(rcos s, —rwsin s) sin s ds,
1 2
Pa(r) = — Sy /0 ¢(r cos s, —rwsin s) cos s ds,

H,(t) =InMe™.

The functions F(r) and F,(r) are defined by equalities (1.9). As is shown in
Sects. 4 and 6, the asymptotics of various probability theoretical characteristics
of large deviations from the unperturbed motion can be calculated by means of
the function H (r, oy, a2). Let (a,b) 3 79 and let 7¢ = min{t : r{ ¢ (a,b)}. We
calculate lim, g e In M, ¢7° for r € (a,b). It follows from the results of Sect. 6
that this limit is equal to min(u(a), (b)), where the function u(r) is the quasipo-
tential of random perturbations on the half-line » > 0. It can be determined as
the solution of problem R, for the equation

d g d
H<r, d-i‘,o) - Fl(r)d—: +H, ((pl(r)d—:f> — 0. (8.7)

The solution of this problem obviously is reduced to the determination of the
nonzero root of the equation F(r)z + H,(¢1(r)z) = 0 and a subsequent inte-
gration. For example, let the variables 7, have a Gaussian distribution, M7, = 0
and Dn;, = 0. In this case the results of Sect. 4 are applicable (cf. Grin’ [3]).
We have

r) = T et == Ze wd i) == [ Za

Now we assume that the equation Fy(r) = 0 has several roots ro < r; <
- < 719, and the function F(r) changes sign from plus to minus at roots
with even indices and from minus to plus at roots with odd indices. If 7§ <
(rog—1,72r+1), then oscillations with amplitude close to rof are established in
the system without random perturbations for small . In general, random per-
turbations lead to passages between stable limit cycles. Let ugy(r) be the so-
lution of problem R, for (8.7) on the interval [rop_1,7T2k41], u2k(r) < oo
and ok (rok+1) < u2k(rar—1). Then with probability close to 1 for & small,
a passage takes place from the cycle T'.,, = {(r,0) : r = rox} to the cycle
Iy q1) and the average time needed for the passage is logarithmically equiva-
lent to exp{e ™ ug (rag+1)}-
We define a function V'(r) on (0, c0) by the equalities

V(r) = up,(r) forr e (0,r];

V(T) = V(T2k71) + Uy, (7‘) — Upy, (7‘2]@,1) forr € [Tzkfl,rngrl].
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The function V' (r) has local minima at the points rq, 72, . . . , r2,,. We assume
that V' (r) attains its absolute minimum at a unique point 725~. Then, as follows
from results of Chap. 6, the limit cycle I',.,, , is the “most stable”: for small € the

trajectories (77, 65 ) spend most of the time in the neighborhood of T'y.,, . .

EXAMPLE 8.4. We consider the linear system
X7 = A€y X7 +b(Eye),  Xg=u. (8.8)

The entries of the matrix A(y) = (A’(y)) and the components of the vector
b(y) = (b'(y),...,b"(y)) are assumed to be bounded. Concerning the process
&, we assume that it possesses a sufficiently rapidly decreasing mixing coefficient
and MA(&) = A = (A}), Mb(&) = b. Relying on Theorem 2.1 we conclude
that X; converges in probability to the solution of the differential equation

= ATy + b, To =z,

uniformly on the interval 0 < ¢t < T as € | 0. The solution of this equation can
be written as

t _
Ty = / exp{A(t — s)}bds + ez
0

To estimate normal deviations of X} from Z;, we need to use Theorem 3.1. For
the sake of simplicity we assume that &; is stationary and b(y) = 0. We denote by
K7 (1) the joint correlation function of the processes A’(&;) and A7, (€;) and
write -
RJ“;Z = / K]”;l(T) dr, G (z) = Z I_(;:;xjxm.
o0 j,m

Then by Theorem 3.1 the normalized difference (f = ¢~ /?(X§ — &) con-
verges weakly to the Gaussian process (; = fot elt=9)4 dn, as ¢ — 0, where
ns 1s a Gaussian process with independent increments and mean zero such that
Mnin? = fOT G () ds (cf. Khas minskii [4]).

It is easy to give examples showing that the system obtained from (8.8) upon
averaging may have asymptotically stable stationary points even in cases where
the vector fields A(y)x + b(y) do not have equilibrium positions for any value of
the parameter y or have unstable equilibrium positions. In the neighborhood of
such points the process X7, ¢ < 1, spends a long time or is even attracted to them
with great probability. For the sake of definiteness, let £; be the Markov process
with a finite number of states, considered in Theorem 4.2, let b = 0 and let all
eigenvalues of the matrix A have negative real parts. Then the origin of coordi-
nates 0 is an asymptotically stable equilibrium position of the averaged system.
Let D be a bounded domain containing the origin and having boundary 9D and
let V(x,9D) be the function introduced in Sect. 6. If V(0,0D) < oo, then in
accordance with Theorem 6.1, the trajectories X7, X5 = « € D, leave D over
time 7¢ going to infinity in probability as e — 0 and In M,7¢ ~ ¢~V (0,0D).
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The case V(0,0D) = +oo is illustrated by the following example. Let &; be a
process with two states and let A(y) be equal to

—a 0 a 0
a=(0) =0 %)

in these states, respectively. We consider the system Xf = A(&ye) X7 I &
did not pass from one state to another, then for any initial state &, the origin of
coordinates would be an unstable stationary point—a saddle. Let the matrix
for the process &; have the form

o= (7 14)

The stationary distribution of this process is the uniform distribution, that is

(1, 1). The averaged system
. 1 . 1
51:5@—6)51, E2:§(g—ﬁ)fg

has an asymptotically stable equilibrium position at O if @ > a. It is easy to prove
that in this case the trajectories of X; converge to O with probability 1 as ¢ — 0
for any € > 0, i.e., due to random passages of &;, the system acquires stabil-
ity. By means of results of the present chapter we can calculate the logarithmic
asymptotics of P, {7° < oo} as e — 0, where 7° = min{t : X{ ¢ D} (D is
a neighborhood of the equilibrium position) as well as the asymptotics of this
probability for x — 0, £ = const.

EXAMPLE 8.5. Consider again (8.2). Letr = 2,b(z) = VH(x) = (0H(z)/0x2,
—OH (z)/0x'), and &, —00 < t < 00, be a two-dimensional mean zero sta-
tionary process with the correlation matrix B(7). The averaged system is now a
Hamiltonian one:

X, =VH(X,), Xo=z¢R> (8.9)

and the Hamiltonian function H (z) is a first integral for (8.9). Assume that the
function H (x), the matrix o(x), and the process &; are such that conditions 1-5
of Theorem 3.2 are satisfied. Here

g(x,z) = o(x)z,

Fa,z) = (VH(2),0(z)z),

D(z,5) = M(VH(2),0(2)&)(VH (2), 0(x)&),

Q(z,s) = M(V(VH(z),0(2)é), 0(x)é); 2,2 € R?, 5> 0.

(8.10)

Let B(r) = (BY(r)), B (1) = M&.&,

B- /ODO B(r) dr.
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The convergence of this integral follows from our assumptions. One can derive
from (8.10) that

D(z) = 2/0oo D(x,s)ds = (o(x)Bo*(z)VH(z), VH(x)).

Since B(7) is a positive definite function, B and o(z)Bo*(z) are also positive
definite. Thus one can introduce o (y) such that

2y — .\ (o(x)Bo*(x)VH (z), VH(x)) dl
o= ([, wmem) L, V() |

To write down the drift coefficient for the limiting process, we need some no-
tations. For any smooth vector field e(z) in R? denote by Ve(x) the matrix
(eij(2)), e;j(z) = De;(x)/0x". Simple calculations show that

Q) = /OOO Q(x,s)ds = tr(o”(x) - V(o™ (x)VH(z)) - B),

and we have the following expression for the drift,

B ae \7! tr(c*(z) - V(o™ (2)VH(z)) - B)dl
Bl) = (/c@ |VH<x>|) /c<y> V() ‘

Let, for example, o(x) be the unit matrix. Then

D(z) = (BVH(x),VH(z)),  Q(x)=tr(H(x)B),

where H (z) is the Hessian matrix for H(z) : Hy;(z) = 8*H (z)/dx'dx7 .

9 The Averaging Principle for Stochastic Differential
Equations

We consider the system of differential equations

X =b(Xe,Y) +o(Xe, Y, X5 =u,
: 9.1
Ve =e'B(X°,Y?) +e V20X, Y ), Y5 =y,

where
z€R, yeR, bxy =0"(y),. . b(zy)),
B(z,y) = (B'(z,y),...,B'(z,9)),

wy is an n-dimensional Wiener process and o(z,y) = (d}(z,7)), C(z,y) =
(Ci(x,y)) are matrices transforming R™ into R” and R!, respectively. The func-
tions b’ (x, ), B*(x,y), 0 (2, y), C}(z, y) are assumed to be bounded and satisfy
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a Lipschitz condition. By this example we illustrate equations of the type (1.5)
where the velocity of fast motion depends on the slow variables. We also note that
in contrast to the preceding sections, the slow variables in (9.1) form a random
process even for given Y7, ¢t € [0, T.

We introduce a random process Yt'“’, xr € R,y € R!, which is defined by
the stochastic differential equation

V" =B, Y") + Cx, V)i, Y =y 9.2)

The solutions of this equation form a Markov process in R', depending on = €
R" as a parameter.

First we formulate and prove the averaging principle in the case where the
entries of the matrix o (z, y) do not depend on y and then we indicate the changes
necessary for the consideration of the general case.

We assume that there exists a function b(z) = (b (), b%(x),...,b"(z)), z €
R",such thatforanyt > 0,z € R", y € R' we have

1 t+T _
I\/I’T / b, Yo¥) ds — b(z)| < 5(T), 93)
t

where »(T) — 0as T — .

Theorem 9.1. Let the entries of o(x,y) = o(x) be independent of y and let
condition (9.3) be satisfied. Let us denote by X, the random process determined
in R" by the differential equation®

Xt = B(Xt) + O'(Xt)wt, XO =2X.
Then forany T > 0,0 > 0,z € R" andy € R" we have

lim P{ sup | X7 — X¢| > 5} =0.
e—0 0<t<T
Proof. We consider a partition of [0, TA] into intervals of the same length A. We
construct auxiliary processes Y, and X; by means of the relations

. 1/t . 1/t .

Ve =Yyt [ BT s+ 2 [ C(XGa ) du,

€ Jka VE Jra
t e [kA, (E+1)A],

t t
0 0
We show that the intervals A = A(e) can be chosen such that e "t A(e) —
00, A(e) = 0ase — 0and

2 In this equation, w; is the same Wiener process as in (9.1). Since b(z,y) satisfies a
Lipschitz condition, b(z) also satisfies a Lipschitz condition, so that the solution of the
equation exists and is unique.
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MYy — Y7 =0 9.4)

uniformly in z € R,y € R and ¢ € [0, T7]. It follows from the definition of Y*
and Y that for ¢ belonging to [kA, (k + 1)A] we have

. 1 rt .
MY — T2 = M\— [ By - BOxza T ds

€ Jkn
1/t . 2
— C(XEYE)—C(Xin,YE)] dw,
+\/g kA[ ( ER s) ( kA 9)] W,
A t t R
<oy ([ M- xgaP s [ s - v as)
€ kA kA

t t
+9</ M\Xj—XgA|2ds+/ M|Y§—Y’§2ds>
€ kA kA

A1 [t )
§03(€—2+g> /kAMng—X]iA‘ ds
A1\ [! -
+C4<—2+—>/ M|YE — Y2 ds. 9.5)
3 € kA

Here and in what follows, we denote by C; constants depending only on the
Lipschitz coefficients of (b(z,y), B'(z,y), J§ (z,9), C’} (z,y), the maximum of
the absolute values of these coefficients and the dimension of the space.

It follows from the boundedness of the coefficients of the stochastic equation
for X¢ that for A < 1 we have the estimate

MIXE — Xfal° < Csls — kA (9.6)

for s € [kA, (k + 1)A]. We obtain from this inequality and (9.5) that

X 1 A A1\ [ -
M|Yf—Yf|2SOﬁ(_+_2)A2+C6<_2+_)/ MIYs — Y5 [* ds
e € € € kA

fort € [kA, (k + 1)A], from which we arrive at the relation

- A A? A% A
v <2+ 2 )aomfe(342))
9 3 9 9

From this we conclude that (9.4) is satisfied if we put
A=A(e) =eVine L.
Now we show that for any § > 0 we have

P{ sup | X7 — X7| > 5} =0 9.7)

0<t<T
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ase — 0and A = A(e) = eVIne—1 uniformly inz € R", y € R!. Indeed, it
follows from the definition of X and X; that

P{ sup | X7 — X7| > (5}
0<t<T

T
< P{/ B(XE,YE) = b(XE, aja, Vi)  ds > 5}
0

Estimating the probability on the right side by means of Chebyshev’s inequality
and taking account of (9.4) and (9.6), we obtain (9.7). It is also easy to obtain
from (9.4) and (9.6) that

sup M| XS — X520 (9.8)
0<t<T

ase — 0.

Now we show that supy< ;<7 |Xe — X,| converges to zero in probability as
€ — 0. The assertion of the theorem will obviously follgw from this and (9.7).

First we note that it follows from the definition of Y;® that for s € [0, A] the
process Z, = Yia ., coincides in distribution with the process Y., "*2 defined
by (9.2). We only have to choose the Wiener process w; in (9.2) independent of
Xias Yia-

Taking into account that s_lA(e) — 00, we obtain, relying on (9.3), that

(k+1)A X )
M /k b( X, Yia) dt — Ab(XfA)

A

c Ae 6 B A
= AM Z/o [(XEn, Zs) — B(XEA)] ds| < A - 5(A/e).

Using this estimate, we arrive at the relation

{ sup /bX[s/AA7 ds—/ b(XS)d }
0<t<T
(k+1)A ) )
=M b(Xia, V) = b(Xia)ld A
- {OSZIQ?TX/A] kZ—O‘/kA [b(X5a, Ys) — b(X5a)l ds }+C7
(T/A] (k+1)A ) )
< S M [ O B ] + o
k=0 kA
< CiA+Tx(AJe) =0 (9.9)

ase — 0, since A(e) — 0, »#(A(e)/e) - 0ase — 0.

~ Weestimate m®(t) = M | X¢ — X,|2. It follows from the definition of X, and
X7 that
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A — t A —
O W NUC NS SELE ST

—|—/O [b(XE) — b(X,)]ds —|—/O [0(X5) — o0(Xs)] dws.

Upon squaring both sides and using some elementary inequalities and the Lips-
chitz condition, we arrive at the relation

t t
me(t) < C’gt/ me(s)ds + C’g/ me(s)ds

0 0
2

t t
+3M‘/ b(XfS/A]A,?;)dS—/ b(X?9)ds
0 0

We obtain from this relation that
t ~ t 2 )
me(t) < 3M / (X, a)a, Ye) ds — / b(X5)ds| - eCroT+T)
0 0
fort € [0, 7). This implies by (9.9) that m&(¢) — 0 uniformly on [0, 7] ase — 0.
For 6 > 0 we have the inequality

P{ sup | X7 — X, > 5}
0<t<T

<o sup | [ 00 a0, ¥0) - BOC ] > o/

0<t<T

+ P{/OT [b(X,) — b(X3)|ds > 6/6}
+ P{/OT B(XE) = B(XT)| ds > 6/6}

i P{OQ?ET /Ot[f’(X?) — o(X2))dw,| > 5/6}
+ P{OittlET /Ot[a(f(j) — (X)) dws| > 5/6}.

The first term on the right side converges to zero by virtue of (9.9). To prove that
the second and third terms also converge to zero, we need to use Chebyshev’s
inequality, relation (9.8) and the fact that m<(¢t) — 0 as ¢ | 0. The fourth and fifth
terms can be estimated by means of Kolmogorov’s inequality and also converge
to zero. Consequently, we obtain that supy«,«p | X — X;| — 0 in probability as
e | 0. The assertion of Theorem 9.1 follows from this and (9.7). O

Now we briefly discuss the case where the entries of ¢ depend on x and y.
We assume that condition (9.3) is satisfied, and moreover, there exists a matrix
a(x) = (@ (x)) such that forany t > 0,z € R" andy € R' we have
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max M

1
%

t+T . B
7 / > oh (@, Yol (2, YY) ds — a¥ (z)| < #(T),  (9.10)
t k

where #(T) — 0as T — oo and Y*Y is the solution of (9.2). Let X, be the
solution of the stochastic differential equation

Xy = b(Xt) + 0_'(Xt)1bt, Xo=x1
where &(x) = (a(z))'/? and w; is an r-dimensional Wiener process. It turns
out that in this case X; converges to X,. However, the convergence has to be
understood in a somewhat weaker sense. Namely, the measure corresponding to
X7 in the space of trajectories converges weakly to the measure corresponding to
X, as ¢ | 0. We shall not include the proof of this assertion here but rather refer
the reader to Khas’minskii [6] for a proof. We note that in that work the averaging
principle is proved under assumptions allowing some growth of the coefficients.
Conditions (9.3) and (9.10) are also replaced by less stringent ones.

We consider an example. Let (7€, ) be the two-dimensional Markov pro-
cess governed by the differential operator

2

P

_19
2092

1 0 1
c +g B(T7<P)—+502(T7<P)

0
+b(7“, QD)— 8@

or

This process can also be described by the stochastic equations

= bt %) 0,
O° = 6713(757@5) + 671/20(7“5,(,06)’@2.

We assume that the functions b(r, ), B(r, ¢) and C(r, @) are 2m-periodic in ¢
and C(r, p) > ¢o > 0. In this case the process @Yf’) obtained from the process

t t
o =<p((f°)+/ B(To,cpg’“"))der/ C(ro, (™)) dw,
0 0

by identifying the values differing by an integral multiple of 27 is a nondegen-
erate Markov process on the circle. This process has a unique invariant measure
on the circle with density m(rg, ¢) and there exist C', A > 0 such that for any
bounded measurable function f() on the circle

2m

f(w)m(To,w)dw’<Ce_” sup | (o)
0<p<2n

’M@&Uf(@l(tr(])) -
0
(cf., for example, Freidlin [3]). This implies relation (9.3). Indeed, putting b(r) =

f027T b(r, p)m(r, @) dp, we obtain
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o )

I .
<M 7 [ bl ds =Bl

1 /T ") _
T/o b(r,y) ds — b(r)

2

*i o ()Y _p (r)y _ 1
T 2/0 /0 My, (b(r, ©§) = b(r)) (b(r, ;") — b(r)) ds dt

2

T T _
=g s [ M bl e = B, (bl 7)) = B

c [T T
< max |b(r, @)\—2/ ds/ e ME=dt 0
e T 0 s

as T" — oo.
Hence by Theorem 9.1, r; converges in probability to the diffusion process
¢ satisfying the differential equation

Ft:z;(ﬂ)—i—wtl, ’170:7"8:7",

uniformly on the interval 0 <t < T ase | 0.

If a functional F[r{,0 < ¢t < T of the process 7§ is continuous in Cor (R'),
then what has been said implies that F[r{,0 < ¢t < T| — F[r,0 < ¢t < T]
in probability as € | 0. The convergence is preserved if F' has discontinuities
such that the set of functions at which F' is discontinuous has measure zero with
respect to the measure induced by the limit process 7 in the function space.

The results discussed in this section can be used for the study of the behav-
ior, as € | 0, of solutions of some elliptic or parabolic equations with a small
parameter.

Consider, for example, the Dirichlet problem

LEUE(Ta 50) = Oa re (T17T2);

©.11)
Us(Tl,QO) = Cl) us(r2’<p) = CQ

in the domain D = {(r,¢) : 0 < 1 < r < ra}. If (r, ) are interpreted as
polar coordinates in the plane, then the above domain is the ring bounded by
the concentric circles of radii r; and 79, respectively, and center at the origin of
coordinates. As is known, the solution of this problem can be written in the form

W (r,9) = CrPp{rse =1} + CoPpp{re = 1},

where 7¢ = inf{t : 7§ ¢ [r1,r2]}. We write 7 = inf{¢ : 7 & [r1,72]}. Itis easy
to verify that max,, <<y, P-{7 > T} — 0 as T' — oo and that the boundary
points of [rq,ro] are regular for 7, in [r1, ro], i.e., that P, {7 =0} =1, =1,2
(cf. Wentzell [1]). This and the uniform convergence in probability of ; to 7y on
every finite interval [0, T'] imply that
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limu®(r, ¢) = u(r) = C1Pr(Fr = r1} + CoPr{fr = r2}.
£
The function @(r) can be determined as the solution of the problem

—a"(r)+b(r)a'(r) =0, 7€ (ry,r).
’ﬁ(?"l) = (1, ’[L(Tg) = (.

Solving this problem, we obtain that

lgiﬁ)lua(n ) =a(r) =C+ (Ca — Ch) /T exp{—Z /01/ b(z) dx} dy

1

x (/ exp{z/oyz(x) dx}dy)l.

Some examples of a more general character can be found in Khas’minskii [6].

Now we consider large deviations in systems of the type (9.1). We restrict
ourselves to the case where there is no diffusion in the slow motion and the fast
motion takes place on a compact manifold and the diffusion coefficients with
respect to the fast variables do not depend on the slow variables.

Let M, E be two Riemannian manifolds of class C°°. Suppose that E is
compact and dim M = r, dim &/ = . We denote by T'M,, and T'E,, the tangent
spaces of M and F at x € M and y € FE, respectively. We consider a family
of vector fields b(x,y) on M, depending on y € E as a parameter and a fam-
ily B(x,y) of fields on F, depending on z € M. On E we consider an elliptic
differential operator L of the second order, mapping constants to zero. The func-
tions b(z,y), B(z,y) as well as the coefficients of L are assumed to be infinitely
differentiable with respect to their variables.

On the direct product M x E we consider the family of Markov processes
Z7 = (X{,Yf) governed by the operators

Lf(x,y) = (b(x,y), Vaf(@,9) + e Ly f(z,y) + (B(z,), Vy f (2, 9))],

where V;, V, are the gradient operators on M and F, respectively. In coordinate
form the trajectory of the process, Z; = (X}, Y®) can be given by the system of
stochastic equations

X5 =b(XF,Yy),

. 9.12)

Yf = e [B(XE, YY) + g(Y)] + 7 2C(Yf i,
where g(y) = (¢'(y),...,9'(y)) are the coefficients of first order derivatives
in L, the matrix C(y) is connected with the coefficients a%/(y) of higher or-
der differentiations in L by the relation C(y)C*(y) = (a*(y)) and w; is an
[-dimensional Wiener process.
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If M is not compact, then we have to impose an assumption on b(x, y) that
it does not grow too fast: for any 7' > 0 and = € M there exists a compactum
F C M,z € F,such that P, {X; € Ffort € [0,T]} =1 forevery y € E and
e>0.

Let « be an element of the dual 7™ M, of T'M .. We introduce the differential
operator R = R(x, z,«) acting on functions f(y), y € E, according to the
formula

R(z,z,0)f(y) = Lf(y) + (B(z,9), Vy f(y) + (o, b(z,y)) f(y);

z,z € M and a € T*M, are parameters. For all values of the parameters,
R(z, z, ) is an elliptic differential operator in the space of functions defined
on FE. It is the restriction, to smooth functions, of the infinitesimal generator
of a positive semigroup. Analogously to Sect. 4, we can deduce from this that
R(z, z,«) has a simple eigenvalue u(x, z, o) with largest real part. This eigen-
value is real and by virtue of its simplicity, it is differentiable with respect to the
parameters z, z, a.

We introduce the diffusion process Y,?, z € M, on E, governed by the oper-
ator

N*=L + (B(Zvy)v vy)

Lemma 9.1. Let o € T* M, and let F' be a compactum in M. The limit

T
lim InM, exp{/ (0, b(z, Y7)) ds} = u(z, 2z, q)
T—o0 0
uniformly inx, z € F and y € E. The function u(x, z, «) is convex downward in

the variables «.

Proof. Letus write V (x,y, a) = (a, b(,%)). The family of operators 7} acting
in the space of bounded measurable functions on E according to the formula

t
7Y 10 = M0 exp [ V(07 ) s
0
forms a positive semigroup. The assertion of Lemma 9.1 can be derived from this

analogously to the proof of Theorem 4.2. 0O

Let us denote by L(z, z,8) (z,2 € M, € TM,) the Legendre transform
of the function p(z, z, ) with respect to the last argument:

L(CL’, Zvﬁ) = Slip[(Ot, B) — w(z, 2701)].

We shall sometimes consider L(z, z, 8) with coinciding first two arguments. We
write L(x,z,8) = L(x, ). This function is obviously the Legendre transform
of u(x, z, o). We note that L(z, z, ) is lower semicontinuous.
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Theorem 9.2 (Freidlin [11]). Let X be the first component of the Markov pro-
cess Z; governed by the operator £° on M x E. Let us put

T
Sor () = / L, 3s) ds

for absolutely continuous functions ¢ € Cor(M); for the remaining ¢ €
Cor (M) we set Sor(p) = +oo.

The functional e~ Sor () is the action functional for the family of processes
X, t€[0,T]in Cop(M) ase | 0.

Proof. Together with the process Z; = (X5, Y;?), we consider the process Zf =

(X¢,YF), where
st = b(Xfa Y/te)v
¥ = < (V) + e 2O i,

We write e(z,y) = C~1(y)B(z, y). The process Z¢ differs from Z by a change
of the drift vector in the variables in which there is a nondegenerate diffusion, so
that the measures corresponding to these processes in the space of trajectories are
absolutely continuous with respect to each other. Taking account of this observa-
tion, we obtain for any function ¢ : [0,7] — M and 6 > 0 that

Pl (X7, ) < 0} =My f (5. ) < 6
T B N T B B
exp{e? [R5 7). ) - o [ ez ) Pas
0 0
(9.13)

Let 1™ : [0,T] — M be a step function such that por (¢, (™) < 1/n. For
any v, C' > 0 we have

P{51/2

> %%pOT(st@) < 5} < exp{—Ce '}

T B B T .
/ (e(X2,72), duwy) — / (e(™, TE), duw,)
0 0

for sufficiently small § and 1/n. This estimate can be verified by means of the
exponential Chebyshev inequality. We obtain from this and (9.13) that for any
¢ € Cor(M) and v > 0 we have
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~ T ~
Mx,y{mei ) <6 exp{s—W / (e(wi™, Y), dw)
0

T
—(26)" (n) ye _x
o [ et TR as- 21
<P,y (por (X%, 0) < 0)

T
S Ma:,y{pOT(XEa(p> < 67 exp{g_l/Z/ (e(wgn)affsahdws)
0

T
— et [ e, T ds + l}} ©.14)
0 3e

for sufficiently small ¢ and 1/n. R o
We introduce still another process, Z; = (X§,Y;?), which is defined by the
stochastic equations

X§ = b(X5,Y7),
}A/ts _ Eilg(YA;E) + gle( 25”)7}?;5) + 671/20(}};5),11-%
in coordinate form.

Taking account of the absolute continuity of the measures corresponding to
Z; and Z;, it follows from inequality (9.14) that

e—/2 < Pw,y{POT({(E#P) <4} < /%
Poy{por(Xe,¢) <6}
for sufficiently small ¢ and 1/n.
Lett; < to < .-+ < t,;,—1 be the points where wt(") has jumps, to = 0,
tm = T and ™ = (k) for t € [tp,tps1), k = 0,1,...,m — 1. The pro-
cess X7 satisfies the hypotheses of Theorem 4.1 on every interval [¢x, tx+1). The

r.ole of & /. is played by f/f, which can be represented in the form Ve = Ytl/e,

vl = g(Y]) + B(¢(k),Y;') + C(Y; )iy The fulfillment of condition F' fol-
lows from Lemmas 4.2 and 9.1. The corresponding functional has the form
ftt:“ L(y(k), ps, ¢s) ds for absolutely continuous functions. It follows from
this and (9.15) that for any v > 0 and sufficiently small § and 1/n there ex-
ists g > 0 such that for € < 3 we have the estimates

T
exp{—g_l (/ L™, 0, 3s) ds + %)}
0

S Pz,y{pOT(Xev(p) < 5}
T
< exp{—a_l </ L™, o, ¢s) ds — %) } (9.16)
0

The concluding part of the proof of this theorem can be carried out in the same
way as the end of the proof of Theorem 4.1. We leave it to the reader. O

(9.15)
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Remark 1. The assertion of Theorem 9.2 remains true if the manifold E is re-
placed by a compact manifold £ with boundary and as the process Z; =
(X;,Yy), we choose a process in M x E, which is governed by the operator
¢ at interior points and for y belonging to the boundary OF of F it satisfies
some boundary conditions, for example, the condition of reflection along a field
n(y) where n(y) is a vector field on O, tangent to F but not tangent to dE. The
study of such a process can be reduced to the study of a process on the manifold
M x E’, where E’ is the manifold without boundary, obtained by pasting two
copies of E along the boundary OE (cf. Freidlin [3]).

Remark 2. It is easy to write out the action functional characterizing deviations
of order %, » € (0, %) of the process X7 defined by (9.12) from the aver-
aged system. For example, let the origin of coordinates O be an equilibrium
position of the averaged system. Then the action functional for the process
Z7 = e~ * X7 has the same form as in Theorem 7.1; as the matrix C' we have to

take (021(0,0, @) /Ocv;0cx;) for o = 0.

Remark 3. The generalization of Theorem 9.2 to the case of fast motion depend-
ing on slow motion was obtained in Veretennikov [1]. See also Kifer [6].

As a majority of results related to diffusion processes, the theorem given here
on large deviations is closely connected with some problems for differential equa-
tions of the second order with a nonnegative characteristic form. We consider an
example. Let Y = &/, where {; is a Wiener process on the interval [—1, 1]
with reflection at the endpoints. We define a process X} in R" by the differential
equation X = b(X¢,Y;). To write out the action functional for the family of
processes X7, in accordance with Theorem 9.2 and Remark 1 (or according to
Theorem 4.1; the fast and slow motions are separated here), we need to consider
the eigenvalue problem

1d%u du
Nuly) = 5 + @b =xul), 7| =0

Let A = A(z, «) be the eigenvalue of the operator N with largest real part and
let L(z, 5) be the Legendre transform of A\(x, o) with respect to the second ar-
gument. Then the normalized action functional for the processes X; as € | 0 has
the form Sy (¢ fo (s, ¥s) ds for absolutely continuous functions. As was
explained earher to determine the asymptotics of P, {X; € D}, D C R", as
¢ J 0 and the asymptotics of the probabilities of other events connected with X,
we need to calculate u, (¢, z) = inf{So:(p) : ¢ € Hi(x,2)}, where Hy(x, 2) is
the set of functions ¢ such that g = z, ¢; = z. The initial point x is assumed to
be given and we sometimes omit it in our notation. As follows from Theorem 4.1,
the action functional vanishes for trajectories of the averaged system and only for
them. It can be proved that in our case the averaged system has the form

_ _ 1 /1t
b= @), o) = [ by ©.17)

-1
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so that if the point z lies on the trajectory z; of system (9.17) for which zo = =
and Z;, = z, then u(tp, z) = 0. For the determination of u(%, z) we may use the
Hamilton—Jacobi equation. In the case being considered it has the form

0

a—;‘ = Az, V). (9.18)
Since N is a self-adjoint semibounded operator, for its largest eigenvalue

A(z, «) we have the representation

Aoy =mind 4 [ (- [ ot ro)a),

where > = {f : fil l[f()|?dy =1, f'(1) = f'(—1) = 0}. It follows from this
that the solutions of (9.18) satisfy the following nonlinear differential equation:

1 1
St —mind 3 [ irra- [ (asca o)
12/ -1

Consequently, an equation can be given for u(¢, z) without determining the first
eigenvalue of N.

Suppose we would like to determine the asymptotics, as € . 0, of v*(¢, x, y) =
M., f(X$), where f(x):R" — R! is a smooth nonnegative function, differ-
ent from zero on a set G C R". It is easy to see that v*(t,z,y) — f(Z:(z)),
where Z; () is the solution of the averaged system (9.17) with initial condition
Zo(x) = x. In particular, if Z,(z) ¢ G, then v°(¢,z,y) — 0 as € | 0. The rate of
convergence of v*(t, x,y) to zero can be estimated by means of the theorem on
large deviations for the family of processes X;:

. R .
lelilgslnv (t,z,y) = ZeglufaGum(t,z). (9.19)

As is known, v (t, x, y) is a solution of the problem

ov® 1 §2v¢ L e
=5 b'(z,y) 5~ r ~1,1), t
ot 2e 8y2 +Z (x’y)axz’ xGR,yE( 3 )a >0a
= Py (9.20)
v
’UE(O’x7y) = f(JC), _(tv'xay) - O
ay y==+1

The function o(t, ) = f(Z(x)) obviously satisfies the equation
v N
- t, = b -, t> 07 S RT,
(t.0) = 3 () o :

1=

] 9.21)
T](Oa Z‘) = f(x)v

where b'(z) = 1 [ _11 b'(z,y) dy. Therefore, the convergence of X to the trajec-

tories of system (9.17) implies the convergence of the solution of problem (9.20)
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to the solution of problem (9.21) as ¢ | 0. Relation (9.18) enables us to estimate
the rate of this convergence.

As we have seen in Chaps. 4 and 6, in stationary problems with a small pa-
rameter, large deviations may determine the principal term of asymptotics, not
only the terms converging to zero with €. We consider the stationary problem
corresponding to (9.20). For the sake of brevity, we shall assume that » = 1:

. 1 9%*w? ow*®
Lfw (xvy)_2_€a—y2+b(x7y)ﬁ_ou 1’6(_171), yE(—Ll),
dw* E 9.22
@y)| =0 wLyler, = (L), 022
3y y==+1

w&(_17y)‘yeF7 = ¢(_1a y)v

where I'y = {y € [-1,1] : b(1,y) > 0}, T_ ={y € [-1,1] : b(—1,y) < O},
¥(1,y) and t»(—1, y) are continuous functions defined for y € [—1,1]. A solu-
tion, at least a generalized solution, of problem (9.22) always exists but without
additional assumptions it is not unique (cf. Freidlin [1], [3]). We require that for
every xg € [—1,1] there exists yo = yo(zo) such that either b(z,yq) > 0 for
x > xp or b(x,yo) < 0 for x < x¢. This condition ensures the uniqueness of the
solution of problem (9.22). If Z; = (X§,Y}?) is the process in the strip |y| < 1
with reflection along the normal to the boundary, governed by the operator L® for
|yl <1,z € (—o0,00) and 7¢ = min{¢ : | X§| = 1}, then the unique solution of
problem (9.22) can be written in the form we(x, y) = M, (X5, YE).

Now we consider the averaged dynamical system (9.17) on the real line. We
assume that the trajectories of the averaged equation, beginning at any point x €
[~1,1], leave [—1, 1]. It is then obvious that b(x) does not change sign. For the
sake of definiteness, let b(z) > 0 for z € [—1, 1]. If we assume in addition that
b(1,y) > 0 fory € [—1, 1], then it is easy to prove that

-1

lsiﬁ)lwg(x,y) = /11 ¥(1,y)b(1,y) dy</11 b(1,y) dy>

If we do not assume that b(1,y) > 0 for y € [—1,1] in (1.9), then the situa-
tion becomes much more complicated. Concerning this, cf. Sarafyan, Safaryan,
and Freidlin [1]. This work also discusses the case where the trajectories of the
averaged motion do not leave (—1,1).



Chapter 8

Random Perturbations of Hamiltonian Systems

1 Introduction

Consider the dynamical system in R" defined by a smooth vector field b(z):
Zy = b(xy), ro=xz € R". (1.1)

In Chaps. 2-6 we have considered small random perturbations of system (1.1)
described by the equation

XE=b(XE) + ey,  XE=u, (1.2)

where w, is a Wiener process, and € a small parameter (we reserve the nota-
tion without ~ for another Wiener process and another stochastic equation). The
long-time behavior of the process Xf was described in Chap. 6 in terms that pre-
supposed identification of points x, y of the space that are equivalent under the
equivalence relation that was introduced in Sect. 1 of that chapter. But for some
dynamical systems all points of the phase space are equivalent—e.g., if the tra-
jectories of the dynamical system are of the form shown in Fig. 10. An important
class of such systems is provided by Hamiltonian systems.

A dynamical system (1.1) in R?" is called a Hamiltonian system if there
exists a smooth function H(x), z € R*", such that

S H (2 :( OH(p.q)  _0H(p,q) OH(p,q) 3H(I%Q))

9 7 Ogn T Op1 T Opy

z=p,q) =P, - Pnit,---,qn) € R*™.

The function H (p, q) is called the Hamiltonian, and n is the number of de-
grees of freedom. It is well known that H (x) is an integral of motion: H (z;) =
H(pt,q:) = H(po, qo) is a constant; and the flow (p¢, ¢;) preserves the Euclidean
volume in R?". The invariant measure concentrated on a trajectory of the dynam-
ical system is proportional to dl/|b(z)|, where dl is the length along the trajectory.

We consider in this chapter Hamiltonian systems with one degree of freedom:

#(z) = VH (x(x)), ro(z) =z € R?. (1.3)

M.L Freidlin, A.D. Wentzell, Random Perturbations of Dynamical Systems, 258
Grundlehren der mathematischen Wissenschaften 260,
DOI 10.1007/978-3-642-25847-3_8, (© Springer-Verlag Berlin Heidelberg 2012
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Figure 18.

We assume that H () is smooth enough and lim,|_,o H(z) = +o0. A typical
example is shown in Fig. 18(a). The trajectories of the corresponding system are
shown in Fig. 18(c). These trajectories consist of five families of periodic orbits
and separatrices dividing these families: three families of closed trajectories en-
circling exactly one of the stable equilibrium points x3, x4, or x5 (the regions
covered by the trajectories are denoted by D3, Dy, and D3, respectively); the
family of closed trajectories encircling x3 and x4 (they cover the region Ds); and
the family of closed trajectories encircling all equilibrium points (the orbits of
this family cover the region D). These families are separated by two oo-shaped
curves with crossing points x; and xo. Each co-shaped curve consists of an equi-
librium point (z; or x2) and two trajectories approaching the equilibrium point
ast — £oo.

Note that if the Hamiltonian has the shape shown in Fig. 19(a), the self-
intersecting separatrix may look like that in Fig. 19(d). Still in this case we call it
loosely an oo-shaped curve.

Consider the perturbed system corresponding to (1.3):

XE=VH(XS) + ey, XE=uxe R (1.4)



260 8. Random Perturbations of Hamiltonian Systems

@

Figure 19.

Here w; is a two-dimensional Wiener process, and ¢, a small parameter. The mo-
tion Xf, roughly speaking, consists of fast rotation along the nonperturbed tra-
jectories and slow motion across them; so this is a situation where the averaging
principle is to be expected to hold (see Chap. 7).

To study slow motion across the deterministic orbits it is convenient to rescale
the time. Consider, along with X ¢, the process X} described by

. 1 -
X = 6—2VH(X§) +aby,  Xg=uax¢€ R (1.5)

where w; is a two-dimensional Wiener process. It is easy to see that the process
X coincides, in the sense of probability distributions, with X7 Je2- We denote by

P the probabilities evaluated under the assumption that 5(5 =zor X; ==
The diffusions X7, X7 defined by (1.4) and (1.5) have generating differential
operators
Bemba) VoA L= L) voia
= xT) - _ = — x) - —
27 g2 277
where b(z) = VH (z), and the Lebesgue measure is invariant for these processes,
as it is for system (1.3). (The same is true for other forms of perturbations of the
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system (1.3) that lead to diffusions with generators

Lf =b(x) -V + %Ly, LF = eizb(x) -V + Lo,
where Ly is a self-adjoint elliptic operator; but for simplicity we stick to the case
of LO = %A)

If the diffusions X, X< are moving in a region covered by closed trajecto-
ries z¢(z) (in one of the regions Dy, in Fig. 18(c)), the results of Khas’minskii
[6] can be applied, and the averaging principle holds: for small € the motion in
the direction of these trajectories is approximately the same as the nonrandom
motion along the same closed trajectory, and the process makes very many ro-
tations before it moves to another trajectory at a significant distance from the
initial one; the motion from one trajectory to another (“across” the trajectories)
is approximately a diffusion whose characteristics at some point (trajectory) are
obtained by averaging with respect to the invariant measure concentrated on this
closed trajectory. This diffusion is “slow” in the case of the process X¢, but it has
a “natural” time scale in the case of X7 .

As for the characteristics of this diffusion on the trajectories, let us use the
function H as the coordinate of a trajectory (H can take the same value on dif-
ferent trajectories, so it is only a local coordinate). Let us apply 1t6’s formula to
H(X$):

1 1
dH(X;)=VH(X;) - E_Qb(XtE) dt + VH(X]) - dwy + §AH(XE) dt.
The dot product VH - b = 0 since b(z) = VH(z), so
t t
H(XE) = H(XE) +/ VH(X?) - dw, +/ %AH(X;) ds.  (1.6)
0 0

Since X7 rotates many times along the trajectories of the Hamiltonian system
before H(X;) changes considerably, the integral of $ AH (X?) is approximately

equal to the integral fot B(H(X¢)) ds, where

$(zAH(z)/[b(x)|) dl
g1/ dl
the integrals being taken over the connected component of the level curve {z :

H(xz) = H} lying in the region considered. As for the stochastic integral in (1.6),
it is well known that it can be represented as

B(H) =

(1.7)

t t
/VH(WSE)-de,:W(/ VH(X§)|2ds), (1.8)
0 0

where W (-) is a one-dimensional Wiener process, W (0) = 0 (see, e.g., Frei-
dlin [15], Chap. 1). The argument in this Wiener process is approximately
3 A(H(X?)) ds, where
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FUVH (2)?/|b(x)]) dI
$(1/lb())dl -

the integrals being taken over the same curve as in (1.7) (we may mention that
[b(x)| = |VH(z)], so the integrand in the upper integral is equal to |V H (z)|).
This suggests that the “slow” process on the trajectories is, for small €, approxi-
mately the same as the diffusion corresponding to the differential operator

A(H) =

(1.9)

Lf(H) = SAH) " (H) + B(H) /().

This describes the “slow” process in the space obtained by identifying all
points on the same trajectory of (1.3); but only while the process X; is moving
in a region covered by closed trajectories. But this process can move from one
region covered by closed trajectories to another, and such regions are separated by
the components of level curves {x : H(x) = H} that are not closed trajectories
(see Fig. 18(c)).

If we identify all points belonging to the same component of a level curve {x :
H(z) = H}, we obtain a graph consisting of several segments, corresponding:
14, to the trajectories in the domain D outside the outer oco-curve; I, to the
trajectories in Do between the outer and the inner co-curve; I3 and Iy, to the
trajectories inside the two loops of the inner co-curve (domains D3 and D), and
I5, to those inside the right loop of the outer co-curve (domain Dj) (see Fig. 18).

The ends of the segments are vertices O; and Os corresponding to the oo-
curves, O3, Oy, Oy corresponding to the extrema x3, x4, x5 (it happens that
the curves corresponding to O, O3 each contain one critical point of H: a saddle
point). Let us complement our graph by a vertex O, being the end of the segment
1, that corresponds to the point at infinity. Let us denote the graph thus obtained
by I'.

Let Y () be the identification mapping ascribing to each point z € R? the
corresponding point of the graph. We denote the function H carried over to the
graph I under this mapping also by H (we take H(Oy,) = +00). The function
H can be taken as the local coordinate on this graph. Couples (¢, H), where i
is the number of the segment I;, define global coordinates on the graph. Several
such couples may correspond to a vertex.

The graph has the structure of a tree in the case of a system in R?; but for a
system on a different manifold it may have loops.

Note that the function i(x), x € R?, the number of the segment of the graph T’
containing the point Y (z), is preserved along each trajectory of the unperturbed
dynamical system: i(X[) = i(x) for every t. This means that i(z) is a first
integral of the system (1.1)—a discrete one. If the Hamiltonian has more than
one critical point, then there are points x, y € R? such that H(z) = H(y) and
i(z) # i(y). In this case the system (1.1) has two independent first integrals,
H(z) and i(x). This is, actually, the reason why H (X§) does not converge to a
Markov process as € — 0 in the case of several critical points. If there is more
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than one first integral, we have to take a larger phase space, including all first
integrals as the coordinates in it.

In the present case, it is two coordinates (i, H ).

The couple (i(X%), H(Xf)) = Y (X{) is a stochastic process on the graph T,
and it is reasonable to expect that as € — 0, this process converges in a sense to
some diffusion process Y; on the graph I

The problem about diffusions on graphs arising as limits of fast motion
of dynamical systems was first proposed in Burdzeiko, Ignatov, Khas’minskii,
Shakhgil’dyan [1]. Some results concerning random perturbations of Hamilto-
nian systems with one degree of freedom leading to random processes on graphs
were considered by G. Wolansky [1], [2]. We present here the results of Frei-
dlin and Wentzell [2]. Some other asymptotic problems for diffusion processes
in which the limiting process is a diffusion process on a graph were considered
in Freidlin and Wentzell [3].

What can we say about the limiting process Y;?

First of all, with each segment I; of the graph we can associate a differential
operator acting on functions on this segment:

Lif(H) = %Ai(H)f”(H) + Bi(H)['(H); (1.10)

A;(H), B;(H) are defined by formulas (1.9) and (1.7) with the integrals taken
over the connected component of the level curve {x : H(z) = H} lying in
the region D, corresponding to I;. These differential operators determine the
behavior of the limiting process Y; on I', but only as long as it moves inside
one segment of the graph. What can we say about the process after it leaves the
segment of the graph where it started?

The problem naturally arises of describing the class of diffusions on a graph
that are governed by the given differential operators while inside its segments.
This problem was considered by W. Feller [1], for one segment. It turned out that
in order to determine the behavior of the process after it goes out of the interior
of the segment, some boundary conditions must be given, but only for those ends
of the segment that are accessible from the inside. Criteria of accessibility of an
end from the inside, and also of reaching the insider from an end were given. One

of them: if the integral
2B(H)
— H dH 1.11
e r—

diverges at the end Hy, then Hy, is not accessible from the inside. These criteria,
and also the boundary conditions, are formulated in a simpler way if we represent
the differential operator L f as a generalized second derivative (d/dv)((d/dw)f)
with respect to two increasing functions u(H ), v(H) (see Feller [2] and Mandl
[1]). For example, the condition of the integral (1.11) diverging at Hy, is replaced
by unboundedness of u(H) near Hy, (in fact, (1.11) is an expression for u(H));
the end H}, is accessible from inside and the inside is accessible from H, if and
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only if u(H), v(H) are bounded at H. Another condition for inaccessibility that
we need: if [v(H)du(H) diverges at Hy, then the end Hy, is not accessible from
the inside.

Representing the differential operator in the form of a generalized second
derivative is especially convenient in our case, because the operators (1.10) de-
generate at the ends of the segment I;: its coefficients A;(H), B;(H) given by
formulas (1.9) and (1.7) have finite limits, but A;(H) — 0 at these ends (in the
case of nondegenerate critical points, at an inverse logarithmic rate at an end cor-
responding to a level curve that contains a saddle point, and linearly at an end
corresponding to an extremum).

Feller’s result can be carried over to diffusions on graphs; if some segments
I; meet at a vertex Oy (which we write as I; ~ Oy) and Oy is accessible from
the inside of at least one segment, then some “interior boundary” conditions (or
“gluing” conditions) have to be prescribed at Oy (If the vertex Oy, is inaccessible
from any of the segments, no condition has to be given.) If for all segments I; ~
Oy the end of I; corresponding to Oy is accessible from the inside of I;, and
the inside of I; can be reached from this end, then the general interior boundary
condition can be written in the form

L0 = Y &)L o), (1.12)

1:1;~Op dui

where L f(Oy,) is the common limit at Oy, of the functions L; f defined by (1.10)
for all segments I; ~ Oy; u; is the function on I; used in the representation
L; = (d/dv;)(d/du;); a; > 0, Br; > 0, and the Sy; is taken with —+ if the
function u; has its minimum at Oy, and with—if it has its maximum there; and
o+ Zi:Ika Bri > 0 (otherwise the condition (1.12) is reduced to 0 = 0). The
coefficient ay, is not zero if and only if the process spends a positive time at the
point Oy. (Theorem 2.1 of the next section is formulated only in the case oy, = 0,
and only as a theorem about the existence and uniqueness of a diffusion corre-
sponding to given gluing conditions; in Freidlin and Wentzell [3] the formulation
is more extensive.)

Before considering our problem in a more concrete way, let us introduce some
notations:

The indicator function of a set A is denoted by x 4(+); the supremum norm in

the function space, by || ||; the closure of a set A, by A;

D; denotes the set of all points x € R? such that Y () belongs to the interior
of the segment [;;

Ck = {$ : Yz = Ok};

Cri = Ci N ODy;

for H being one of the values of the function H (z),
CH)={z:H(z)=H};

for H being one of the values of the function H (z) on D;,

Ci(Hy={x €D, : H(z)=H};

for two such numbers H; < Ho,
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D; (H(x )3, H’) H(x)=H'

Figure 20. Case of x;, being an extremum

Di(HhHg) = DZ‘(HQ,Hl) = {1’ eD;:HH < H(.T) < Hg};

for a vertex Oy, and a small number § > 0,

Dy, (+£9) is the connected component of the set { H(Oy) —0 < x < H(Oy)+
d} containing Cy;

D(+0) = U, Di(£6);

for a vertex Oy, a segment I; ~ Oy, and a small § > 0,

Cri(0) ={x € D;: H(x) = HOy) £ 6}

(the sets Cy;(0) are the connected components of the boundary of Dy, (£0));
if D with some subscripts, and the like denotes a region in R?, 7¢ with the
same subscripts, and the like denotes the first time at which the process X}
leaves the region; for example, 75 (£6) = min{t : X7 ¢ Dy(£d)}; and 7°
with the same subscripts and the like denotes the corresponding time for the
process Xf.

The pictures of the domains Dy (+d) and D;(H(Oy) + 6, H') are different
for a vertex corresponding to an extremum point z; and for one corresponding
to a level curve containing a saddle point x;; they are shown in Figs. 20 and 21.

In the notations we introduced, the coefficients A;(H ), B;(H ) can be written

as
$o oy [V H () 2/ [b() )
= §c J(L/ b))l
(1.13)
B;(H) = fCi(H) 7AH (2)/|b(z)|) dl

$o. A/ I0(@)) L
Integrals of the kind used in (1.13) can be expressed in another form, and differ-
entiated with respect to the variable H using the following lemma.

Lemma 1.1. Let f be a function that is continuously differentiable in the closed
region D;(Hy, Hs). Then for H, Hy € [H;, Hs|,

§  f@FE@d = @ VHE@)
C;i(H) Ci(Ho)
n / /D g ) THE) 4 @) AH )
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Figure 21. Case of x, being a saddle point

where the sign + or — is taken according to whether the gradient VH (x) at
C;(H) is pointing outside the region D;(Hy, H) or inside it; and

a
dH Ci(H)

b f@) 2H@ g

f(2)|VH(z)| dl :% |VH(z)|

[Vf(w) -VH(z)
Ci(H)

[VH(z)]

The integral in the denominator in (1.13) is handled by means of Lemma 1.1
with f(z) = 1/|VH(z)|?; those in the numerators, with f(z) = 1 and with
f(z) = AH(2)/[VH(x)]2.

By Lemma 1.1, the coefficients A;(H), B;(H) are continuously differen-
tiable at the interior points of the interval H(I;) at least k — 1 times if H (z) is
continuously differentiable k times.

Let us consider the behavior of these coefficients as H approaches the ends of
the interval H (I;), restricting ourselves to the case of the function H having only
nondegenerate critical points (i.e., with nondegenerate matrix (0% H /9x'0x7) of
second derivatives).

As H approaches an end of the interval H (I;) corresponding to a nondegen-
erate extremum ', of the Hamiltonian, the integral |, o (H) (1/|V H]) dl, which is

equal to the period of the orbit C;(H ), converges to

02H 02H 02H 2
T, =2 T2 (1) S () — :
L — 2 / \/ o) 5 () ( apaqm)) > 0;

7{ [VH|dl ~ const - (H — H(Oy)) — 0;
Ci(H)

and
7{ (AH/|VH|)dl = Ty - AH (z).
Ci(H)

So A;(H) — 0as H — H(Oy) = H(xy,), Bi(H) — $AH (zy,) (positive if zy,
is a minimum, and negative in the case of a maximum).
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If H approaches H(Oy), where Oy corresponds to a level curve contain-
ing a nondegenerate saddle point, we have fCi( ) (1/|VH])dl ~ const-|ln|H —
H(Ow)|| = 005 $¢, gy IVHIdL — §, [VH]dL > 0. The coefficient A;(H) — 0
(at an inverse logarithmic rate); and it can be shown that in this case too
B;(H) — $AH (z,) (which can be positive, negative, or zero).

One can obtain some accurate estimates of the derivatives A}(H ), B(H) as
H approaches the ends of H(I;) corresponding to critical points of the Hamilto-
nian, but we do not need such. What we need, and what is easily obtained from
Lemma 1.1, is that

|AL(H)|, | Bi(H)| < |H — H(Oy,)|~4° (1.14)

for sufficiently small |H — H(Oy)|, where Ay is some positive constant.

A second corollary of Lemma 1.1 is that the derivatives of the functions
v;(H), u;(H) in the representation L; = (d/dv;)(d/du;) can be chosen as fol-
lows:

1
(H) = ———dl 1.15
S = ey V] (119
-1
u;(H)2<7{ |VH(x)|dl) : (1.16)
Ci(H)

Indeed

iz i) = a0+ ﬁ(ﬁ)l'“ﬂ”

K3 K2 K3

the first coefficient is A;(H), and the derivative of fo( iy [VH| dl is equal to
fci(H)(VH/‘VHD dl. The function v;(H) can be taken equal to + the area
enclosed by C;(H).

Let us consider the vertices Oy, of the graph from the point of view of their
accessibility. The functions v; (H) are bounded at all vertices O, except at O .
Now,

-1
lim ué(H)z?(?( |VH(x)|dl> (1.17)
Chi

(if uw;(H(Oy)) is finite, this limit is the one-sided derivative of u; at H(Oy)). The
limit (1.17) is finite for a vertex O}, corresponding to a separatrix containing a
saddle point, and the function w; is bounded at the end corresponding to Oy; the
point Oy, is accessible. Since u}(H) has a finite positive limit at the end H (Oy,)
corresponding to Oy, we can rewrite the interior boundary condition (1.12) in the
form

akLf(Or) = Y (£Bi)f{(H(O)), (1.18)

1:1;~Oy
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where f/ denotes the derivative with respect to the local coordinate H on the ith
segment, the coefficients Sy; (that are different from those in the formulas (1.12))
are taken with + if H > H(Oy) on I;, and with — if H < H(Oy,) on I;.

As for a vertex Oy, corresponding to an extremum z,, we have ¢, (") [VH|dl
~ const - (H — H(xy))?, u;(H) ~ —const - (H — H(xy,)) ' as H — H(xy),
so the end Oy, corresponding to an extremum xj, is inaccessible.

For the vertex O, we have: v;(H) = 2(u}(H))™!, the integral
[, vi(H) dui(H) = [ vi(H)uj(H)dH = [ 2dH diverges, and this ver-
tex is inaccessible.

We prove (Theorem 2.2) that the process Y (Xf) converges to a diffusion
process Y; on the graph I in the sense of weak convergence of distributions in
the space of continuous functions with values in the graph I'; and we find the
interior boundary conditions at the vertices Oy, that correspond to curves with
saddle points on them. The coefficients «y, in the conditions (1.18) turn out to
be 0.

Let us outline a plan of the proof.

The proof consists of several parts ensuring that:

(1) a continuous limiting process Y; exists;

(2) itis the diffusion process corresponding to the operator L; before its leaving
the interior of the segment I;;

(3) it spends zero time at the vertices Oy;

(4) the behavior of the process after it reaches a vertex Oy, does not depend on
where it came from (so that it has a strong Markov character also with respect
to the times of reaching a vertex);

(5) the coefficients Sj; in the interior boundary conditions (1.18) are such and
such.

A more precise formulation is as follows.

(1) The family of distributions of Y (X¢) in the space of continuous functions
is tight (weakly precompact). This is the statement of Lemma 3.2.

We can reformulate the points (2) and (3) of our plan in terms of averaging
in every finite time interval and spending little time in neighborhoods of C in
every finite time interval; but instead we use the Laplace transforms:

(2) for every A > 0 for every smooth function f on an interval [H;, Hs]
consisting of interior points of the interval H(I;) we have

7 (H1,Hz)
+ / NS (XE)) — Lo f(H(XE))) de
~ F(H(x)) = O(k(e)), (1.19)

uniformly with respect to z € D;(H;, Hy), where k() — 0 as ¢ — 0. This is
the statement of Lemma 3.3.
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An intermediate stage in proving (1.19) is estimating

T

77 (H1,Hz)
M / e Mg(X5) dt (1.20)
0

for functions g in the region D, (H,, H>) such that the integral ¢ g(x)/|b(z)| dl
over each closed trajectory in the region in equal to O (Lemma 4.1).

(3) We prove that there exists a function h(¢), lims_,o 2(d) = 0, such that for
every fixed § > 0,

M [ ek, a0 (X7 < 06) (1.21)
0

for sufficiently small e and for all z € R2.

The form (1.21) of this property is easier to understand (little time is spent
by the process Y (X¢) in a neighborhood of any vertex Oy), but it is easier to
prove and to use in the proof of our main result in the form of an estimate for
Me J’aﬂ) e~ dt for all # € Dy (%6). Such estimates turn out to be different
for vertices corresponding to extremum points and to those that correspond to
curves containing saddle points; they are given in Lemmas 3.4 and 3.5.

(4) We prove that for every small 6 > 0 there exists ', 0 < §’ < J, such that
the probabilities PZ { X % (x5) € Cy;(6)} almost do not depend on z if it changes
on | J; Ci;(¢") (the beginning of the proof of Lemma 3.6).

(5) To find the coefficients j; we use the fact that the invariant measure p of
the process X{ is the Lebesgue measure, so the limiting process for Y (X)) must
have the invariant measure y 0 Y ~1.

One can find the discussion of some generalizations of the problem described
in Sect. 7. In particular, there we consider briefly perturbations of systems with
conservation laws. Perturbations of Hamiltonian systems on tori may lead to pro-
cesses on graphs that spend a positive time at some vertices. Degenerate perturba-
tions of Hamiltonian systems, in particular, perturbations of a nonlinear oscillator
with one degree of freedom, are also considered in Sect. 7. In addition, we briefly
consider there the multidimensional case and the case of several conservation
laws.

2 Main Results

Theorem 2.1. Let I" be a graph consisting of closed segments I, ...,In and
vertices O1,...,0n. Let a coordinate be defined in the interior of each seg-
ment I;; let u;(y), vi(y), for every segment I;, be two functions on its interior
that increase (strictly) as the coordinate increases; and let u; be continuous.
Suppose that the vertices are divided into two classes: interior vertices, for which
limy, 0, wi(y), lim,—0, vi(y) are finite for all segments I; meeting at Oy, (no-
tation: I; ~ Oy); and exterior vertices, such that only one segment I; enters Oy,
and [ (c+ v;(y)) du;(y) diverges at the end Oy, for some constant c.
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For each interior vertex Oy, let By; be nonnegative constants defined for i
such that Ii ~ Ok Y ;.1 o, Bri > 0. Consider the set D(A) C C(I) consisting
of all functions f such that

f has a continuous generalized derivative (d/dv;)(d/du;) f in the interior of
each segment I;;

finite limits lim,_,0, (d/dv;)(d/du;) f (y) exist at every vertex Oy, and they
do not depend on the segment I; ~ Oy;

for each interior vertex Oy,

i i
Z 5k yirgk duz

1:1;,~Oy

Z B tim L) =0, 2.1

-0 du;
IO Y k 7

where the sum "' contains all i such that the coordinate on the ith segment has
a minimum at Oy, and Z”, those for which it has a maximum.

Define the operator A with domain of definition D(A) by Af(y) = (d/dv;) x
(d/du;) f(y) in the interior of every segment I;, and at the vertices, as the limit
of this expression.

Then there exists a strong Markov process (y.,P,) on T with continuous
trajectories whose infinitesimal operator is A.

If we take the space C|0, 00) of all continuous functions on [0, 00) with values
in ' as the sample space for this process, with y; being the value of a function of
this space at the point t, such a process is unique.

If Oy, is an exterior vertex, and y /=y, then with Py-probability 1 the pro-
cess never reaches Oy,.

The proof can be carried out similarly to that of the corresponding result for
diffusions on an interval. First we verify the fulfillment of the conditions of the
Hille-Yosida theorem; then existence of a continuous-path version of the Markov
process is proved; and so on: see Mandl [1] or the original papers by Feller [1],
[2]. Diffusion processes on graphs have been considered in some papers, in par-
ticular, in Baxter and Chacon [1]. The corresponding Theorem 3.1 in Freidlin and
Wentzell [3] allows considering only interior vertices.

In the situation of a graph associated with a Hamiltonian system, the vertices
corresponding to level curves of the Hamiltonian containing saddle points are
interior vertices, and those corresponding to extrema and to the point at infinity,
exterior.

Theorem 2.2. Let the Hamiltonian H(x), © € R2, be four times continuously
differentiable with bounded second derivatives, H(x) > Ai|z|?, |VH(z)| >
As|z|, AH(xz) > As for sufficiently large |x|, where A, As, As are positive
constants. Let H(x) have a finite number of critical points x1, ..., x N, at which
the matrix of second derivatives is nondegenerate. Let every level curve Cy, (see
notations in Sect. 1) contain only one critical point xy,.

Let (X§, P2) be the diffusion process on R? corresponding to the differential
operator L¢ f(z) = $Af(x) + e 2VH(z) - Vf(z). Then the distribution of
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the process Y (X}) in the space of continuous functions on [0, 00) with values
in Y (R?)(C T') with respect to P, converges weakly to the probability measure
Py (). where (y;, Py) is the process on the graph whose existence is stated in
Theorem 2.1, corresponding to the functions u;, v; defined by formulas (1.15)
and (1.16), and to the coefficients Byi; given by

Bri = 740 |VH(z)|dl. (2.2)

The proof is given in Sects. 3—-6, and now we give an application to partial
differential equations.

Let G be a bounded region in R? with smooth boundary dG. Consider the
Dirichlet problem

Lefe(z) = %Afs(x) + EizﬁH(x) Vf(z) = —g(x), z€Qa,
fe(z) =¢(z), =e€0dG.

Here H(z) is the same as in Theorem 2.2, ¢)(x) and g(x) are continuous func-
tions on JG and on G U JG, respectively, and ¢ is a small parameter.

It is well known that the behavior of f¢(x) as e — 0 depends on the behavior
of the trajectories of the dynamical system @; = V H (z;): If the trajectory z;(z),
t > 0, starting at zo(x) = « hits the boundary OG at a point z(z) € JG, and
VH(z(x))n(z(x)) /= 0f(z(x)) is the outward normal vector to G at the point
z(x)), then f¢(x) — ¥(z(x)) ase — 0 (see, e.g., Freidlin [15]; no integral of the
function g is involved in this formula, because, in the case we are considering,
the trajectory X¢ leaves the region G in a time of order £2). If z;(x) does not
leave the region G, the situation is more complicated.

Let G be the subset of G covered by the orbits C;(H) that belong entirely
t0G:G= Ui’H:Ci(H)CG C;(H); and let T'¢; be the subset of the graph T that

corresponds to G € R? : T = Y(G) = {(i, H) : C;(H) C G}.

2.3)

(1) Assume that the set ' is connected (otherwise one should consider its con-
nected components separately). Suppose that the boundary of consists of the
points (ix, Hi), k = 1,..., 1. Each of the curves C;, (Hy), (ix, Hx) € 0T g,
has a nonempty intersection with 0G.

(ii) Assume that for each (i, Hy) € OT'¢ the intersection C;, (Hy) N OG con-
sists of exactly one point z;. This should be considered as the main case.
Later we discuss the case of C;, (Hy) N JG consisting of more than one
point.

(iii) Assume that OI'¢ contains no vertices. Let A be the set of all vertices that
belong to I'g. Let A = Ay U Ay, where A, consists interior vertices, and
As, of exterior vertices.

Theorem 2.3. If for a point x € G the trajectory (), t > 0, hits the boundary
O0G at a point z(z) € 0G, and VH (z(x)) - n(z(z)) /= then
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lim f(z) = ¥(z(x)).

e—0

Ifz € G, and if the Hamiltonian H (x) satisfies the conditions of Theo-
rem 2.2, and conditions (i), (i1), and (iii) are fulfilled, then

e—0
where f(i, H) is the solution of the following Dirichlet problem on T,

SAE £ H) + Bu(H) /G ) = —36, 1), (i, H) € T,
flin, Hy) = p(zr)  for (ix, Hy) € Olc,
f (i, H) is continuous on T'g;

Z (:l:ﬁ]ﬂ)f/(l,H(Ok)) =0 f()}’ Ok S A1.

i: 1, EO

Here

(2.4)

$e oy IVH ()] ) oy A (@)/2|VH (@) di
$erian IVH ()| "L dl i oo |AH ()71 dl

Ai(H) =
Bri are defined by (2.2) and taken with + if H > H(Oy,) for (i,H) € I;, and
with — if H < H(Oy,) for (i, H) € I;; and
§C x)|VH(z)|~tdl

fci(H) |VH(x)|~1dl

The solution of problem (2.4) exists and is unique. If the functions u;(H), v;(H)
are defined by (1.15), (1.16), then

Q(Z,H) -

FG,H) = f(i, H) + oY (H) + al?, 2.5)

N H
H(Ok)
1) (2)

Oy, being an end of the segment I;. The constants a; ’, a;”’ are determined
uniquely by the boundary conditions on 0G, the continuity, and the gluing con-
ditions (2.1) at the vertices belonging to A.

where

/ )l (y) dy|l(2) dz,

H(Oy)

The proof of this theorem is based on Theorem 2.2 and includes the following
statements.

1. The solutions of problems (2.3) and (2.4) can be represented as follows.

=

F2(2) = MEG(XE) + ME / 9(X2) d,
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0

F(i H) = Megsnyé(Yoo) + Mo /O §(Ya) ds,

where 7¢ is the first exit time from G for X{ : 7¢ = min{t : X7 ¢ G},
70, the first exit time from I'g for the process g; of Theorem 2.2: 79 =
min{t : y; ¢ I'c} and M; gy = M, is the expectation corresponding to the
probability P, associated with the process ¥; on the graph.

2. Mi7m¢ < A < oo for every small € # 0 and for every « € G. The proof
of this statement consists of two main parts. First we get a bound for the
mean exit time from a region U such that the closure of Y (U) contains no
vertices, and this is done in the standard way. Another bound is obtained
for the expected exit time from a region D such that Y (D) belongs to a
neighborhood of a vertex of I'; for this Lemmas 3.4 and 3.5 are used.

3. A;, (Hy) > 0forall k, (ix, Hy) € 0T, and thus every (i, Hy,) is a regular
point of the boundary OT'¢; for the process (yi, P,).

4. If we denote a(k, H) = inf{|VH(z)| : x € Cx(H)}, then for every posi-
tive 0,

h—0e—0

1 [k
lim lim P;{‘E/ g(X7)ds —g(z(a:),H(x))’ > 5} =0
0
uniformly in  such that (Y (z)) > a > 0.

EXAMPLE. Let us consider the boundary-value problem (2.3) with g(z) = 0,
H (x) as shown in Fig. 18, and the region G as shown in Fig. 22(a).

The region G has two holes. Its boundary touches the orbits at the points 21,
22, z3. In the part of G outside the region bounded by the dotted line the trajecto-
ries of the dynamical system leave the region G. For z € G\ (G U dG) the limit
of f¢(x) is equal to the value of the boundary function at the point at which the
trajectory x;(x) first leaves G. To evaluate lim._, f¢(z) for z € G (G is shown
separately in Fig. 22(c)) one must consider the graph I' corresponding to our
Hamiltonian and its part I'¢ C I' corresponding to the region G (see Fig. 22(b)).
In our example OI'¢ consists of three points (4, Hy), (5, Hz2), and (1, Hs). The
boundary conditions at 0T are:

f(4Hy) =9(z1),  f(5,Ha) =4(22),  f(1,Hs)=9(zs).

Since the right-hand side of the equation in problem (2.4) is equal to 0, on ev-
ery segment I; the limiting solution f (i, H) is a linear function of the function
u;(H). Since the functions u;(H) are unbounded at the vertices of the second
class (in particular, at Os3), and the solution f (¢, H) is bounded, this solution is
constant on the segment /3. On the remaining segments the formulas (2.5) give
the limiting solution up to two constants on each of the segments I, I, Iy, I5.
So we have nine unknown constants. To determine them we have three bound-
ary conditions, four equations arising from continuity conditions at O; and Oq,
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Figure 22.

and two gluing conditions at these vertices. So we have a system of nine linear
equations with nine unknowns. This system has a unique solution.

Another class of examples is that with g(z) = 1 and ¥(x) = 0. The solution
of the corresponding problem (2.3) is the expectation M;7°. So Theorem 2.3
provides the method of finding the limit of the expected exit time of the process
X7 from a region G (or the main term of the asymptotic of the expectation M 7°
of the exit time for the process f(f ase — 0).

Remark. We assumed in Theorem 2.3 that for each (iy, Hy) € 0T the set
C;, (Hy) N OG consists of exactly one point zj;. The opposite case is that this
intersection is equal to C;, (Hy). In this case one should replace the boundary
condition f (i, Hy) = ¥(zx) by

[, Hy) = vy,

where

By = fo’ik(Hk) Y(z) - [VH(2)|dl
T ey IVH@)
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If 0G N C;, (Hy) consists of more than one point but does not coincide with
C;, (Hy,), the situation is more complicated.

3 Proof of Theorem 2.2

Before proving Theorem 2.2 we formulate the necessary lemmas and introduce
some notations. The proof of the lemmas is given in Sects. 4 and 5.

Lemma 3.1. Let M be a metric space; Y, a continuous mapping M — Y (M),
Y (M) being a complete separable metric space. Let (X§,P%) be a family of
Markov processes in M; suppose that the process Y (X{) has continuous trajec-
tories (in Theorem 2.2, the process X; itself has continuous paths; but we want to
Sformulate our lemma so that it can be applied in a wider class of situations). Let
(y¢, Py) be a Markov process with continuous paths in'Y (M) whose infinitesi-
mal operator is A with domain of definition D(A). Let us suppose that the space
C|[0, 00) of continuous functions on [0, 00) with values in T is taken as the sample
space, so that the distribution of the process in the space of continuous functions
is simply P,. Let U be a subset of the space C(Y (M)) such that for measures
s pi2 onY (M) the equality [ f dpy = [ f dus for all f € U implies py = puo.
Let D be a subset of D(A) such that for every f € ¥ and X\ > 0 the equation
AP — AF = f has a solution F € D.

Suppose that for every x € M the family of distributions QS of Y (X¢) in the
space C|0,00) corresponding to the probabilities PE, for all € is tight; and that
for every compact K CY (M), for every f € D and every A > 0,

Mi/ e MAF(Y(XF)) — AF(Y(XP))dt — f(Y (2)) 3.1
0
as e — 0, uniformly inx € Y ~1(K).

Then Q5 converges weakly as € — 0 to the probability measure Py (,).

The lemmas that follow are formulated under the assumption that the condi-
tions of Theorem 2.2 are satisfied.

Lemma 3.2. The family of distributions Q, (those of Y (X§) with respect to the
probability measures P in the space C|0, 00)) with small nonzero € is tight.

It can also be proved that the family {QZ } with small € and = changing in an
arbitrary compact subset of R? is tight.

Lemma 3.3. For every fixed Hy < Hs belonging to the interior of the interval
H(I,), for every function f on [Hy, Hs) that is three times continuously differen-
tiable on this closed interval, and for every positive number A,

VE 67AT§(H1}H2)f(H(Xf—?(Hl,HQ)))

x
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TiE(HlvHQ)
F [T e - L) di
0
— f(H(z)) (3.2)
as € — 0, uniformly with respect to v € D;(Hy, Hy).

Lemma 3.4. Let Oy, be an exterior vertex (one corresponding to an extremum of
the Hamiltonian). Then for every positive A and k there exists 03 4 > 0 such that
Sor sufficiently small € for all x € Dy(+63.4),

ME / e Mdt < k. (3.3)
0

Lemma 3.5. Let Oy, be an interior vertex (corresponding to a curve containing a

saddle point). Then for every positive A and k there exists §3.5 > 0 such that for

0 < § < 035 for sufficiently small € for all © € Dy (£0),

ME

7F (£06)
x/ e Mdt < k- 6. (3.3)
0
Remark. Formulas (3.3) and (3.3') are almost the same as M3 75 (+0) < & or k6,
and such inequalities can also be proved; but it is these formulas rather than the
more natural estimates for M5 77 (£0) that are used in the proof of Theorem 2.2.

Lemma 3.6. Define, for I; ~ Oy, pr; = Bki/(Zi:Ika Bki), where By; are
defined by formula (2.2). For any positive k there exists a positive 03 ¢ such that
Sfor0 < & < 3. there exists 04 ¢ = 04 4(0) > 0 such that for sufficiently small e,

IPeA{XZe (1) € Cri0)} — pral <k (3.4)
forall x € Dy(£8} ¢).

Proof of Theorem 2.2. Make use of Lemma 3.1. As the set ¥ we take the subset
of C(I") consisting of all functions that are twice continuously differentiable with
respect to the local coordinate H inside each segment I;; D is the subset of D(A)
consisting of functions with four continuous derivatives inside each segment.

The tightness required in Lemma 3.1 is the statement of Lemma 3.2; so what
remains is to prove that the difference of both sides in (3.1) is smaller than an
arbitrary positive number 7 for sufficiently small € for every z € R2.

Let a function f € D, a number A > 0, and a point z € R? be fixed.

Choose Hy > maxy, H(Oy) so that

n
A+ ATHIAS = AFID

for all sufficiently small €, where T° = T (Hy) = min{t : H(X;) > Hp} (this
is possible by Lemma 3.2).

MEe " < 5 (3.5)
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To prove that

]M; [ e o - s o f(Y(x»] <7

it is sufficient to prove that
€ TE
\M; [e”‘ R + [ MDA (KD)
0
_AF(Y(XD)) dt] - f(Y(x))‘ < /2. (3.6)

Now we take small positive 6 and ¢’ < ¢ and consider cycles between the
successive times of leaving the set | J,, D, (+0) and reaching the set | J,. ; Ci ('),
before the process reaches the level curve C'(Hp): define Markov times 79 <
o1 <m1 <o < byTo =0,

On = min{t > 71 XE ¢ UDk(ié)},
k

T, = min{t >0, Xf e | Cui(d) UC(HO)}

ki

(after the process reaches C(Hy), all 7,, and o, are equal to 7). The difference
in (3.6) can be represented as the sum over time intervals from 7, to 0,41 and
from o, to 7,,: it is equal to

o0

ME S e V(X)) - e F(Y (X5,)

n=0

[ NI () - AT () dt]

n

MY [&W(Y(X;)) e f(Y(XE,)
+ [T (X)) - ARV X)) dt] 37)

(the formally infinite sums are finite for every trajectory for which T¢ < o0).
We can write the expectations of the sums as infinite sums of expectations:

Do ME e V(X)) - e (Y (X5, )
n=0

[T NI (x) — A ()

n
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(o]
+SOME[e (Y (X)) - VR, )
n=1

+ [N () - A e ai (3:8)

n

if the sums > o0 ME{7, < T%e A}, 320 Mi{o,, < T%; e "} < oc.
So the first thing is to estimate these sums (which are approximately the same as
the expected number of cycles—to be precise, of cycles that contribute a signifi-
cant amount to the sum).

Let us denote by D(Hy, ¢') the region

{z: H(z) < HO}\U Dy(£8)
k

(D(Hy, d) is the same set with § in lieu of ¢”). The random time 7,,, n > 1, is the
first exit time from D(Hy, d") after the time o,. Use the strong Markov property
with respect to ¢,,:

ME{r, < T e} = Mi{o, < T% e g5 (X2 )1, (3.9)

where
¢7(z) = Mi{Xquo,a/) e |JCri(d); e”(HO";’)} (3.10)
ki

(according to our system, we use the notation 7° (:HO, ¢") for the first exit time
from the region D(Hy,d")). It is clear that X; € D(Hy, ¢) for every n, so

ME{7, <T%e "} < M{o, < T%e "} - max{¢(2): 2 € D(Hy,0)}
< M{moy < To5e 1)
’ max{(b‘i(z) HEAS D(H075)}7
and by induction
ME {7, < T% e "} < [max{¢5(2) : 2 € D(Hy,d)}]|". (3.11)

Since in defining the set D(Hy, §) we delete neighborhoods of all separatrices
and of extremum points, the set D(Hy, §) splits into pieces that lie each within
its own region D;. Suppose the ends of the segment I; are the vertices Oy, Oy,
H;y = H(Oy) < Hip = H(Oy). Define, for every small 6 > 0,

H}, = Hi1 +6,
o _ J Hi2 =0 if Hip # +00, ie., if Op # Occ,
" Hy if one of the ends of I; is the vertex O.

Then D(Hy, 8) = U, D;(HY, HY,).
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Suppose the process X; starts at a point z € Di(Hfl, Hf2). In the region
Di(Hfl, , Hg) averaging takes place: we can apply Lemma 3.3 to estimate the
expectation

Mi{Xie(Ho,w € Ucki(y);emg(mﬁl)}'

The idea is to evaluate the corresponding expectation for the limiting (the aver-
aged) process, and to use it as the approximation for ¢j.
Let U? (H) be the solution of the boundary-value problem

LU (H) =AU (H) =0,  H} <H<H),  U'(H)) =1,
) = 1 if Op # Oy,
|0 ifOp = Ou (and HY = Hy).
Applying Lemma 3.3 to this function, we obtain that
$i(z) = U (H(2)), (3.12)

uniformly in z € D;(HY,, H.,).
It is clear that the solution U? (H ) is strictly less than 1 for H), < H < HS;
and it is equal to O at the boundary point H if one of the ends of I; is O.

Therefore
max{Uf (H): Hfl < H < Hp}

is strictly less than 1. For sufficiently small £ the maximum
max{¢7(z) : z € Di(H?ng)}
is also strictly smaller than 1; so

max{¢$(z) : z € D(Hp,d)} > 1,

Z ME {7, > T e} < Z[max{¢§(z) 2 € D(Hy,8)}"
n=1 n=0

= (1 —max{¢$(2) : 2 € D(Hp,0)}) ™! < o0,
and

Z ME{o, < Ta;e_M”} < Z ME{r, < TE;e_’\T"'}
n=1 n=0

is estimated by the same quantity. So the transition from (3.7) to (3.8) is possible.
We need to know how these sums depend on §. By (3.12) we have for suffi-
ciently small e:

Z ME{T, < T%; eiAT"}
n=0

<201 —max{U? (H) : H, < H < H,})~". (3.13)
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If we make &' — 0, the solution U9 (H) converges to U?(H), also a solution of
the same equation on the interval (HY, H%), with boundary values 1 at the ends
that are interior vertices, and with limits < 1 at any other end (0 at the right-hand
end if this is Hy). The function U?(H) is downward convex with respect to the
function w;(H); so

max{U}(H) : Hjy < H < Hy} < max(U7 (H}), U7 (H,)).

If HZOJ = Hj;; is an end corresponding to an interior vertex, we have 1 —
UO(H%) ~ A¢j|u(H{Sj) — u(HY;)| as § — 0, where A;; is a positive constant.
Since the one-sided derivative of u;(H) with respect to H exists and is positive
at such ends (see formula (1.17)), we have UO(Hfj) <1- flijé for sufficiently
small §, where A;; > 0. At all other ends we have U°(H$) < 1 — By for
small 6, B;; > 0. So we obtain max{U?(H) : H, < H < H%} < 1— A4,

Now, for every small positive § there exists 0y, 0 < &) < 4, such that for
all &', 0 < &' < 6y,

max{U? (H): HY, < H < H)} <1— %5,

and by (3.13) we have

> OM{r < T} < G, (3.14)

n=0

where C'is a constant (there exists a constant dp > 0 such that, for every positive
0 < 0y, this holds for all ¢, 0 < 6" < 6 = 6,(0), for sufficiently small £ and for
all x).

Now we return to the sums (3.8) (being the expression for the difference in
(3.6)). Using the strong Markov property with respect to the Markov times 7,,,
o, WE can write:

M: [e-*TW(X;e))
~
+ / e NSV (XF)) — AF(Y (X)) dt| — F(V(2))

= Z MZ{r, <T%; eiAT"QSg(Xin)}

n=0

+) Mi{o, < T5e M g5(XE )}, (3.15)

n=1
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where
65(2) = M2 [e—mié)f(wx;(ﬂv)

2 (£6)
[ MRS — A (Xt = £V ()
(3.16)

(7% (+£6) being the time at which the process X} leaves D(+0) = |, Dy (£6)),
05(2) = ME |7 0 £ (X 3, 5)

75 (Ho,5")
+/O e NMAF(Y(XT)) — AF(Y (X)) dt| = F(Y(2)).
(3.17)

The argument X; in ¢5, as that in ¢7 in (3.9), belongs to D(6). As for X:
itis the initial point x forn = 0, but forn > Litbelongs to |, ; Cki(6")UC (Ho).
Clearly the function ¢5(z) = 0 for z ¢ (J,, Di(&9), in particular, on C'(Hy), so
the absolute value of the expression (3.15) does not exceed

65@)] + S ME{r < T% e V) max{|¢;<z>| ee UCki(5/)}

n=1 k,i

+ Y Mi{oy, < T e} max{|¢5(2)| : 2 € D(Ho,8)}.  (3.18)

n=1

By Lemma 3.3, |¢5(2)] is arbitrarily small for sufficiently small &, uniformly
in z € D(Hy,8') D D(Hy,d), so

> Mi{on <T%5e 7} - max{|¢5(2)| : z € D(Ho,0)} <1/20  (3.19)

n=1

for sufficiently small £, and this is true for every function f on I' that is smooth
on the segments /;, even if it does not satisfy the gluing conditions.

As for ¢5, we cannot see at once that it converges to 0 as ¢ — 0, but we can
make it small by choosing ¢ and ¢’. This is not enough, because max{|$5(z)| :
z € Uy ; Cki(8")} is multiplied by the sum that increases at the rate of §~* (see
(3.14)) as & — 0; so we have to obtain an estimate for ¢5(z) for an arbitrary
z € D(£6), and a sharper one for z € |, ; Cki(d).

We estimate ¢5(z) in different ways for an arbitrary z belonging to D(=+0)
(which is used to estimate the first summand in (3.18)), in the case of z € Cy;(d"),
where Oy, is an interior vertex, and in that of an exterior Oy.
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Clearly, for z € Dy (£9),
|95(2)] < IMZF(Y (XZe (5) — F(Y ()] + A
T (£9)
+INf — Af]]] - Mg/ e M dt. (3.20)
0
Choose a positive 1 so that for every vertex Oy

|f(y) — f(Or)| <n/20 forally € Dy(£61)

(we are using continuity of the function f) and that

£ (£61) " 0
Mi/ e Mdt <
0 20(A[[ I+ [[Af = AFI]

for sufficiently small € and all 2 € Dy (4d1) (we are using Lemmas 3.4 and 3.5).
Then for § < 4; and for sufficiently small &

|#5(2)| <n/10 forall z € D(+4). (3.21)

Next case: z € Cy;(0"); the vertex Oy, is an interior one.
Using the fact that the one-sided derivatives f!(Oy) exist, choose a positive da

so that
’ fy) = f(Ox)
H(y) — H(Ox)
for y € I; N D(+£35) for all segments I; meeting at O, where C is the constant
of the estimate (3.14).

Choose 03 > 0, by Lemma 3.5, so that for 0 < ¢ < d3 for sufficiently small
¢ and for all z € Dy(£9),

— _n

'rk(:l:zi) AL 77
M;/ e Mdt <6 . (3.22)
0 20CA[LFI+ MIAF = AFI]

Choose a positive d4, by Lemma 3.6, so that for 0 < § < §, there exists a
0} = 8,(0),0 < &4 < 4, such that
Ui
20C > ;. 1,~0, 111(Ok)]

for sufficiently small ¢ and for all z € Dy (+6}).
Using continuity of f again, choose, for every 6 > 0, a positive 05 =
0L(9) < § so that

IPI{X e (16) € Cri(d)} — pril <

[f(y) = f(Or)| < 6-n/20 (3.23)
forall y € Dy, (£6%).
Now for 0 < § < min(d,d3,04), 0 < & < min(d4(0),d5(d)), for suffi-
ciently small € and for all z € Cy;(6") C Dy (£04) N Dy (£5%) we have
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|Mif(Y(X5,§(j:5))) - f(Y(z Z pri - [f (i, H(O) £6) — f(Or)]

i:1,~0

+ Z IPE{X5: (46) € Cri(9)} — pril
:1;~Oy

| f(i, H(Ok) £ 0) — f(Ox)|

+[f(Or) = f(Y(2))]- (3.24)

In the first summand on the right-hand side the quantity in the brackets differs
from §- f/(O},) by not more than ¢ -7/20C, so the first summand does not exceed

Z Pki - 2OC

ZINOk

> pri- 6 FOR)|+

ZINOk

The first summand here is equal to 0 because the gluing condition is satisfied
at Oy, and the second one is equal to ¢ - 1/20C.
Using the inequality

|f(i, H(Og) £6) — f(Or)| <0 [f{(Or)| + 6 - n/20C,

we see that the second summand on the right-hand side of (3.24) is not greater
than

n /
61 f1(OR)] + 38 -/20C = 6 -0.25/C
2 O, o o] OO0+ 3l v/

(30 - n/20C because the number of segments meeting at Oy, is equal to 3 if the
level curves do not contain more than one critical point, and [P {X?® i 15 €
Cri(0)} — pril < D).

The third summand on the right-hand side of (3.24) is not greater than ¢ -
1/20C by (3.23).

By (3.22), the second summand on the right-hand side of (3.20) is not greater
than 6 - /20C, and

|95(2)] < 6-0.3n/C  for z € Cri(6") (3.25)

(for interior vertices Oy,).

The last case is that of z € C;(d’), Oy being an exterior vertex (remember,
only one segment I; enters a vertex corresponding to an extremum point).

Let us use again the technique by which we obtained formulas (3.15)—(3.18).
Choose a positive §”/ < ¢’, and consider smaller cycles between reaching two
sets, taking ¢’ instead of ¢, 6" instead of ¢’, and C;(9) instead of C(Hy) (ev-
erything in a neighborhood of an extremum point x;). Namely, let us introduce
Markov times 0] < 7/ <o) <7, <.--byo] =0,7, =min{t > o, : X§ €
Cri(6") U Cki(6)}, o), = min{t > 7,,_; : X; ¢ Dy(£d")} (after the process
reaches Cf;(9), all 7}, and o), are equal to 7f (£0); the difference is that, since
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we are starting from a point z € Cy;(d"), we have o} = 0, so we do not need to
consider 7). We have

P3(= Z MZ{r, < 7 (£d);e AT;¢4(X$;L)}

n=1

+ > M{o, < T (£0); BT 65(XE, )}, (3.26)

n=1

L) = M e (1 (35 a5)

Th (£8)
[T e ) - A ) dt]
- f(Y (&), (3.27)
¢5(2') = M, [e-”f<H<Ok>i5»H<°k>i5”>f(Y(Xi;(H(OM,H@M,,)>>

/T,?(H(Ok)ié,H(ok)ia“)

+ MY (X)) — AFY(XD))] dt}

- f(Y (&), (3.28)

where 75 (H (Oy,) £ 6, H(Oy) £ "), according to our system of notations, is the
time at which the process leaves the region D;(H (Ox) £ 6, H(Oy) & 6") (this
region is the same as the difference Dy, (£6)\ Dy, (+0")); and for z € Cy;(8'),

|65(2)] <> ME{7), < T (£0);e ™}

n=1

‘maxd [65(z)| iz € | Cri(d”)
{ |

i:1;~Op

+ Z ME{o”, < 7£(+0); e 2n}

n=1

max{¢> ze |J Culo } (3.29)

:1;~Oy

Again ¢%(2’) can be made arbitrarily small by Lemma 3.3; similarly to (3.19),
for sufficiently small ¢,

> M{ol, < () e} max{¢5 e | Culs }
:1;~Oy
< §-n/20C (3.30)

n=1

for all z € Cy;(d").
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Similarly to the way we obtained (3.21), we can, for every § > 0, choose
a positive g = () < 0 so small that for sufficiently small ¢ for all 2" €
Dy (£4),
|63(z")| < 6-n/10C; (3.31)
and similarly to (3.9)—(3.11), we obtain:
ME{7 < 75(+6); e} < [max{¢5(2) : 2’ € Crs(6)]", (3.32)
(&); o~ ATE(H(O)) %8, H(Or)+8") 1.

(3.33)

$5(2") = MZAX e (11(04 ) 6,1 (0x) £57) € Chi

Suppose the process X starts from a point z € Cj;(d’). Let us consider
a solution V;? (H) of the differential equation L;VS(H) — AV?(H) = 0 with
V2 (H(Og) % 8) = 0. This solution is determined uniquely up to a multiplicative
constant. It does not change the sign between H(Oy) and H(Oy) £ 0, and it
converges to +o0o or to —oo as H — H(Oy,) (since the function w;(H) has an
infinite limit at 7 (Oy,)). Applying Lemma 3.3 to the function V,°(H ), we obtain
that VA ()
(.0 i ?
WE Vi 00 +9)

as e — 0, uniformly in 2’ € D;(H(Oy) £ 6", H(Oy,) £ 6). Since |V (H(Oy) +
0")] = oo as ¢"” — 0, for every ' > 0 we can choose ¢; = ¢"(0,¢'),0 < §} <
&', so that V2 (H(Oy) £ 6")/V(H(Ok) £ 6") < § for 0 < §” < §!'. Then for
0" < min; §/ and for sufficiently small ,

(3.34)

2
og(2") < 3 for 2’ € C(8).

Using this together with (3.29)—(3.31), we obtain that for sufficiently small §, for
0" < min;(8,(d)) < 4, for 0 < 6" < min;(d}(4,9")) < ¢, and for sufficiently
small € we have:

|65(2)] <6-0.25n/C forze | ) Cri(d),
:1;~Oy

and together with (3.25) this yields max{|¢5(z)| : = € U, Cri(0")} < 6 -

0.4n/C. Using this and estimates (3.18), (3.19), (3.14), and (3.21), we obtain that

the difference in (3.6) is smaller than 0.1y + (C/d) - § - 0.3n/C 4 0.05n < n/2.
This proves the theorem. O

4 Proof of Lemmas 3.1 to 3.4

Proof of Lemma 3.1. The tool we use to establish weak convergence is martin-
gale problems. See Stroock and Varadhan [1], [2], [3], where martingale prob-
lems are formulated in terms of the space C°° of infinitely differentiable func-
tions; we use some other sets of functions.
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Let us denote the difference of the left-hand side of (3.1) and its limit in
the right-hand side by A®(x). Let G(y1,...,Yn), ¥i € Y (M), be a bounded
measurable function. Then, by the Markov property of the process (X, PZ), for
any 0 <ty < --- < t, <towehave

MeG(Y(X5,), -, V(X)) - Uoo e MY (XF)) = AF(Y (XP))] dt

to

- e‘”of(Y(Xfo))] = M{G(Y(XF,), ... V(X)) - e MOA%(X).

We can represent this expectation as the sum of expectations taken over the event
{Y (X} ) € K} and over its complement, obtaining

MY (X5,) € K G(Y(XF),... V(X)) - e M A (XE)}
+ MY (XF) ¢ KGG(Y(XF), ... V(X)) - e MO A%(XE)}

The second expectation does not exceed |G-~ -sup, . A®(2)-PS{Y (X})) ¢
K} < |IG] - e - 2 fl + A AS]) - PE{Y (XF,) ¢ K}, and can be made
arbitrarily small for all £ by choosing a compact K C Y (M).

The first expectation is not greater than [|G|| - e~ - sup,cy—1(g) A%(2),
and can be made small by choosing ¢ sufficiently small. So we obtain

MLG(Y (X5, YI(XE)) - UOO e MY (XP) — AF(Y (X)) dt

to

- e’\tof(Y(Xfo))] -0 (e—=0).

We can rewrite this formula using the expectations with respect to the mea-
sure Q¢ in the space CJ0, 0o), which we denote by M<:

VEG 1) - [ | e w0 - aroar

to

— e_)‘tof(yto)} =0 (¢—=0). 4.1)

Since the family of distributions {QZ } is tight, there exists a sequence €, — 0
such that Q5 converges weakly to a probability measure P. Let us denote the
expectation corresponding to this probability by M.

If the function G is continuous, the functional of y, € CJ[0, 00) under the
expectation sign in (4.1) is also continuous, and we can write:

MG (ys,, - ut,) - UOO e M (ye) — Af(ye)] dt — e f(yg,) | =0.

to

Changing the order of integration and integrating by parts, we obtain



4 Proof of Lemmas 3.1 to 3.4 287

t

/ AeTMMG (Wt s yn,) - | Fye) = Fyse) —

t(J t(J

Af(ys) ds} dt = 0.

Since a continuous function is determined uniquely by its Laplace transform, this

means that MG(ys, .., w1,,) - [f () — fus,) — [, Af(ys)ds] = 0 for all n

and 0 < t; < -+ < t, < tp; so the random function f(y;) — fot Af(ys)ds
is a martingale with respect to the family of o-algebras gé’[ojﬂ generated by the
functionals ye — ys, s € [0, t], and the probability measure P.

In other words, the probability measure is the solution of a martingale prob-
lem corresponding to the contraction of the operator A defined on the set D C
C(Y (M)), with the starting point Y (x) (which is clear because Y (X§) = Y (z)
almost surely with respect to each of the probabilities P%).

Now, the condition of existence of a solution ' € D of the equation
AF — AF = f for f € W ensures uniqueness of the solution of the martin-
gale problem. This statement is a variant of Theorem 6.3.2 (with condition (ii))
of Stroock and Varadhan [3], only freed from reference to the space C* of in-
finitely differentiable functions and adapted to time-homogeneous processes.

SoP = Py (2). The fact that not only the sequence Q3" converges weakly
to Py(x), but also QZ, as ¢ — 0, is proved in the usual way.

The remaining lemmas involve many estimates with various positive con-
stants, which we denote by the letter A with some subscript.

We very often make use of It6’s formula applied to e ' f(H (X¢)), where f
is a smooth function, A > 0:

e M f(H(XF)) :f(H(XS)H/O e f(H(XZ))VH(X?) - dw,

[ NN + X))
+ S (X)) AH(X)] ds, @2)

MZe AT F(H(X7)) = f(H(x)) + Mg /OT e M[=Nf(H(XT))

b HX))VH(XE)P

b T (H(XE)AH(X)] ds 43)

for the time 7 of going out of an arbitrary bounded region. In particular, for A = 0,
f(H) = H,

t
MEH(XE) = H()+ M5 [ SAH(X) ds (@)
0

1
MEH (XS) = H(z) + M;/ S AH(X7)ds. (4.5)
0
O



288 8. Random Perturbations of Hamiltonian Systems

Proof of Lemma 3.2. Introducing the graph, we did not describe the metric on it.
Now we do this: for any two points y,y’ € Y (R?), consider all paths on the graph
that connect these points following the segments I; : y = (ig, Ho) > (i9, H1) =
Ok1 = (il, Hl) 4 (il, HQ) = Ok2 = (ig, Hg) AR o d (ilfl, Hlfl) =
Osz1 = (ig, Hl—l) > (il,Hl) = y’, and take
-1
p(y,y') = min Y |Hypy — Hyl,
i=0
where the minimum is taken over all such paths.
In order to prove the tightness it is sufficient to prove that:
(1) for every T' > 0 and § > 0 there exists a number H( such that

£ £ >
Pm{&gg%}¥CXJ<_f%}~<6 (4.6)

(2) for every compact subset K C R? and for every sufficiently small p > 0
there exists a constant A, such that for every a € K’ there exists a function f;(y)
on Y (R?) such that f“( ) =1, f3(y) = 0 for p(y,a) > p, 0 < fo(y) <1
everywhere, and f (Y (X ) + Apt is a submartingale for all € (see Stroock and
Varadhan [3]).

As for (1), we can write, using formula (4.4),

Myﬂxf)gfuxy+€?u @.7)

where A4 > sup AH(x) (the constant denoted A, was introduced in (1.14), and
Ay, Ay, As in the formulation of Theorem 2.2). Using Kolmogorov’s inequality,
we obtain for Hy > H(z) 4+ (A4/2)T

M fy [VH(XF)P dt
Hy — H(z) — (Ad/2)T

<ﬁmﬁAws()w
Ho — H(z) — (A/2)T

IN

P§{0r<nax H(X;) > HO}

and using (4.7), we obtain (4.6).

Let us prove (2).

Let h(x) be a fixed smooth function such that 0 < h(z) < 1, h(z) = 1 for
x <0,and h(z) = 0forz > 1.

Let us take a positive p smaller than half the length of the shortest segment of
the graph. Let a be a point of Y (R?). If the distance from a to the nearest vertex
of the graph is greater than 2p/5, we put f(y) = h(5p(y,a)/p); if p(a, Ox) <
2p/5, we put f5(y) = h(5p(y, Ox)/p —2). In both cases the function f(y) = 0
outside the p-neighborhood of the point a.

Now let us consider the functions f¢(Y (x)), z € R?. These functions are
expressed by the formulas f3 (Y (z)) = h(5|H (z) — H(a)|/p), or f5(Y(x)) =
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h(5|H (x) — H(a)|/p — 2), or the identical 0 in different regions, and the regions
in which different formulas are valid overlap. The functions |H (z) — H(a)|,
|H(z) — H(Oy)| are smooth except on the lines where H(xz) = H(a) or
|H(Og)l; so the functions f5 (Y (z)) are smooth outside these lines. But also
they are smooth in some neighborhoods of these lines, because h'(0) = h”(0) =
R (=2) = h"(—2) = 0, and the functions h(|z|), h(|z| — 2) are smooth. So the
functions f5(Y (z)) are twice continuously differentiable everywhere, and their
gradients are orthogonal to VH (z).
Apply Itd’s formula:

PO = ) + [ V) - du+ [ GALK (D) ds
and take

A, = sup 1Af;)l(Y(z))

a€K,zeER? 2
< —[ sup |h/(z)]- = - sup |AH(x)|
x€[0,1] zeK
5
+ sup |h"(z)|- = - sup [VH(z)[?
z€[0,1] zeEK

The lemma is proved. O

Proof of Lemma 3.4. Let us use formula (4.5) with 7 = 7 (£6). The boundary
0Dy (16) consists of one component, and either H (X et 5)) is always equal to
H(xy) + 4, or always to H(zy) — ¢ (depending on whether xj, is a minimum
or a maximum of the Hamiltonian). Since the point zj is a nondegenerate ex-
tremum point, we have AH (zy) # 0. Of course, |AH (z)| > $|AH(zx)| ina

neighborhood of this point, so for sufficiently small § > 0,

\H(zp) + 6 — H(z)| 46
inf{|3AH(z)| : « € Dyp(£0)} ~ |AH (xy)]

MS 7 (£6) <

x

for all z € Dy(+6) and for all ¢ (and the expectation on the left-hand side of
(3.3) is smaller still).

Lemmas 3.3 and 3.5 are formulated for domains D;(H;, Hz), Dy (+0) that
do not depend on ¢; but we obtain versions of these lemmas with domains de-
pending on € : Dy (£d) with § = d(e) > 0 decreasing with € (but not too fast),
and for D;(H;, Hy) with one of the ends H;, Ho—or both—being possibly at a
distance §(¢) from an end of the interval H(I;). Lemma 4.2 is the e-dependent
version of Lemma 3.3, including this lemma as a particular case; and Lemma 5.1
is the time-dependent version of Lemma 3.5, which does not include it as a par-
ticular case. In the proof of Lemma 3.5 both Lemmas 4.2 and 5.1 are used. The
proofs rely on a rather complicated system of smaller lemmas.
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Let us formulate two e-dependent versions of Lemma 3.3.

Let &;(H;, Hs) be the class of all functions g defined in the closed region
D;(Hy, Hy), satisfying a Lipschitz condition |g(2") — g(z)| < Lip(g) - |2’ — z|,
and such that

forall H € (Hy,Hs2). O

Lemma 4.1. There exist (small) positive constants A7, Ag such that for every
positive Ag for every Hy, Hy < Ag in the interval H(I;) at a distance not less
than § = §(¢) = €7 from the ends of H(I;), for every positive \, for sufficiently
small e, for every g € 8,(Hy, Hy), and for every v € D;(Hy, Hs),

7; (H1,Hz) \ A
\M; / eMg(X7)dt] < (gl +Lin(g)) -, (@8)
0

Lemma 4.2. Under the conditions of the previous lemma, there exist such posi-
tive constants Ay, A1 that for sufficiently small e, for every Hy, Hy < Ag in
the interval H(I;) at a distance not less than § = §(¢) = 41 from its ends, for
every x € D;(Hy, Hy), and for every smooth function f on the interval [Hy, Ha),

x

M [ 089 (1 3, 1)

75 (Hy,Hz)
+f NN (H(XF)) — L f(H(XE)) dt} - f(H(w))‘
<71+ 1+ 1

Lemma 3.3 is a particular case of this lemma.

Lemma 4.2 is proved simply enough if Lemma 4.1 is proved. To prove
Lemma 4.1 we use the fact that our process X; moves fast along the trajecto-
ries of the Hamiltonian system (and more slowly across them). It is convenient
for us to consider the “slow” process Xf The following lemma makes precise
the statement about our process moving along the trajectories.

e, (4.9)

Lemma 4.3. For every positive 1,

. Q2LT _ 1\ 2 o4
g g > < - - _
Pz{orgntanT X2 — z4(z)] > 77} < 3( o ) = (4.10)

where L is the Lipschitz constant of the function ¥V H (the same as that of V H);
and

N 62Lt -1 1/2
MZIXE — au(z)| < oL €. (4.11)
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Proof. Applying Itd’s formula to the random function | X¢ — z;(z)|?, we obtain:
¢
X7 —a(2)]* = / [2(X5 = 24(2)) - (0(XT) = b(zs(2))) + €] ds
0
t ~
—|—/ 2e(XE —z5(2)) - dws
0

t t
g/ 2L|X§_xs(x)|2ds+52t+/ 26(XE — 24() - duvs,
0 0

¢
ME|XE — z4(2))? < 2L/ ME|XE — zy(x)|? ds + £t
0

Using the Gronwall-Bellman inequality, we have:

5 ) 62Lt_ 1 5

The estimate (4.11) follows from this at once.
Applying 1t6’s formula to | X7 — 24(«)|*, we obtain in the same way:

t
X7 —a(@)]* < / MLIXS = 2s(2)|* + 67| XS — as(2)|%] ds
0

t
*/ 4e|XE — () 2(XE — 24(2)) - dwy,  (4.12)
0

B . . e2Lt _ 1\ 2

Putting the Markov time 7 = min{¢ : |X¢ — z,(x)| > n} A T instead of ¢
in (4.12) and taking the expectation (the idea of the Kolmogorov inequality), we
obtain

4  pe e > }< ElveE _ 4
nt-Pe{ max X7 - i(@)] 2 0} < MEIXS — a0 (@)

< Mi/ [AL|XE — zy(x)|* + 6e%| X — z4(2)|?] ds
0
T ~ ~
< / MEALIXE — 24(2)[* + 622X — 24(2)[?] ds
0
e2LT _q 2
<3t —— ) .
("o )
Note that Lemma 4.3 implies not only convergence in probability X'f —p

x¢(x) that is uniform in every finite time interval [0, T, but also in the interval
[0, c|In g|] that grows indefinitely as e decreases, where the constant ¢ < L~*.
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The most likely behavior of the process X £ (or X¥) in the region D;(H;, Ho)
is rotating many times along the closed trajectories filling this region. We have
to devise some way to count these rotations, adopting some definition of what a
rotation is. No problem arises in the case of rotations of a solution z;(z) of the
unperturbed system @; = V H (z;): we can consider the first time at which z;(z)
returns to the same point xo(x) = x. But the diffusion process X £ never returns
to X5. Let us take a curve 9 in D;(Hy, Hy) running across all trajectories ()
in this region so that every trajectory (level curve of the Hamiltonian) intersects
0 at one point. Unfortunately, the time at which Xf returns to this curve cannot
serve as the definition of a rotation time, because a trajectory )N(f starting at some
point of J returns to this curve infinitely many times at arbitrarily small positive
times. So to define a “rotation,” we take two curves 9 and @’ running across the
trajectories at two different places, and define 7p < 01 < 73 < G2 < Tp < -+~
by

F0=0, &, =min{t>7,_;: X{ €},
- (4.13)
Tp = min{t > &, : X{ € 0}.
For the process )~(f starting at the curve 0, the times 71, 72, ... (up to the time

7£(Hy, H3) at which the process leaves D;(Hy, Hz)) can be considered as the
times at which the first rotation ends, the second one ends, and so on.

Let T'(z) be the period of the trajectory starting at the point x; t(x) =
min{t > 0 : x¢(x) € 9}, t'(x) = min{t > 0 : z,(z) € &'}. Forxz € 9 we
have t/(z) < t(z) =T (z). O
Lemma 4.4. Let Hy < H{ < H} < Hj be some numbers in the interval H(I;).
Let the closed region D;(HY, H}) lie at a distance greater than some positive d
from the complement of the region D;(Hy, Hs); and let the distance between the

curves 0,0 be greater than 2d. Let there exist positive constants B and h such
that for all x € 0 N D;(H{, H}) the distance of x¢(x) from the curve 0,

Bt for0 <t <h,
p(z(z),0) > ¢ d forh <t <T(x)—h,
B(T(x)—t) forT(x)—h<t<T(x)
(it is clear that B < min{|b(z)| : € D;(H{|, H5)}).

Suppose that Bh < d, where B = max{|b(z)| : = € D;(H{, Hy)}.
Then for x € 0N D;(H{, Hy) and 0 < At < h,

2L(T(x)+h) _ 1\ 2 4
¢ ) ° (4.14)

Pl —T > At} < .
£ - T > & < 3( 5 o

and for every A > 0,
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9
Figure 23.
M T A 2td 4 2L(T(z)+h) _q 1/2 €
g —AE t < - - . —_
el s (——) 3
e2L(T(x)+h) _ 1 2 &2
3 . 4.15
p3( ) e @9
) 2L(T(x)+h) _ 1\ 2 4
ae?7 —Xe2(T(z)—h) € R
Mze™ ™™ <e™™ * 3( 2L ) i 419
Forall x € D;(H{, Hb),
e2L(T(z)+h) _ 1 2 et
e~
Pe{7 > 2T (x) + h} < 3< 5T ) . B “4.17)
71 2L(2T(z)+h) _ 1\ 2 2
ME At at < oT(x) + h+3( & : . @18
r/o ¢ < 2(@)+h+3 oL o ¢

Proof. Let us introduce two regions: Dy = {z € D;(H;, H3)\(0U9') : t'(z) <
t(z)}, Dy = {x € D;(Hy, H2)\(ON ') : t(x) < t'(x)} (see Fig. 23).

Let us consider a point z € 9 N D;(H}, H). For 0 < t < At we have
x¢(x) € Ds; this point lies at a distance not greater than BAt < d from 0,
and so is at a distance greater than d from ¢'. For T'(z) — At < t < T(x)
the point z¢(z) lies in Dy, and for T'(z) < t < T'(x) + At again in D;. For
At <t < T(z) — At the point z;(x) lies at a distance at least BAt from the
curve 0.

Now suppose a trajectory Xf starting at XS = z (remember, x € 0N
D;(H{, H})) is such that maxXo<;<7(z)+h |X¢ —z4(x)| < BAL. First of all, this
trajectory does not leave D;(H;, H3) before the time T'(x) + h. It does not inter-
sect ' for 0 <t < At, and so 51 > At. Since xa.(x) € Dy lies at a distance at
least BAt from 9, we have also X5, € D;. For t between At and T'(z) — At,
the trajectory X’f does not intersect 0. Since the points xp(,)_a¢(z) € Da,
Tp)+ae(r) € Dy lie at a distance at least BAt from the curve J, we have
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also X%(x)_m € Do, X;(x)-ﬁ-At € Dj. So between the times At and T'(x) — At

the trajectory X¢ passes from D; to Do, intersecting 0’ (and therefore &4 is be-
tween At and T'(z) — At), and between T'(z) — At and T'(z) + At (but not
between 61 and T'(x) — At) the trajectory passes from D5 to D1, intersecting 0.
So, finally, T'(z) — At < 71 < T'(z) + At.

So we have proved the inclusion of the events:

- e .
{ogt?ﬁ}im X5 — @u(@)| < BAL} C {I7 = T(@)] < At);

and the inequality

PE{|7 — T(2)| > At} < P;{Mngath X5 - w(@)| = BAL)

together with Lemma 4.3 yields (4.14).

Now,

ME

T(z)
[ e < Mg - ) < min - )

1
+ M;{ﬁ —T(x)| > h;/ e dt}.
0

The second term is equal to (\e?) ™1 - PE{|7; — T'(x)| > h} and is estimated
using (4.14); the first one is also estimated by (4.14) and the following elementary
lemma applied to the random variable |7, — T'(z)| A h. O

Lemma 4.5. If a nonnegative random variable & is such that P{¢ > x} < C/z*
for every x > 0, then M¢ < %Cl/‘i.

So we have (4.15). The estimate (4.16) follows from (4.14) and the fact that
MEe "7 = ME{7 < T(x) — hye 2T} 4 ME{F > T(a) — hse 71},

As for the initial point X§ = x ¢ 9, the trajectory X that is close to 2 ()
need not cross the curve §" and 9 after this within the time T'(z) + h, but is bound
to do so within two rotations plus 5, and the estimate (4.17) is proved the same
way as the more precise (4.14); (4.18) follows immediately.

Proof of Lemma 4.1. The expectation in (4.8) can be written as
7; (Hy,Hz) R -
e2ME / e g (X7 dt.
0

Take two curves 0, 0’ in a slightly larger region D;(H; — §/2, Hy + §/2), and
consider the sequence of Markov times 7, defined by (4.13). Let v = max{k :
T, < 7§ (Hq, H2)}. We have
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7 (Hy,Hz)
/ 7)\5 t Xs dt = Z/ 7)\5 t )dt
0

; (H1,Hz) )
+/ e M g(XF)dt. (4.19)

v

We are going to apply Lemma 4.3 with D;(H, — §/2, Hy + 6/2) instead
of D;(Hy,Hy) and D;(H,, H>) instead of D;(H/, H}). We have to estimate
T(z), B, choose the curves 9, @', and estimate the constants B, h, d.

We have B < max{|VH ()| : H(x) < Ag}; the distance from D, (Hy, H>)
to the complement of D;(Hy — /2, Hy 4 §/2) is not less than §/2B. Let us take
d=2d/ 2B (so the first condition imposed on d is satisfied; the rest is taken care
of later).

The period T'(x) of an orbit x;(x) going through a point x € D; is positive,
it has a finite limit as = approaches an extremum point x, (such that the corre-
sponding vertex Oy, is one of the ends of the segment I;), and it grows at the rate
of const - |In|H (z) — H(Oy)|| as = approaches the curve Cy; if it contains a
saddle point of the Hamiltonian. In any case, we have 415 < T'(z) < Ays|ln |
forx € Di(H17H2).

Take two points z¢ and z{, on a fixed level curve C;(Hp) in the region D;,
and consider solutions y (o), y¢(xf), —00 < t < oo, of § = VH(y;) going
through the points xg, x{; the curves described by these solutions are orthogonal
to the level curves of the Hamiltonian. Let us take 9, &’ being the parts of the
curves described by y; (o), y: (z}) in the region D;(Hy — §/2, Hy + §/2).

The curves described by y: (o), y:(x(,) may enter the same critical point xy,
ast — oo or t — —oo (they certainly enter the same critical point if one of the
ends of the segment /; corresponds to an extremum of the Hamiltonian), but from
different directions. The distance from D;(H; —§/2, Hy+0/2) to a critical point
is clearly not less than A14\/5, and it is easy to see that the distance between the
curves d and & is at least A15v/9. This distance is greater than d = §/2B for
sufficiently small ¢ (i.e., for sufficiently small ¢).

Also we can take B = Ajg /5. We could have taken h = const as far as it
concerns the requirements p(x(),d) > Bt forx € OND;(Hy, Hz),0 <t < h,
p(xt(x),0) > B(T(x) —t) for the same x and T'(x) — h < ¢t < T'(x); but we
also have to ensure that Bh < d, so we take h = A17\/3.

Now, if we choose the constant A7 so that A7 - (2LA;3 + 1) < %, then for
sufficiently small € we obtain from (4.15), (4.16), and (4.18),

T(z)
ME / e_’\stdt‘gsAls (4.20)

1

forxz € N Di(Hl,HQ), where A1z < min(l — A7 - (LA13 + %), 2 —4A; -
(LA13 +1)),

_ A
MEe "7 <1 — A2 g2 4.21)
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forz € 9N D;(Hy, Hy), and

M;/ e At < 241347 - [Ing| + 1 (4.22)
0

forall x € D;(Hy, Ho).

Now let us extend the function g to the whole plane so that ||g|| and the
Lipschitz constant Lip(g) do not increase. Let us add to the right-hand side of
(4.19) and subtract from it | T”J}}l ) e*’\sztg(XtE ) dt; then we can represent
this right-hand side as

oo

T — et € Tet — et €
ZI:X{%k<'Ff(H1,H2)} / € Q(Xt)dt] _/ € g(X7)dt.
k=0 T 7£(H1,Hz)
2, o~
Since M5 3702 o [z, < (Hy o)} - Thl e=Atg(XE) dt| < ||g|| /A < oo,
we can write the expectation of the 1nﬁn1te sum as the sum of expectations:

%f(Hl,H2) . -
v | Aty %e) b

ZZM {Tk<7’ H17H2);/

k=0 k

Tu+41 ~
—M;[ . H)e_’\52tg(Xf)dt. (4.23)
75 (H1,H2

The last integral does not exceed ||g|| times the integral of e=*<* from the
time 7¢ (H;, Hz) until the end of the cycle starting at this time of reaching 9" and
0 after that. Applying the strong Markov property with respect to the Markov
time 77 (H;, Hs) and making use of (4.22), we obtain:

Tu41 _ T1
ve [ e dt] < llgll - M [Mz / e—**tdt]

75 (Hy,Hz)

2=Xz¢e (1), Hy)

< (241347 - |Ing| + 1)]|g]|- (4.24)

Applying the strong Markov property with respect to 7y, to the kth summand
in the infinite sum in (4.23), we obtain:

Tr+1

Me {Tk < 75 (Hy, Ha); / e*)‘gztg(f(f) dt}
Tk

~ 7.:1 ~
=M < 77 H) e PME [y ()
0

=X }
Tk

So we can write an estimate for the infinite sum in (4.23) that is quite similar to
the estimate (3.18):
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> M;{%k < %Zve(Hl,HQ);/~

k=0 k

Th41

(X5 |

g’Mi / e g(XP)dt| + max  [MS / e_’\eztg(f(f)dt'
0 2€06nD, (H,,Hs) 0
S TUME{F < FE(Hy, Ha)sem ™) (4.25)
k=1

Similarly to (3.11), the sum on the right-hand side is not greater than

S 227 1" PET R
E [ max MSe™ Tl} = [1 - max Mie "™
k=0 ZeaﬂDi(Hl,Hz) ZeaﬁDi(Hl,Hz)

2
< —2 4.2
SV € (4.26)

for sufficiently small ¢ (s~ee 4.21)).
As for the integral foﬁ e~ g(X' £) dt, it is approximately equal to

() dl

Let us estimate the expectation of the difference: for z € 9 N D;(H1, Ha),

71 R B T(z)
\Mz [ et a- [ g(l‘t(Z))dt‘
0 0

/T(Z) ef)\szt dt‘

T(2) s ()
gl - / (1— e ") dt + Lip(g) - / MEIXE — (=) di.
0 0

< llgll - M3

The first expectation on the right-hand side is estimated by (4.20); the second
integral is not greater than A\e? - T'(2)%/2 < (\/2)A13, A7e*In® e < e415; and
the last integral, by (4.9), does not exceed

T(z) [2Lt _q eLT() 1-LAjA A
€ ——dt<e- < const - € AT L e,
o 2L L

So we have for sufficiently small ¢ for all z € 9 N D;(Hy, Hs):

Tl -
’Mi / e (X7 df! < 2|lgl +Lin(g)) - ™= @27)
0
The first term in (4.25) is estimated by means of (4.22). Putting this estimate
together with (4.24)—(4.27), and remembering to multiply the expectation by 2,
we obtain for small :
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ghis,

TiE(HlvH2)
‘Mi/ e_ktg(Xf) dt| < (4A13A7 +2)e%|Ine| +
0

4

So the estimate of the lemma is true if A7 < 1/(4LA;3+ 2), and as Ag can take
any positive number that is smaller than min(1 — A7 - (LAq3 + %), 2 —4A; -
(LA1j3+1)). O

Proof of Lemma 4.2. Apply formula (4.3) to 75 (Hy, Ha):

ME e Ha) (X, 1, ) — F(H )
Ti,E(Hl 7H2)
—w: [ N (H (X))
0
P HXD)NVHXEP + 5 f/(H(X7) AH(X7)] di.

The right-hand side differs from the expectation of the integral in (4.9) only by
77 (H1,Hz)
v [ e~Mg(X5) dt,
0
where
1
9(@) = 5 (H@)[|VH()]* — Ai(H(x))]
1
+ 1) |51 ) - B(H ).

The definition (1.13) of the coefficients A;(H ), B;(H ) implies g € &;(Hy, Hs).
In order to apply Lemma 4.1, we have to estimate the supremum norm of g and
its Lipschitz constant.

Since |VH (x)|?, AH(z) are bounded in every bounded region, and the co-
efficients A;(H), B;(H) in every finite subinterval of H(I;), we have |g|| <
Avo(IIf'Il + I£”]1). As for the Lipschitz condition, we have Lip(f*)(H)) <
Ago || fFHD]|, where Agg = max{|VH (z)| : H(x) < Ag};

1 1
Lip(2f”(H)|VH|2 + 2f’(H)AH)
1
< E[Ago”me + Ao1 || f"[| + Aso - Aaa|| f”1] + Aas|l Il

where
Aoy = max{|V(|VH(x)|?)| : H(z) < Ao},
Age = max{|AH (z)|: H(z) < Ag},
Ass = max{|V(AH(z))| : H(x) < Ag},
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Lip (37" (A + 1B

1
< Z " . . " . /
<5 Al max ACH) + 7] max (A

" . n . /
+ [Aaoll N+, mas B -, max|BICH)]].

Using the estimate (1.14), we obtain

Lip(g) < Aza (£l + [1F71 + LF" )6~
= Apa(ILf'Il 4+ LS+ 177 [)e Ao,

Taking positive Ajg < min(Ag/Ag, A7), A11 < As — ApAip, and applying
Lemma 4.1, we prove Lemma 4.2 and with it, also Lemma 3.3.

Now let us formulate a lemma that follows from Lemma 4.2 and that is used
in the proof of Lemma 3.6. 0O

Lemma 4.6. Let [Hy, Hs| be a subinterval of the interval H(I;). Let g be a con-
tinuous function on [Hy, Hs|; ¢, a function defined only at the points Hy, Hs.
Then, for the time 75 (Hy, H3) of leaving the region D;(H1, Hs),

7; (H1,Hz)

sy M | (X 1, ) + [

0 g(H(Xf))dt} — f(H(z)) (428)

uniformly in v € D;(Hy, Hy), where

F(H) = ui(Hz) — ui(H)

H
= g P+ D —utm)gn) )|

H;

i) — e lI) " i — U V;
+ m {@(Hz) + /H (u;(Hs) J(H))g(h)d Z(H)]

(4.29)

Proof. Lemma 4.2 has to do with functions of the value of the process multiplied
by an exponentially decreasing function. To be able to tell anything about ex-

pectations without such multiplication, we need an estimate for the expectation
METE(Hy, Hy). O

Lemma 4.7. For all v € D;(Hy, H>),

2 B(Hy, — H
ME7E(Hy, Ho) < Ags = B—l; exp{%}, (4.30)

where

b=max{|VH(z)| : x € D;(Hy, Hs)} > 0,
B = max{|AH(z)| : x € D;(Hy, H)} < oo0.
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Proof. Use formula (4.3) with A = 0 and
f(H) = cosh((2B/b)(H — (H1 + H2)/2)).

Now let us prove Lemma 4.6. The function f is the solution of the boundary-
value problem

sz(l‘):—g(H), H, < H < Hs,
f(Hj) =¢(H;), j=12

It is enough to prove (4.28) for smooth g and f (because a continuous g can be
uniformly approximated by smooth functions, and M 7£ (Hy, Ho) is uniformly
bounded by Lemma 4.7). By Lemma 4.2,

Y E(H H) Tf(Hl’Hz) — At
M [ D (X )+ / e M (H(X))

+ g(H(XP))] dt] — f(H(z))| < Agge™, (4.31)

where the constant Az may depend on A > 0.
The difference between the expectation in (4.28) and that in (4.30) does not
exceed

Tf(Hl,Hg)
- ML= = g [ e
Fe(H1,H2) ’
lal-ms [C e Mar
< 2| AMEE(Hy, Ha) + [lg] - AME (£ (H, H))?
< (I FI- Ass + lgll - 425).
because M* (77 (H1, Hs))? /2 < M57¢ (Hy, Ha) - sup, ME77 (Hy, H).

y'i
Taking A small enough, and then € small enough, we make the difference
between the expectation in (4.29) and f(H (x)) small.

Lemma 4.6 is proved. 0O

5 Proof of Lemma 3.5

Let us formulate the e-dependent version of Lemma 3.5 (not implying this lemma
immediately).

Lemma 5.1. Let Oy, be an interior vertex corresponding to a level curve CY, that
contains a saddle point xy,. There exists a positive constant As7 < % such that
for & = §(¢) such that §(¢)|Ine| — 0 as e — 0, 6(g) > 427 we have

ME7E(£0) = O(62[Ineg])

as € — 0, uniformly in © € Dy, (+0).



5 Proof of Lemma 3.5 301

Proof. Let us return to formulas (1.6), (1.8):

H(XP) = H(X§) + W(/Ot |IVH(XE)]? ds) + /Ot %AH(X;?) ds.

The time 77 (£J) comes at the latest when |H (X)) — H(X§)| has reached the
level 24. It occurs, in particular, if the integral fot %AH (X¢)ds is small in ab-
solute value, and the stochastic integral (the value of W ( fot |VH(X?)|?ds)) is
large. A precise formulation is as follows:

([ w( [ rvnecyzas)| > o)

C {75 (£6) < to}.
We are going to use the fact that if C§2 < Oto |VH(X¢)|? ds, we have

JAH(X?)

ds < §, max
0<t<to

max
0<t<to

W(/Ot |VH(X§)|2d8>‘ > [W(C6%)],

and that the random variable W (C6?) has a normal distribution with zero mean
and variance C'0%. We have

{7:(£0) > to}

to
< {sie0) 2 0, [ wHEXGP s < 07
0
to
U {rg(ia) > 7'0,/ |VH(XE)?ds > C8?, |[W(Cs?%)| > 35}
0
to
U {T,:(ia) > TO,/ IVH(XE)2ds > C62, |W(C62)| < 35}.
0

Suppose foto |2 AH(XS)|ds < & for all trajectories X{ such that 7£(£8) > to.
Then the second event on the right-hand side cannot occur, and the third one is a
part of the event {W (C'§?) < 36}. Using the normal distribution, we have for all
x € Dk(:t5),

to
PE{7£(40) > to} < P;{T,g(ia) > to,/ |VH(X?)|?ds < 052}
0

IVC 1 e
+/ —e Y /7 dy. (5.1)
—3//C V 27

It does not matter much for our proof what C' we take in this estimate. Let us
take C' = 9; then the last integral is equal to 0.6826.
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Figure 24.

Of course, |%AH | < Asg in some neighborhood of the curve Cy; so if, for
small 0, we take to < ¢/Ass, the inequality fot" |AAH(XZ)|ds < 6 is guaran-
teed. So we have to estimate, for some tg = to(0) < §/Ass, the first summand
on the right-hand side of (5.1).

To do this, we consider once again cycles between reaching two lines. Just

as in the proof of Lemma 4.1, introduce curves 0, d' in a slightly larger region
Dk(i25)l

0 = {x € Dyp(£26) : |z — x| = AzgV3},
0" = {x € Dy(£20) : |& — x| = A30V0}.

Just as in the proof of Lemma 4.1, let us consider the “slow” process Xf. Define
Markov times 79 < 61 < T3 < 02 < --- by

Fo=0, Gi=min{t>7_,:X;€d}, 7 =min{t>a: X €}

For sufficiently large positive constants A9 < Asq the curves 9, 9" each consist
of four arcs: two across the “sleeves” of Dy, (£24) in which the solutions of the
Hamiltonian system go out of the neighborhood of the saddle point, and two
across the “sleeves” through which the trajectories go into the central, cross-like
part of Dy (£20). Let us denote the corresponding parts by Jout, O ts Oins 0L
(they each consist of two arcs; see Fig. 24).

Before the time 7 (+0), the times &, are those at which the process X? goes
out of the central part of the region Dy (44); and 7;, @ > 0, are those at which it,
after going through one of the two “handles” of this region, reaches its boundary.
Lemmas 5.2 and 5.3 are taking care of the spaces between these times.
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Let D, be one of the two outer “handles” of the region Dy (=£J); e.g., its left
part between the linesﬁout and Jy, (or the right part); 7, will denote the first time
at which the process X leaves this region. O

Lemma 5.2. There exist positive constants As1, Aso, Asz such that for suffi-

ciently small € and small § > ghst
MZ7e < Asz - [Ind], (5.2)
forevery x € D,; 3
PiAX: €0} > 1 (e —0), (5.3)
uniformly in x € '; and
Pi{/OTC [VH(X)|* ds > A33} —1 (e—0), (5.4)

uniformly in x € 0! .

Proof. The proof is similar to those of Lemmas 4.4 and 4.1, and relies on the
same Lemma 4.3. As in the beginning of the proof of Lemma 4.1, we have B =
max{|b(z)| : * € Dy(£26)} < As4; again we take d = §/2B. The time T,.(x)
in which the trajectory x; () leaves the region D,. (through the line 9, of course)
is bounded by Agss - |In d|, and the time the trajectory starting on 9., spends in
the set {z : |z — z1| > Asg} is at least Az; if we choose the constant A3 small
enough and if § is small. We can take B = Assy/6 and h = Ag9V/d so that for

allforx € D,

B for0 <t <h,
plxe(x),0) > < d for h <t <T.(z)—h,
B(Te(z) —t) forT.(zx) —h <t<T.(x).

We obtain, by Lemma 4.3, the estimates (5.3), (5.4), and

sup{P{7S > Ass|Ind| + 1} : 2 € D..}
<sup{P {7 >Tc(2) +h}:2z€ D.} -0 (¢ —0),

Pe{ri > n- (Ass|Ind| 4+ 1)} < [sup{PL{7; > Ass|Ind| + 1} : z € D.}|",
ME e < A35|ln5|+1

“¢ 7 1 —sup{P{rs > As5|lnd|+ 1} : 2 € D}
S A32 . |1H5|

for sufficiently small €.
Now let D, be the cross-like part of Dy (+0) between the lines (?’ : D, =
{x € Dp(£0) : |x — x1| < A30V/d} (see Fig. 25). Let 75 = min{t : X7 ¢ D, }.
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Figure 25.

Lemma 5.3. For some choice of positive constants Asg < Asp, if § = 6(¢) is
such that §(g) — 0, 6(g)/e? — o0 as e — 0, we have

ME7S = O(In(6/€?)) (5.5)
uniformly in x € D,;
PL{7; < Fi(6) or X5 € 9} — 1 (5.6)
as € — 0, uniformly in x € 0.

Proof. By the Morse lemma, one can introduce new coordinates &, 1 (in lieu
of p, ¢) in a neighborhood of zj, so that the point zy, is the origin, and the two
branches of the co-shaped curve are the axes £ and 7). Let the &-axis be the branch
along which the saddle point xj, is unstable for the dynamical system. In the new
coordinates the operator L# has the form:

_ 2 2 T 2 T 2 T
LEf(x):% all(x)aaf%(g ) +20‘12(1,)88208(77) +a22(m)a f( )
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of (z) of (z)
o + B%(z) o

Of(x) Of(x)
o€ on |’

+ Bl(z) =2

2151 () + 0% () (5.7)

where the coefficients a®/ (z), B?(x), b’ (z) are smooth, and the symmetric matrix
(a¥(x)) is positive definite. The second sum here is equal to VH () - V f(z).
Because of the fact that x is a nondegenerate saddle point of the Hamiltonian,
and because of our choice of the axes, we have

oB! oB?
875 > 0, — < 0.

o
The functions a% (£,7), B'(€,n), b(¢,7) are defined in a neighborhood of
the point (0,0); let us extend these functions of the whole plane so that a'/, b’
are bounded,

B'(0,n) = B*(£,0) = 0;

aii(gvn)2a0>07 Bl(o 77)232(5»0):07
1 B2
88% > By >0, 88—77 < —-By
everywhere. B

We use the notation (&5, 75) for the diffusion in the plane governed by the
operator (5.7) with coefficients extended as described above. Before the process
Xf leaves a neighborhood of zy, gf and 77 are the ¢- and 7-coordinates of this
process.

The curves 0, 0" are no longer parts of circles in our new coordinates, but
for small § they are approximately parts of ellipses the ratio of whose sizes is
v/ Asz0/A29. We can choose positive constants Asg < Asg, Ago, and Ag; < Ay
so that, for small positive 4, |¢| < AgoVé forz € &, In| < A1 V6 forz € 0,
and || > A42V/0 for z € 9.

Let us consider the times 75, = min{t : |5| = A4\/d} and 75, = min{t :
75| = A42\/_ 0}. Tt is clear that TE < 7¢,.; and if the process X¢ starts from a
point XOE =z € 0,and 75, < 75, then it leaves the region D, either through
one of its sides (that are trajectories of the system), or through -

It turns out that the time 77, is of order of 111(5 /€2), whereas 7, is of order
at least 6 /&2, i.e., infinitely large compared with 75, (one can prove using large-
deviation estimates similar to Theorem 4.2, Chap. 4, that 7, is, in fact, of order
exp{const §/£?}, but we do not need that). The proof is based on comparing the
processes &7, 75 (that need not be Markov ones if taken separately) with one-
dimensional diffusions.

Let us introduce the function F(x) NG =2 [y e * dz]dy. Using
I’Hépital’s rule, we prove that F'(z) ~ %lnm as + — oo. Let us consider the
function
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u*(€) = 2B ' [F(VBoAwVi/e) — F(V/Bot/e)).

This function is the solution of the boundary-value problem

2 g2, ¢ €
%%4—305% :—1, us(:I:A40\/E) :0;
s0 uf (€) is the expectation of the time of leaving the interval (—A49v/8, A40V/9)
for the one-dimensional diffusion process with generator (£2/2)(d?/d&?) +
Bo&(d/de), starting from a point & € (—A4V6, As0V/3).
Let us apply the operator LE to the function u€ on the plane, depending on
the &-coordinate only:

Lou (x) = a'(z) - (2v/Bot /o) F'(\/Bot Je) — 1
- Bl(x)B%wFo/@F’wB_os/a)

- SR @F (VBot/o).
0

We have B'(¢,7) = B*(0,7) + (8B'/0¢)(€,n), L*v°(z) < —ag + (2¢/C) -

sup |[b! ()| - max |F'(x)| < —ag/2 for sufficiently small ¢, and we obtain by
formula (5.1) of Chap. 1:

t < Us(g) < A43 . 111(5/&‘2).

M
a0/2

€ ~E
T ou
By Chebyshev’s inequality,

PE {7

out

> (6/eH)Y?} =0

as € — 0, uniformly in z.
. . 2 . . . .
Now let us consider the function v° (1) = ¢20(1/2)" This function is a posi-
tive solution of the equation

2 32, €
e d“v dv
C8Y B~ Byt =0
2 d772 ()nd,'7 ov )

so the (—Byp)-exponential moment of the exit time for the one-dimensional dif-
fusion with generator ((£2/2)(d?/dn?)) — Bon(d/dn) can be expressed through

it. Applying the operator L¢ to the function v (1), we obtain:

= 2B2n? B -
Lov®(z) = {a”(x)- (Bo+ 802’7 >+32(x)-2EL2’7 +52(x)-2Byn | eBo/e)’,

For sufficiently small || we have Lev — Byv® < 0, and by formula (5.2) of
Chap. 1,
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e—Bof';En < v (77)

- = 05 (AgpV0)

For 2 € O we have MZe~BoTin < eBo(A51-43,)3/¢”  and by Chebyshev’s in-
equality

M

PE{75, < (6/e2)Y/?} = PE{e PoTin > 6730(5/52)1/2}
MEe_BU%iEn
x <e

B —Bo(Al,—A5)8/*+Bo(6/e) 2 _,
~ e~ Bo(s/e2)1/2 =

as ¢ — 0, uniformly in x € 0.

This proves Lemma 5.3. 0O

Let us finish the proof of Lemma 5.1. Return to Fig. 24. The first probability
on the right-hand side of (5.1), in which we have taken C' = 9, is equal to

to /62 N
P;{%,j(ia) > t0/52,/ \VH(XE)[?ds < 952/52}. (5.8)
0
For an arbitrary natural n this probability does not exceed

Pf;;{%n <tg/e? < %E(j:é),/ |VH(X)|>ds < 952/52}
0
+ Po{Fn AT (£6) > to/e). (5.9)
The second probability is estimated by Chebyshev’s inequality:

Tn N\ %,f(:té)).

e (5.10)

P {5, A FE(£0) > to)e?} < Ml

Using the strong Markov property with respect to the Markov times 7;, 7;, we
obtain, by Lemmas 5.2 and 5.3, for sufficiently small ¢,

ME (T A T (£0)) < - [sup{MS7 : 2 € D} +sup{M37 : z € D.}]
<n-Agl|lne|. (5.11)

To estimate the first probability in (5.9), we use the exponential Chebyshev
inequality: for a > 0,

P;{i’n <tg/e? < %E(ié),exp{—a/ ’ |VH()~(§)2ds} > 6_9“62/52}
0

_ Ma{F, < 75(E0)soxp{—a [;" |AH (X¢) [ ds})
- e—9ad?/e? ’

(5.12)

Using the strong Markov property with respect to the times 7;, we can write
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M;{%n < %E(ié);exp{_a/ ’ |VH(X:)|2ds}}
0
71 5 n—1
< [sup Mi{ﬁ < %E(ié);exp{a/ |VH(X9)|? ds}” .
0

z€0

Let us use the strong Markov property with respect to the Markov time ;1 (which,
for the process starting at a point X§ = z € 0, coincides with the time 7 if it is
smaller than 7§ (0)):

M;{ﬁ < ?6(i5);exp{—a/0ﬁ |VH(X§)|2ds}}
< we{iz < apeoenn{ o [ " P s} 6385}, 613
where
i) = wed it < reaoyenn] o [ " vH ) s} }.

The argument in ¢$ always belongs to &’. For 2’ € 9,

mn°’
for 2’ € 9., we use the inequality

we have ¢5(2') < 1, and

() < Pg,{/ C IVH(XE)|?ds < Agg}
0
+ Pz,{/ CIAH(XE)?ds > A33} - eTadss,
0

Again, it does not matter much what a we take; let us take a = A§31. By
Lemma 5.2, this expression, for sufficiently small ¢ and for every 2’ € &, is
smaller than e~ ! plus an arbitrarily small quantity.

Now, the expression (5.13) does not exceed

Pi{%li < %2(i6)7)2§5 € 81/n} + Pi{%af < 7ili(i(s)a X?-E € aé)ut}
: Sup{(b?(zl) 2 € aéut}7

and by Lemma 5.3, for sufficiently small € and for every z € 0, is smaller than
e~ ! plus an arbitrarily small quantity.

Now let us take n = n(e) — oo that is equivalent to 10A5,'6(¢)%c? as € — 0.
Then, by the estimate (5.12) and the following, the first summand in (5.9) goes
to 0 as ¢ — 0, uniformly in z € Dy(46). If we take tg = 100444455 6?|In¢,
the second summand in (5.9) is estimated by a quantity that converges to 0.1
as ¢ — 0 (see (5.10) and (5.11)), and the probability (5.8) is less than 0.11 for
sufficiently small € and all x € Dy (£0).

Remember also that for (5.1) to be satisfied we postulated that ¢y should be
smaller than 6/Aqg: this is satisfied for sufficiently small £, because we require

252
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that 6(¢)|lne| — 0. So by (5.1) we have P¢ {7 (+0) > to} < 0.8 for sufficiently
small € and z € Dy (+9).
Application of the Markov property yields P {7 (+d) > nto} < 0.8", and

to
1-0.8

Me7E(£0) < = 500444455 6%|In¢|.

Lemma 5.1 is proved. 0O

Proof of Lemma 3.5. We are going to prove that there exist positive constants
Ays, Agg, Agy such that

M3

T (£9)
/ e M dt < Ays0?|Ind| (5.14)
0

for all sufficiently small &, e446 < § < Ay7, and z € Dy (+0).
Take 6y = do(c) = e”146/3, and consider the cycles between the Markov
times 1) < 01 <711 <09 < ---, where

70 = 0, on =min{t > 7,1 : X{ ¢ Di(£0)},

and 7, = min{t > o, : X; € |J,; Cri(d0) U lJ; Cri(6)}. The expectation in
(5.14) is equal to

00 Oni1
Z M‘;{Tn < Tﬁ(:l:cS);/ e M dt}

n=0 n
Tn
e M dt}

+ i M;{o—n < rg(ia);/

n=1 In

< Z M {7, < 15 (£9); e”\T"} -sup{MS7i (£260) : 2z € Di(£2dp)}

n=0
+) Moy < 7i(£0)e M}
n=1
.sup{l\/li/ e Mdt:ze UCM(QJO)} (5.15)
0 i

(the strong Markov property is used).

The first supremum is estimated by Lemma 5.1; it is O(6Z|lng|) <
Ayg606|lné|. For a path starting at a point z € Cj;(20¢), the time 7; is noth-
ing but 77 (H (Oy) £ 0o, H(Of) £ ). To estimate its M$-expectation, we apply
Lemma 4.2 to the solution of the boundary-value problem

Mi(H) = Lifi(H) = 1,
fi(H(O) £ o) = fi(H(Oy) £ 6) = 0.



310 8. Random Perturbations of Hamiltonian Systems

Itis easy to see that f;(H) < A496%|Ind|, fi(H(Ok) £280) < As0006|Ind
”fi(m) | < A,;,62~™|In §|. By Lemma 4.2 we have

T1
M;/ e M dt
0

/TiE(H(Ok):t(;OvH(Ok)i‘S)

, and

=M e MINA(H(XF)) = Lifi(H (X)) dt

0

< S @) + UL+ I+ 17 De

The first term is not greater than A5dpd|In d|; the second is infinitely small com-
pared to dgd|ln d| if we choose A4 small enough. So both supremums in (5.15)
are O(dod|In d]).

Now, using the strong Markov property, we obtain the estimates:

Z ME {0, < 75(£8);e 2"}

n=1

<D Mg {r < Ti(£6);e M}

n=0
< Z [sup{Mi{Xfl € UCki(éo);e_)‘Tl}}] . (5.16)
n=0 %

Let F; be the solution of the boundary-value problem

AFi(H) — LiF;(H) =0,
Fy(H(Op) £6) =1,  Fy(H(Op)+3) =0,

For this solution F;(H (Oy) £ 2dg) < 1 — Ay;00/0; so, applying Lemma 4.2, we
get for sufficiently small € and for z € C;(2dp),

Mi{X% S UCM((SQ); EATI} <1- A[ﬂ(so/(Q(;),

and the sum (5.16) does not exceed 26/(do min; Ay;). This yields (5.14). O
Remark. Tt is easy to deduce from formula (5.14) that
ME7£(£0) < As16%|In 6| (5.17)

for all sufficiently small €, ¢452 < § < As3, and € Dy (+£5). To do this, we use
the fact that 74 (£4) < (1 — e~ 1)1 fOT"'(ﬂ) e~ dt for 7, (£6) < 1/,

P {mi(£6) > 1/A} < Ays6?[Ind|/(1—e7 1),
Pe{mu(£0) > n/A} < [A456%|Ind|/(1 —e )™
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6 Proof of Lemma 3.6

We use a result in partial differential equations, which we give here without proof,
reformulated to fit out particular problem.

Let .Z¢ be a two-dimensional second-order differential operator in the do-
main D = (H;, Hy) x (—00,00) given by
0? 0? 0?

0
e _ —2 11 12 22
L7 =7t s t at (H0) 5 + 201 (H,0) 5 + 0P (H,0) 5 03
o o

1 O 2 o
+b(H,9)aH+b(H,0)89, (6.1)

where A(? +n?) < a''(H,0)&* + 2a'%(H, 0)&n + a** (H, 0)n?
forall (H,0) € D andreal £,7,0 < A < A < oo, and |b*(H, 0)]

< AE+n?)
< B.
Lemma 6.1 (See Krylov and Safonov [1]). For every § > 0 there exist constants
a=a(A,A) e (0,1)and N = N(A, A, B,d) < oo such that

==

lu(H',0') —u(H,0)| < N(|H — H| +£2|0' — 6])* - sup |u] (6.2)
D

for every solution u of the equation £*u = 0, forall H,H' € (Hy + 0, Hy — ¢),
and all 0, 0. Neither o nor N depend on €.

Using this result, we obtain a lemma that is important in the proof of
Lemma 3.6 (in which we apply it to the numbers H(Oy) £ 6'/2, H(Oy) £+ ¢/,
and H(Oy,) = 24").

Lemma 6.2. For a segment I; of our graph, let Hy < H < Hsy be numbers in
the interior of the interval H(I;). Then

lim ma max |M¢ f(XE. — M&_ f(XE. =0 (6.3
EL>011,I2€C)'i(H) foH};l‘ Ilf( Ti (H17H2)) IQf( i (H17H2))| ( )

(the functions f over which the maximum is taken are defined on 0D;(Hy, Hs)).

Proof. The function u®(z) = Pi{X% (Hy,1,) € 7} 1s a solution of the equa-
tion Lfuf(x) = 0 in the domain D;(H, H2). Introducing new coordinates in
this annulus-shaped domain: the value of the Hamiltonian H, and the periodic
“angular” coordinate 6, we have L¢ = ¢ ~2B(H, 6) - (0/06) + +A with positive
B(H,0), and dividing the equation by B(H, 6) brings the operator to the form
(6.1). The estimate (6.2) with H' = H proves (6.3) (the rate of convergence
is that of const - 2%, where the positive exponent depends on H;, H», and the
constant also on H).

Now let us prove Lemma 3.6.

We want to prove that for I; ~ Oy, for every 6 > 0, for sufficiently small ¢,
0 < &' < 4, the difference
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IPLAXZ: (25) € Cri(0)} — s

is small for sufficiently small € and for all z € Dj,(£6"), where py; are given by
Prj = Bri/ 2oi1,m0, Bri-

The first step is proving that for every ¢ such that I; ~ Oy and for every
function f on 0Dy (£d) with || f|| < 1 (in particular, for f(z) = xC;(6)(2)),

li Fe(x,) — F* -0, 6.4
s%m,mfé%’,fiw)' (1) (z2)] (6.4)

where
Fé(x) = I\/Iif(ng(ﬂ)). (6.5)

Take §” and §" so that 0 < 6" < & < §"" < 4. Let us apply the strong
Markov property with respect to the time 77 (H (Oy) £ 6", H(Oy) £ §") <
7E (£0): for z,, € Cki(8'), m = 1,2, we have

FE(JC.,,L) = M;mFE(X‘ls'f(H(Ok)i(s”,H(Ok)i(s”'))'

Now (6.4) follows from Lemma 6.2.
The second step is proving that for every § > 0 and every x > 0 there
exists ¢’, 0 < ¢’ < 4, such that for sufficiently small ,

max |F¥(x1) — F*(x2)| < K. (6.6)
ml,CDQGDk(ﬂ:&/)

There are exactly three regions, D;,, D;,, and D;,, that are separated by the
separatrix Cj, one of them, D, , adjoining the whole curve Cy, and D;,, D;,
adjoining only parts of it (so that Cy;, = Ci = Chi; U Ck;,). We have either
H(x) > H(Oy) forx € D;, and H(z) < H(Oy,) forz € D;; UD,,, or all signs
are opposite.

Let 7 be the first time at which the process X reaches C;, (6") or Ci, (6) U
Chi, (). Since 7 < 7£(+8) for the process starting at a point z € Dy (£d"),
we can apply the strong Markov property with respect to 7. We have for x €
Dy (£5"),

Fo(z) = ME{X5 € Chi, (6)UCki, (0); f(X5)}+ME{XT € Ciy (6); F°(X5)},

PeL{XE e Cu, (0)UCh, (0)} - inf
w{ r € kl() 7@2( )} zeaglk(:l:é)f(Z)

PS{XZ € Chiy(0)}- inf F
FPL{XT € Gy ()} _nt ()
< F*(a)
< PEXE € G () UGk (0)} - sup £(2)
2€0 Dy (%)

+ PAXT € Crin(6)} - sup  F*(2),
2€Ci (87)
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therefore for 1, 1o € Dy (£6"),
Fe(xy) — Fe(z9)| < su z) — inf z
Foon) = Filaa) < | s f(2) = _jinf | fC2)
x max(Pg {X7 € C;, (6) U Chi, (0)}, PL,{X7 € Chiy (6) U Criy (0)})

+| sup F(z)— inf FZ}
2€Ciq (67) ( ) 2€Chiy (87) ( )

The second difference, by (6.4), is arbitrarily small if € is small enough. Let us

estimate PS{X*® € Cj;, (§) U Cyi, (0)} for x € Dy (£6").
Apply formula (4.5):

MEH(XE) — H(z) = ME /T %AH(Xf)dt. 6.7)
0

Here Xt € Ciy(0") U Cki, (0) U Ciiy (0). The function H takes the value
H(Oy) £ ¢ on Ci;,(¢"), and the value H(Oy) F ¢ on Cyy, (6) U Cryy (). The
left-hand side in (6.7) is equal to

[H(Ox) £ 06 [1 = PLAXT € Ciy (0) U Criy (6)}]
+ [H(Or) F 6] - Po{XT € Cri, (0) U Crin (6)

so (6.7) can be rewritten as

(0+6") - PE{X: € Criy (0) U Chiyn (9)

=8 + [H(Oy) — H(z)] F MS AH(X)dt

|~

0

)

1
§26’+’M§,/0 5AH(Xf)dt

and the expectation of the integral does not exceed
1 1
5 Sup |AH|-MT < 5 Sup |AH| - ME7E(£0) < Asy - 6%|Ind|

for sufficiently small € by (5.17). So for sufficiently small ¢,

!
g + A546|11’l5|,
)
which can be made arbitrarily small by choosing small positive , and then small
positive 8’ < 4. So the second step of our proof is complete.

It is true that we formulated our statement for an arbitrary positive §, and
finished with establishing it only for sufficiently small §. But, first of all, small
¢ are enough for our purpose of proving our main theorem; and secondly, this
happened because we used the very rough inequality M5 < MZ75(£4), and
it is very easy to verify (6.6) for arbitrary positive §, making use of the strong
Markov property.

PAAXE € Cuiy () U Ciy (6)} <
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So P;{X% (+5) € Ci(6)} has approximately the same value for all z €

Dy (£6") (for &' small enough and € small enough). What remains is to prove
that this value is approximately py; = Bi;j/ > ;.1,~0, Bri» Where By are given
by formula (2.2). To do this, we use the fact that the invariant measure p for
the process (X7, P%), which is the Lebesgue measure, can be written as an inte-
gral with respect to the invariant measure of the imbedded Markov chain. Let us
adduce this result in our specific case.

Let us choose a number H that is greater than all H (z) + 26. Let Cs =
Uk)i Cri(6) U C(Hy — 9), Cs: = Uk:,i Cri(6") U C(Hp — ¢). Introduce the
random times 7p < 09 < T4 < 01 < - < T < 0 < - by T =0,
o =min{t > 7, : X7 € Cs}, 7, = min{t > o4_1 : X{ € Cj}. The sequence
ka, k=0,1,2,...,n,...,is a Markov chain (for £ > 1, all Xﬁk € Cs/); and
if X§ € Cs, the sequence X , k = 0,1,2,...,n,..., is also a Markov chain
on Cy.

Every invariant measure p of the process (X5, PZ) can be represented in the
form

ua) = [ (M / " a(xg) dt

T1
— [ vraoms [, 6.8)
Cys 0
where ¢, '€ are measures on Cjs, Cy: satisfying the system of integral equations

VE(B):/ Ve (da)PS{XE, € B},
G (6.9)
VE(C) = / v (dz)PL{XE, € C)
Cs

(see Khas’minskii [7], also Wentzell [5]). These measures are invariant measures
of the Markov chains X¢ , X~ .

(o4
The measures v°, v'¢ are nonzero (since u /=) and for every I; ~ Ok,

V(CRi(8) >0, 1V5(C(8") > 0,

because starting from each of these sets, or from C(Hy — ) (or Cy; (")) it is
possible, with positive probability, to reach every other Cy;(8), Cx;(6’) in a finite
number of steps (cycles). So we can introduce the averages:

c fUi:IiN()k Cri(8) I/E(d‘r)Pi{X%(ié) € Ci;(0)}
DPry = V/E(Ui:IiNOk Cri(8")
According to (6.6),

(6.10)

IPeA{X e (1) € Cri(0)} — piyl <& (6.11)

for all x € Dy (£d").
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If the process X starts in the set Cy, it cannot be in Cy;(4) at time
unless it started in {J;.;, .o, Cki(0"). Therefore, by the first equation in (6.9),
V¥ (Ui.r,~0, Cri(0)) = v"*(U.1,~0, Cki(d')), and the numerator in (6.10) is
nothing but °(C};(9)). So (6.11) can be rewritten as

V< (Cr;())
> iitino, VE(Cri(0))

for sufficiently small positive ¢’ < &, sufficiently small €, and = € Dy (£6").

So the next step is to estimate v°(Cy;(6)) for small § > 0, small ¢,
0 < ¢’ <, and small €.

We have not used formula (6.8) yet. This formula implies the corresponding
equality for the integrals with respect to the measure i (the Lebesgue measure):
if G(z), x € R?, is integrable, we have

J[ cwmtin) = [[ @iz [ vasm [*ca

If the function G(x) is equal to O in the region {x : H(x) > Hy — 0} and in all
regions Dy,(£4), then [7* G(Xf) dt = 0, and

/ G(x)dm:/ us(dm)Mi/ 1G(X;f)dt. (6.13)
R? Cs 0

Let us consider an arbitrary segment I; of the graph with ends O, and Oy,.
Let us denote Hy, = H(Oy,), Hy, = H(Oy,), except if the vertex Oy, corre-
sponds to the point at infinity, in which case we take Hy, = Hy. Let g(H) be
an arbitrary continuous function on the interval H(I;) that is equal to O outside
its subinterval (Hy, + ¢, H, — 0). Consider the function G(x) that is equal to
g(H (z)) in the domain D, and to 0 outside D;. The left-hand side of (6.13) can

be rewritten as
sz —d
/ / Do = [ g(H) doy (1),
Hkl 44

where u;(H) is the function whose derivative is given by formula (1.15).
For the expectation in the right-hand side of (6.13), formulas (4.28) and (4.29)
hold, and we can write

u;(Hy, +0) —ui(Hy, +9')
uj(Hy, — ') — uj(Hg, +6')

/ 7 ) doy () = (G (0) [

Hy, +6
Hyy—5
x / (uj (Hiy — 8') — u; (H))g(H) dv),(H) + o(1)

uj(Hy, —0") — u;(Hg, —6)
uj(sz - 6/) - uj(Hk1 + 6/)
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Hy,—5
x / (uy (H) — wj (Hiy +8))g(H) dol, () + o(1) .
Hy, +6

where the o(1) goto 0 as e — 0.
In order for this to be true for an arbitrary continuous function g, it is neces-
sary that the limits of v*(Cj, ;(6)), v*(Ck,;(d)) exist as ¢ — 0, namely,

1

 uj(Hy, +6) —u;(Hy, +6")
1

 uy(Hy, —0') —uj(Hy, — 6)

lim v*(Cr,5(9))

lim v*(Ch,;(9))

But by formula (1.17), u;(H') —u;(H) ~ 2(fck_ |VH(z)|dl)~t-(H'—H)
as H, H — Hj, (we disregard the case of Hy, = Hj). This means that, for
sufficiently small ¢ and ¢,

v (C0) - 555 | < o

Together with formula (6.12), this yields
IPeAXZ: ws) € Cri(0)} = pjl < 2,

and Lemma 3.6 is proved. O

7 Remarks and Generalizations

1 Let asystem .
X; = b(Xy), Xy =z € R?, (7.1)

in the plane have a smooth first integral H(x) : H(X;) = H(z) fort > 0. As-
sume that H(x) has a finite number of critical points and lim ;00 H (z) = 0.
Since H (z) is a first integral, VH (x) - b(z) = 0, z € R?, and thus

b(z) = B(z)VH(z),
where () is a scalar. Consider small white noise perturbations of such a system:
X; = BXVH(XD) +eWi, X5 =u. (12)

Here 1V, is the Wiener process in R2, 0 < ¢ < 1. If B(x) = constant, system
(7.1) is Hamiltonian. If 3(x) # constant but does not change its sign, the situation
is similar to the Hamiltonian case. But if 3(z) changes its sign, the problem
becomes more complicated: even if H(x) has just one critical point, the slow
component of the perturbed process may not converge to a Markov process as
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=0)= 7
H(F) H(E) H(D)
\
\ 3
+ 2
0 HC) H(B) H(A)
(a) (b)
Figure 26.

€ — 0. To have a Markov limit, it may be impossible to avoid consideration of
processes on graphs. We restrict ourselves to just an example (see Freidlin [19]).
Let H(z), z € R?, have just one minimum at the origin and H (0) = 0, and
let the level sets C(y) = {z € R?> : H(z) = y}, y > 0, be smooth curves
homeomorphic to the circle (see Fig. 26). Suppose () is negative inside the
loop ABC DEF A and positive outside this loop. Here, A, C, D, F are the points
where the loop {z € R?: 8(z) = 0} is tangent to the level curve of H(z); B is
the point where the trajectory starting at F' crosses AC' for the first time, and E
is the point at which the trajectory starting at A crosses F'D for the first time.
The dynamical system on a level set C'(y) has a unique invariant measure
ify ¢ (H(C),H(D)). The density of this measure with respect to the length
element on C(y) is const x (|8(z)||VH(x)|)~!. But, fory € (H(C), H(D)),
the dynamical system has more than one equilibrium point on C(y). An invariant
measure is concentrated at each of these equilibrium points. The dynamical sys-
tem has four rest points when y € (H(B), H(A)): two stable and two unstable.
This results in the formation of a new “stable” first integral independent of H ().
To define this new first integral k(x), denote by a:él)(y) the point of inter-
section of C(y) and the arc FED of the curve v = {z € R? : B(z) = 0}.
Denote the intersection point of C'(y) and of the arc ABC' by :c((f)(y). We as-

sume that there exists at most one such point acél) (y) and at most one argf) (y).

It is clear that x(()l)(y) exists for H(F') < y < H(D), and :JcéQ)(y) exists for
H(C)<y<H(A).

Define k(x), x € R?, as follows.

i, if xél) (H(z)), x(()z) (H (z)) exist, and z belongs to the domain of
attraction of :z:éi) (H(z)),i=1,2;

1, if H(z) > H(D), orif x belongs to the arc CM D;

2, if H(x) < H(C), or if x belongs to the arc ANF.



318 8. Random Perturbations of Hamiltonian Systems

It is easy to see that k(x) is a first integral for the system shown in Fig. 26(a).

Let now X'f be the perturbed process defined by (7.2) for the dynamical
system shown in Fig. 26(a). Let X; be the corresponding rescaled process:
Xf=X t/e2

Consider the graph T in Fig. 26(b). The pairs (i, H), H > H(0) = 0,7 €
{1,2}, can be used as coordinates on I". The points (1, H(F')) and (2, H(B)) as
well as (1, H(E)) and (2, H(A)) are identified.

Define the mapping Y (z) : R?> — T by Y(x) = (k(z), H(x)), and let
Y =Y(X).

It is easy to see that, when H(X?) ¢ [H(C), H(D)], the fast component of
the process X has distribution on C'(H (X¢)) close to the unique invariant mea-
sure of the nonperturbed system on the corresponding level set of H(x). When
H(x%) € (H(C),H(B))U(H(A), H(D)), the distribution of the fast component
is close to the measure concentrated at the stable rest point of the nonperturbed
system on the corresponding level set. But when H(X§) € (H(B), H(A)), the

fast coordinate of the X is concentrated near one of the points xél)(H (X7))

or xo (H (X¥)), depending upon the side from which H(X¥) last entered the
segment [H(B), H(A)]. If e < 1, the process X “jumps” from F to B along a
deterministic trajectory. Similarly, X7 “jumps” from A to E.

Using these arguments, one can check that the processes Y7 converge weakly
as ¢ — 0 in the space of continuous functions on [0, 7], T < oo, with the values
in I to a diffusion process Y; on I'. The process Y; is defined as follows. Let
T(y) = f, 18(2)|[VH (2)[)~ de and

Ai(y) = {[T(y)]15§6‘(y> VH) P 5t v > H(D),

IVH (2§ ()12, H(F) <y < H(D);

_ {(2T How wervnta v > HD),

LAH (" (y)), H(F) <y < H(D);
Ay(y) = {[ ()] fc(y)|VH(y)2|5%)|7 y < H(C),

IVH (S ()2, H(C) <y < H(A);
s - {1 o iy, < O

LAH(zP (1), H(C) <y < H(AD).

Define the operators L;, 7 = 1,2,

d? d
L, = —A- Bi(y)—.
) g + Bl
The process Y; on I' is governed by the operator L; on the upper part of the
graph I' (¢ = 1), and by Lo on the lower part (¢ = 2). The operator Lo degener-
ates at the point (0,2) € T, so that this point is inaccessible for the process Y;.
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Figure 27.

To define the process Y; for all £ > 0 in a unique way, one should add the gluing
conditions at the points (1, H(F')) identified with (2, H(B)) and at (1, H(E))
identified with (2, H(A)). These gluing conditions define the behavior of the
process at the vertices. As we have already seen, the gluing conditions describe
the domain of definition of the generator for the process Y;. Let Y; be the pro-
cess on I' such that its generator is defined for functions f(z,y), (i,y) € T,
which are continuous on I', smooth on {(i,y) € I' : y > H(F),i = 1} and on
{(i,y) € T : y < H(A),i = 2}, and satisfy L, f(1, H(F)) = Lof(2, H(B))
and L1 f(1, H(E)) = Laf(2, H(A)). Obviously, these gluing conditions have
the form described earlier in this chapter with one of 8; = 0 for £ = 1,2. The
generator coincides with L; at the points of the set {(i,y) € T : y > H(F),
i = 1} and with Ly at the points of {(i,y) € ' : y < H(A), i = 2}. The limiting
process Y; on I' is determined by these conditions in a unique way.

2 We have seen that the graphs associated with the Hamiltonian systems in R?
always have a structure of a tree. If we consider dynamical systems in the phase
space of a more complicated topological structure, the corresponding graph, on
which the slow motion of the perturbed system should be considered, can have
loops. Consider, for example, the dynamical system on the two-dimensional torus
T? with Hamiltonian H (z) defined as follows. Let the torus be imbedded in R3
and the symmetry axis of the torus be parallel to a plane II (see Fig. 27(a)), and
H(x) be equal to the distance of a point z € T? from II. The trajectories of
the system then lie in the planes parallel to II as shown in Fig. 27(a). The set of
connected components of the level sets of the Hamiltonian H is homeomorphic to
the graph I' shown in Fig. 27(b). This graph has a loop. One can describe the slow
motion for the diffusion process resulting from small white noise perturbations
of the dynamical system in the same way as in the case of the systems in R?.
The dynamical system of this example is not a generic Hamiltonian system
on T?. Generic Hamiltonian systems on two-dimensional tori were studied in
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Arnold [2] and Sinai and Khanin [1]. In particular, it was shown there that a
generic dynamical system on T2 preserving the area has the following structure.
There are finitely many loops in 72 such that inside each loop the system behaves
as a Hamiltonian system in a finite part of the plane. Each trajectory lying in the
exterior of all loops is dense in the exterior. These trajectories form one ergodic
class. There are two such loops in the example shown in Fig. 28.

The Hamiltonian H of such a system on T? is multivalued, but its gradient
VH (z),x € T?,is a smooth vector field on the torus. Consider small white noise
perturbation of such a system:

X; =VH(@E)+eW,, X[ =)

To study the slow component of the perturbed process, we should identify some
points of the phase space. First, as we did before, we should identify all the
points of each periodic trajectory. But here we have an additional identification:
since the trajectories of the dynamical system outside the loops are dense in the
exterior of the loops, all the points of the exterior should be glued together. The
set of all the connected components of the level sets of the Hamiltonian, provided
with the natural topology, is homeomorphic in this case to a graph I" having the
following structure: the exterior of the loops corresponds to one vertex Ogy. The
number of branches connected with Oy is equal to the number of loops. Each
branch describes the set of connected components of the Hamiltonian level sets
inside the corresponding loop. For example, the left branch of the graph I" shown
in Fig. 28(c), consisting of the edges OyO2, 0201, 0203, describes the set of
connected components inside the loop ;.

Let Hq, Ho, ..., Hy be the values of the Hamiltonian function on the loops
Y1,...,7N. Denote by H(z), x € T2, the function equal to zero outside the
loops and equal to H(xz) — Hy, inside the kth loop, k = 1,..., N. Let all the
edges of I" be indexed by the numbers 1, ..., n. The pairs (k, y), where k is the
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number of the edge containing a point z € I' and ¥ is the value of H () on the
level set component corresponding to z, form a coordinate system on I". Consider
the mapping Y : T2 = T, Y(z) = (k(x), H(x)).

Then one can expect that the processes Y7 = V(X5),0 <t < T, T < o0,
converge weakly in the space of continuous functions on [0, 7] with the values in
I' to a diffusion process Y; on I'. One can prove in the same way as in the case of
Hamiltonian systems in 2, that the limiting process is governed inside the edges
by the operators obtained by averaging with respect to the invariant density of the
fast motion. The gluing conditions at all the vertices besides Oy have the same
form as before. But the gluing condition at Oy is special. The uniform distribution
on T2 is invariant for any process X¢, ¢ > 0. Thus, the time each of them spends
in the exterior of the loops is proportional to the area of the exterior. Therefore,
the limiting process Y; spends a positive amount of time at the vertex Oy, that
corresponds to the exterior of the loops. The process Y; spends zero time at all
other vertices.

To calculate the gluing conditions at O, assume that the Hamiltonian H (x)
inside each loop has just one extremum (like inside the loop 72 in Fig. 28). Since
the gluing conditions at Oy are determined by the behavior of the process X;
in a neighborhood of the loops, we can assume this without loss of generality.
Let the area of the torus 72 be equal to one, and the area of the exterior of the
loops be equal to . Denote by p the measure on I' such that u{Op} = «,
(du/dH)(k, H) = T, (H) inside the kth edge, where

To(H) = fc @
k

C,(H) is the component of the level set C(H) = {x € T? : H(z) = H} inside
the kth loop. It is easy to check that T (H) = |dSk(H)/dH|, where Sy (H) is
the area of the domain bounded by Cj,(H). Taking this into account, one can
check that y is the normalized invariant measure for the processes Y7 = Y (X¥)
on I for any € > 0, and it is invariant for the limiting process Y; as well.

On the other hand, a diffusion process on I' with the generator A has an
invariant measure y if and only if

/ Au(k,y)dp =0 (7.3)
r

for any continuous function u(z), z € T, that is smooth at the interior points of
the edges and such that Au(z) is also continuous. Taking into account that the
operator A for the process Y; coincides with the differential operator

1 d _ . d —
Ly = mﬁ(aku{)ﬁ)a ak(H):]ik(H) [VH ()| dt,

inside any edge Ij of the graph I', we conclude from (7.3) that the measure p is
invariant for the process Y; only if
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N

(+1)ax(0) 2% (, 0y). (71.4)
dH

k=1

aAu(Op) =

| =

Here (du/dH)(k,Op) means the derivative of the function u(z), z € T along
the kth edge I, ~ Oy at the point Ogy. Sign “+” should be taken in the kth
term if H(x) < 0 on I, and sign “—" if H(x) > 0 on I. Equality (7.4) gives
us the gluing condition at the vertex Oy. These arguments were suggested in
Freidlin [21].

To make these arguments rigorous, one should prove that the limiting process
on I' is Markovian. The complete proof was, first, given by Sowers [1] in a quite
special case. The general result was obtained by Dolgopyat and Koralov [1], [2].

3 Consider an oscillator with one degree of freedom,

e + f(at) = 0. (7.5)

Let the force f(q) be a smooth generic function, F(q) = [/ f(z) dz. Assume that
lim| 40 F'(g) = 00. One can introduce the Hamiltonian H (p, ) = $p*+ F(q)
of system (7.5) and rewrite (7.5) in the Hamiltonian form,

. OH
qt = a—p(pta%s) =Py,

Dt = —%—Z(Pt»(h) = —f(q)-

(7.6)

If we denote by z the point (p, q) of the phase space, (7.6) have the form i; =
Consider now perturbations of (7.5) by white noise,

G+ F(@) = Wy 7.7

Here W, is the Wiener process in R', 0 < ¢ < 1. One can rewrite (7.7) as a
system:

d; =Dy,

i = — (@) + W

Now we have the degenerate process (0, eWt) in R? as the perturbation. Al-
though the general construction and the scheme of reasoning in this case are
more or less the same as in the nondegenerate case, some additional estimates are
needed, especially when we prove the Markov property and calculate the gluing
conditions for the limiting process. On the other hand, we show that the char-
acteristics of the limiting process, in the case under consideration, have simple
geometric sense. Here we follow Freidlin and Weber [1].

As in the case of nondegenerate perturbations, the process (pf, ¢ ) in R? de-
fined by (7.8) has, roughly speaking, fast and slow components. The fast compo-
nent corresponds to the motion along the nonperturbed periodic trajectories, and

(7.8)
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the slow component corresponds to the motion transversal to the deterministic
trajectories. The fast component can be characterized by the invariant density of
the nonperturbed system on the corresponding periodic trajectory.

To describe the slow component, it is convenient to rescale the time: put p; =
D ez q =q; Je2- Then the function, pf, g; satisfies the equations

. 1
. _ (7.9)

where W, is a Wiener process in R'.

First, let us consider the case of the force f(¢) having just one zero, say at
q = 0. Then the slow component of the process defined by (7.9) can be charac-
terized by how H (p§, ¢f) changes. Using the It6 formula, we have

H(p;,q;) — H(po, qo) /H’ P5,q5) AW + = / Hy (05, %)

We made use of the orthogonality of V H (p, q) and V H (p, q). Applying the stan-
dard averaging procedure with respect to the invariant density of the fast motion
with the frozen slow component, one can easily prove that for any 7" > 0 the
processes Y;° = H (p5, ¢f ) converge weakly in the space of continuous functions
on [0, T'] to the diffusion process Y; on [0, c0), corresponding to the operator

1 d? d
L=-A(y) -~ + B(y)—
5 A) " (y) )
1 H2(p,q)dl
AW = 75 ¢ 0 a) & (7.10)
T(y) Jew IVH(P,9)|
1 H de
B = 5705 § oo
2T(y) Jeqyy IVH(p, 9)]
where T'(y fo(y) (d¢/|VH(p,q)|) is the period of the nonperturbed oscilla-

tions with the energy H(p,q) = y. Here, as before, C(y) = {(p,q) € R? :
H(p, q) = y}; dl is the length element on C(y). The point 0 is inaccessible for
the process Y; on [0, 00). The proof of this convergence can be carried out in the
same way as in the nondegenerate case.

Using the Gauss formula, one can check that

Thus,

where a(y) = A(y)T(y).



324 8. Random Perturbations of Hamiltonian Systems

Now, since H(p,q) = 3p* + F(q), the contour C(y) can be described as
follows.

Cly)={(p.q) e R?:a(y) < q < By),p=+V2(y — F(q))}, (7.11)

where «a(y), B(y) are the roots of the equation F(g) = y. Note, that since
F'(q) = f(q) has just one zero at ¢ = 0, and lim|g|_, F'(g) = oo, the equation
F(q) = y has exactly two roots for any y > 0. Using (7.11), we calculate:

dt = dgy[1+ 5 H}(p,q) = p* = 2(y — F(q))

and [VH(p,q)|* = f*(q) + 2(y — F(q)) for (p,q) € C(y). Thus,

2 B(y)
o = §, ey [ a4l F) = S0,

w |VH(p,q)| )

where S(y) is the area of the domain bounded by C(y). Taking into account that
the period T'(y) = dS(y)/dy, one can rewrite the operator defined by (7.10) in

the form ) ) J
L=———|Sy)—|. 7.12
25'(y) dy( (y)dy> 712

Now let f(g) have more than one zero. Then the level sets of the Hamil-
tonian H(p,q) = 3p* + F(g) may have more than one component. Let I' =
{O1,...,0m; I1,...,I,} be the graph homeomorphic to the set of connected
components of the level sets of H(x,y), provided with the natural topology.
Let Y : R? — T be the mapping introduced earlier in this chapter, Y (z) =
(k(z), H(z)), where k(z) € {1,...,n} is the number of the edge containing the
point of I' corresponding to the nonperturbed trajectory starting at 2 € R2. The
pair (k, H) forms the coordinates on T".

If f(q) has just one zero, the graph T is reduced to one edge [0, cc0). But
if the number of zeros is greater than one, the function k() is not a constant,
and k(z) is an additional, independent of H (x), first integral of the nonperturbed
system. This implies that the process H(pf, ¢f) in the case of many zeros no
longer converges to a Markov process (if f(¢) has no special symmetries; but
remember that we assume that f(q) is generic). To have in the limit a Markov
process, we should, as in the case of the nondegenerate perturbations, extend the
phase space by inclusion of the additional first integral. In other words, we should
consider the processes Y,F = Y (p$, ¢5 ) on the graph I' related to the Hamiltonian
H(p,q).

To describe the limiting process on I, define a function S(z), z = (k,y) € I:
put S(k,y) equal to the area bounded by the component Cj(y) of the level set
C(y), corresponding to the point z = (k,y) € T\{O1,...,0,}. If z = (k,y)
is a vertex, corresponding to the extremum of H(p,q) (exterior vertex), then
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S(z) = 0.If z = Oy is a vertex corresponding to a saddle point of H(z) (interior
vertex), then S(z) has a discontinuity at O,. Each interior vertex is an end for
three edges, say, I;,, I;,, and I;,. It is easy to see that lim, ,0,, »c1;. S(z) =
Si (Op), 7 = 1,2, 3 exist. These limits S;_(Oy), in general, are different for
r = 1,2, 3, and one of them is equal to the sum of the other two.

Theorem 7.1. Let f(q) € C™, F(q) = [ f(s)ds, limg o F(q) = oc.
Assume that f(q) has a finite number of simple zeros and the values of F(q)
at different critical points are different. Then for any T' > 0, the process
Zg = Y5, q5) on T converges weakly in the space of continuous functions
on [0, T) with values in T to a Markov diffusion process Z; as ¢ . 0. The limiting
process Zy is governed by the operator

1 d d

b= g (st 2
28, (k,y) dy dy

inside the edge I, C ',k =1, ..., n, and by the gluing conditions at the vertices:

a bounded continuous on T' and smooth inside the edges function g(z), z € T,
belongs to the domain of definition of the generator A of the limiting process Zy if
and only if Ag is continuous on T, and at any interior (corresponding to a saddle
point of H(p, q)) vertex Oy of T, the following equality holds.

dy

di2g
dy

di1 g
dy

Sii(00) —=(0¢) + 5i,(00) —=(0r) = S5, (0r) —==(O).
Here S;, (O;) = lim,_,0,, el S(z), Ii, ~ Oy, k = 1,2,3; we assume that
H(Y71(2)) < HY"YOy)) or HY1(2)) > H(Y~Y(Oy)) simultaneously
forz eI, UI,.

The operators Ly, k = 1,...,n and the gluing conditions define the limiting

process Zy in a unique way.

The proof of this theorem is carried out, in general, using the same scheme as
in the case of nondegenerate perturbations. The most essential difference arises
in the proof of the Markov property (step 4) in the plan described in Sect. 1. We
use here a priori bounds of Hérmander type instead of Krylov and Safonov [1].
The detailed proof of Theorem 7.1 can be found in Freidlin and Weber [1], [2].
The degenerate perturbations of a general Hamiltonian system with one degree
of freedom are considered in that paper as well.

One can consider more general perturbations:

|
d; = =pi>

€ ) (7.13)
p; = —;F’(qf) + o (q; )W,

where o(q) > oo > 0 is a bounded smooth function.
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For any point (4,y) of the graph I" corresponding to H(p, q) = % + F(q),
except the interior vertices, define

ai(y) = / o*(q) dpdg.
Gi(y)

Here G;(y) is the domain in R? bounded by Y =1 (4, y). If O is an interior ver-
tex and edges I, Iy, , Ix, ~ Ok, the co-shaped curve Y ~1(Oy) bounds two
domains Gy and G2 such that Y =1 (I;) C Gy;, j = 1,2. Put

B =/ o*(q)dpdq, j=1,2,
ij

Bro = —(Br1 + Brz)-

Introduce a diffusion process Z; on I' which is governed by the operator

1 d d
L= gy ()

inside the edge I; C T, where S(i,y) is the area of the domain G;(y) and
S'(i,y) = %Zy’y); at the vertices of I', the process Z; is governed by gluing
conditions: a continuous bounded function g(z), z € T, belongs to the domain
of the generator A of the process Z; if and only if Ag is continuous on I" and at

each interior vertex Oy, the following equality holds

dig dag dog
— (O —(O) = — (O
Br1 a0y (Ok) + Bra ay (Ok) = Bro m (Ok),
where g—; is the derivative along Iy, j = 0,1, 2.
Theorem 7.2. Let F'(q) satisfies the conditions of Theorem 1.1, (p$,q) be the
solution of (1.13). Then for any T > 0, the slow component Y (p5,q¢5) = Z¢

converges weakly in the space of continuous functions f : [0,T] — T to the
diffusion process Z; onT'.

Proof. The proof of this theorem is similar to the proof of Theorem 7.1 (see
Freidlin and Weber [2]). O

4 Consider the diffusion process (X;, P,) in R" corresponding to the operator

1 o . 02 N
_ = ij i
L 2 Z A (m)&riﬁxj +;B (z) Oxt’

ig=1 i=
We say that a function H (z) is a first integral for the process (X, P, ), if

P{H(X,)=H(z)} =1, z€R".
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If the function H(z), x € R", is smooth, then H(z) is a first integral for the
process X; if and only if for any z € R",

ZA” 3xl )gg()zo, LH(zx) = 0.

1,0=1

This follows immediately from the Itd6 formula. Of course, just degenerate dif-
fusion processes can have a nontrivial first integral. If all diffusion coefficients
are equal to zero, the process turns into a dynamical system defined by the
vector field B(x) = (B'(z),...,B"(z)), and these conditions into equality
B(z)-VH(z) =0,z € R".

Trajectories of the process governed by the operator L can be described by
the equation

dX; = O'O(Xt) dW,; + B(Xt) dt, Xo==x¢€ RT,

where og(z)og(z) = (AY(z)) and W; is the Wiener process. Consider now
random perturbations of the process X;:

dX§ = 00(X{) dW; + B(Xy) dt + o1 (XF) dW; + €2b(X7) dt;

here o1 (z)07 (z) = (a¥(z)),b(z) = (b*(z),...,b"(x)), Wy is a Wiener process
independent of W;. Let us rescale the time: Xt = X ES The generator of the
new process X7 is

T

1 1 .
e _ _ = z] z
L €2L+L1’ I 2 Z “ 5:01810 Zb 3:171

i,5=1

Assume that the operator L, is uniformly elliptic with smooth bounded coeffi-
cients. Suppose the nonperturbed process X; has a smooth first integral H (z).
Assume that H (z) is a generic function. It has a finite number of nondegenerate
critical points, and each level set contains at most one critical point. Moreover, let
lim 00 H () = 00, mingepz H(z) = 0. Let C(y) = {x € R? : H(z) =y},
y > 0. The set C(y) is compact and consists of a finite number n(y) of connected
components Cy (), C(y) = 'Y Cr(y).

The process X; is degenerate since it has a nontrivial first integral. But
we assume that Y 0., AY(z)e;e; > ag(y)lel* for any e = (en,...,e.),
e-VH(z) = 0,z € Ci(y), with some ax(y) > 0, if Cy(y) has no critical
points. The last assumption means that the process X, is not degenerate if con-
sidered on a nonsingular manifold Cy (y). The manifold C% (y) is compact. Thus,
the process X; has on any nonsingular Cy(y) a unique invariant density M} ().
If Ci(y) contains a critical point O, we assume that the process X; considered
on C(y) has just one invariant probability measure concentrated at the point O.
Under these conditions, the limiting behavior of the process X; was studied in
Freidlin and Weber [3].
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One can introduce fast and slow components of the perturbed process (X¢,
P,): the fast motion along the level sets of the first integral and the slow motion
in the transversal direction. The slow motion can be described, at least in a neigh-
borhood of a nonsingular level set Cj(y), by the evolution of H(X{). The fast
component near the manifold Cj(y) has a distribution close to the distribution
with the density M} (y) if 0 < e < 1.

To describe the evolution of the slow component, let us apply the 1t6 formula
to H(X;):

1 t 1 t
X)) = (@) = 2 [ V) 00Xz W, + 5 [ LH(X) ds

t ot
+/ VH(XE)-ol(Xg)dW§+/ LiH(XE)ds.
0 0
(7.14)

Since H (x) is a smooth first integral, condition (7.13) is fulfilled. Therefore, the
first two integrals on the right-hand side of (7.14) having large factors vanish:

t t
H(Xf)fH(x):/o VH(X‘§)~01(X§)dWS+/O LiH(X)ds. (7.15)

Consider now the graph I' homeomorphic to the set of connected components
of the level sets of the function H(x). Let " consist of the edges I, ..., I, and
vertices O1,...,0,,. Let Y : R" — I be the mapping defined earlier in this
chapter in the case r = 2 : Y () is the point of I" corresponding to the connected
component of C'(H(z)) containing the point € R"; Y(x) = (k(z), H(x)),
where (k, H) are the coordinates on I". The function k(z), as well as H(x), is a
first integral for the process Xj.

Consider the random processes Y, = Y(X7) on I', ¢ > 0. These processes
converge weakly to a diffusion process Y; on I' as € | 0. To calculate the charac-
teristics of the limiting process, consider, first, an interior point (y, k) of the edge
I, C T. Let Cy(y) be the corresponding level set component. Then, using (7.15)
and the fact that the process X; on Cy(y) is ergodic and M} (x) is its limiting
density, one can prove that the process Y; inside [ is governed by the operator

_ 1 2 - d
Ly = §dk(y)d_y2 + bk(y)d—y,
_ "\ . OH(x)0H(z) .
ag (y) fck(y) ijZ:1 a (I) ort Oxd My (1’) dCCa

b (y) :?{c ( )LlH(x)Mf(x) dz.

To determine the limiting process Y; for all ¢ > 0, the behavior of the process
after touching the vertices should be described. One can prove that the exterior
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vertices are inaccessible. To calculate the gluing conditions at the interior ver-
tices, one can, sometimes, use the same approach as we used before. Assume that
the processes in R" corresponding to the operators L and L, have the same invari-
ant density M (z). Then the density M (x) is invariant for the process (X§, P;)
for any € > 0. Define the measure zi on I" as the projection on I' of the measure
pr pi(D) = [, M(x)dz, D C R":

i(y) = p(Y'(7));

v is a Borel set in I'. Then the measure j; will be invariant for the processes Y,°,
€ > 0, and for the limiting process Y;. Now, if we know that Y; is a continuous
Markov process on I', the gluing conditions at a vertex Oy, are described by a
set of nonnegative constants oy, Bk1, - - -, Bre, Where £ is the number of edges
connected with Oy. These constants can be chosen in a unique way so that the
process Y; has the prescribed invariant measure (see details in Freidlin and We-
ber [4]).
For example, one can use such an approach if

L=L+B(z)-V, L =1L+b)V,

where L and L, are self-adjoint operators and the vector fields B(z) and b(x)
are divergence free. The Lebesgue measure is invariant for L and L in this case.

Note that if the process (X¢, P, ) degenerates in a dynamical system, to repeat
our construction and arguments, we should assume that the dynamical system has
a unique invariant measure on each connected component C(y). This assump-
tion, in the case when the dimension of the manifolds Cy (y) is greater than 1, is
rather restrictive. One can expect that the convergence to a diffusion process on
the graph still holds under a less restrictive assumption, namely, that the dynam-
ical system on Cj(y) has a unique invariant measure stable with respect to small
random perturbations.

5 The nonperturbed process (X;, P, ) (or the dynamical system) in R" governed
by the operator L may have several smooth first integrals Hy(z), ..., He(x);
£ < r.Let

Cly)={x€R" :Hi(z)=y1,...,He(x) =y}, y= 1,---,ye) € R’.

The set C(y) may be empty for some y € R’. Let C(y) consist of n(y) connected
components: C(y) = UZ(:”l) C(y). Assume that at least one of the first integrals,
say Hi(x), tends to +o00 as |x| — oo. Then each C(y) is compact.

A point z € R" is called nonsingular if the matrix (O H;(x)/dx%),1 < i < ¥,
1 < j < r, has the maximal rank £. Assume that the nonperturbed process at
a nonsingular point x € R" is nondegenerate, if considered on the manifold
C(Hi(x),...,Hy(x)). This means that

ZAij(x)eiej > a(x)le?, a(z) >0,
0,J
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for any e = (ey,...,e.) such thate - VHy(x) = 0, k = 1,...,£. Then, the dif-
fusion process X; on each C(y), consisting of nonsingular points, has a unique
invariant measure. Let M} (z), y € R,y € Cj(y), be the density of that mea-
sure.

The collection of all connected components of the level sets C(y), y € RY,
provided with the natural topology is homeomorphic to a set I' consisting of
glued /-dimensional pieces. The interior points of these pieces correspond to the
nonsingular components Cy,(y).

Define the mapping Y : R” — T : Y(x), z € R", is the point of T cor-
responding to the connected component of C'(H;(x), ..., Hy(x)) containing .
One can expect that the stochastic processes Y7 = Y {X;), where X corre-
sponds to L¢ = (1/e?)L + L, converge weakly (in the space of continuous
functions on [0, 7] with values in T, provided with the uniform topology) to a
diffusion process Y; on I"as ¢ — 0.

Inside an /-dimensional piece vy, C I, the matrix (O0H;(z)/dx7) has rank /,
and the values of the first integrals Hq(x), ..., Hy(x) can be used as coordinates.
The process Y; in these coordinates is governed by an operator

£ 92 ‘o o
> W W) 5o +;b2(y)ayi-

ij=1

Ly =

N | —

The coefficients a;’ (y) and b (y) can be calculated by the averaging procedure
with respect to the density M} (z):

p " OH,(x) OH,(z)
a? (y 27{ A () = T VR (1) d,
fo= g, X AR T e

bi(y) = ]fc L @M() de

To determine the limiting process, Y; for all ¢ > 0, one should supplement the
operators Lj, governing the process inside the /-dimensional pieces, by the gluing
conditions in the places where several ¢-dimensional pieces are glued together.
These gluing conditions should be, in a sense, similar to the boundary conditions
for the multidimensional process (see Wentzell [9]).

6 In the conclusion of this section, we would like to mention one more asymp-
totic problem leading to a process on a graph.

Consider the Wiener process X in the domain G° C R", shown in Fig. 29(a),
with the normal reflection on the boundary. The domain G¢ consists of a ball of
the radius p° and of three cylinders of radii erq, ersy, ers, respectively. Let the
axes of these cylinders intersect at center O of the ball. It is natural to expect that
the projection of the process X; on the “skeleton” I" of the domain G*, shown in
Fig. 29(b), converges to a stochastic process on I, as € | 0. One can check that,
inside each edge of the graph, the limiting process will be the one-dimensional
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at
o

(a) (b)
Figure 29.

Wiener process. Assuming that near the points A, B, C, the boundary of G° con-
sists of a piece of the plane orthogonal to the axis of the corresponding cylinder,
it is easy to see that the limiting process has instantaneous reflection at the points
A, B, C € I'. To determine the limiting process for all ¢ > 0, we should describe
its behavior at the vertex O.

The gluing condition at O depends on the relation between p® and e. If
emaxy rp < p° < "~D/7 the gluing condition has the form

3

du

r—1

g : -(0) =0 7.16
i—1 K dyl( ) ’ ( )

where d/dy® means the differentiation along the ith edge and y; is the distance
from O. Condition (7.16) means that the limiting process spends time zero at
the vertex. If p° > ("=1)/7_then the point O is a trap for the process: after
touching O, the trajectory stays there forever. The gluing condition in this case is

u"(0) =0,

independently of the edge along which this derivative is calculated.

If lim, o p°er=1/" = k, then the domain of the generator of the limiting
process consists of continuous functions u(x), € I, for which v (z) is also
continuous and
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The limiting process in this case spends a positive time at O.
This problem and some other problems leading to the processes on graphs
were considered in Freidlin and Wentzell [4] in Freidlin [21].

8 Deterministic Perturbations of Hamiltonian Systems.
One Degree of Freedom

Consider deterministic perturbations of an oscillator
G =—F(§)+e*8(, &),  d=q€RY  GH=peR. @1

We assume that the Hamiltonian H(p, q) = é + F(q) of the nonperturbed
system satisfies the assumptions introduced in this chapter: it is smooth enough,
lim|y 00 H(x) = oo, where x = (p,q), H(x) has a finite number of critical
points and each of them is not degenerate. Note that the Hamiltonian in this case
has no local maxima.

A typical example of the perturbation in (8.1) which we are interested in is
the classical friction: 5(p, q) = —p = —¢.

It is clear that on each finite time interval g; converges uniformly as € | 0
to the solution of the nonperturbed equation with the same initial conditions. To
describe the deviations from the nonperturbed motion on time intervals growing
together with e~ 1, it is convenient to rescale time: Put q; = cjf Je2- Then we come
to the system

. 1 1
p; = —E—QF’(qf) + 605, 45), 4 = P (8.2)

The trajectory X7 = (p§,q;) has a fast component, which is close to the
nonperturbed motion with a “fast time,” and the slow component, which, as we
have already seen, is the projection Y (X¢) of X{ on the graph I" corresponding
to H(z). If H(x) has just one well, I" consists of one edge, and the slow motion
can be completely characterized by H(XF). The classical averaging principle
(see, for instance, Arnold [1], Chap. 10) gives that H (X} ) converges uniformly
on each finite time interval as € | 0 to the solution Y; of the equation

1

Y; = B(Y: Yo = H(X§ :
t T(}Q /8( t)7 0 ( 0)7 (83)
where T'(y) = fc ) % is the period of oscillations with the energy y for
the nonperturbed system, 3(y) = fc(y Vllé(fl f )(lm a = | ) <L (p 9 dp dgq,

Cly)={z€eR?:H(z) = y} G(y) is the domain in R? bounded by C’( ). For
a general one degree of freedom Hamiltonian system with one well Hamiltonian
perturbed by a vector field €2 B(z), which (after the time change) has the form
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Figure 30.

. 1 -
Xi =5 VHX) +B(X]), Xj=w¢ R?, (8.4)

the result is similar: just 5(y) = fG(y) div B(z) dz. System (8.2) is, of course, a
special case of the last equation with B(z) = (8(x),0).

Suppose now that H(z) = % + F(q) has one saddle point at Oz and
H(O3) = 0. The phase picture of the nonperturbed system, the corresponding
graph I, and the co-shaped curve C'(0) are shown in Fig. 30.

Assume, that the perturbation in (8.1) is “friction-like”: %’;’Q) < 0; for (8.4)
friction-like perturbation means that div B(x) < 0. Later, we are going to con-
sider perturbations without this assumption.

After the addition of friction-like perturbation, the stable, but not asymptoti-
cally stable equilibriums O; and O3 become asymptotically stable equilibriums
O] and Oj}. The saddle point Oy goes to the saddle point O for the perturbed
system. The distance between O; and O} is less than Ac? for some constant A
and ¢ < 1. Separatrices of the saddle point O} are shown in Fig. 31. They,
roughly speaking, divide the plane outside the co-shaped curve C'(0) in ribbons:
the gray ribbon enters the neighborhood of Of, and the white ribbon enters the
neighborhood of O3.

Consider the separatrix containing a point a. Let v be the curve (depending
on ¢) orthogonal to the perturbed trajectories X; and containing a. Assume that
the separatrix first time comes back to «y at a point ¢ € v (Fig. 31). Consider the
domain & € R? bounded by a piece of the separatrix between the points a and
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c and by the part 7y, of y between the points a and c. The flux of the vector field
2V H (x)+B(z) through the boundary 08} of & is equal to — fwac | E%VH(J:)—F
B(x)| d¢, where d/ is the length element on ~y. The divergence theorem implies

Let Us(z) = {y € R? : |z — y| < &}. Equality (8.5) implies the following
bounds.

%@H(az) + B(x)

dt = / div B(z) dz. (8.5)
&1

ac

Lemma 8.1. Assume that a separatrix contains a point a and comes back to the
curve vy containing a and orthogonal to the perturbed trajectory at a point c.
Assume that the piece 4. of v between the points a and c has no intersections
with the separatrix. Let & be the domain in R? bounded by the piece of separatrix
connecting a and ¢ and by ~q.. Assume that & contains Us(O1) either Us(O3)
or both of them. Then constants Ay, Ao, As exist such that, for small € > 0,

Are? < |a—c| < Age?, H(a) — H(c) > Ase®.

Forany 6 > 0 and a ¢ Us(O}) U Us(0%) U Us(O4), |a| < L, the constants

A1, As, Az can be chosen the same.

Let a point « be situated outside the co shaped curve C(0). To be specific,
let = belong to the white ribbon. Let v be the curve orthogonal to perturbed tra-
jectories containing x, and a, b, ¢ be the intersection points of  with separatrices
neighboring to « (Fig. 31). The curve v and a, b, ¢ depend not just on x but also
one.
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Lemma 8.2. Let « be a point outside C(0), and the points a,b, ¢ be defined as

above. Then )
lm‘bia‘ fGl div B(z) dx
elo le=b  [q, divB(z)ds’

where Gy and G4 are domains bounded by C(0) (Fig. 30).

(8.6)

Proof. The proof consists of two steps. First, let us show that the limit in (8.6) is
independent of x. Let b’ be another point on the same separatrix as b. Let a’ and
¢’ be the closest to b intersection points of the curve 7’ orthogonal to perturbed
trajectories and containing b’ with another separatrix (Fig. 31).

In the domain {z € R? : H(z) > H(O32) + 6}, § > 0, one can make a
nonsingular change of variables (p, q) — (H, ¢) such that the perturbed system
(after the time change) has the form

- _ 1 -
Hi = Bi(Hi,07), &8 = SOH) + B2(HY, 97),

Bi(H7 %0) = BZ(H7QD + 271—)

Existence of such variables (H, ¢) follows from the existence of action-angle
coordinates for our system (Arnold [1], §52).
~ Now one can make a time change (divide both equations by (Q(H) +
ef2(H, ¢))) so that the system can be written as follows

Hts = B(&"Htg’(pi), @i = 5> (87)

where B is bounded together with its first derivatives for H < Hy < oo. Let
system (8.7) be supplemented by initial conditions H5 = h, o5 = . Note
that system (8.7) has the same trajectories as (8.4); just the velocity along the
trajectories was changed.

It follows from the classical averaging principle that H;, Hj = h converges
as € | 0 uniformly on each finite time interval to the solution of the averaged
equation

1 2

Ht = B(Ht) = g 5(07Ht7§0) dQD, HO = hv
0

dg; converges as € | 0 to the solution dﬁt of the equation

d dHt dﬁ t dHO_
a(%) G G

forany 7' > 0,

dHi  dH;
dh  dh

lim max |H; — Hy| =0, lim m

ax =0. (8.8)
el0 0<t<T 0 O<t<T
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Consider small neighborhoods of the points b and b’ (Fig. 31). Let the punc-
tured lines be the lines of the constant angle coordinate, so that p(a) = ¢(b) =
(@), p(a”) = o) = ¢(c"); here a and ¢ are intersection points of lines
v = @(b) with H = H(a) and H = H (c) respectively; a”’ and ¢” are defined in
a similar way. Let the solution of (8.7) starting at b reaches b’ at time ¢;. Then,
because of the structure of system (8.7), the trajectories started at @ and ¢ at time
t1 be, respectively, at ¢’ and at ¢”’.

Let 4 and y_ be the curves orthogonal to perturbed trajectories, v 3 ¢,
Y-~ 2 a; v/, and v are orthogonal to perturbed trajectories, v/, > ¢, 7" > a”.
Let m and n be the intersection points of the line H = H(b) with y_ and v
respectively, m and n’ be the intersection points of = H (b) = H (b") with v/,
and .

Taking into account Lemma 8.1, we derive from (8.8) that

lim |€l_n‘ - ja” = ] =0.
elo[|¢—m| | —m/

This relation implies that the limit in (8.6), if exists, is independent of z &€
{x e R*: H(x) > H(O2)}:

_[la—b] |a"—V|
1 _ = (. .
éﬁ}qu o] = (89)

Now we will prove that the limit in (8.6) exists and is equal to the right-
hand side of (8.6). Let § > 0 be small. Choose a point z in the §-neighborhood
of C(0) outside the co-shaped curve. Consider the domain G{ C R? bounded
by the piece v,; of the curve v between the points a and b and by perturbed
trajectories starting respectively at a and at b. Applying the divergence theorem
to the vector field L VH (z) + B(z) in G4, we get:

/m EVH(:c) + 5(:6)] dl = /G div f(z) dz.

Note that |area G‘f — areaG1| < ¢16 for a constant ¢; independent of 4.
Therefore the last equality implies that

SVH@) b=l = [ divila)do+ m(©) + (o)

li = li =0.
limpy(6) =0, limpy(e) =0

In the similar way,

SVHG@) bl = [ divi()d o+ pi(0) + pile)
Ga

limp} (§) =0,  limph(e) = 0.
limp(6) =0, limpy(e)
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Therefore

b—a| g, divA(z)dx
b—¢ Je, div B(z) dx

This bound, together with (8.9) imply the statement of Lemma 8.2. O

< C2p3(€a 6)7 61151110 p3(€a 6) = 0.

Let a be the intersection point of v and the closest to x separatrix such that
H(a) > H(x). Let this separatrix sequentially crosses ~ at points b and c. Let «’
be the intersection point of X7 (z), ¢ > 0, with ..

Lemma 8.3. Constants A4, As, Ag > 0 exist such that, for € > 0 small enough,
H(z) — H(2') > Aye?, Ase? < |z —2'| < Age®. (8.10)

Forany 6 > 0, the constants Ay, As, Ag can be chosen the same for all x such
that |x| < 1, 2 ¢ Us(O}) U Us(O4) U Us(OL). Suppose x1, 9,23 € Yap, and
Y1,Y2,Yys are the intersection points of X (1), X5 (x2), X§(x3) respectively
with a curve ' orthogonal to perturbed trajectories. Then

|z1 — 22

lim = lim lv1 — 1|

, 8.11)
€l0 |23 — x2| €10 |y3 — ¥2]

In particular, one can take x1 = a, x3 = b (then X (a), X§(b) are separa-
trices).

The proof of this lemma is similar to the proof of Lemma 8.1 (bounds (8.10))
and to the proof of equality (8.7) (equality (8.11)) and we omit it.

Remark. Let x1 = a, x3 € ~a, x3 = b /=rs. Then (8.11) is preserved if
X; (b) enters O before intersecting 7/, if y3 is the intersection point of 4" with
the separatrix exiting O} (Fig. 33).

Our goal now is to estimate the time of “one rotation” of X{ (x) around O}
either O% or around both of them. First, note that if « is situated outside a fixed
(independent of ) neighborhood of the oco-shaped curve C(0), the trajectory
X; (x) comes back to corresponding curve v > z (Fig. 32), at least, if ¢ > 0 is
small enough. The time of such a rotation 7. (z) < €2 A(x) (recall that we made
time change ¢ — E%); A(x) here is independent of £ and bounded uniformly in
each level set disjoint with C(0).

If z is close to C'(0), then X§ () comes to a §-neighborhood Us(0O4) of O}
in a time less than e2A;, As < co. But the time spent by the trajectory inside
Us(0%) of O} can be large even for small ¢; in particular, the separatrices entering
O}, never leaves Us(0%). So we should consider trajectories started at distance ¢
from O} in more detail.

Note that in two-dimensional case, a neighborhood U of a saddle point ex-
ists such that the system can be reduced to a linear one in U by a nonsingular
diffeomorphism of the class C%, o > 0 (Hartman [1], Theorem 7.1).
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Figure 33.

In our case, the system depends on a parameter €, but one can check that
neighborhood U and a > 0 can be chosen the same for all small enough ¢,
and the C1:®-norm of the functions defining the diffeomorphism are bounded
uniformly in €.

Let 6 > 0 be so small that Uss(0%), for e small enough, belongs to the
neighborhood U of O}, where our perturbed system can be linearized. The saddle
point O}, (Fig. 34) under this transformation goes to the origin O, the separatrices
of O} go to the axes & and g, the trajectories X{ go to the trajectories of the linear
system (Fig. 35).

One can explicitly calculate the time 9(?1, B) ) which the linear system trajec-
tory needs to go from a point (%, §jo) to (3, 41) (Fig. 34):

(8.12)
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Let a perturbed trajectory enter Us(O%) at a point x € 9Us(0%), H(x) > 0,
and exits Us(0}) at a point y € 9Us(O4). We can assume that x and y are
close enough to the pieces of the separatrices which go to the axises &, y after
the linearization so that the curves v and « orthogonal to perturbed trajectories
and containing x and y respectively cross these pieces of separatrices at points a
and o’ (Fig. 36). Let the distance between x and the last piece of the separatrix
entering Of be equal to h. Consider the closest to z separatrix «y at a point b such
that H(b) > H(x). Let [ be the distance between x and this separatrix.

If there is at least one whole ribbon between = and the piece of the separatrix
entering O, (and containing point @), the trajectory X (x) makes a complete ro-
tation around both O] and O% and crosses -y at a point ' € . The time spent
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Figure 36.

by this trajectory outside Us (0% ) is bounded from above by A7&2. Since the per-
turbed system can be linearized in Uss(0%) by a C1:*-diffeomorphism, equality
(8.12) implies that the transition from x to y takes time less than Age? [lnh|; A;
and Ag, in particular, depend on J, but are independent of .

The trajectory X (z) comes to dUs(O%) again at the point z (Fig. 36). It
follows from the divergence theorem that the distance from z to the last piece
of the separatrix entering O3 (and containing the point v in Fig. 36), in the case
when X§ () comes back to ' € +, is bounded from below and from above by
Agh and Ajgh respectively. Therefore the transition from z to 2’ also takes time
less than A;1€2[In .

Consider now the case when between the initial point y € 9Us(0%) and
the last piece of the separatrix entering O there is no whole ribbon (Fig. 37).
Transition between y and ¥, because of the same reasons as above, takes time
less than Aj2e2|In k|, where h is distance between 3 and the last piece of sep-
aratrix entering O5. But complete rotation of the trajectory X (y) includes also
the transition from z to y”. The distance from z to the separatrix entering O
is bounded from below and from above by A3l and A4l respectively, where
[ is the distance between y and the closest to y separatrix crossing -y at a
point b such that H(b) > H(y). Therefore, the transition time between z and
y" is less than Aj5¢2|Inl|, and the whole rotation time for X; (y) is less than
Ai6e%(|Inh| + [Ini|) for e > 0 small enough.

Denote by T.(z) the time of complete rotation for the trajectory X¢(z),
VH(z) #0:

T.(xz) = min{t > 0 : X; () crosses twice one of the curves v or 7'}.
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Figure 37.

Summarizing these bounds and taking into account that outside Us(O}) U
Us(0%) U Us(0%) each trajectory X (x) spends time bounded uniformly in e,
we get the following result.

Lemma 8.4. Let X; (x) enter Us(O4) at a point y = y(x) € oUs(O4), and let

h = h(x) be the distance between y(x) and the last piece of a separatrix entering

O}, Let 7y be the curve orthogonal to perturbed trajectories and containing y(x).
If in one complete rotation, X{ (y(x)) come back to ~y, then

T.(z) < Ayre?|Inh(x)]. (8.13)

If X£(y(x)) does not come back to +', and I(x) is the distance from y(z) to
the closest separatrix, which crosses v at a point b, such that H(b) > H(x), then
for e > 0 small enough,

T.(z) < A1ge?(|Inh(z)| + [Inl(x)]). (8.14)

Constant A17, A1g can be chosen the same for all x & Us(O7) U Us(O%) U
Us(0%), |#| < §, and all & > 0 small enough.

Let « be a small positive number. Denote by &, = &,(¢) the set of points
x € R? such that the distance between z and the closest separatrix is greater than
e2a. Let &% be the intersection of &, with the gray ribbon; & be the intersection
with the white ribbon.

Denote by A.(z, 3) the time when X () reaches C'(53):

Ac(z,B) =inf{t > 0: H(X[(x)) = B};
if H(z) > 0 and || is small, A.(z, 8) < oo for all small € > 0.
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Lemma 8.5. Let H(xo) > 0 and let 1 > 0 be so small that H(z) > 0 for xz €
Us, (o). There exist ag, Bo > 0 and Avg such that for each x € U,(xo) N &a,
a € (0,a), B € (0, o),

Ac(z,—pB) — Ac(z,B) < AjpBIn 1 (8.15)

for e < eg. Here Ayg, in particular, depends on « and [3 but is independent of c;
go > 0 depends on o and .

Proof. Without loss of generality, we can assume that Uy, (x9) N Us(O5) = 0;
otherwise, we choose smaller § > 0. Put

7 < H(X() <

3p

A.(z,B) inf{t>0: 7,Xf(x) € oU;s(05),

VH(X;(z)) is directed inside U5 (0%) }

It is easy to see that Ayg = Agg () exists such that

Ae(xvﬁ) - ]\E(xvﬂ) < AQOE2

for ¢ > 0 small enough. Therefore, to prove (8.15), it is sufficient to prove that,
for small enough € > 0,

Ac(z,—B) < A1oBInp~t (8.16)

justforz € Vi, = {y : § < H(y) < 22,y € 9U5(04), VH(y) is directed
inside Us(O5})}.

For €, By > 0 small enough the trajectory X{(x), x € C(8), 0 < |3] < 280,
crosses OU;(0}) at a point y = y(z, e, ) which is close to C'(0) N dU(O%).
Denote by h(y) the distance between y and the closest piece of a separatrix which
goes to an axis in the linearization diffeomorphism (these pieces are denoted
by 1, 2, 3, 4 in Fig. 36). Let 55 > 0 be so small that C(25,) does not cross
U§(O/1) U U(;(Oé) and for some Agl = Agl((s), A22 = A22(6),

Ao H(y) < h(y) < A H(y) (8.17)

for any x € C(5), |B] < 2B8p. Such Asq, Asa > 0 exist since H(z) = 0 for
x € C(0)and |[VH (z)| > ag > 0if |H(x)| < 28y and x & Us(O5).

Consider the sequence of complete rotations for a perturbed trajectory X (),
z € Vgg, [B] < Po. According to Lemma 8.3, the value of the Hamiltonian
decreases in each such rotation not less than by A3(8)e? and not more than by
As4(8)e2. Then, because of (8.17) the distance h to the last pieces of separatrices
decreases in each rotation not less than by Asse? and not more than by Aoge?.

Since z € &,, according to Lemma 8.3 and the Remark to this lemma, the dis-
tance between X5 (x) and the separatrices outside the d-neighborhoods of equi-
libriums is greater than Agrae? for some Asr > 0 independent of € and .
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Then, taking into account the bounds (8.13) and (8.14) of Lemma 8.4 for the
time of complete rotation, we conclude that for small enough e, > 0, = € V:;E 3
and some Aog = Asg(a, 8) > 0,

5
Ac(z,—B) < Ass Z £2|In |ke?||. (8.18)

k:|k|=1

The sum in the right-hand side of (8.18) converges as € | 0 to

B B
/ [In |z|| dz = —2/ Inzldz =2(BInp~' + ) <38InpB~ "
-8 0

This bound together with (8.18) imply (8.16) and the statement of Lemma 8.5.
O

Now we are in a position to consider the averaging principle for one-degree-
of-freedom Hamiltonian systems with multiwell Hamiltonian. First, let us note
that the classical version of the averaging principle with uniform convergence of
the slow component on any finite time interval (after the time change) with any
initial point does not hold. To see this note that the whole picture in Fig. 31
shrinks to the co-shaped curve C(0) as € | 0. Therefore the initial point z,
H(x) > 0, turn by turn belongs to the white or to the gray ribbon. As one
can derive from Lemma 8.5, when x is not too close to separatrices, X5 ()
enters G1 or G in a finite time; if x € &, and H(z) < Hy < oo, then
To = To(Ho, o, 1) < oo exists such that H (X5 (z)) < —p fort > T if p,
a and e = () are small enough. Since slow components in G; and in Ga, in
general, are different, lim. o H (X (x)) does not exist for t > Tp.

One can try to prove a weaker version of the averaging principle with con-
vergence of the slow component Y (X¢(z)) not for each initial point but in the
Lebesgue measure in the set of initial points. Such an approach allows, in particu-
lar, to overcome, under certain assumptions, difficulties related to the resonances
in systems with many degrees of freedom (see Lochak and Meunier [1] and ref-
erences there). This approach, which is, actually, equivalent to a regularization of
the problem by stochastic perturbations of the initial conditions, can be useful in
the multi-well Hamiltonian case.

Consider perturbations of an oscillator with one degree of freedom:

1 -
Xjt= SVHX!) + BOGT),  Xg" =+ ut. (8.19)

Here 0 < p < 1, £ is a random variable distributed uniformly in the unit
circle {y € R? : |y| < 1}. The assumptions about H(z) and B(z) are the
same as before: H (z) is smooth, generic, lim|,|o H(2) = oo, H(x) has two
minima at Oy and O3 and a saddle point at Oz, H(O2) = 0; B(x) is smooth and
div B(z) < 0. Later we will consider briefly Hamiltonians with more than two
wells and more general perturbations.
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Equation (8.3) can be considered for each of three edges of the graph I' cor-
responding to H (x):

NONE T =1 YN O)
Ye o = i B (yt )a
T;(5")

a0 (8.20)

T;i(z :f —_ BW(, :/ div B(z) dx,
) Ci(z) |VH ()| ) Gi(z) (=)

where C;(2) = Y~1(i,2) and G,(2) is the domain in R? bounded by C;(2),
i€ {1,2,3}.

Equation (8.20) for ¢ = 1 can be solved for each initial condition y(()l) =
y > 0, such a solution is unique, and yt(l) reaches 0 in a finite time To(y). If
1 = 2,3, (8.20) with initial condition y(()i) = y < 0 has a unique solution; if
y((f) = 0, (8.20) has a unique solution g]t(i) if we additionally assume that g]t(i) <0
fort > 0.

Define two continuous functions 9 (y) and 97 (y), t > 0, as follows: g =
-2
Yo =y >0,

y S =y, o<t < To(y),

~1

Ye (y) = (2
By Toly) <1< o0

A2( ) y§1)7 y(()l) =Y, 0 StSTO(y)a

yt y = (3
ygf)TO(y), To(y) <t < 0.

Let us cut out ae-neighborhoods of the separatrices (u-neighborhood of a
point g, H(zg) > 0, is shown in Fig. 38); recall that &, is the exterior of the
ea-neighborhood of the separatrices, &5 is the intersection of &, with the gray
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ribbon, & is the intersection of &, with the white ribbon. In particular, é"og (&)
is whole gray (white) ribbon.

The classical averaging principle together with Lemma 8.5 imply that for
each z € U, (zo) N &5, H(z) =y > 0, for any A, T > 0, and any small enough
a, i > 0, there exists g > 0 such that

H(X:(z)) — g} 21
max [H(X7(2)) ~ 51 (s)] < A s21)
for0 < e < &g.

Similarly, for each x € Uy, (zo) N &Y, H(z) =y > 0,

H(XE(x)) — 9?2 22
max [H(XF(2)) — 32 (s)] < A (5.22)
for0 < e < &g.

Let H(z) > 0 for x € Uy(xo) so that Y : U,(zg) — I; C T'. Define a

stochastic process Y/ (), t > 0, on T as follows:

Y/ (w0) = (L, g} (H(wo + u€))) for 0 < ¢ < To(a + ).

At the time Ty (z + p€) the process Y} () reaches Oq and without any delay
goes to I7 or I, with probabilities

Je, div B(z) dx Je, div B(z) dx
p1 = : ; D2 = - (8.23)
Jeue, div B(z) da Jewue, div B(z) dx
respectively, independently of the random variable &; Y/'(zo) = (1,

gth_TO(onmg)(xo + 1)) for To(zo + p€) < t < oo if Y{(xo) enters I; at time

To(z+p€), and Y (20) = (2,97 g, (g 4 ) (@0 +18)) for To(zo+p€) <t < 0o
if Y}'(z0) enters I5 at time Ty (z + pé).

In particular, one can consider a process Y;(zo) = Y,°(z0) on I'. The pro-
cess Y;(zp) is deterministic inside the edges; its stochasticity concentrated at the
vertex Os: after reaching O, Yt(a:o) immediately goes to I7 or to I with prob-
abilities p; or py defined by equalities (8.23).

Denote by S(D), D C R?, the area of a domain D. Since the point zg + ué&
is distributed uniformly in U, (zo),

‘P{Xf(xo + pg) enters Gy} — W‘ -0,
S(&Y (:UO (8.24)
‘P{Xf(xo + p€) enters Go} — W‘ Lo,
n

as € | 0. According to Lemma 8.2,

o S O U (a0)
SENGAEN)

. S(@@O ﬂlJM(l‘o))
= _l) y 1 m -—————— = p 5 8.25
! €le0 S(Uu(:lo)) 2 ( )

where p; and po are defined in (8.23).
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Taking into account that S(&5 N U, (xg)) — S(&5 NU,(x0)) and S(&Y N
U,(z0)) = S(& NU,(z0)) as o | 0, we derive from (8.21)-(8.25) that, for
each T' > 0, the slow component Y (X;*) of X;" converges weakly in the
space of continuous functions on [0, 7] with values in I to the process Y} (zg).

It is easy to see that Y} (o) converges weakly to Y;(zo) as | 0.

Summing up these arguments we get the following result:

Theorem 8.1 (Brin and Freidlin [1]). Let X" be the solution of (8.19), and
Yo =Y (X5, u) be the slow component of X;'*. Then, for each T > 0, Y,
converges weakly in the space of continuous functions f: [0,T] — T to the pro-
cess Yi(xo) as, first, e | 0 an then i | 0.

Remark. Instead of taking the double limit of Yo *(z) first in € | 0 and then
in g J 0, one can consider the limit (in the weak sense) of Yo" (zg) as e, | 0
so that e~! — 0. Such a limit exists and coincides with Y, (z¢). Without the
condition 5/[1 — 0, the limit, in general, does not exist.

Theorem 8.1 can be easily extended to the case of Hamiltonians having more
than two local minima and no local maxima, if the perturbation is friction-like.
Note that in the case of (8.1), the Hamiltonian H (p, ¢) = % + F(q) has no local
maxima.

Define a continuous Markov process Y;(y) on I in the following way: Inside
the edges Y;(y) satisfies (8.20), Yy(y) = y € . Let O; be an interior vertex of
T, and I;,, I;, ~ O; be the edges where the H-coordinate is less than H (O;); let
G, and G}, be the domains in R? bounded by the co-shaped curve Y ~1(0;), so
that Y ~1(I;,) C Gy, k= 1,2. Put

g, div B(z) dx
div B(z) dx’

Dik = k=1,2. (8.26)

fGil UGi2

When Yt(y) comes to O;, it immediately leaves O; for I;, or I;, with proba-
bilities p;, and p;, respectively independently of the past. The exterior vertices
are inaccessible for Y;, and we can put Y;(y) = y if y is an exterior vertex. Then
Theorem 8.1 holds for multiwell Hamiltonian if the perturbations are friction-like
and Y;(y) is the process defined above.

If H(z) has just one saddle point, one can replace the assumption that the
perturbation is friction-like by a weaker assumption:

/ divB(z)dz /=0 / div B(z)dz /=0

G 2 (8.27)
/ divB(z)dz /=0
G1UG

Of course, if B(x) is not friction-like, the limiting slow motion Y;(y) can have
equilibriums inside the edges; if there is just one edge along which Y;(y) exits the
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saddle point, the limiting slow motion will be deterministic for any initial point
yel.

But it turns out that in the case of more than one saddle point the limit of Y,****
as € | 0 does not exist for a wide class of perturbations (see Brin and Freidlin [1],
where this is discussed). So that perturbations of the initial conditions turn out
not sufficient, in general, for a regularization of the problem. On the other hand,
it is natural to assume that not the initial conditions but the equations themselves
undergo small stochastic perturbations.

We will show now that adding stochastic perturbations to the equation, one
can regularize the problem of general deterministic perturbations of one-degree-
of-freedom Hamiltonian systems. One should stress that the stochastic process
appearing as the limiting slow motion is the same for different regularizations.
In particular, if the regularization by stochastic perturbation of the initial condi-
tions exists, the limiting slow motion is the same as in regularization by various
stochastic perturbations of the equation. So that the stochasticity of the limiting
slow motion is an intrinsic property of deterministic perturbations of a determin-
istic system. Additional stochastic perturbations serve just for a regularization of
the problem. The stochasticity of the limiting slow motion, is, actually, a result
of instabilities in the nonperturbed system.

To be specific, we consider regularization of (8.1).

Define a stochastic process ;" by the equation

" = —F(G") + 28", @ ") + era(d )W

Here W; is a one-dimensional Wiener process, 0 < £,k < 1, 0(q) > 09 > 0
is a bounded smooth function. The process ;" is the result of perturbations of G
defined by (8.1) by a noise which is smaller than the deterministic perturbations.

This becomes clear, if we rescale time t — %, ¢;" = tff/’:z, Pt =4 /Z :
b 1 ’
qy = E_th )

. . (8.28)
e = = Fay") + B a0") + ro (g ") W

The generator of diffusion process X;* = (p;’*, ¢;”") on smooth functions
is equal to L*":

K2 0%u ou ou 1 8u

LEr ’ N2 z = —F - el et

u(p.a) = G055~ SF @G+ Bea) g + ey

The slow component of X" is the projection Y (X;") = Y,>" of X;"" on

the graph I corresponding to H (p, q). Our goal now is to show that the processes

Y™ converge weakly as, first, e | 0 and then | 0 to the process Y;(y), y =

Y (x), z = X", introduced earlier in this section.

We consider, first, the limit of Yf’” as ¢ | 0 and « is fixed. Define a diffusion

process Y;” on I' which is governed by the operators
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2

k2 d d _ o d
Li=Lf=———(a;(y)— ) +Bi(y)—, yel,cT, (8.29)
2T5(y) dy( ) dy) ) dy Y

inside the edges and by gluing conditions at the vertices. Here

dl
T¢y=7§ = di@/:/ o*(q) dpdq,
= fewma@r T f 7

(o) — 98
Bi(y) —/Gi(y) 94 (p,q)dpdg.

As before, C;(y) = Y ~1(i,y), Gi(y) C R? is the domain bounded by C;(y).
A bounded continuous on I" and smooth inside the edges function u(i, y) belongs
to the domain D 4~ of the generator A* of the process Y, if and only if A"u
is continuous and bounded on I', and the following conditions are satisfied at
each interior vertex Oy € I': Let I;,,1;,,I;, ~ Og; let Gi1 and Gya be the
domains bounded by separatrices associated with Oy, Gy; D Y ! (Ii;), 5 = 1,2,

Bri = gy, o (p,q) dpdg, j € {1,2}, Bro = —(Br1+Bk2). Then u(i, y) € D
if and only if

2

> B Dju(Or) =0,

§=0
where D; means differentiation in y along I;,. The process Y;* on I is defined
by these conditions in a unique way.

Theorem 8.2. The processes Y, = Y (X[") converge weakly in the space of
continuous functions f : [0, T] — T to the diffusion process Y as € | 0.

Proof. Proof of this theorem follows the arguments of the proof of Theorem 2.2
(or of Theorem 7.2) and based on statements similar to Lemmas 3.2-3.6.

The tightness of processes Y;”" in the weak topology (analogy to Lemma 3.2)
can be proved in the same way as Lemma 3.2. Naturally modified equality (3.2)
(in particular, the operators L; should be defined by formulas (8.29)) also can be
proved similarly to Lemma 3.3.

But there are two differences with Theorem 2.2: First, perturbations in the
case of Theorem 8.2 (and in Theorem 7.2) are degenerate, and one should use
the Hormander type a priori bounds. This question was addressed in Freidlin and
Weber [1], [2], [3], where Theorem 7.2 was proved and some generalizations
were considered. The second difference with Theorems 2.2 and 7.2 is due to
the additional drift term in the process X;'". If 8 = 0 in (8.28), the Lebesgue
measure is invariant for the process X; " for any € and r, and this is used for
calculation of the gluing conditions.

To overcome the difficulties caused by the drift term, consider the process
X?" defined by (8.28) with 3 = 0. Note that the measures zi7 and fir in the
space of trajectories on the time interval [0, 7] induced by X;*" and X" re-
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spectively are absolutely continuous one with respect to another. According to
the Girsanov formula

dIU'T e,k
— =exp{l;:"},
d,U/T p{ T }

fen - / BXomydw, 1 [T RAXF)ds
ko (X5 26% Jo  o2(X5")

Lemma 8.6. Assume that |3(p,q)| < Po, o(q) > oo > 0. For each Ty > 0,
Kk > 0, there exist a constant Aag such that for any e, T € [0, Tp], © € R?,

Proof. Proof is simple: applying the Itd formula to (17" — 1)? and taking ex-
pected value, we have

Mo~ 12 =M, [ 21" P d
-T(T ) - z 0 eXp{ } K2 Q(XEK) l
58

T
£,k
U(%HQ/O M, exp{2I;""} dt

8" 28(X5H) dW,
_0852/0 Mxexp{/o 7( )

BQ(XE n) ds }
“2 o o2(X5")
T B2 (Xer)ds
eXpy 5 | T oee
Ko o?(XST)
85 ToBs
§ ,‘{2((;'2 . Texp IQQO'g = AQQT.

0 0

IN

‘We used the fact that

o [ B3 [

The next lemma gives the bounds similar to Lemmas 3.4 and 3.5; here
7" (£0) = min{t : X" ¢ Dy(+6)}, domains Dy (+6) were defined in
Sect. 1, 7,7 (+4) is the notation for 7" (£4) as 3 = 0.

O

Lemma 8.7. Let Oy, be an interior vertex. Then for any A, u, k > 0 there exists
6o > 0 such that for 0 < § < b,

;" (£9)
Mw/ exp{—At}dt < ud (8.30)
0

Sor sufficiently small e > 0 and all & € Dy, (%0).
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If O; is an exterior vertex, then for any A, i1, k > 0 and each x € D;(+6),

5" (£)
Mm/ exp{—At}dt < p
0

for sufficiently small € > 0.

Proof. We use the fact that these bounds hold in the case 5 = 0. The detailed
proof of this statement for the case o(q) = 1, 5 = 0 can be found in Freidlin and
Weber [1]; for arbitrary smooth bounded from below o(q), the proof is similar.
Therefore one can find dp > 0 and £y = £((d) such that

~E,R

MZ/ ' exp{—At}dt < %6 (8.31)
0

for x € Dy(£0),d < dp, and 0 < € < g¢(9).
25242
Choose T' < min(”z‘s, %). Letd < dg, € < €9(0), z € Dy(£0). Denote
by x1 the indicator function of the set {7,""(+d) < T'}. Using Lemma 8.7 and

(8.31), we get:
T;’N(ié)
Mx/ exp(—At) dt
0
7" (£0)

7" (£6) )
= Mzx1 / exp(—At) dt + M, (1 — Xl)/ exp(—At) dt
0 0

~E R

e 7o (£6)
<T+ Mz/ exp(—At) dt + M, (I7" — 1)/ exp(—\t) dt
0 0

2u6 1
< LA
4 HY A |
The second statement of Lemma 8.7 can be proved in a similar way using the
corresponding result for the process X;". O

M, (15" — 1)4Y2 < pé.

Let Oy, be an interior vertex, Iy, I, Ix, ~ Ok, Gi1 and Gz be the domain
bounded by the co-shaped curve Y =1 (Oy,) so that Y = (Iy,,) C Gyj, j € {1,2}.
Consider points 9, 85, 05 CT:08 = (20, (Ok) +6), & = (i1, HO) = 6),
93 = (i, H(Oy) — 5). Put By; = ka q)dpdg, j € {1 2}, Bro = —(Br1 +
Br2), Prj = %’J e{1,2},pk, = 3

The next lemma is a counterpart of Lemma 3.6.

Lemma 8.8. Let Oy, be an interior vertex. Then for any u > 0 there exists 6o > 0
such that for each 6 € (0,0¢) one can find &' > 0 such that for sufficiently small
e>0

Po{Y (X 1) = 07} — pug| < e (8.32)

forany x € Dy(£d") and j € {0,1,2}.
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Proof. LetT' > 0 be so small that T < 1’%2“229 . Similar to the bound (5.17), in the
case of 5 = 0, we have:

M, 7¢ " (£6) < A3p6[In 6| (8.33)

for § € (0,97) with small enough §; > 0, x € Dy (£5) and small enough £ > 0
(see details in Freidlin and Weber [1]). Also for the process X f *®_the statement of
Lemma 8.8 holds. Let §g < 07 and ¢’ be so small that for z € Dy, (£6)Ud Dy (£6)
and 0 < § < dg,

PoAY (Rsp) = 0} =il < & (8.34)

for small enough e > 0, and 2 A3063|Indy| < 4. Denote by x> the indica-

tor function of the event {7,"(4+d) < T'} and by x3 the indicator function of
{Y(X}EW(H)) = (’9}5}. Then, using (8.32), (8.33), (8.34), and Lemma 8.6, we
getfor § € (0,0¢), © € Dy(+6) and small enough € > 0:

IPo{Y (Xem(25)) = 07} — pijl

< [Maxs — pij| + IMaxixs (13" — 1) 4+ 2M (1 — x1)
+ My (1 = x2) (17" = 1)]
M 1o €K 211/2 3 AT
< Z — N — < —
=5 + 2A30T5 |1H5| + [MI(IT 1) } =7 + 12 < u

The Theorem 8.3 can be derived from these lemmas in the same way as The-
orem 2.2 was derived from Lemmas 3.2-3.6 (see details in Freidlin and Weber

(1, [2D. O

Now, we will prove the weak convergence of processes Y, onI" as x | 0.
First, note that the family of processes Y;*, 0 < ¢ < T,0 < k < 1, is tight in the
weak topology. This follows from the tightness of the family V""" = Y (X[")
and the weak convergence of Y~ to Y}*.

Define a process Y; = Y;(y), Yo(y) = v, on I as follows. Inside of each edge
I; C T, Y, is the deterministic motion governed by the equation

o 1 WA, 2 o aﬁ(p7Q)

Y= 0. Aw) /Gi(y) P s,
(1) = de _ dS(Gi(y))
0= [ T

where S(G;(y)) is the area of the domain G (y) bounded by C;(y) = Y ~1(i, ).
If O; is an exterior vertex and Yy = O;, put Y; = O, for all t > 0. It is easy
to see that if an initial point Y} is not an exterior vertex, then Y; never enters any
exterior vertex in a finite time.
Interior vertices can be reached by Y, in a finite time. Let Oy, € T be an
interior vertex, I;,, I;,, I;, ~ Oy, (Fig. 39), Gi, and G, be the domains bounded
by Y 71 (Oy) such that G; D Y (I;,) for j = 1,2; G, = G, U Gy,

J
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Figure 39.

We assume for brevity that for each interior vertex Oy € I’

~ 0
o0 [ Va0 jeor2. 639
Gy P

An edge I;; ~ Oy is called an exit edge for Oy, if j = 0 and By (O) > 0 or
if j =1,2and Bj (Og) < 0; otherwise the edge I;; is called an entrance edge for
Oy,. It is obvious, that if (8.35) is satisfied, each interior vertex has at least one
exit edge and at least one entrance edge. If an interior vertex Oy, has just one exit
edge, the process Y; leaves Oy, immediately after entering it for this exit edge.

If O, has two exit edges, say, I;; and I;,, then Y; also leaves Oy, immediately
and goes to I;; or to I;, with probabilities

18; (O
Ok) + Bi(Ox)|’

a(

pi; (Or) =

pu (Ok) ( )| )

independently of the past. -
Such a stochastic process Y; exists and is defined in a unique way.

Theorem 8.3. Assume that conditions (8.35) are satisfied. Then the process Y;"
converge weakly on any finite time interval to Y;(y), y = Y§, as £ | 0.

Proof. We are already mentioned that the family {Y;"}, Y* = v, is tight, so that
to prove the theorem, we should check that each limiting point of this family has
the properties included in the definition of Y;.

Inside each edge, the process Y, can be described by a stochastic differential
equation, and the convergence of Y;® to Y; as € | 0 can be derived from The-
orem 1.2 of Chap. 2. Taking into account that exterior vertices are inaccessible
for Y, in a finite time, one can derive from Theorem 1.2 of Chap. 2, that exterior
vertices are inaccessible for each limiting point of the family {Y;*}, x | 0.
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Let O be an interior vertex and § be a small positive number. Denote
by &.(5) the connected component of the set {z € T : |[H(Y"1(2)) —
H(Y~Y(Oy))| < 6} containing O, (in Fig. 39, the set & (4) is the neighborhood
of Oy, bounded by the points 93, 2,93). Let 7/°(5) = min{t : Y ¢ &.(5)}.
The following two lemmas show that the limiting process should behave near an
interior vertex as the process Y;.

Lemma 8.9. If Oy, is an interior vertex, then small d1,x1 > 0 and a constant

Aszq exist such that
Mlny,’:(é) S A315|ln 5|,

Sforany k € (0,k1), 6 € (0,01), and all (i,y) € &(9).
Lemma 8.10. If an interior point Oy has just one exit edge I;, ~ Oy, | €

{0,1,2}, then for any p > 0 there exists 61 > 0 such that for each § € (0,91)
one can find ' € (0, 6) such that

Pig{Yes) = a9} —1] < p,

forany (i,y) € &,(0") and k > 0 small enough.

If an interior vertex Oy, has two exit edges I;, and I;,, 1, j € {0,1,2}, then
for any p > 0, there exists 61 > 0 such that for each 6 € (0,01) one can find
0" € (0,0) such that

Piy{Yik(5) = O} —p(OR)| < p,
IPiy{Y7k(5) = 2} —p;(Ok)| < i,

forany (i,y) € &,(0") and k > 0 small enough.

Proof. Proof of these lemmas is based on the possibility to calculate functions
u*(i,y) = M, 7(6) and vf (i, y) = Pi7y{YT’%(5) = 0P} explicitly.
The function u" (4, y) is the solution of the problem

Liu*(i,y) = —1, (i,y) € &),  u(i,8))=0, 1€{0,1,2},

the function u(i, y) should be continuous in &% (d) and satisfies the gluing condi-
tions for Y;* at the vertex O.
The function v" (i, y) is the solution of the problem

Livf(i,y) =0, (i,y) €(S),  vf@))=1, o)) =0 ifj /%

v}® should be continuous in &% (¢) and satisfies the gluing conditions for Y;* at O,.

Each of these boundary-value problems has a unique solution. To avoid bulky
calculations, one can use the comparison arguments (maximum principle) and
random time change. Using these explicit formulas, it is not difficult to calculate
the limits as « | 0. Detailed calculations one can find in Brin and Freidlin [1]. O
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The tightness of processes Y;*, 0 < ¢ < T, in the weak topology, convergence
inside the edges, and Lemmas 8.9, 8.10 imply Theorem 8.4. O

Combining Theorems 8.3 and 8.4, we get the following result:

Theorem 8.4 (Brin and Freidlin [1]). Let conditions (8.35) be satisfied. Then the
slow component Y." = Y (X["") of the process X;", X;" = 2,0 <t < T,
defined by (8.28) converges weakly to the process Yy = Y;(y), y = Y (x), when,
first, e | 0 and then k | 0.

Remark. 1t is worth noting that, although the gluing conditions for Y at Oy
are independent of 5(p, ¢) and defined just by the Hamiltonian and the diffusion
coefficients, the exit probabilities for Y}, in the case when Oy, has two exit edges,
are defined just by 5(p, ¢). This is, actually, a manifestation of the fact that the
stochasticity of Y; is an intrinsic property of deterministic perturbations of the
deterministic system. The diffusion term serves just for a regularization of the
problem.

Note also that if the regularization by stochastic perturbations of initial con-
ditions exists, it coincides with Y.



Chapter 9

The Multidimensional Case

1 Slow Component Lives on an Open Book Space

In Chap. 8 we considered stochastic and deterministic perturbations of two-
dimensional dynamical systems with one first integral. Let us consider now an
(m + n)-dimensional system

X(t) = B(X(t)) (1.1)
with n first integrals 2! (), ..., 2" (x); i.e. smooth functions such that the scalar
products Vz!(z)-B(z), ..., Vz"(x)- B(x) are identically zero. (Our notations

will be a little different: we’ll write the time argument in parentheses rather than
a subscript, subscripts being reserved for coordinate numbers; and we’ll denote
the identification mapping with a Gothic letter.) If, as in the case m = n = 1, we
identify all points « within every connected component of m-dimensional level
surfaces {x : z!(x) = const, ..., 2" (x) = const} we obtain a space I of n di-
mensions; I' consists, typically, of some number of n-dimensional “faces” having
the structure of a manifold, that join, sometimes several at a time, at “faces” of
smaller dimensions. Such a space equipped with the natural topology is called
an open book (see, e.g., Ranicki [1]); its n-dimensional faces are called pages,
and the faces of smaller dimensions form the binding of the book. Let ) be the
corresponding identification mapping. We can introduce (local) coordinates on
T taking 2!(x),...,2"(x) as the first n coordinates, and the number i(x) of
the page containing the point ) (x) as its (n + 1)-st, discrete coordinate (local
coordinates because one page can “flow” into another).

The open book I is the space on which we should consider the “slow com-
ponent” of the motion corresponding to small perturbations of system (1.1). Let
us consider an example and draw some pictures.

Letm = 1, n = 2, the system (1.1) having the form

X(t) = b (X (), X2(1), Z(1)),

X2(t) = 03X (1), X2(1), 2(1)), (1.2)
Z(t) =0,
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where, for every fixed z, the system X*(t) = b*(X'(t), X%(t),2),i = 1,2, hasa
first integral H(z, z) = H(z', 22, 2) (thatis, Y7, b'(z", 22, 2)-0H/dx' = 0),
the function H(x, z) going to co as || — oo. The two first integrals of the
system (1.2) are z and H. If Q). (x), for a fixed z, is the identification mapping
associated with the first integral H(x, z), the identification mapping ) corre-
sponding to the two first integrals z and H is given by 9)(x, z) = (9.(x), 2).

Suppose that for z; < z < 25 the function H has two minima at the points
x1(2) and 5(2), and the system X*(t) = b*(X'(t), X2(t), 2), i = 1,2, three
equilibrium points: centers x1(z), x2(z), and a saddle point x3(z). After identi-
fying all points in every connected component of a level set of the function H in
every horizontal section we get a graph with three vertices O (2) = 9. (xk(2))
and three edges: I;(z), i = 1, 2, connecting O;(z) with O3(z), and I3(z) going
from O3(z) “to infinity”.

Suppose that for z < z; the function H(x, z) has only one minimum point
x1(z) (the function x1(z), z < 22, being continuous), and for z > 2z it keeps
only the minimum at @2 (2); these points are the only equilibrium points of the
system at level z. (Of course at the levels z = z; or 25 there are two equilibrium
points.) Let us draw the solution curves of the system (1.2) at the levels z1, 2o,
and a little lower and higher than z; and 25, and the corresponding graphs being
sections of the open book I at these levels; and a picture of the open book itself.

Note that the book in Fig. 40 can be placed without self-intersections in the
three-dimensional space; but it’s not one we would care to be reading—or solving
differential equations on (the more so because the coefficients of the equations to
consider are likely to have singularities at the binding).

Now we return to the general case, and consider small white-noise-type per-
turbations of this system that, after an appropriate time-scale change, are de-
scribed by the stochastic equation

dX°(t) = [ 2B(X°(t)) + B(X ()] dt + o(XE(£)dW ()  (1.3)

(W (t) being a multidimensional Wiener process). The case of the matrix o = 0
is that of deterministic perturbations, for nonzero o it is white-noise-type pertur-
bations.

The identification mapping ) provides a kind of splitting of the process
X¢(t) into two “components”: the slow component Y*°(¢) = 9 (X°(t)) tak-
ing values in T', and the fast one, which is the fast motion of X°(¢) along the
level surfaces according, roughly speaking, to the system (1.1) (with an appro-
priate time-scale change). The problem of limiting behavior of the slow compo-
nent Y°(t) as ¢ — 0 arises, to be formulated precisely in terms of distributions
in the space C([0, 00),T") of continuous functions [0, 00) + T and their weak
convergence.

If the dynamical system (1.1) is ergodic on each (almost each) connected
component of the level surfaces with an invariant measure having a density on
this connected component, then before Y () changes significantly, mixing in
accordance with the dynamical system steps in, and some version of averaging
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(a) Solution curves at different levels
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Figure 40.
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(c) Open book T'

Figure 40. (Continued)

principle must take place. The behavior of Y °(¢) within the same n-dimensional
page of I is likely to be, for small €, approximately the same as that of a diffusion
process on this n-dimensional face, whose coefficients at a point y € I' are
obtained by averaging some quantities with respect to the invariant measure on
the m-dimensional surface ) ~*(y). At the binding of the book, the probabilities
to go to one or another of the pages meeting at a certain manifold of a smaller
dimension are also likely to be averaged over the m-dimensional surfaces. Thus,
one is to expect that the stochastic process Y () = 9 (X°(¢)), which is not
a Markov process, is, for small €, close in some sense to a Markov process on
the open book I': a continuous Markov process, which can be called a diffusion
process on the open book. (The behavior of this limiting process at the binding of
the book is likely to be identified by gluing conditions at manifolds of a smaller
dimension, describing the domain of the definition of the generating operator.)
Several problems arise at once:

e Letalinear operator A be given in the space of continuous functions on I', be-
ing a differential operator inside the pages of I', its domain D being restricted
by “gluing conditions” at the binding. Does there exist a unique Markov pro-
cess on I' with continuous trajectories (a diffusion process on I'), governed
by the operator A?

The question can be formulated in the language of martingale problems. The
main thing in answering this question is ascertaining that there exists a solu-
tion of the parabolic equation du(t,y)/0t = Au(t,y), y € T, with initial
condition u(0,y) = f(y); or, in the language of Laplace transforms, that
there exists, for every A > 0, a solution F' € D of the equation \FF —AF = f.
A very important thing is establishing the existence of solutions for a large
enough set of functions f: this is needed to obtain uniqueness of solution of
the martingale problem corresponding to the operator A.

While in the case of the open book being just a graph the equation A\F' —
AF = fis a linear ordinary differential equation, and finding its solution
satisfying the gluing conditions is reduced to solving a system of finitely
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many linear algebraic equation with the number of unknowns equal to the
number of equations, the partial differential equations AF' — AF = f or
ou(t,y)/0t = Au(t,y), u(0,y) = f(y) are not easy to solve; we are able
to do this only in special cases.

e Establishing weak convergence of the distributions of the stochastic process
Y € (t) within one page of the open book, and finding the coefficients of the
differential operator A.

For m = 1, if B(x) / 8, the connected components of level “surfaces”
that lie in regions without singularities are just closed trajectories of the sys-
tem (1.1); and we can introduce on these trajectories an “angle” coordi-
nate ¢ = () taking values in a circle of unit length, so that for a solution
X (t) of (1.1), (X (t)) moves uniformly on a circle, with different non-zero
speed on different circles.

For m > 1 itis also possible that we can introduce on the connected compo-
nents of the level surfaces lying within a domain without singularities 1-cyclic
coordinates 1, ..., @y, so that these surfaces can be identified with m-
dimensional tori, with uniform motion whose speed vector w is different for
different tori. In this case (z,9) = (21,...,2n,¥1,-..,Pm) serve as local
coordinates in X (in classical mechanics such coordinates are called “action—
angle” coordinates, see, for example, Arnold [1]); and the system (1.1) within
one region without singularities can be written in these coordinates as fol-
lows:

Z(t) =0,

P(t) = w(Z(t)).

For m = 1 some kind of mixing within the closed trajectories always does
take place, and the idea of finding the limiting local characteristics of the pro-
cess in the space I by averaging the perturbation over the closed trajectories
is easily verified as true. If m > 1, there are, typically, m-dimensional tori on
which mixing takes place, and they alternate with such on which there is no
mixing (tori with the components of the velocity w being rationally indepen-
dent, and those with components that are rationally dependent). Since there
are “more” irrational numbers than rational ones, we are inclined to think
that surfaces with mixing will prevail over those without mixing, and that the
averaging method of evaluating the limiting local characteristics will work
also in the case m > 1. Averaging principle for deterministic perturbations
of dynamical systems with many degrees of freedom was studied extensively:
Anosov [1], Kasuga [1], [2], [3], Arnold [1], Neishtadt [1], [2], [3].

e Establishing that the process Y (¢) becomes “more and more Markov” as
¢ decreases. The key to this is establishing that the distribution of the first
hitting point at a surface 2)71(y) starting from a point in another surface
9! (y') depends, for small , only on ¥’, and not on the choice of a point
zeD (Y.

e Finding the gluing conditions that should be prescribed at the (n — 1)-
dimensional parts of the binding of the open book I' could be similar to find-

(1.4)
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ing the gluing conditions at the vertices of a graph in the case of m =n = 1.
But what conditions should be prescribed at the parts of the binding of smaller
dimensions?

As for some more conditions one should impose at the parts of the binding of
smaller dimensions, we may hope that these small-dimensional parts are not
accessible from outside them, and no conditions (apart from boundedness) at
them are needed.

Of these problems, we can solve, in a pretty general setting, that about mix-
ing and weak convergence within one page of the open book (so we can handle
random perturbations of system (1.1) while Y *(¢) moves in the interior of the
page shown in Fig. 40, before reaching its boundaries); and the rest, only under
some special conditions (definitely not in the case of I" pictured in Fig. 40).

2 The Results Outside the Singularities

In this section we consider, following Freidlin and Wentzell [5], the case of a re-
gion corresponding to one page of the open book, with action—angle coordinates
introduced in it.

Let Z be a bounded region in R™ with a boundary 97 of class C%< (twice
differentiable with second derivatives a-Holder continuous, o > 0) and clo-
sure [Z]; T™, the m-dimensional torus with 1-cyclic coordinates ©1, ..., ©m.
Let w(z) = (w1(2),...,wn(z)) be a function of z € Z having uniformly con-
tinuous first and second partial derivatives; and let b;(2, @), ¢;(2, ), o (z, ¢),
Tf(z, ¢), 1 <i<mn,1<j<m,beLipschitz-continuous functions on Z x T™.

Let X°(t) = (Z°(1). (1) = (Z5(1),. .., ZE(0); #5 (1), . 5u (1)) be
diffusion process on [Z] x T™, described by stochastic equations

dZ5 (t) = bi(Z5 (1), 7 (1)) dt + ) o (Z°(1), % (1) dWi(1),
k
di5(t) = [e72w;(Z5(t)) + ¢;(Z°(t), (1)) dt @2.1)

+ Y THZE(1), @7 (1) AW ()
k

before the time 75 at which it reaches the boundary, 07 x T™; suppose the
process X ©(t) stops at the time 75 (W (t) are independent Wiener processes).
The function w plays the role of B in (1.3); for Uf = Tj’-“ =0, (2.1) is exactly the
form of the perturbed system considered in Neishtadt [1], [2], [3], Lochak and
Meunier [1]. In particular, white-noise perturbations of a Hamiltonian system
admitting action—angle coordinates can be written in the form (2.1).

For every « = (z, ) € [Z] x T™ let us consider the solution X “(¢) of (2.1)
with the initial condition Z°(0) = z, ¢°(0) = ¢. Let P5, = P{..) be the
probability measure in the probability space on which this stochastic process
(and W¥(t) too) is defined.
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Let C be the space of continuous functions on [0, co) with values in [Z]. Let
ue, = u@ ) be the distribution of the first component Z¢ of our process in the
space C: for a Borel subset A of this space uZ,(A) = PS{Z(e) € A}.

Let us consider the functions

aij(z,¢) Za z,0)05 (2, ),
Gy (2) = / ai; (2, 9) di, 22)
'er
bi(z) = ] bi(z, p) dep.

Let Z(t) be the diffusion process in [Z] with drift coefficients b;(z) and diffusion
matrix (a@;;(z)), stopping at the time that it reaches the boundary, 9Z. Consider
the process Z(t) starting at an arbitrary point z € [Z]. Let P, be the proba-
bility measure being the distribution of this process in the space of continuous
functions.

Let us introduce our main restriction on w(z) = (w1(2),...,wm(2)):

Condition x. The set of points z € Z for which the components of the vec-
tor w(z) are rationally dependent has zero Lebesgue measure (that is, for every
integer-component vector k # 0 the set {z € Z : k- w(z) = 0} has zero
Lebesgue measure).

Theorem 2.1. Suppose the conditions mentioned at the beginning of this section
are satisfied, and also the condition x. Suppose the diffusion matrix (a;;(z, ¢))
is uniformly non-degenerate forall z € Z, p € T™.

Then for every z € [Z] and p € T™ the distribution /sz ) Converges weakly,
ase — 0,10 P.

Let us begin the proof. First we establish, in the usual way, that the family
of distributions ,ufz’ ©) is tight. Here we are using the fact that the coefficients b;
and o¥ in (2.1) are bounded. We are omitting all details of the proof.

Now, we’ll be characterizing diffusion processes as solutions of martingale
problems. Thus, P, is the solution of the martingale problem associated with the
differential operator

157 = 2*f n 7. \Of
Tf(z) = 2 Zi,jzl Qqj (z)azi,azj + 2 bz(z)aziv zeZ,
0, z €07

(with the domain D consisting of all continuous functions in [Z] with uni-
formly continuous first and second partial derivatives in Z), and with the ini-
tial distribution concentrated at the point z; the probability measure in the space
C([0,00), [Z] x T™) corresponding to the stochastic process X ©(t) is the solu-
tion of the martingale problem associated with the differential operator
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n+m 9% f _
%sz 1 @ij (2, ‘P)ar oz, 223 1wi(z )357
LFf(z,¢) = +Y " Bi(z 0 2L, zeZ,
0, ze€dZz,

where the coordinates x;, 1 < ¢ < n + m, are either z; or ;_,, and the coef-
ficients «yj, B; are expressed in terms of the coefficients in (2.1) (in particular,
Bi=ci_pforn+1<i<n+m).

Now, according to Lemma 3.1, Chap. 8, we have the convergence uf 20) P.
if the solution of the equation \F' — LF = f exists for every positive \ and a
dense set of continuous right-hand sides f, and if for every positive A (or every
sufficiently large positive A) and for every function f € D

{z.0) /OOO e MINF(ZE()) - LF(Z5(1))] dt — f(=) (2.3)

as € | 0, uniformly in z € [Z] and ¢ € T™, where M¢ is the expectation

(z,)
corresponding to the probability measure sz 0

The equation \F' — LF = f with condition ' € D is equivalent to the
same equation with the Dirichlet condition F|s7 = A~!f; so we can guarantee
that it has a solution for all f that are twice continuously differentiable with
second derivatives satisfying a Holder condition (see Gilbarg and Trudinger [1],
Theorem 6.19), and the set of such functions is dense.

The main thing is to prove (2.3).

Using the fact that (X °(t), PS) is a diffusion process with generating opera-
tor L°, we obtain the equality

M [ T M2 (1) — LEF(2Z5(8), oF (1)) dt = £(2).

The function f depends only on the z-coordinate, but the operator L takes
it to one depending also on (; namely, we have, for z € Z:

n

Lff(z,¢) = % Z aij (2, ‘P

ij=1

(which does not depend on ¢).

Because of the way in which the coefficients of the operator L are defined,
we have: [, L° f(z, ) de = Lf(z); and for z € 0Z both functions are equal
to 0. So it is enough to prove that, for every bounded uniformly continuous func-
tion g(z, ) on Z x T™ with

/, 9(z,¢)dp =0 24)

for all z,
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To
Mgy [ o250, ¢ ) de =0, @)
0

uniformly in (z, ) € [Z] x T™, where 7y is the time at which Z°(t) reaches
the boundary, 07.

In the case of m = 1, i.e. of closed periodical trajectories, (2.5) can be proved
using the fact that f01 g(z,p)de = 0, and there exists a function G on the cir-
cle T! being the solution of the equation w(z)-0G/dp = g.In the case of m > 1
we cannot solve the equation w(z) - VG = g; but we can solve it approximately,
as it is done in Neishtadt [1], [2], [3], with good approximation if z is outside
some exceptional set. This is done in Sect. 4. In Sect. 5 we check that, under the
conditions of Theorem 2.1, the process Z°(¢) spends little time in this excep-
tional set, so good approximation prevails, which enables us to prove (2.5).

Now we’ll construct an approximate solution of the equation w(z)- VG = g.

Lemma 2.1. Let g(z, @) be a bounded uniformly continuous function on Z x T™
such that for all z € Z the equality (2.4) is satisfied.

Then for every positive 1 there exist a natural N and a positive C' such that
for every positive » there exists a function G(z, @), bounded and continuous
together with its partial derivatives up to order 2, such that

w(2) - VoG(z,0) —g(z,9)| < C
for all z, p; and

lw(z) - VoG(2z,0) —g(z,0) <n
forall z € Z such that

min k- w(z)| > (2.6)
k:k /8, || k[ <N

and all p.

(For k = (ki,...,ky) € Z™, the norm ||k|| is defined as max(|ky],. ..
|eml).)

The proof follows the ideas of Neishtadt [1], [2], [3]. Let us extend the func-
tion g continuously to the boundary. There exists a function

)

ize)= Y alz)- R ze(Z], o T, 2.7)
k:k /B,||k||<N

with bounded continuous ¢ (z), such that
‘g<z7¢)_g(zv¢)‘ <77/2 (28)

for all z and ¢. This function can be found as the Fejér sum: the sum (2.7) with
bounded continuous coefficients
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H< |k|) /mfz”'“'”g(z,cp)dso

(note that ég(z) = 0); that the inequality (2.8) is satisfied for sufficiently large N
for all z and ¢ follows from the fact that g(z, ) is uniformly continuous.

After this, for every k # 0, ||k|| < N, we find a function & (2) that is
bounded and continuous together with its derivatives up to order 2, and such that
|ek(2) — ér(2)| < n/2(2N — 1)™ for z € [Z]; and take

§(z, (p) = Z ék(z) . eQTI”L'k~¢p.

k:k#£0, | k|| <N

We have: [§(z, p) — §(z, )| < n/2 forall z and .

Let h(y) be a twice continuously differentiable function such that h(y) = 1/y
for |y| > 1, and 0 < yh(y) < 1 for all y (we could have written an explicit
formula for h(y), but there is really no need for that). Take

G(z,0) =Gulz,0) = Y ! h(k : w(z)> E(z) - 2k,

2mix n
k:k#£0,|| k|| <N

This function is clearly bounded and continuous with its derivatives up to order 2.
And we have:

w(z) - VoG(z,9) - i(z,¢)
RN e G R

k:k£0, || k|| <N

This function is not greater than >y . o k<N ||é&|| for all z, ¢, and is equal
to 0 for z for which the inequality (2.6) is satlsﬁed Comblnlng this W1th lg— g\ <

Lemma 2.2. Let A > 0. Let the family of diffusions ((Z°(t), ¢°(t)), P, Lp)) on
[Z] x T™ be such that for every positive n and k € Z™, k # 0 there exists a
positive s such that

To
’ {z.9) / €M X (se (K - w(Z5(1))) dt| < n (2.9)
0

for all sufficiently small €, all z € Z and all @, where Ty is the time at which the
process reaches the boundary.

Let g(z, ) be a uniformly continuous function on Z x T™ satisfying the
equality (2.4).

Then (2.5) is satisfied, uniformly in z € [Z] and ¢ € T™.
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Proof. For atwice continuously differentiable function G in [Z] x T™ the random
function

6’”G(Z5(t)7wg(t))—/0 e V[LEG(Z5(s), ¢%(5)) = AG(Z7(s), 9% (5))] ds

is a martingale with respect to the probability measure sz p)> SO We have:

Miz.) [e_mG(ZE(Ta% ¢ (70))
[ e ez 0.6 o) 0z w.ew) dt}

=G(z,¢).

We have, for z € Z:

. 9°G
L°G(z,¢) = £ *w(2) - VoG(z,9) + Zang<P

axiﬁmj
+ Xizﬁi(z’¢)8—
SO

MGz.0) /076 e Mw(ZE(t)) - VpG(Z° (1), @7 (1) dt

1 (3 E (3 5 aG
~3 Loz (0.6 axzax] IR0 o
- G(z,w], 2.10)

which converges to 0 uniformly as ¢ — 0.

Now let 7 be an arbitrary positive number; let N and C' be taken as in
Lemma 2.1. Let 3 be taken so that (2.9) is satisfied with n/C'(2N — 1)™ in-
stead of n; let 2 = min{s¢, : k # 0, ||k|| < N}. Choose the function G as in
Lemma 2.1.

For positive € that are so small that the expression (2.10) is not greater than 7
in absolute value, we have:

o [z 0 (t))dt\

To
<77+M(zsa)/ e_)‘t|g—w-V¢G\
0
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[T 0=k w(Zo()) dt

k:k£0, || k|| <N

To
+ Z Miz.0) /0 e Mg —w- VyG

k:k£0,| k|| <N
X[=sed) (B - w(Z5(1)))] dt < +n/X+n,

which can be made arbitrarily small.

Now we have to prove that, under the conditions of Theorem 2.1, for the
process (Z°¢(t), p°(t)) the condition of Lemma 2.2 is satisfied. It is enough to
prove that for every positive 7 there exists a »c > 0 such that for every set C' C Z
with Lebesgue measure < s, for every € > 0, for every z¢g € Z and ¢, € T™

To
msz’LPO)(C’) = Mfzm%)/o e_MXC(ZE(t)) dt <. 2.11)

For a Borel D C Z x T™, let us denote

To
ME oy (D) = M2 /O e My (ZE (1), o (1) dt.
It is clear that

M(Zzo,cpo)(dz dQO) = mfzo,zp0)<dz> ’ quo}cpo)(z7 d‘P)>

where the measure quO_‘PO)(z,O) depends on z in a measurable way, and

q?zo#Po)(z’ Tm) =1
Let ¢(z) be a smooth function that is equal to 0 in some neighborhood of the
boundary Z and outside Z. Applying Itd’s formula to e~ M@ (Z°(t)), we get:

M{zo.00) /OTB e MAG(Z7(1) — LEG(Z7 (1), % ()] dt = d(=0),

or, using the measures introduced above,

Mot [ [ [3 5 a6

15]
Y 0 0) 52 g (5 00| (02) = 620).

Denoting
A5(3) = [ 065200 Gy (520

(for simplicity of notations, we do not show its dependence on ¢ or (zg, ©,)),
we obtain:
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82q5

< 2SUP |6(2)| + A sup [b(z, @)| - sup |V (2)].
z z,p z

To the measure mf we can apply Theorem 2.1 of Bogachev, Krylov,

20,%0)
and Rockner [1] Concludiné that this measure has a density with respect to the
Lebesgue measure, and this density belongs to L™/ ("~ with its L™/ ("~1)_norm
bounded uniformly with respect to € and (2o, ). (It is true that the formulation
given in Bogachev, Krylov, and Rockner [1] states only that the density belongs
to L{;/C("_ Y and says nothing about its norm being uniformly bounded—but this
is only because the coefficients A;; there are supposed to belong only to L{ . In
our case, using the fact that our coefficients are uniformly bounded and uniformly
non-degenerate, it is easy to obtain from Theorem 2.1 the result with uniform
L/ (=1 _poundedness of the density.)

This proves our Theorem 2.1.

In Freidlin and Wentzell [5] it is proved that Theorem 2.1 remains true if,
instead of the diffusion matrix (a;;(z, ¢)) being non-degenerate, we require only
that the averaged matrix (a@;;(z)) is.

3 Weakly Coupled Oscillators. Formulation of the Results

The results of the previous section are obtained for the situation that the open
book T is just a region in a Euclidean space. Obtaining results in the case of
a more general open book requires results on existence of smooth solutions of
partial differential equations on an open book; and we don’t have such results.
Fortunately, for a special class of dynamical systems we can circumvent this
difficulty; and all other arising problems are also solved in this case.

Let Hi(x),i=1,...,n, v = (£&1,&) € R?, be smooth functions such that,
for sufficiently large |z|, H;(z) > Ai|z|?, As2|z| < |VH;(z)| < As|z|, and
the matrix of the second derivatives (a;gé(;;) )jr=12 is bounded and uniformly

(‘?d? , 85 Hi) be the skew gradient

positive definite for large |z|. Let VH;(z) =
of the function H;(x).

The functions H; will play the role of Hamiltonians of some oscillators. As-
sume that these Hamiltonians are generic: each of them has a finite number of
critical points, which are non-degenerate, not more than one for each connected
component of a level set {z : H;(x) = const}.

Let I'; be the graph obtained by identifying all points of R? belonging to the
same connected component of the level set {« : H;(x) = const} with vertices
Oy, (that are classified as exterior and interior vertices) and edges I;;; let Q); :
R? + T'; be the corresponding identification mappings. We define the function
H; on the graph T; by H;(y) = H;(); ' (y)) (the function H,(z) takes the same
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value on the whole set ijl(y)). As coordinates of a point y € I'; we’ll take
the couple (I, H), where [ is the number of the edge I;; containing the point y
(the coordinate [ is chosen in three ways for y being an exterior vertex), and
H = H;(y).

Let us consider a system of n independent one-degree-of-freedom oscillators
described by

X;(t) = VH;(Xi(t)), i=1,...,n. (3.1)

This is a system with n degrees of freedom with Hamiltonian H(x) =
S Hi(z), @ = (z1,...,2,) € R?"; it can be written in the form

X(t) = VH(X(t)), (32)

X (t) = (X1(t),...,Xn(t)). The Hamiltonian system (3.2) is, of course, a com-
pletely integrable one with n first integrals Hi(x1),. .., H,(xy,).

If we introduce perturbing terms into (3.2) whose i-th component depends
not only on X, (t), but rather on the whole X (¢), the oscillators described by
this equation are no longer independent, they are coupled. In the case of small
perturbations, the equation of the form (1.3) arising after a time-scale change
describes what can be considered weakly coupled oscillators.

We consider the case of weakly coupled oscillators described by the equation

dXe(t) = [e>VH(X (1)) + B(XE (1)) dt + o dW (1), (3.3)

where W (t) is a 2n-dimensional Wiener process, and 3(xz) = (51(x),...,
Brn(x)) and o are a 2n-vector function and a (2n x 2n)-matrix having 2 x 2
nonzero matrices o; = (o, ]k)? x—1 on the diagonal, and 0 elsewhere (for sim-
plicity’s sake, we don’t consider matrices depending on x; if B(x) = 0, the
components X;(t) of X (¢) are independent).

The open book I' on which we should consider the slow component of the
process X °(t) is in this case the direct product 'y x --- x T',,, and the iden-
tification mapping %) : R?" s T is given by 9(z) = D (z1,...,7,) =
D1(x1), ..., Yn(xy,)). The (n — 1)-dimensional part of the binding of the open
book consists of pieces that are products of n — 1 edges of graphs I';, i / =,
and a one-point set consisting of a vertex of the graph I';, (ip = 1,...,n); and
lower-dimension parts of products with vertices of two or more graphs I';.

Now we are going to define the differential operator L on the open book T,
together with the gluing conditions, governing the limiting diffusion process on
it. The differential operator is written in a way that is similar to what we did
in Chap. 8, as well as the gluing conditions at the (n — 1)-dimensional part of
the binding. In the case of one degree of freedom considered in that chapter the
graph I' is one-dimensional; there are gluing conditions at the binding—which
consists of finitely many points: vertices; and that’s all. In the case of n > 1
there are parts of the binding of dimensions n — 2 (and for n > 2, also smaller
dimensions). A question arises: should we prescribe gluing conditions at these
smaller-dimensional parts of the binding, and if yes, what should they be?
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But it turns out that these parts of dimensions < n — 2 are not accessible from
outside (see Sect. 4). We are accustomed to no supplementary conditions being
needed at an inaccessible part of the boundary (in our case, internal “boundary”);
and it turns out that no supplementary conditions are needed at the parts of the
binding of dimensions < n — 2.

We’ll be using the following notations being slight modifications of those in
Sect. 1 of Chap. 8: the fact of an edge I;; having a vertex O as one of its ends
will be noted as I;; ~ O;x; D;; will denote the set of all points = € R2 such that
9);(x) belongs to the interior of the edge I;;; Ci(l, H) = {x € Dy : Hi(x) =
H}; for internal points y = (I, H) of an edge I;;

1
Ti(y) = j{ Wf(df)a (3.4)

Ci(y)

where ¢(dz) denotes integration with respect to the curve length: this is the period
of rotation of the trajectory governed by the system X (£) = V H, (X (t)) along
the curve C;(y). For z € R?, we take T}(z) = T;(2;(x)). Also we define, for
such points y, a measure u; concentrated on C;(y) by

i =1 xa() )

fory = (I, H) being a vertex O, € T';, we define u; as a unit mass concentrated
at the equilibrium point z;;, € 9); LHOu).
The measure u; clearly depends on y € I'; in a weakly continuous way.
Now we define

2

Qi jr = § Oi:5t0irts 1 < jvr < 27
t=1

2
OH, OH,; |
> i ool (da),

, o0¢; €,
Cily) =1 S 0
, 0°Hi(z)
B, f Z Qg 5y ag ag (d‘r>
c,<y) gr=1

fory = ([, H) € I';;and fory = (y1,...,yn) € I we take bi(y) = Bi(yi) +
B;(y), where

Bily) = ]{ f. Bi(w1,. .. wn) - VHi(2) pyy, (daey) -y (dwy).

Cq (Z/l) Cn (yn) (3 5)
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Let O, be an interior vertex of the graph I';; we have O, = (1, Hix) =
(I, Hi,) = (I3, Hix), where H;, = H;(O;1), and [y, lo, I3 are the numbers of
the edges I;;_, s = 1, 2, 3, meeting at O;;,. Let us define Cj,j, as the part of the
curve C;(O;y,) that forms a part of the boundary of Y;~*(I;;, \ {Oix}). One of
Ci.x1, coincides with the whole curve C;(O;y), consisting of two “loops”; and
the other two C}.x;, are these loops taken separately.

We define
0H; 0H;
_9¢; 9&,
Qirl, = Z Giir iy L) s =123, (3.6)

1
Ciikig Jor=

Now for y = (I, H) being an interior point of an edge I;; C T';, and for every
function f(y) = f(I, H) that is twice continuously differentiable in H, we take

Ai(y) d?f(l, df (l,
Liof(y) = 2(y) {;%21{) fEZHH)'

A function f(y) = f(I,H) on T'; is said to belong to D; if the following
requirements are satisfied: it is continuous on I'; and has a finite limit as y — oo
(in other words: it is continuous on I'; U {c0}); it is twice continuously differen-
tiable (with respect to H) on the interior parts of the edges I;; of the graph; for
every vertex O;, = (I, H;;) of the graph and every edge I;; ~ Oy a finite limit

limg_q,, df EJI}IH) exists; finite limits

+ Bi(y) -

lim Lo f(y) (3.7)

y—Oik

exist for all vertices O, and a finite limit lim,,_, o L;o f(y) too; and f satisfies
the gluing conditions

3
df(l87 H)
> (i) - 1_1)ng g

s=1

=0 (3.8)

at every interior vertex O;r = (l1, Hix) = (l2, Hix) = (I3, Hix), where the
sign “+” is taken if the edge I;,;, consists of points (I, H) with H > H,;, and
“—7if H < Hyy, for (I, H) € I;y,.

For f € D;, we define the value of the function L, f at a vertex O;j as the
limit (3.7).

After defining operators L;y on the graphs I'; we go to defining the differen-
tial operator on the open book TI'.

By definition, a function f(y) = f(y1,...,yn) = f(li, H1,...,ln, Hy) on
I'=T, x..-xI, belongs to D if the following conditions are satisfied:

f is bounded and continuous on I'y x - -+ x I',;;

f has first and second continuous partial derivatives in H; for y; = (I;, H;)
in the interior parts of edges I;;, of the graph I';, 7 = 1, ..., n (so that we can
apply the operator L;y to f in its argument ;);
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for every vertex O, = (I, Hi,) € Ty, every edge of this graph I;; ~ Oy,
and arbitrary points y;o € I';, j # 4, a finite limit

li 8f(y1,---7l,Hi,-~-,yn)
1m
Hi—Hixyj—yj0.J7 OH;

(with y; approaching O, along the edge I;;) exists;
the functions L;o f (y1, - - ., Y») are bounded, and finite limits

hm . LiOf(ylavyn)
Yi—Oik,yj;—Yj0,J7£1
exist for all vertices Oy, € I'; and all y;0 € I';, j # 4, where the operator L,
is applied to the function f in its ¢-th argument;
f satisfies the gluing conditions

3
af(y17°"7lsaHi7"'7yn)
(£aigs) - lim =0 @39

; M Hi s Hoowy—ys0.d i OH; G
for every interior vertex O;r, = (I3, Hix) = (lo, Hix) = (I3, H;i) of the
graphI';,4 =1,...,n, and all points y; € I';, j # 1.

We’ll be also considering a smaller domain D consisting of all linear com-
binations of functions f having the form f(y1,...,yn) = f1(¥1) - fu(yn),
where f; € D;,i=1,....n

Now we define the operator L.

For a function f € D we define the function L f(y), y € T, by

n

Lf(y)=Lf(ys,..un) = > bi(y)-

=1

’L 8H27

where b;(y) = Bi(y;) + B,;(y), and the summands are replaced by the cor-
responding limits for y; being vertices of I';. The limits at vertices Oy, € T;
exist because they do for the operators L;g, and the coefficients j3;(y) (defined
by (3.5)) in the difference of the operators L — Z?:l L;p have zero limits at
vertices, this being because the measure /‘ioik is concentrated at the critical
point x;, € ;*(O41), and VH;(x;;) = 0. So the function Lf(y) is con-
tinuous on I,

Considering the averaged operator L on the domain D is more natural; how-
ever for our purposes and methods of proof we need it only on a much smaller
domain Dg.

Now we are going to formulate our results about stochastically perturbed
weakly coupled oscillators.

Theorem 3.1. There exists a unique solution Py of the martingale problem as-
sociated with the operator L (with domain D or Dg) with initial condition of
starting from an arbitrary pointy € T'.
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The probability measures P,, are defined on the space C([0,00),T") of con-
tinuous functions y(e) on the interval [0, co) with values in T'; it follows from
the fact that P, is the unique solution of the martingale problem that the pair
(y(t), Py) is a strong Markov process (see Ethier and Kurtz [1], Theorem 4.2 of
Chap. 4).

We have introduced the notation T;(x) for the period of the solution of
X(t) = H;(X(t)) starting from the point = (see the paragraph containing for-
mula (2.1)). The corresponding frequency will be w; (z) = 1/T;(x).

Let us introduce our main restriction on these frequencies (see the previous
section):

Condition . The set of points « = (x1,...,x,) € R?" for which the frequen-
cies wy(x1),...,wn(x,) are rationally dependent has zero Lebesgue measure.

Theorem 3.2. Suppose that the Hamiltonians H; () satisfy the conditions intro-
duced above, that 3 is bounded, and Condition x is satisfied. Then for every point
x € R2" the function-space distribution of Y ©(e) with respect to the probability
P5 converges weakly as € — 0 to the probability measure Py ().

4 The Markov Process (Y (t), P,) on I': Existence
and Uniqueness; Inaccessibility of B,,_,

First of all we are going to prove Theorem 3.1—in the formulation with do-
main Dy. If we take 3(x) = 0 and consider the corresponding operator Lg, we
have: Lo f(y) = Y.y Liof (y1, - - -, yn), where the operator L;g is applied to
the function in its ¢-th argument.

Lemma 4.1. There exists a unique solution Poy of the martingale problem asso-
ciated with the operator L (with domain D) with initial condition Poy{9(0) =
y} = 1 for an arbitrary pointy € T.

Proof. As for the existence, let P;p,,, 1 < i < n, be the solution of the
martingale problem associated with the operator L;y with the initial condition
Pio.: {9(0) = y;} = 1. Clearly the probability measure Pg.,, = P19y, X --- X
Pno.y,, (the joint distribution of n independent solutions of the one-dimensional
martingale problems) is a solution of the martingale problem corresponding to
the operator L (with the domain D); and this establishes the existence.

Is this solution unique?

Let us take wo(y) = wo (Y1, - - - Yn) = [ 111 wio(¥:), woi € D;. Letu;(t,y),
t > 0,y € I';, be the solution of the problem w = Liou;(t,y), u;(0,y) =
wio(y), u;(t,®) € D;, t > 0. Then the function u(t,y) = [, wi(t,y;) clearly
solves the problem % = Lou(t,y), u(t,e) € Dy. Since linear combina-
tions of functions belonging to D form a dense set in the space of continuous
functions, the existence and uniqueness problem is solved.
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Of course, there would be no point in proving this lemma if it were only
for proving weak convergence of the function-space distribution of the process
Y (t) with B(x) = 0 to Pyy(4) (convergence of the direct product of convergent
measures). But it turns out that we can change the drift coefficients in the gen-
erating operator by making an absolutely continuous change of the probability
measure.

Lemma 4.2. Let e(y) = (e1(y),...,en(y)) be a measurable function on T
such that e;(y) = 0 for y; being a vertex of T';, and the functions A;(y;) -
ei(y)? are bounded. Let C[0,00) be the space of continuous functions y(t) =
(1(2),-.-,0n(t)), 0 <t < o0, v;(t) € I';. Let us introduce the random func-
tions

mit) = Hi(ni(t)) — / bi((s)) ds. @.1)

Suppose P is a solution of the martingale problem associated with the oper-
ator L with domain D1y,.

Then the random functions (4.1) are square-integrable martingales with re-
spect to P, and stochastic integrals fot ei(9(s)) dm;(s) are defined. Take

wlo,t] = exp{z | etwtnam =53 [ 'Ai<m<s>>ei<n<s>>2ds},

and define the probability measure P by P(B) = M(B;x[0,t]) (M(B; ) being
the expectation corresponding to the probability measure P taken over the set B)
for events B belonging to the algebra | Jy<, ., 0{9(s),0 < s < t} and by
extension on the o-algebra generated by all random variables y(t), 0 < t < oo.

Then P is a solution of the martingale problem corresponding to the linear
operator L defined the same way as L, with the same coefficients A;(y;) as L,
but with b;(y) = bi(y) + Ai(y:) - €;(y), and the same domain Dy, as L.

This lemma is Proposition 3.1 in the paper Freidlin and Wentzell [7]. It is
similar to Girsanov’s theorem for diffusion processes in a Euclidean space. We
are not giving its proof, which is also similar to that of Girsanov’s theorem, and
is obtained as a slight modification of that of Propositions 5.3, 6.1 in Freidlin and
Wentzell [6].

Now we can take P = Py, (the probability measure solving the martin-
gale problem associated with the operator Ly with domain Dy = D), and
ei(y) = B;(y)/Ai(y;) (replacing it with 0 when y is a vertex of the graph I';).
If the perturbing drift function 3(z) is bounded, the functions A;(y;) - e;(y)? =
B;(y)?/A;(y;), are bounded, because for y; = (I, H) close to an interior ver-
tex Oi, = (I,Hix), y = (y1,...,Yn) we have 5,(y) = O(Wl_Hk”),

Ai(Yi) ~ TrTH T near exterior vertices Bi(y) = O(|H—Hy.|'/?), A;(yi) ~

const-|H — Hy,|; and as H — oo, we have §,(y) = O(vVH), A;(y;) > const- H.
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So we can apply Lemma 4.2 and get the probability measure P solving the mar-
tingale problem associated with the operator L. This takes care of the existence
problem.

For unigueness, we apply the same lemma with P = P,, (a measure solving
the martingale problem associated with L, with the initial distribution concen-
trated at the point y) and e;(y) = —3,(y)/A;(y;); the probability measure P
solves the martingale problem associated with the operator Ly. From the unique-
ness of this measure (Lemma 4.1) we deduce uniqueness for the martingale prob-
lem associated with L.

Of course, (not-more-than) uniqueness of the solution of the martingale prob-
lem holds also for the operator L considered on a wider domain D) the statement
of existence is established only after we prove weak convergence to the solution
of the martingale problem for the operator with domain D).

Now we go to inaccessibility of the (n — 2)-dimensional part B,,_o of
the binding; we are going to follow the main steps in Sect. 5 of Freidlin and
Wentzell [7], but without all detail.

First of all, we can consider the problem for the process with zero additional
drift B(y) = 0—because of the mutual absolute continuity of the corresponding
probability measures.

Next, we have to consider only the parts of B,,_» that are defined by {y; =
O1ky, Y2 = Oag, }, where Oy, and Oy, are interior vertices of the graphs I'y,
I'5, because exterior vertices are inaccessible by the one-dimensional diffusion—
see Chap. 8 (of course, instead of the graphs I'y, I's we can take any graphs I';,
Lj,i/ 9.

Inaccessibility of the point 0 by a two-dimensional Wiener process (or of an
(n—2)-dimensional space by an n-dimensional one) is proved using the function
F(y) = —In |y| that goes to oo as y — 0, and satisfies the equation AF (y) = 0
fory / 8 to prove the same thing for the Wiener process with a drift added (that
is, for the diffusion process with generator %A + b(y) - V) this function won’t
do, but we can do it with the function F'(y) = In | In |y|| that also goes to oo at 0,
and satisfies the inequality AF(y) < 0 for y close enough to the point 0. The
diffusion coefficients A;(y) decrease logarithmically as y approaches an interior
vertex O;,: not too fast, but the function In | In |y|| is not good enough; however,
the same idea works with a little more technicalities.

Lemma 4.3 (Proposition 5.1 in Freidlin and Wentzell [7]). Let the Hamiltonian
H; be three times continuously differentiable and generic as described in the
beginning of Sect. 3. Let O, = (I, H;i) be an interior vertex of the graph T';,
and let I;; be an edge of T'; whose one end is O

Then there exist constants A};l > 0 and B,i,l such that

At B
Ai l H _ kl kl
CH) = i = ] T = HalP

1
o( ) (42)
|1H|H—Hlk”2 |H—Hlk|
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as H — Hj..

Lemma 4.4 (Proposition 5.2 in Freidlin and Wentzell [7]). Let O1x, , Oax, be two
interior vertices of the graphs 'y, I'o; let 111, 112, 113 be three edges meeting at
O1g,, and Iy, Iza, Ing at Oay,. Suppose that (4.2) is satisfied with i = 1,2,
k=ki,ky,1=1,23.

Then the set {y : y1 = O1p,,y2 = Oay, } is inaccessible for the diffusion
process Y (t) on T corresponding to the operator L starting from points outside
this set.

Proof. For further simplicity of notations, let us introduce new coordinates, de-
noted with the letter z, along the edges I;; C I';, 2 = 1, 2,1 = 1, 2, 3, changing
between 0 and some r;,,; > 0, so that the new diffusion coefficient

1 i
4162) = i+ s + 0 ps)

as z | 0.

For i = 1, 2 let us define functions h;(y), y € T, in the following way. At
the vertex O;, we take h;(O;x,) = 0; in a neighborhood of this vertex, along
the edges I;;, | = 1,2, 3, fory = (1,2), 0 < z < R, we take h;(y) = 22 -
|Inz| + Di,2%, where Di, = 1 — C},. Here R is a positive number that is not
greater than r;.x,; /3, taken so that the derivative h}(l,z) > 0 for 0 < z < R. On
the remaining part of the edge I;; we define h;(y) = h;(l, z) so that it is a non-
decreasing function that is twice continuously differentiable in z, and h;(l, z) =
1/2e for z > 2r;.4,1/3 (for sufficiently small positive R it is possible). Finally,
on the rest of the graph I'; we define h;(y) = 1/2e.

Now for y = (1,92, ..., yn) we take F(y) = f(h1(y1) + h2(y2)), where
fw)=Inln|Inu|for0 < u <1/e.

Of course F(y) — oo as (y1,y2) — (O1k,, Oax, ). Calculations (which can
be found in Freidlin and Wentzell [7]) show that LF(y) < 0 in some neighbor-
hood of the point y = 0; and from this we’ll deduce inaccessibility of the set
{y:y1 = O1ky, 92 = Oapy }.

The function F' does not belong to Dy (it is not even defined for y; = Oy, ,
y2 = Oag,). Let us take R so that LF(y) < 0 for 0 < hy(y1) + ha(y2) < R,
and an arbitrary positive p < R. Let us take a sequence of polynomials f,, (u)
such that fp,, (u) — f(uw), fI.(uw) — f'(w), fIl(u) = f"(u) as m — oo, uni-
formly in the interval [p, R]. The functions F',,,(y) = fi(h1(y1) + ha(y2)) are
linear combinations of the products of the form A4 (y1)™* - ha(y2)™2, and for the
functions h;(y;)™ the first derivatives at the point y; = O, are equal to 0, so
the gluing conditions are satisfied for every choice of coefficients ;. So we
have F',,, € Dy.

Let 7, be the first time the diffusion process (Y (¢), Py) leaves the set
Apr = {y : p < hi(yh) + ha(y2) < R} (if there were two edges attached
to each of vertices Oy, the set A, in the (y1, y2)-plane would be something
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like an annulus; but with three edges meeting at each of O;;, we cannot draw a
realistic picture of it). We have for y € A, g:

MyF (Y (1)) = Fou(3) + M, / " LEL(Y (1) d:

limit passage as m — oo yields the same with F' instead of F',,,, and
My F(Y (7,r)) < F(y).

The left-hand side is the expectation of a random variable taking the values f(p)
and f(R); from this we get that the probability to reach the p-part of the boundary
is not greater than
f(hi(y1) + ha(y2)) — f(R)
f(p) = f(R)

This fraction goes to 0 as p | 0, from which it follows that the probability to
reach the set {y : y1 = O1,,y2 = Oay, } before {y : hy(y1) + ha(y2) = R} is
equal to 0. This implies inaccessibility.

5 Proof of Theorem 3.2

What remains to prove the weak convergence of the function-space distributions
to the probability measure Py () is: checking tightness of the family of distribu-
tions; and proving that

M /OOO e MIAF(YE(t) — LE(YE()] dt — F(D(x)) = 0 (5.1)

as ¢ — 0 for every function f € D and for every positive .

Since we are using Theorem 2.1, we carry out the proof in the case of the
matrices o; being non-degenerate. The modification of the proof to accomodate
matrices o; of rank 1 can be found in Freidlin and Weber [1].

The tightness is pretty easy to establish—it is done the same way as in Chap. 8
and the papers cited there; we are not going to stop at it.

As for proving (5.1), we are going to prove that

ME, e_’\Tf(YE(T))—i—/OTe_At[]dt—f(Q(a:)) -0 (5.2)

as ¢ — 0, where [ ] is the same bracket as in (5.1), and 7 is the time at which
the process Y °(t) leaves a region I’y C T' (we are not showing the dependence
of 7 on ¢ to avoid cumbersome notations); we are going to prove it for larger
and larger subregions I'y. Because of the uniqueness result that we already have,
(5.2) means that the distribution of the random function Y *(e) stopped at the
time 7 converges weakly to that of the process Y (e) stopped at the time when it
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leaves I'y: to express it shorter but less precisely, weak convergence takes place
before the time of leaving I'y.
The first step is

Lemma 5.1. For every i = 1,...,n, let I';y be an open subedge of an edge
L, of the graph I';: a subedge whose ends are interior points of I;,; and let
I‘OZF]_O X XFnO-

71"hen for every f € D and every A > 0 (5.2) is satisfied, uniformly in x €
P~ (To).

Proof. In each region Q) 1(I'jo) € R? (which is homeomorphic to an annulus)
we introduce action-angle coordinates: H;(x) and @;(x), the last one changing
in the unit circle, so that for Y*(t) = (Y£(t),...,Y.5(t) = (H5 (%), ¢5(1), . - -,
HE(D), ¢5(8) we have dgf(t) = [ 2wi(HE(D) + ci(X-(1)]dt +
6:(YE(t)) dW;(t). Then we apply the results of Sect. 2: formula (2.3).

Now, for a fixed 7, 1 < i < n, let in ={yel;: H(y) < Hy} for some
large number Ho; T'o =119 x -+ xI'j_1 9 X in X Ti41,0 X+ xT'pp (wedon’t
spend time considering separately the cases i = 1 or i = n).

Lemma 5.2 (which is, in fact, Theorem 3 of Freidlin and Wentzell [6]). Formula
(5.2) is satisfied for our new Ty, uniformly in & € 9~ (Ty).

Proof. Let G;g = 2];1 (T';0). For small positive 4, a vertex O, € I'; and an edge
I ~ Oy, we define Cy.(6) = {2 : Qi(x) = (I, H;(Os) £6) }; and take Dy, =
*1(Ul:m~oik{(l,H) : |[H — H(O;1)| < d}) (for small 6, Dy, is the region
bounded by |J, Ci;xi(0)). For 0 < ¢’ < § we define 79 = 0, 0,, = min{t >
Tm—1: X5 (t) & Uy Dik(£9)}, 7 = min{t > o, : X5 () € Uk’l Cir1(8)}.
The expression under the expectation sign in (5.2) can be written as

3 [e_)‘f’” FY(omia AT)) + /

T <T Tm

+ > [—*“mf YE(Tm/\T))—l-/

Om<T Im

Om+1/AT

e Jdi f<Y6<rm>>}

Tm /AT

N Jdi f(YE(am»} .
(5.3)

Just as in the proof of Theorem 2.2 of Chap. 8, using the strong Markov prop-
erty we represent the expectation of the second sum here as Zﬁ:l ME{om < T;
e A mps (X (o))}, where

65(2) = My | XA £y e (ry A 7)) + / o e“udt} ()

(the notation ¢§ is the same as in Chap. 8). The function ¢5(z) is taken at an
argument whose i-th (two-dimensional) coordinate belongs to the complement
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of |J, Dir(£6), and by Lemma 5.1 it converges to 0 as € — 0, uniformly in z
changing over this set.
As for the first sum in (5.3), it can be represented as

Om-41

> [e“mﬂf(Ya(amm) [ e a1V )

Tm <T Tm

- Z X{Tm<7'§tfm+1} : |:e/\T.f(Y€(a_m+1))

- "/LT_M,# e_’\t[ Jdt — e_,\Tf(Ye<7.))} :

using the strong Markov property, we can write its expectation as

3 M (< e 65X (7))

m=0
oo

= M1 <7 < omirse 5 (X(1))} (5.4)

m=0

where
65(2) = M2 [e-*fflfwa(al)) - " e-“udt] D). 63)

Estimating ¢5(z) is pretty easy in the case of 3(x) = 0, because the i-th
coordinate X¢(t) is a diffusion process (independent from other coordinates),
and o is determined only using this one coordinate. So we can apply the results
of Chap. 8 here, getting, in particular, that the expectations Mg, foﬁ e M dt are
small if  is chosen small (M3, is the expectation associated with the process
X5 (t) with B(x) = 0 starting from the point z); that is, in fact, 7 is small
(Lemmas 3.4 and 3.5, Chap. 8).

In fact, we get different estimates for ¢5(z): a rougher one to use in the zeroth
summand of the first sum in (5.4) and in the second sum, and a more precise one
for the summands with m > 1 in the first sum: in the first case the argument in ¢5
can be an arbitrary pointin G X - - - X G;—1,0 X Jy, Dir(£0) xGit1,0%- - -xGro,
while in the second case it belongs to G1g X -+ x G;_19 X Uk)l Cir1(8") x
Giy1,0 X -+ X Gro.

By Lemmas 3.4 and 3.5, Chap. 8, the Mg, -expectation of the integral in (5.5)
is small, as well as that of 1 — e~*71; so ¢5(2) differs from

MG (Yo(o1)) — F(D(2))] (5.6)

not more than by some small «. We subtract from and add to the expression in the
brackets f(Yg(o1),...,Y5;-1(01),9i, Y5 41(01), - -, Y5, (01)); and apply to
the first difference Taylor’s formula with the first derivative, and to the second
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that with the first and second derivatives (the function f is twice differentiable
with respect to the coordinates with numbers j / 8. The expectation of the first
difference is O(J); that of the second one is equal to

aagi . MSZ[HJ(X;(Ul)) - HJ(ZJ)] + O(Z[HJ(XJE(Jl)) - Hj(Zj)]2> .

J/#

J/=E

Because the differences H;(X5(01)) — H;(z;) are represented as a stochastic
integral plus a non-stochastic one, we have:

Moz [F(Yo1(o1), - Y5 im1(01), 93, Y5 41 (01), - -+, VG, (01)) — F(D(2))]
= O(M(a)zal)a

which is estimated by « in the case of an exterior vertex (Lemma 3.4, Chap. 8),
and by « - 4 in the case of an interior one (Lemma 3.5, Chap. 8).

Soforall z € GlO X e X Gi_170 X Uk Dzk(ﬂ:é) X Gi+1,0 X+ X GnO the
expectation (5.6) is small (if § is chosen small enough).

Now to a more precise estimate for z € G1g % - - - X Gi—1,0 X ; Cizr (") X
Git1,0 X -+ X Gpo. We have to estimate 7

MG [f(Y5(o1)) — F(Ygi(a1), - - -, 5/()‘5,1‘71(01%%75/06,#1(01)’ s Yo, (o))

The point Y (1) € T'; is equal to one the points (I, H(O;x) £ 0), where I;; are
the edges meeting at O;; so

f(Yf)(O'l)) = f(Y061<Ul)7 s 7YO€,i71(01)5 L Hi(oik)vyz)g,ﬂrl(al)’ SR Y[)En(al))

of

* o,

- (£4).

The probabilities of Y (01) = (I, H(O;x) + §) were evaluated in Lemma 3.6,
Chap. 8, so the terms with the derivatives almost cancel (just as in the proof of
Theorem 2.2, Chap. 8), and the expectation of the difference

f(YS(Ul)) - f(Yogl(Ul)a cee 7Y0€,i—1(01)a I, Hi(Oir), Yos,i+1(f71)a cees Yosn(ffl))

is small (estimated by & - § for O, being an interior vertex). As for the difference

F(Y5i(o1), ... aYOE,i—1(0'1)7 I, H;y(Oig), YOE,i+1(Ul)7 s Y5, (01))
- f(YE)sl(Ul)a R Y[iifl(o'l)’ﬁ.)i(zi)’ YOE,iJrl(Ul)v s ’Yoen(al))’

it is made small by choosing ¢’ very small. Then the proof follows that of Theo-
rem 2.2, Chap. 8.

Now to the case of 3(x) / &

The function-space distribution of X ©(e), if we consider it only on the events
that are observed before time o1, is absolutely continuous with respect to that of
the zero-3 process X () with density
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v = el [T axi0)-awe - [T aexio)Parl

(see Girsanov [1]). For a random variable 7 that is observed before the time o
we have: M0 = Mg, [n - 7€].

Since the (random) time o7 is small, the stochastic and the non-stochastic
integrals are both small, and the density 7¢ is close to 1. This allows us to esti-
mate ¢5(z) by almost the same bounds as with 3(x) = 0 (using such things as
Schwarz’ inequality).

Lemma 5.3. Let the conditions imposed on the Hamiltonians H; and on 3(x) in
Theorem 3.2 be satisfied. For small d > 0, let T';(< d) be the union of closed
d-neighborhoods of all vertices Oy, € T';:

Ii(<d) = U {(l,H): |H — Hi(O)| < d}
Oik€li, 11 ~Oix

let us define T'(d) by

I‘(d):I‘\ J Tix- Ty xTy(<d) x Disg x - x Ty
1<i<j<n
XFj(Sd)XFj+1><~--><Fn

(the open book T from which some neighborhood of the (n — 2)-dimensional part
of the binding is deleted); Ty = {y = (y1,...,yn) € I'(d) : H;(y;) < Hp,1 <
i <n}.

71"hen for every f € D and every A > 0 (5.2) is satisfied, uniformly in x €
P~ (To).

Proof. Choose a positive § < d. Let us define 9 = 0;
7 =min{t > 0: oneof Y (¢) € T';(< d), or Y*(t) ¢ T };
and for m > 0 we define 7,41 as being equal to 7, if Y°(7,,,) ¢ T'g, and by

Tm+1 = min{t > 7, roneof Y () € I';(<9),1 <j<n,j /%
or Ya(t) ¢ F()}

if Y2 (7.,) € Tk(< 6) (in this step of our proof we don’t need any times o,
alternating with 7,,).

Note that there can be only one & such that Y7 (7,,) € I'p(< 0), because
if both this and Y (7,,) € I';(< §), j / =, held, then Y"*(7,,,) would have
been deep inside I'1 x -+ x T'y_q X T'p(< d) x Tpyq x - x Tj_1 x T
(€d) xTj4q x -+ xT'yy, and the time 7,,, would be after leaving T'y.

It is clear that all 7,,, starting with some m, are equal to 7.
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We have:
M [ o)+ [Tt - @)
0
= Y Mo Y ()
m=0
Tm+1

+ / e M]dt — e)‘Tmf(Yg(Tm))] : (5.7)

The zeroth summand converges to 0, uniformly in € = (z1,...,z,), by

Lemma 5.1, where we take as I';o the edge of the graph I'; containing the
point 9);(x;) with d-neighborhoods of its ends deleted. To the m-th summand in
(5.7), m > 1, we apply the strong Markov property with respect to 7,,,; and we
get that it is equal to M5 (X (7,)), where ¥°(z') = (2, ..., z},) = 0 if
Y (x’) ¢ Iy, and

M@U=M;eA%ﬂY%%»+A”e”Hw}—ﬂ@wm
if Pi(z},) € Ti(< 6), where

or =min{t > 0: oneof Y (t) € I';(<0),j / % or Y°(t) & I'o}.

By Lemma 5.2, we have that °(x’) — 0 as ¢ — 0, uniformly in @’ (as T'yg
we take {y € T'y : Hi(y) < Ho},and as I'jo, j / %, the edge of the graph I';
containing the point 2); (xs) with §-neighborhoods of its ends deleted).

To conclude the proof, we show that the expectation Mg, >, .
uniformly bounded for small positive €; and this is done taking into account that
between the times 7, and 7,11 < 7 the process Y ©(t) has to travel at least the
positive distance d — 4.

e~ Am g

Lemma 5.4. For T'y = T'(d) (5.2) is satisfied, uniformly in every compact part
of D~ (T (d)).

Proof. Limit passage as Hy — oo.

Lemma 5.5. Let Ty = {y : H;(y;) < Ho,1 < i < n}. Then for every positive
d, f € D and X > 0 (5.2) is satisfied, uniformly in x € )~ (T'(d)).

(This is, in fact, the final result in Freidlin and Wentzell [6]—plus its formu-
lation in the language of weak convergence.)

Proof. For 0 < § < d, let 75 be the first time at which the process Y °(¢) leaves
the set I'(d). By Lemma 5.4 the function-space distribution of the process Y *(e)
stopped at the time 75 converges weakly to that of the diffusion process Y (e) on
T stopped at the first time of leaving I'(d); therefore lim_ ., P% {75 > T}, for

e—0
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an arbitrary 7', is not smaller than the corresponding probability Pgy(){7s > T}
for the process Y (t) starting from the point ) (), and that umformly inx €
)~ H(T(5)); if & > 0, we have PS {75 > T} > Py {75 > T} — & for suffi-
ciently small . By Lemma 4.4, the last probability goes to 1 as § | 0, uniformly
in @ changing in every compact part of 2)~'(I'(d)). So for sufficiently small &
and € we have PZ,{75 > T'} > 1 — 2x for all & in a compact part of )~ (T'(d));
M e~ < 2k + e~*T. Choosing T large enough, and then § small enough, we
obtain from (5.2) for 75 that Mg, [ e ™[] dt — f((x)) is small for & small
enough, that is, the statement of Lemma 5.5.

Lemma 5.6. We have (5.1) satisfied, uniformly in x changing in every compact
set.

Proof. (We are writing it in more detail, because it cannot be found in Freidlin
and Wentzell [5]). We have to prove, for an arbitrary positive k, that the difference
of both sides in (5.1) is smaller than x for  in an arbitrary compact set K =
{z : Hiy(x;) < Hp, 1 < i < n}, for e small enough. We’ll do it estimating the
expected times spent by the stochastic process Y °(¢) in subsets of T".

The stochastic processes H;(X;(t)) satisfy the stochastic equations

dHi(X7(t) = VHi(X; (1)) - 0:dWi(t) + {VHi(Xf(t)) - Bi(XE(1))

2
O?H,;(XE(t ))}
. dt 5.8
T2 Z 0,06, 9

with coefficients estimated independently of €. Let H, be a number greater than
Hj and every number H;(O;y); let 7, be the time at which Y °(t) leaves the set
. ={y: Hi(y;)) < H,,1 < i < n}. Just as in Sect. 2, let us introduce the
measures

mg(C) = Mg, /OT* e Myo(Hy (X1 (1), ..., Hy(Xa(t))dt, CCR",

MD) =M [N p(X@)dt, D YT,
0
Using again the results of Bogachev, Krylov, and Rockner [1] we get that the mea-
sure m<, has a density with respect to the Lebesgue measure with its L™/ ("= 1)-

norm bounded uniformly in € and x.
The same is true for the measure

me,(E) = M;/ e Myp(Ye(t))dt, ECT,,
0

because it is projected into m, under the mapping y + —H1(y1), - .., Hn(yn)).
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Now let 77, be a random time, independent of the process X (t), having a
uniform distribution in the interval [0, h] (h > 0). We have, by the Markov prop-

erty:
v | [T e ar - @)
—M‘;[”hf (Th)) +/ e M| dt}
+ MEe A (X (13,)), O (5.9)
where

¢°(2) = M2 /OOO M Tdt - 9 (2).

Since f is continuous, and || f|| = sup |f(y)|, ||A\f — Lf|| are finite, we can
choose a positive i so that the first summand in the right-hand side of (5.9) is
less than r /4.

The coefficients in (5.8) are estimated independently of £ and growing not
faster than linearly at infinity; so there exists such an H, > Hj that for every ¢
the probability

Pw{lrg%xn oIgtagxh H;(X;(t)) > Hep <

AAI AN = LEID

forall x € K.
The second summand in the right-hand side of (5.9) can be rewritten as

ME{Y®(t) ¢ T, for some t € [0, h]; e (X (1))}
+ME{Y*(t) €T, forall t € [0,h]; e (X5 (14))};

the first expectation is less than /4, and the second is not greater than

sup [p(z)[+  sup  |o(2)]-PL{Y"(t) € L.
z€~1(T.NT(d)) zeP-1(T.)

forallt € [0,h],Y*(m,) ¢ T'(d)}.
The probability in this formula can be rewritten as

1 h
E/ PE{Y*°(t) € T, forallt € [0,h), Y*(r,) ¢ T(d)} dt
0

< const - m, (T \ I'(d)).

Choosing a positive d small enough, we make the Lebesgue measure of the set
T, \ I'(d) small, and we can make const - sup, sup, M5, (I« \ T'(d)) < k/4.
Finally, by Lemma 5.5, supcq)-1(r, nr(a)) |¢(2)| < /4 for sufficiently small ,
which proves our lemma.

This means that Theorem 3.2 is proved.
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6 Deterministic Coupling

In this section, we, following Freidlin and Wentzell [7], consider deterministic
coupling of oscillators. The perturbed system, in this case, is described by (1.3)
with o(x) = 0:

X°(1) = einH(XE(t)) FAXE(H),  X(0)=zcR™. (6.1

The slow component of X (¢) is the projection Y°(¢t) = 2)(X°(¢)) on the
open book I corresponding to the Hamiltonian H () = > | H;(x;).

One can show that the limit of Y*(¢) as ¢ | 0 may not exist even within
one page (see, for instance, V.I. Arnold [3]). The problem should be regularized
and a weaker topology should be considered, similar to the case of one degree of
freedom (see Sect. 8, Chap. 8). Within one page, stochastic perturbations of the
initial conditions (Anosov [1], Neishtadt [1], [2], [3], Lochak and Meunier [1]) or
perturbations of the equation (Freidlin and Wentzell [5], Sect. 2) can be used for
regularization. But the slow component Y °(¢) can go from one page to another
in a finite bounded from above as ¢ | 0 time. Then the regularization by stochas-
tic perturbation of initial conditions, in general, does not work, and we have to
consider regularization by the addition of a small noise in the equation.

Let X *"(t) be the solution of equation

XEA() = ZYHOC0) 4 BXCS0) £ moW

6754/_
Xy ==

Here o is a 2n x 2n-matrix having, as in Sect. 3, 2 x 2-matrices o; = (0y;;)
with constant entries on the diagonal and zeros elsewhere. The slow component
of X ;" is the process Y7 which is the projection of X ;"™ on the open book TI:
Yot = (X",

For a fixed k > 0, one can apply Theorem 3.2: Under mild additional con-
ditions (including condition (x) of Sect. 3), Y;'" converges weakly in the space
of continuous functions ¢ : [0,7] — I to a diffusion process Y} onT" as ¢ | 0.
The process Y7 is governed inside the pages of I by the operator

n

i 1 2f & of _of
L"f(y) :52<§;Ai(yi)a—1{3+;&(yi)a—m>+;5i(y)a—Hia (6.3)

where A;(y;), B;i(y;) and j3;(y) are defined in Sect. 3.

The operator L” defines Y} inside each page. To describe the behavior of
Y7 for all t > 0, one should add gluing conditions on the accessible part of the
binding. The accessible part consists of (n — 1)-dimensional pieces of the form
{0k} % Hm‘/:go I;., where O, is an interior of a graph I';, corresponding to
H; (z;,). The gluing conditions on each such piece are described by equalities
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021
| q I

Figure 41.

(3.6), (3.9). Note that the coefficients in the gluing conditions are determined just
by diffusion coefficients of L". They are independent of the drift coefficients and
of k. Moreover, they are the same at all points of each accessible piece {O;,x } X
[L.: /o Lit-

Now we should consider the limit of Y';' as x | 0. The form of operator
(6.3) implies that inside each page (outside an arbitrary small neighborhood of
the binding), Y'§’ converges to the deterministic motion along the vector field
B(y) = (B1(y),- .., Bn(y)). This simple statement is a slight generalization of
Theorem 1.2 of Chap. 2 and can be proved in the same way.

The behavior of limiting process on the binding turns out to be independent
of the diffusion coefficients and is defined entirely by the deterministic pertur-
bations. This follows from corresponding bound for the case of one oscillator
presented in Sect. 8, Chap. 8, and comparison theorems for the generator of pro-
cess Y?“ on I'. The general result is a bit bulk, so we restrict ourselves to a
special case.

Consider the case of two oscillators. Moreover, assume that one of the os-
cillators has Hamiltonian Hy(z1) = 1p? + Fi(q1), 21 = (p1,q1) € R,
with just one saddle point O12 and two minima Op; and O;3; the Hamiltonian
Hy(zo) = %p% + Fy(q2), 12 = (p2,q2) € R2, has just one minimum Oy
(Fig. 41). As usual, we assume that both Hamiltonians are smooth, generic, and
limg, oo Hi(x;) = 00, i = 1,2.

Besides the Hamiltonians H;(p1, ¢1) and Ha(pe, g2), corresponding graphs
I'; and Iy, and phase pictures for each oscillator, the co-shaped curve {(p1,¢1) :
Hy(p1,q1) = H1(O12)} confining domains G; and Gy is shown in Fig. 41.

The non-perturbed oscillators are described by equations

qQ(t) = —Fi(q), Ga(t) = —F3(q2)-

Let the deterministic perturbations lead to equations (after the time rescaling)
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O
I'=Ii=<I"
L

Figure 42.

p 1 & € £ ~E £
qi(t) = *EF{(%) + B1(41, 415 435 45),
) (6.4)

Note that 51 and (s are scalar functions here. Assume for brevity that the
perturbation of the first oscillator is friction-like:

9B(p1,q1:p2, G2)

<0. 6.5
o, (6.5)

The slow component Yf’o of this motion as 0 < € < 1 is the projection
D (X3) of X7 = (¢5(¢),¢5(t); ¢5(t), q5(t)) on the open book I' = T’y x I's. The
open book consists of 3 pages (Fig. 42).

Here 91(p1,q1) = (4, Hi(p1,q1)) € T if (p1,q1) € Giy i = 1,2, (see
Fig. 41) and Hi(p1,q1) < Hi(O12); if Hi(p1,q1) > H1(012), D(p1, 1) =
(3, Hi(p1,q1)). Since graph I's has just one edge, a2(p2,q2) = (1,
Hy(pa,q2)) € 'y for all (p2,q2) € R2. The identification mapping ) : R? x
R? — T =T x Ty is the product Y (p1, ¢1, P2, ¢2) = D(p1,q1) X D (P2, G2)-

One can show that if ) maps the initial point for system (6.4) to page 3 of
T, the limit of slow component Y 5" = 9)(X5) as € | 0 for large enough ¢ does
not exist. To regularize the problem, we add a small noise to the right hand side
of system (6.4):

) 1 N . .
(1) = ——Flar") + B 60" 65", 65") + Ve

(6.6)
“E.K 1 K “E,K K, +€,K K T
G5 (8) = = F3(a5™) + Paldr", a1 657 45 )+ ko, W2
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Here 07 and o9 are positive constants, and th, WE are independent one
dimensional Wiener processes. The slow component of the process X;" =
(@57 (1), 45 (1): 5™ (1), 45 (1)) is the projection Y5™ = )(X;*) of X"
onT.

Let C;(2) = {(p,q) € R? : Hi(p,q) = 2z}, i = 1,2. The level set C;(2),

€ (0, H1(0O12)), consists of two connected components: C1;(z) and C12(z)
bounding respectively domains G11(z) containing O17 and G12(z) containing
Os13.If z > H1(0O12), C1(2) consists of just one component bounding a domain
G13(2); we also use the notation Cy3(z) for Cy(2) if z > Hy(O12). The level
set Cy(z) consists of one component for any z € R'; we will use the notation
C51(z) for C2(z) and Ga1(z) for the domain bounded by Co;(2) = Ca(2).
Denote by T;;(z) the period of rotation along C;;(2):

d¢
Ty, (z) = S
i(2) ?{C() VH@)

Let S;;(z) be the area of G;;(z). One can check that T}, (z) = .
Denote by Y} a diffusion process on I' which is defined as follows: Inside
j-th page, j = 1,2,3, Y7 is governed by the operator L;:

dSi;(z)

2 d p
£ ) = 5 3 i (0

0'2 0 VHk 2
ak(Hk):j{ ( k )VHk dl=oc Sk(Hk),
J oy () 0 O \VHk\ EPkj
Bij(Hi, Ha)
j{ 7{ VHy(pr, ar) - (Br(p1, q15 02, q2),0) dl1dly
Choj (Hy) J Can (H2) |VH,(p1,q1)||VHa2(pz2, 2)]

To define the process Y7 for all ¢ > 0, one should add gluing conditions
on the accessible for Yy part of the binding of T". It is easy to check that the
accessible part of the binding consists of interior points of the interval {O12} X
I,y CT.

Let the domain of the generator of the process Y;* on I' consists of functions
f (i, Hy, Hs) (the first variable 7 is the number of a page) such that f (i, Hy, Hs)
is smooth inside each page, continuous on I' together with L; f (i, H1, Hs) and,
on Io; satisfies the equality

6f(17H15H2) af(QaHl7H2)
Sl 6H1 +Sz 6H1
df(3, Hy, H.
1 H,=H1(012),H2>0
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where S7 and S> are, respectively, areas of domains (G; and G2 bounded by the
curve {(p1,q1) € R? : Hy(p1,q1) = H1(O12)} (Fig. 41).

Assume that F7(q) and Fy(q) satisfy the conditions formulated above (see
Fig. 41), 0 < ap < F!/(q) < a1 < oo for some constants ag, a1 and |g| large
enough. Let condition (x) be satisfied. Then the process Y; " = 9 (X;") on T’
converge weakly in the space of continuous functions [0,7] — I', 0 < T < oo,
to the process Y;" as e | 0.

The proof of this statement is similar to the proof of Theorem 3.2. One just
should take into account the following:

e The diffusion matrix for process X ;" defined by (6.6) is degenerate. But,
as it was mentioned in the end of Sect. 2, Theorem 2.1 remains true if we
require that just the averaged diffusion matrix is non-degenerate. In our case,
the averaged diffusion matrix is the diagonal 2 x 2-matrix with elements
0%251j(H1), 03521 (H>) at a point (j, Hy, H2) € T, j is the number of the
page.

e Although the four-dimensional process X ;'™ defined by (6.6) is degenerate,
the measure in the space of trajectories on any finite time interval is absolutely
continuous with respect to such a measure for the process with 5; = 2 = 0.
This property allows to check that the gluing conditions on {O12} X I5; for
the process Y; with the deterministic perturbation and without it are the
same.

e In the proof of Theorem 3.2, we used some estimates from Chap. 8 which
were proved under assumption that the perturbed process with pure stochas-
tic perturbations is a non-degenerate diffusion. The process X;", 0 < k,
defined by (6.6) is degenerate. But since for corresponding differential oper-
ator Hormander’s conditions are satisfied, all necessary for our proof bounds
are preserved (see Freidlin and Weber [2]).

We omit the details of the proof of convergence of Y to Y} as e | 0.

Now we should consider the behavior of Y} as « | 0. To be specific, assume
that Y = (3, HY, HY) belongs to p. 3 (Fig. 42).

Introduce a stochastic process Y, onT: Let Yo = Y} = (3, HY, HY). Inside
the i-th page, ¢ = 1, 2, 3, the process is deterministic and is governed by equation

Hy(t) = Bix(Hy, Hy), k=1,2. (6.8)

One can check that, because of (6.5), Y, Yo = (3,Hy, Hs), comes to
{O12} X I3 in a finite time tog = to(Hy, Ha). Assume for brevity that Y,
is situated inside the interval {O12} X I5;. Let, after hitting the binding at Y,
the process Y'; goes to page 1 or page 2 without any delay on the binding, re-
spectively, with probabilities

Bi1(H1(O12), Ha(to))

Pil#itn) = Br1(H1(012), Ha(to)) + P21 (H1(O12), Ha(to))’ =he

and the continue the motion according to (6.8).
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Process Y} converges weakly as x | 0 to the process Y';. The proof of this
statement consists of several steps. First, one should prove that Y'§’ converges to
Y'; on each page (before it hits a §-neighborhood of {O12} x I21). This simple
statement is a slit generalization of Theorem 1.2 of Chap. 2, and can be proved in
a similar way. Second, one should show that the mean value of the exit time 7§
of the process Yy from a d-neighborhood of {O12} X I3 tends to zeroas § | 0
uniformly in « for all points of the §-neighborhood. Third, one should check that

“ﬁ} P, i, ,H,)1Y ¢ belongs to page k}

pr, ifi=3ke{1,2};
={1, ifi=k=1lori=k=2; (6.9)
0, ifie{1,2},k=3.

The probabilities P; and P, are defined above. To get an appropriate bound
for the exit time from the §-neighborhood and to prove (6.9), one can, first, to
consider the case of 8 (p1,q1; p2, g2) independent of pa, go. In this case we are
dealing with an one-degree-of-freedom system, and the mean exit time and exit
probabilities for Y§ of corresponding ordinary differential equations with glu-
ing condition at O12 and appropriate boundary conditions on the boundary of
d-neighborhood of the vertex 015 on I'y. Then one can prove the convergence
of exit time to zero and (6.9). Actually, it is sufficient to check these statements
for constant (3;1. Then, using the comparison theorems (maximum principle), one
can get the statements for the general case. The fact that the coefficients in the
gluing condition (6.7) are constant (independent of Hs) simplifies application of
the comparison theorems.

Combining all the arguments above we get the following result:

Theorem 6.1. Assume that all conditions on the potentials Fy(q1) and Fs(q)
mentioned above are satisfied as well as condition (x). Suppose that the pertur-
bations B;(p1, q1; D2, q2) grow not faster than linearly as p3 + q% +p3 +q3 — o
and condition (6.5) is satisfied.

Then for each T > 0, the slow component Y ;" = (X ;") of the process
X" defined by (6.6) converges weakly in the space of continuous functions
[0,T] — T to the process Y defined by (6.8) and (6.9) as first € | 0 and then
Kk 0.



Chapter 10

Stability Under Random Perturbations

1 Formulation of the Problem

In the theory of ordinary differential equations much work is devoted to the study
of stability of solutions with respect to small perturbations of the initial condi-
tions or of the right side of an equation. In this chapter we consider some prob-
lems concerning stability under random perturbations. First we recall the basic
notions of classical stability theory. Let the dynamical system

in R have an equilibrium position at the point O : b(O) = 0.

The equilibrium position O is said to be stable (Lyapunov stable) if for every
neighborhood U; of O there exists a neighborhood Us of O such that the solu-
tions of (1.1) with initial condition xy = x € Us do not leave U; for positive ¢.
If, in addition, lim;_,, z; = O for trajectories issued from points xg = z suf-
ficiently close to O, then the equilibrium position O is said to be asymptotically
stable.

With stability with respect to perturbations of the initial conditions there is
closely connected the problem of stability under continuously acting perturba-
tions. To clarify the meaning of this problem, along with (1.1), we consider the
equation '

&y = b(E) + i, (1.2)

where (; is a bounded continuous function on the half-line [0, co) with values
in R". The problem of stability under continuously acting perturbations can be
formulated in the following way: under what conditions on the field b(z) does
the solution of problem (1.2) with initial condition Z9 = z converge uniformly
on [0, 00) to the constant solution Z, = O, as |z — O| + sUPy<icoo || — 0.
It can be proved that if the equilibrium position is stable, in a sufficiently strong
sense, with respect to small perturbations of the initial conditions, then it is also
stable under continuously acting perturbations. For example, if the equilibrium
position is asymptotically stable, i.e.,

lim z; = O
t—o0
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uniformly in x¢ = « belonging to some neighborhood of O, then O is also stable
with respect to small continuously acting perturbations (cf. Malkin [1]).

The situation changes essentially if we omit the condition of boundedness of
¢ on [0, 00). In this case the solutions of (1.2) may, in general, leave any neigh-
borhood of the equilibrium position even if the equilibrium position is stable with
respect to perturbations of the initial conditions in the strongest sense. Actually,
the very notion of smallness of continuously acting perturbations needs to be
adjusted in this case.

Now let {; in (1.2) be a random process: (; = (¢(w). If the perturbations (; (w)
are uniformly small in probability, i.e., SUPy<;< oo |Ct(w)| — 0 in probability, then
the situation is not different from the deterministic case: if the point O is stable
for system (1.1) in a sufficiently strong sense, then as

sup ((w)
0<t<oo

converges to zero in probability and the initial condition zy = x converges to O,
we have: P{supg<,.o|z: — O| > d} — 0 for any § > 0. Nevertheless, the
assumption that (;, converges to zero uniformly on the whole half-line [0, co) is
too stringent in a majority of problems. An assumption of the following kind is
more natural: sup, M|(;|? or some other characteristic of the process (; converges
to zero, which makes large values of |(;| unlikely at every fixed time ¢ but allows
the functions |(;(w)| to assume large values at some moments of time depending
on w. Under assumptions of this kind, the trajectories of the process Z; may, in
general, leave any neighborhood of the equilibrium position sooner or later. For
example, if (; is a stationary Gaussian process, then the trajectories of Z; have
arbitrarily large deviations from the equilibrium position with probability one
regardless of how small M|(;|? = o /= .

To clarify the character of problems, involving stability under random pertur-
bations, to be discussed in this chapter, we consider an object whose state can
be described by a point z € R". We assume that in the absence of random per-
turbations, the evolution of this object can be described by (1.1), and random
perturbations (;(w) lead to an evolution which can be described by the equation

X, = b(Xy, ). (1.3)

As (3, we also allow some generalized random processes for which (1.3) is mean-
ingful (there exists a unique solution of (1.3) for any initial point zyp = = € R").
For example, we shall consider the case where b(z,y) = b(z) + o(z)y and (; is
a white noise process or the derivative of a Poisson process.

We assume that there exists a domain D C R such that as long as the phase
point characterizing the state of our object belongs to D, the object does not
undergo essential changes and when the phase point leaves D, the object gets
destroyed. Such a domain D will be called a critical domain.

Let X7 be the solution of (1.3) with initial condition X§ = x. We introduce
the random variable 7° = min{t : X7 ¢ D}—the time elapsed until the de-
struction of the object. As the measure of stability of the system with respect to
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random perturbations (; relative to the domain D, it is natural to choose various
theoretical probability characteristics of 7%.! Hence if we are interested in our
object only over a time interval [0, T, then as the measure of instability of the
system, we may choose P{7% < T'}. If the time interval is not given before-
hand, then stability can be characterized by M77*. In cases where the sojourn of
the phase point outside D does not lead to destruction of the object but is only
undesirable, as the measure of stability, we may choose the value of the invariant
measure of the process for the complement of D (if there exists an invariant mea-
sure). This measure will characterize the ratio of the time spent by the trajectory
X{ outside D.

However, a precise calculation of these theoretical probability characteristics
is possible only rarely, mainly when X[ turns out to be a Markov process or
a component of a Markov process in a higher dimensional space. As is known,
in the Markov case the probabilities and mean values under consideration are
solutions of some boundary value problems for appropriate equations. Even in
those cases where equations and boundary conditions can be written down, it
is not at all simple to obtain useful information from the equations. So it is of
interest to determine various kinds of asymptotics of the mentioned theoretical
probability characteristics as one parameter or another, occurring in the equation,
converges to zero.

In a wide class of problems we may assume that the intensity of the noise
is small in some sense compared with the deterministic factors determining the
evolution of the system. Consequently, a small parameter appears in the problem.
If O is an asymptotically stable equilibrium position of the unperturbed system,
then exit from a domain D takes place due to small random perturbations, in
spite of the deterministic constituents. As we know, in such situations estimates
of P{r* < T} and M7? are given by means of an action functional. Although
in this way we can only calculate the rough, logarithmic, asymptotics, this is
usually sufficient in many problems. For example, the logarithmic asymptotics
enables us to compare various critical domains, various vector fields b(z, y) and
also enables us to solve some problems of optimal stabilization.

This approach is developed in the article by Wentzell and Freidlin [5].

We introduce several different formulations of stability problems and outline
methods of their solution.

Let X{’, t > 0, be the family of random processes in R", obtained as a result
of small random perturbations of system (1.1); the probabilities and mathematical
expectations corresponding to a given value of the parameter and a given initial
point will be denoted by P, M”, respectively. Let A(h)Sor () be the action
functional for the family of processes X/* with respect to the metric por (¢, 1)) =

' We note that 7% may turn out to be equal to co with positive probability. If the random
perturbations vanish at the equilibrium position O itself, then P{7* < oo} may converge
to 0 as z — O. For differential equations with perturbations vanishing as the equilibrium
position is approached, a stability theory close to the classical theory can be created (cf.
Khas’minskii [1]).
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SUpg<;<7 |t — 4| as h | 0. It is clear that Sor vanishes for trajectories of
system (1.1) and only for them.

Let O be a stable equilibrium position of system (1.1), let D be a domain
containing O, and let 7p = inf{t : X} ¢ D} be the time of first exit of the
process from D. We are interested in the stability of the system on a finite time
interval [0, T]. We shall characterize stability by the asymptotics of P"{rp < T}
ash /0.

It is appropriate to introduce the following measure of stability of our system
with respect to the given random perturbations and domain D:

Vg’w = inf{SOT(ga) fp € U U sz(t)}7

0<t<T y¢D

where the set H, (¢) consists of all functions ¢, defined for s € [0, 7], such that
wo = x and ¢; = y. The sense of this measure of stability is the following: if the
infima of Sor over the closure and interior of Uy<;<7 U, ¢p Hay(t) coincide,

then P"{7p < T'} is logarithmically equivalent to
exp{-A(h)V5"}.

We note that for the coincidence of the infima over the closure and the interior it
is sufficient (in the case of a functional Sy of the form considered in Chaps. 4-5)
that D coincide with the interior of its closure.

The measure of stability Vg " is given by info<i<p y¢p u(t,z,y), where
u(t,z,y) = inf{Sor(p) : ¢ € Hy,(t)} can be determined from the Jacobi
equation.

The problem in which there is no fixed time interval [0, T'] of observation is
characterized by another measure of stability. We define pp as the infimum of
the values of the functional Sy of the functions ¢; defined on intervals [0, T| of
any length, such that o9 = O, o ¢ D. We may calculate i p as the infimum,
over y ¢ D, of the quasipotential

V(0,y) = inf{Sor(¢) : o = O, 017 = 4;0 < T < o0},

which can be calculated (Theorem 4.3 of Chap. 5) as the solution of an appro-
priate problem for a partial differential equation of the first order. According
to results of Chaps. 47, under suitable assumptions on the processes X' and
the domain D, the mean exit time M”7p of D is logarithmically equivalent to
exp{A(h)up} for all points = belonging to D for which the trajectory of system
(1.1) issued from z converges to the equilibrium position O, without leaving D
(Theorem 4.1 of Chap. 4, Theorem 5.3 of Chap. 6 and Theorem 6.1 of Chap. 7).
In this case the mathematical expectation represents a typical value of the exit
time to within logarithmic equivalence. Namely, for any v > 0 we have

l}i% Pg{exp{)\(h)[up =7} < 71p <exp{A(h)[up +7]}} =1
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(Theorem 4.2 of Chap. 4). Further, the value of the normalized invariant measure
of X[ for the set R™\ D is logarithmically equivalent to

exp{=A(h)up}

(Theorem 4.3 of Chap. 4 and Theorem 4.2 of Chap. 5). Consequently, if the time
interval is not fixed beforehand, then the constant pp is, in some sense, a univer-
sal measure of stability for perturbations and critical domain of the kinds being
considered. If the critical domain is not given, then such a universal characteristic
of stability of the equilibrium position is the quasipotential V' (O, y) of random
perturbations.

The “most dangerous point” on the boundary of the critical domain can be
expressed in terms of V' (O, y): under certain assumptions, the “destruction” of
the object takes place, with overwhelming probability for small A, near the points
y € 0D where V (0O, y) attains its infimum over 0D.

Now we consider the problem of selecting an optimal critical domain. We
assume that for domains D containing the equilibrium position O of the unper-
turbed system, a monotone functional H (D) is defined: for the sake of definite-
ness, we assume that this functional has the form [}, h(z) dz, where h(z) is a
positive function. From the domains D with a given value Hy of H(D) we try to
select one with the smallest probability of exit from the domain over a given time
T or with the largest mathematical expectation of the exit time. The optimal crit-
ical domain depends on the parameter / in general. We shall seek an asymptotic
solution of the problem, i.e., we shall try to construct a domain which is better
than any other domain (independent of h) for sufficiently small A.

It is clear that the problem is reduced to maximization of the corresponding
measure of stability, Vg " or up. It is easy to see that it has to be solved in the
following way: we choose domains D, of the form

{y : Ogl?éTu(t,x,y) < c}

(or {y : V(O,y) < c}, respectively); from the increasing family of these do-
mains we choose that one for which H(D..) = Hy. If the function

inf w(t
ok ult2,y)
(or V(O,y)) is smooth in y, then the good properties of D, are guaranteed. Any
domain whose boundary is not a level surface of the function

inf
ook ult,z,y)
(V(O,y), respectively) can be made smaller with preservation of the value of
infyg p info<s<r u(t, x,y) (orinf,g p V/(O,y)), and then be replaced by a larger
domain D with the former value of H.
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For example for the system #; = Ax; with a normal matrix A and pertur-
bations of the type of a “white noise” (i.e., Xf = AX; + cwy), the optimal
critical domain for the problem without a fixed time interval is an ellipsoid (cf.
Example 3.2, Chap. 4).

We pass to problems of optimal stabilization.

We assume that the perturbed equation (1.3) contains a parameter (or sev-
eral parameters) which can be controlled. A choice of the way of control of the
process consists of a choice of the form of dependence of the controlling pa-
rameter on values of the controlled random process. We introduce the following
restriction on the character of this dependence. To every form a of dependence of
the controlling parameter on values of the process let there correspond a family
of random processes X' " For all of them we assume that there exists an action
functional A(h)S®(¢) in which the normalizing coefficient A(%) does not depend
on the choice of control.

The solution of certain problems of optimal control of a process for small
h is connected with the functional S®(¢) = S§r(p) and the quasipotential
Ve(z,y) = inf{S5r(¢) : vo = =, or = y; 0 < T < oo}. In particular, it
is plausible that the problem of the choice of control maximizing the mean exit
time of a domain D (asymptotically as i | 0) is connected with the function

V(z,y) =sup V*(z,y), (1.4)

where the supremum is taken over all admissible ways of control.

We restrict ourselves to controlled Markov processes, homogeneous in time.
As admissible controls we shall consider those in which the value of the con-
trolling parameter at a given time ¢ is a definite function a(X;) of the value of
the process at the same moment of time. Such controls lead to Markov processes
X ok homogeneous in time (cf. Krylov [2]); at every point z their local charac-
teristics depend on 2 and on the value of the controlling parameter a(z) at x.

Hence let the class of admissible controls consist of functions a(x) whose
values at every point x belong to the set II(x) of admissible controls at = (and
which are subject to some regularity conditions). To every admissible function
there corresponds a Markov process (X' o P2") (the corresponding mathemat-
ical expectation, normalized action functional, and quasipotential will be denoted
by M%h, 8% (), and V*(z,y)). We shall consider the following problem: we
seek a function a which maximizes

1}11% A(h)~tInMPbarp,

As we have already mentioned, the solution of this problem is most likely
connected with the function V' (z,y) defined by formula (1.4). A series of ques-
tions arises here: How can the maximal quasipotential V (z, ) be determined?
How can the optimal control problem be solved by means of it? In the following

sections we consider these questions (for a certain class of controlled Markov
processes) with examples.
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2 The Problem of Optimal Stabilization

The class of families of random processes for which we shall consider the prob-
lem is the family of locally infinitely divisible processes considered in Chap. 5.
We assume that at every z € R” we are given a set II(x) C R'. To every
pair € R", a € II(x) let there correspond: a vector b(z,a) = (b'(z,a),...,
b"(x,a)), a symmetric nonnegative definite matrix (a% (z, a)) of order r, and a
measure (2, a, -) on R"\{0}, such that [ |3|*u(z,a,dB) < oc.

We define the process (Xth *“ PMa) corresponding to the value h of the pa-
rameter (from (0, 00)) and the choice a(z) of the control function (a(z) belongs
to II(z) for every x) to be the Markov process with infinitesimal generator de-
fined for twice continuously differentiable functions with compact support by the
formula

h y 0*f(x
Aref(a) =3 b 83(;) +2 Z a¥ (z, a(z)) xf(,gxz
+ht { +hp) — —h ]
Rr\{0} e Z
x p(z,a(x),dp). 2.1

Of course, it may turn out that no Markov process corresponds to a given
function a(x) for some h > 0; in this case we shall consider the control function
inadmissible. We denote by 2! the class of admissible controls.

A large number of publications is devoted to the problem of finding condi-
tions guaranteeing that to a given set of local characteristics there corresponds a
locally infinitely divisible process; this problem has been studied especially ex-
tensively in the case of diffusion processes, i.e., where 1 = 0. For example, it
is sufficient that the diffusion matrix be uniformly nondegenerate and continu-
ous and the drift vector be bounded and measurable (cf. Krylov [1], Stroock and
Varadhan [1], [2]). The case of a pu, different from zero, has been considered in
Komatsu [1], Stroock [1], Lepeltier and Marchal [1], etc.

For a varying choice of a(z), the probabilities of unlikely events for
(X[, P are connected with the function of three variables

H(z,a,a) Zb’ x,a)a; + Za” a)o;a;
+ /RT\{O} [exp{z Biai} —1- Zﬁj’ai}

x p(z, a,dB), 2.2)

which, together with its derivatives with respect to «;, we shall assume to be
finite and continuous in all arguments. Under the hypotheses of Theorem 2.1 of
Chap. 5, the action functional for the family of processes (X, e Ph “Yash |0
is given by the formula
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T
hlSen(o) = b / L, alen), 30) dt, 2.3)
0

where L(z, a, 3) is the Legendre transform of H (z, a, &) in the third argument.

In Chap. 5 we required that the functions H(z,«), L(x, 3) be continuous
in x. Therefore, it would be desirable to consider only continuous controlling
functions a(z). However, it is known that in problems of optimal control we can
only rarely get along with continuous controls. It turns out that the necessary
results can be carried over to the case where the controls are discontinuous at one
point (or a finite number of points) but the results cannot be preserved in general
if discontinuity occurs on a curve (or on a surface). Therefore, we introduce the
following class of functions. Let a(z) be defined on R" with values in R'. We
shall write @ € IT if a is continuous for all x € R" except, maybe, one point and
for every x the value of a belongs to the set II(x) of admissible controls at .

Theorems 2.1-2.3 for diffusion processes are contained in Wentzell and Frei-
dlin [5].

Theorem 2.1. Let T be the time of exit of the process XZL " from a bounded
domain D whose boundary coincides with the boundary of its closure. For any
control function a € II N A we have

lim A ln M%7, < Vi = max min sup V(zo, 2.4
h10 e D=0 xoe%yeaDaeg (z0,9) @4

uniformly inx € D.

We note that V' is in turn the infimum of the values of S%(y) for functions
leading from x to y, so that the right side of (2.4) contains a quite complicated
combination of maxima and minima: max min sup inf.

The proof of the theorem can be carried out in the following way. For any
~ > 0 we choose T' > 0 such that for any control function ¢ € II and any
xo € D there exists a function ¢4, 0 < ¢ < T, such that ¢y = g, @ leaves D
for some ¢ € [0, 7] and S§;(¢) < Vo + v. Then we prove the lemma below.

Lemma 2.1. For any a € II N A we have
Phatrp < T 41} > exp{—h~ (Vo + 27)} (2.5)
for sufficiently small h and all x € D.

The proof can be carried out as that of part (a) of Theorem 4.1 of Chap. 4:
the function ¢, is extended beyond D; we use the lower estimate given by The-
orem 2.1 of Chap. 5, of the probability of passing through a tube. The only dif-
ference is that the hypotheses of Theorem 2.1 of Chap. 5 are not satisfied in the
neighborhood of the point z,. where a(x) is discontinuous. Nevertheless, the cor-
responding segment of the function ¢, can be replaced by a straight line segment
and the lower estimate is given by the following lemma.
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Lemma 2.2. Let (Xth’a7 P™a) be a family of locally infinitely divisible processes
with infinitesimal generator of the form (2.1) and let the corresponding function
H(z,a(x),«), along with its first and second derivatives with respect to «, be
bounded in any finite domain of variation of o (but it may be arbitrarily discon-
tinuous as a function x). Then for any v > 0 and any § > 0 there exists pg > 0
such that

PR {pote (X", ) < 8} > exp{—~h ™'} (2.6)

Sor sufficiently small h > 0, for all x, y such that |y — x| < pg, where p; =
z+t[(y—=)/(ly—z))].0 <t <to = |y — 2.

The proof copies the corresponding part of the proof of Theorem 2.1 of
Chap. 5 but without using the continuity of H or L.

After the proof of (2.5), the proof of Theorem 2.1 can be completed by ap-
plying the Markov property:

Py {rp > n(T +1)} < [1 —exp{—h~" (Vo +27)}]";

Mty < (T +1) Y Ph{rp > n(T +1)}
n=0

< (T + 1) exp{—h" (Vo + 279)}.

Now we put
H(z,«a) = aei%fI)H(x, a, ).
Theorem 2.2. Let V () be the solution of problem R, for the equation
H(z,VV(z))=0 2.7

in a domain D. For any function a belonging to 11 (i.e., a is continuous every-
where except one point and a(x) € II(x) for every x) for the quasipotential we
have

V& (zo,z) < V()
for all x in the set

B= {x €DUdD:V(x) < 1endeV(y)}
y

Moreover, suppose that there exists a function a(x, o), continuous on the set

{(z,a) : & /=0, o /=,0H(z, ) = 0}, such that a(x, o) € I(x) and
H(z,a(z,a),a) = H(z,a) = 0.

Then

sup V(xo,z) = V(z)
a€ll

forall x € B and the supremum is attained for the function a(x) = a(z, VV (x)).
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Vix) =V,

Figure 43.

Proof. Suppose that for some a € II, x € B and € > 0 we have

Ve (zg,z) > e+ (1+e)V(x).

We may assume that € # ¢, = [V¢(z0, 7.) — V(z4)]/[1 + V(z4)], where z, is
the point where a(z) is discontinuous.

We consider the set A = BN {x : V%(zg,2) > € + (1 + )V (z)}; this
set is open in B. We put Vo = inf{V(x) : = € A}. The infimum Vj is not
attained; let x, be a limit point of A on the level surface {z : V(z) = V,}.
Let x1,...,Ty,... be a sequence of points of A converging to c., (Fig. 43). It
is clear that the points of the surface {z : V(z) = V;} do not belong to A and
V(x,) > Vo. We note that by virtue of the choice of £ # ¢,, the point z, does
not coincide with the point x, of discontinuity of a.

We consider the vectors VV (2oo) and Bo = Vo H (oo, a(To0), VV (Z0)).

By virtue of the properties of the Legendre transformation,

(VV(J:OO),@)O) = L(xom a(xw)aﬂoo) + H(xom a(xw)a VV(xoo)) (2.8)

The function L(z s, a(z ), 3) is nonnegative everywhere and vanishes only at
B = VaoH (oo, a(2s),0). On the other hand, VV (2,,) # 0 (because V is
the solution of problem R, ). Therefore, the first term in (2.8) is positive. The
second term is not less than H (2, VV (7)) = 0. Therefore, the scalar product
(VV(2s), Bso) is positive, i.e., the vector [, is directed outside the surface
{x : V(z) = Vp} at 2. By virtue of the continuity of V'V (z), the situation is
the same at points close to .
For every point z,, we define the function

cpgn) =xp +100, t<O0.

For z,, sufficiently close to z, (i.e., for sufficiently large n), the straight line

gpin) intersects the surface {x : V(x) = V;} for a small negative value t,,, where

fon) -V
(VV(2e0), Boo)

as n — oo. The denominator here is not less than L(z ., a(Zo), 8o ), SO that

‘tn‘ ~
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V(l’n) — V()
|tn| = L(I(XMCL(IOO)7600)

(1+0(1))

as n — oo.
We estimate the value of the functional S¢ of the function gogn) for t,, <
t<0:

0
S8 o(™) = / L™, a(o$™), Buo) dt

tn

~ | L(Too, a(Too )y Boo) < (V(xn) — Vo)(1 4+ 0(1)) (2.9)

as n — oo. By virtue of the definition of the quasipotential V¢ we have
V@0, 2n) < V*(z0,01) + SEo(™).

The first term here does not exceed € + (1 + e)V(go,E:)) =e+ (1+ ¢)Vy; the
second term can be estimated by formula (2.9). Consequently, the inequality

Vi zo,2n) <+ (1+e)Vo+ (1 +e)(V(zny) — Vo) =+ (1 +)V(z,)

is satisfied for sufficiently large n. On the other hand, this contradicts the fact that
T, € A, ie., that Ve(xg,z,) > ¢ + (1 + )V (x,). It follows that A is empty.
The first part of the theorem is proved.

For the proof of the second part it is sufficient to apply Theorem 4.3 of
Chap. 5 to the functions H (z,a(z), &) > L(x, a(z), 8), continuous for z = x,

where a(z) = a(z, VV(z)). O

Now we assume that there exists a function a(z, o) mentioned in the hypoth-
esis of Theorem 2.2, for every xo € D there exists a function V(z) = V,, ()
satisfying the hypotheses of Theorem 2.2 and for every x, the function a,, (z) =
a(x, V., Vi, () belongs to the class 21 of admissible controls. These conditions
imply, in particular, that for any two points zg, 1 € D, sufficiently close to
each other, there exists a control function a(z) such that there is a “most prob-
able” trajectory from x; to xo—a solution of the equation &; = b(x¢,a(xy)).
We introduce the additional requirement that O is an isolated point of the set
{a : H(z,a) = 0} for every x. Then x can be reached from z; over a finite
time and it is easy to prove that the same remains true for arbitrary xg,z; € D,
not only for points close to each other.

Theorem 2.3. Let the conditions just formulated be satisfied. We choose a point
xo for which mingegp Vy, (y) attains the maximum (equal to Vy)). We choose the
control function a(x) in the following way: in the set

= Y < min V
By, {x Vi (7) —ylé%%vxo(y)}

we put @(z) = a(x,V,, Vi, (x)); for the remaining x we define a(z) in an ar-
bitrary way, only ensuring that a(x) is continuous and that from any point of D
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the solution of the system &y = b(xt,a(xt)) reaches the set By, for positive t,
remaining in D. Then )
1}3?01 hln MM, =V (2.10)

forany z € D.

Together with Theorem 2.1, this theorem means that the function @ is a solu-
tion of our optimal stabilization problem.

The proof can be carried out in the following way: for the points of B,
the function V() is a Lyapunov function for the system i; = b(z¢,a(zy)).
This, together with the structure of a(z) for the remaining z, shows that z is
the unique stable equilibrium position, which attracts the trajectories issued from
points of the domain. Now (2.10) follows from Theorem 4.1 of Chap. 4, general-
ized as indicated in Sect. 4, Chap. 5.

3 Examples

At the end of Chap. 5 we considered the example of calculating the quasipotential
and the asymptotics of the mean exit time of a neighborhood of a stable equilib-
rium position and of the invariant measure for the family of one-dimensional pro-
cesses jumping distance h to the right and to the left with probabilities h 17 (z) dt
and h~l(x) dt over time dt. By the same token, we determined the characteris-
tics of the stability of an equilibrium position. This example admits various in-
terpretations; in particular, the process of division and death of a large number of
cells (cf. Sect. 2, Chap. 5). The problem of stability of an equilibrium position of
such a system, i.e., the problem of determining the time over which the number of
cells remains below a given level may represent a great interest, especially if we
consider, for example, the number of cells of a certain kind in the blood system
of an organism rather than the number of bacteria in a culture.

Another concrete interpretation of the same scheme is a system consisting
of a large number of elements /N, which go out of work independently of each
other after an exponential time of service. These elements start to be repaired;
the maintenance time is exponential with coefficient p depending on the ratio of
the elements having gone out of work. The change of this ratio  with time is
a process of the indicated form with h = N=1, r(z) = (1 —2) - A (\ is the
coefficient of the distribution of the time of service) and I(x) = zu(x).

A nonexponential maintenance time or a nonexponential time between sub-
sequent cell divisions lead to other schemes, cf. Freidlin [8] and Levina, Leon-
tovich, and Pyatetskii-Shapiro [1].

We consider examples of optimal stabilization.

EXAMPLE 3.1. Let the family of controlled processes have the same structure at
all points; in other words, let the function H and the set of admissible controls at
a given point be independent of z:
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H(z,a,a) = H(a,«) : I(z) =1L
In this case the function H is also independent of z:

H(z,a) = H(a) = irellfTH(a,oz)
and (2.7) turns into
H(VV(z)) = 0. 3.D

The function H («) vanishes only for one vector in every direction (except
a = 0). The locus of the terminal points of these vectors will be denoted by A.
Equation (3.1) may be rewritten in the form VV (x) € A.

Equation (3.1) has an infinite set of solutions—the r-dimensional planes of
the form V.o, (z) = (a0, — 29), ap € A—but none of them is a solution
of problem R, for the equation. To find this solution, we note that the solu-
tion planes depend on the (r — 1)-dimensional parameter gy € A and a one-
dimensional parameter independent of ag on the scalar product («ayg, o). This
family is a complete integral of (3.1). As is known (cf. Courant and Lax [1],
p. 111), the envelope of any (r — 1)-parameter family of these solutions is also a
solution. If for a fixed x, the family of planes V4, (=) has a smooth envelope,
then this envelope is the desired solution V, (z) of problem Ry, .

This solution is given by a conic surface at any rate (i.e., Vy, () is a positively
homogeneous function of degree one in x — xg); it is convenient to define it by
means of its (r — 1)-dimensional level surface

Uy ={z —z0: Vg, () =1}

(it is independent of z(). The surface U; has one point 5y on every ray emanating
from the origin. We shall see how to find this point.

Let the generator of the cone V, (z), corresponding to a point 3y, be a line
of tangency of the cone with the plane onao (x) (ag is determined uniquely,
because the direction of this vector is given: it is the direction of the exterior
normal to U; at Bp). The intersection with the horizontal plane at height 1 is
the (r — 1)-dimensional plane {8 : (ag, 8) = 1}, which is tangent to U; at Sy
(Fig. 44). The point of this plane which is the closest to the origin is situated at
distance |040|_1 in the same direction from the origin as «p, i.e., it is the point
I(cvo) obtained from «vg by inversion with respect to the unit sphere with center
at0.

Hence to find the level surface Uy, we have to invert the surface A; through
every point of the surface I(A) thus obtained we consider the plane orthogonal
to the corresponding radius and take the envelope of these planes, This geometric
transformation does not always lead to a smooth convex surface: “corners” or
cuspidal edges may appear. Criteria may be given for the smoothness of U; in
terms of the centers of curvature of the original surface A.

If the surface U; turns out to be smooth (continuously differentiable), then the
solution of the optimal control problem may be obtained in the following way.
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Figure 44.

In D we inscribe the largest figure homothetic to U; with positive coefficient of
homothety c, i.e., the figure x¢ + cU;, where x( is a point of D (not defined
in a unique way in general). Inside this figure, the optimal control field a(x)
is defined in the following way: we choose a point Sy € U; situated on the
ray in the direction of © — xy; we determine the corresponding point a of A;
as a(x) we choose that value ag of the controlling parameter in II for which
minger H(a, ap) is attained (this minimum is equal to H(ag) = 0; we assume
that the minimum is attained and that a¢ depends continuously on « belonging
to A).

Consequently, the value of the control parameter a(z) is constant on every
radius issued from (. At points z lying outside zo + U, the field a(z) may
be defined almost arbitrarily, it only has to drive all points inside the indicated
surface.

The mean exit time is logarithmically equivalent to exp{ch ™1} as h | 0.

In Wentzell and Freidlin [5], a special case of this example was considered,
where the subject was the control of a diffusion process with small diffusion by
means of the choice of the drift.

EXAMPLE 3.2. We consider a dynamical system perturbed by a small white
noise; it can be subjected to control effects whose magnitude is under our con-
trol but which themselves may contain a noise. The mathematical model of the
situation is as follows:

X7 = BXT) + (X7 )iy + a(X] )X ) + e5(X0 )i,

where wy, w; are independent Wiener processes and a(z) is a control function,
which is chosen within the limits of the set II(x). }

We consider the simplest case: the process is one-dimensional, &, b, and o are
positive constants, b(x) is a continuous function, D is the interval (x1,x2) and
the controlling parameter a(z) varies within the limits

+(2b7! max [b(z)| + 6 to

[x11x2]

at every point (or within the limits of any larger segment II(z)).
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‘We have

H(z,a,0) = (b(z) + ab)a + %(02 + a%5%)a?;

82

H(z,a) = mainH(:v,a, a) =b(z)a — 552 T 5

for |a| > [262b72 max(,, ,,] [b(z)| + ¢5b*]*. The minimum here is attained
for a = —b5~2a~'. The function H (z, o) vanishes for

a:al(x):f? g +0252 <0
and for
b(x) b(x)? b2
QZQQ("E)_—? e +0’25'2 >0,

and also for v = 0, which is, by the way, immaterial for the determination of the
optimal quasipotential (it can be proved easily that [ (z)| and |az ()| surpass

the indicated boundary for |c). Problem R, for the equation H (z, V; (x)) =0
reduces to the equation

7 () a1(x) forz <z < x,
€Tr) =
o as(z) forzg < x < o
with the additional condition lim, ., V., (z) = 0. It is easy to see that

min(Va, (1), Va, (22)) attains its largest value for an x for which V, (1) and
Vzo (22) are equal to each other. This leads to the following equation for x¢:

wr pz)2 B2 bla) =) B2 ba)
/x [ N AR dw:/x R

1 0

which has a unique solution. After finding the optimal equilibrium position xg,
we can determine the optimal control according to the formula

() —b6 20 (2)~1  to the left of zg,
a(z) = -
—b62as(z)”!  to the right of x.



Chapter 11

Sharpenings and Generalizations

1 Local Theorems and Sharp Asymptotics

In Chaps. 3, 4, 5 and 7 we established limit theorems on large deviations, in-
volving the rough asymptotics of probabilities of the type P{X" € A}. There
arises the following question: Is it possible to obtain subtler results for fami-
lies of random processes (similar to those obtained for sums of independent ran-
dom variables)—local limit theorems on large deviations and theorems on sharp
asymptotics? There is some work in this direction; we give a survey of the results
in this section.

If X} is a family of random processes, a local theorem on large deviations
may involve the asymptotics, as h | 0, of the density pf(y) of the distribution of
the value of the process being considered at time ¢, where the point y is different
from the “most probable” value of z(¢) for small h (we take into account that the
density is not defined uniquely in general; we have to indicate that we speak of,
for example, the continuous version of density). We may prove local theorems in-
volving the joint density p,}}l’”__’tn (1, ..., Yn) of random variables Xth1 yee- ,Xthn.
We may also consider the asymptotics of the density of the distribution of a func-
tional F'(X™) at points different from the “most probable” value of F(z(-)).

However, obtaining these kinds of results involving a large class of function-
als F and families of random processes X" is unrealistic for the time being, at
least because we need to obtain results on the existence of a continuous density
of the distribution of F'(X") beforehand. For the same reason, positive results in
the area of local theorems on large deviations involving densities of values of a
process at separate moments of time up to now are restricted to families of diffu-
sion processes, for which the problem of the existence of a density is well studied
and solved in the affirmative (sense) under insignificant restrictions, in the case of
a nonsingular diffusion matrix. The transition probability density p” (¢, x, %) for
the value of a diffusion process X' under the assumption that X/ = z has the
meaning of the fundamental solution of the corresponding parabolic differential
equation (or that of the Green’s function for the corresponding problem in the
case of a diffusion process in a domain with attainable boundary). This provides
a base for both an additional method of study of the density p” and the area of
possible applications.

M.L Freidlin, A.D. Wentzell, Random Perturbations of Dynamical Systems, 405
Grundlehren der mathematischen Wissenschaften 260,
DOI 10.1007/978-3-642-25847-3_11, (© Springer-Verlag Berlin Heidelberg 2012
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We begin with Friedman’s work [1] because its results are connected more
directly with what has been discussed (although it appeared a little later than
Kifer’s work [1] containing stronger results). Let ph(t, x,y) be the fundamental
solution of the equation Ou/dt = L"u in the r-dimensional space, where

h g 0%u : Ou
h _ i 7 .
L"u 5 g a (x)axiaxj + E b (x)_axi’ (1.1)

in other words, p" (¢, z,y) is the continuous version of the transition probability
density of the corresponding diffusion process (X[, P). (Here it is more conve-
nient to denote the small parameter in the diffusion matrix by & rather than £2, as
had been done beginning with Chap. 4.) We put

V(t,z,y) = min{So:(p) : o =, 0t =y}, (1.2)

where h =15, is the action functional for the family of processes (X}, P). The
functional S is given, as we know, by the formula

1 [t . A y ,
Sue) =5 [ Saule)@ —ble@ Vo) ds a3
where (a;;(z)) = (a” (x))~*. It can be proved that
. h _
lﬁrolhlnp (t,z,y) =-V(t,z,y). (1.4)

This rough local theorem on large deviations is obtained by applying rough (in-
tegral) theorems of Wentzell and Freidlin [4] and estimates from Aronson [1]:

A coly — x(t, z)|?
h 0 0 ;

t < - - 7
Pt z,y) < )72 eXp{ o :
Ay {_cly—x(t,x)g}

h
t >
Pt a,y) 2 G exp ht

A cal(y — x(t,2))|?
(ht)r?%a eXp{_ B }

for sufficiently small ¢, where the A;, ¢; and « are positive constants and z(¢, x)
is the solution of the system & = b(x) with initial condition (0, z) = «.

Further, if (X', P") is the diffusion process corresponding to L" in a domain
D with smooth boundary 0D, vanishing upon reaching the boundary, then its
transition probability density ¢" (¢, z,y) is the Green’s function for the equation
Ou/Ot = L"u with boundary condition u = 0 on dD. It is proved that

E%hlnqh(t,x,y) = -Vp(t,z,y), (1.5)

where Vp (¢, x,y) is defined as the infimum of Syr(¢) for curves ¢ connecting
x and y over time ¢, without leaving D. This implies in particular that
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"(t,xy)

lhw pht,z,y) (1.6

if all extremals for which the minimum (1.2) is attained leave D U dD. The
following opposite result can also be proved: if all extremals pass inside D, then

¢"(tzy) _

1.7
hio ph(t,z,y) (-7

(According to M. Kac’s terminology, the process X/* “does not feel” the bound-
ary for small h.)

In the scheme being considered we may also include, in a natural way (and
almost precisely), questions involving the asymptotics, for small values of time,
of the transition density of a diffusion process (of the fundamental solution of
a parabolic equation) not depending on a parameter. Indeed, let p(t, z, y) be the
transition probability density of the diffusion process (X;, P, ) corresponding to
the elliptic operator

1 . o%u ) ou
= — v 3
Lu 5 E a'(x) 907 O + E b'(x) Bt

We consider the family of diffusion processes X" = Xj,;, h > 0. The transition
density p(h, z,y) of X; over time h is equal to the transition density p" (1, z,y)
of X} over time 1. The process (X}, P") is governed by the differential operator

h Z
L' =hLu= 73 a"(x) xlaxi—’— hYy bi(x)

The drift coefficients h - b%(x) converge to zero as h | 0, so that the family of
operators (1.8) is almost the same as the family (1.1) with the b*(z) replaced by
zero. In any event, the action functional may be written out without difficulty: it
has the form h~1Sp;(¢), where

Sor(p / S ai(p)gield (1.9)

The problem of finding the minimum of this functional can be solved in terms
of the following Riemannian metric p(x,y) connected with the matrix (a;;):

(1.8)

1/2

p(x,y) = SDOZIB};{ / [Z azg QD& 995905 ds.
It is easy to prove that the minimum of the functional (1.9) for all parametriza-
tions ¢, 0 < s < ¢, of a given curve is equal to the square of the Riemannian
length of the curve multiplied by (2¢)~!. Consequently, the minimum (1.2) is
equal to (2t)~!p(z,y)?.

Application of formula (1.4) yields
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1
lim A 1n p(h =—= . 1.10
lim hlnp(h, z,y) = =35 p(,y) (1.10)
Accordingly, for the transition density of the diffusion process which vanishes on
the boundary of D we obtain

. 1 2

where pp(x,y) is the infimum of the Riemannian lengths of the curves connect-
ing x and y, without leaving D. There are also results, corresponding to (1.6),
(1.7), involving the ratio of the densities ¢ and p for small values of the time ar-
gument. In particular, the “principle of not feeling of the boundary” assumes the
form
q(t,z,y)
1m ———
10 p(t,x,y)
if all shortest geodesics connecting x and y lie entirely in D.

The results (1.10)—(1.12) were obtained in Varadhan [2], [3] (the result (1.12)
in the special case of a Wiener process was obtained in Ciesielski [1]).

In Kifer [1], [3] and Molchanov [1] sharp versions of these results were ob-
tained. In obtaining them, an essential role is played by the corresponding rough
results (it is insignificant whether in local or integral form): they provide an op-
portunity to exclude from the consideration all but a neighborhood of an extremal
(extremals) of the action functional; after this, the problem becomes local.

The sharp asymptotics of the transition probability density from x to y turns
out to depend on whether x and y are conjugate or not on an extremal connecting
them (cf. Gel’fand and Fomin [1]). In the case where x and y are nonconjugate
and the coefficients of the operator smooth, not only can the asymptotics of the
density up to equivalence be obtained but an asymptotic expansion in powers of
the small parameter can also be obtained for the family of processes correspond-
ing to the operators (1.1) we have

=1 (1.12)

P (t,z,y) = (2mht) "2 exp{h 'V (t,z, y)}Ko(t, 2, )
+hEK(tz,y) + -+ Ky (t 2, y) +o(R™)]  (1.13)

as h | 0 (Kifer [3]); for the process with generator (1.8) we have

p(t,a,y) = (2mt) "2 exp{—p(z,y)*/ 2} [ Ko (2, y)
+tKy(z,y)+ -+t Ky (z,y) + o(t™)] (1.14)

as t | 0 (Molchanov [1]). Methods in probability theory are combined with ana-
Iytic methods in these publications. We outline the proof of expansion (1.13) in
the simplest case, moreover for m = 0, i.e., the proof of the existence of the finite
limit

lhii%(Qﬂ'ht)r/Qph(ﬁ, x,y) exp{h 'V (t,z,y)}. (1.15)
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Let the operator L" have the form

ou
ozt

h ,
L' = §Au+Zbl(x) (1.16)
The process corresponding to this operator may be given by means of the stochas-
tic equation )

Xt =b(XM) + 220, Xt =g, (1.17)

where w; is an r-dimensional Wiener process. Along with X", we consider the
diffusion process Y., nonhomogeneous in time, given by the stochastic equation

Yh =g+ %0,  YP=uz, (1.18)

where p,, 0 < s < t, is an extremal of the action functional from x to y over
time ¢ (we assume that it is unique). The density of the distribution of Y;* can be
written out easily: it is equal to the density of the normal distribution with mean
¢, and covariance matrix htF; at y it is equal to (27ht)~"/2.
The ratio of the probability densities of X" and Y, is equal to the limit of
the ratio
P{X]' ¢ y+ D}/P{Y* € y + D} (1.19)

as the diameter of the neighborhood D of the origin of coordinates converges to
zero. We use the fact that the measures in Cy;(R"), corresponding to the random
processes X! and Y, are absolutely continuous with respect to each other; the
density has the form

dpixn !
dMX} (Yh) = exp{h_1/2 / (b(yvsh) - (pmdws)
Hy 0

t
- [ e - e Pas). (1.20)

The absolute continuity enables us to express the probability of any event con-
nected with X" in the form of an integral of a functional of Y”; in particular,

d 3
P{X"cy+ D} = M{Yt" €y—+ D; %(Y}L)}.

Expression (1.19) assumes the form
t
M{exp{h_1/2 / (b(YP) — g, dws)
0

- [ v - s

Ythey+D}

t
B M{exp{h1/2/0 (b(eps + h1/2ws) — s, dwy)
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t
—(2n)7! / b(s + hws) — s ds} “” © h_WD}
0

(we use the fact that wy = 0 and Y = ¢, + h'/ 2w, for 0 < s < t).
If D (and together with it, h~'/2 D) shrinks to zero, we obtain the conditional
mathematical expectation under the condition w; = 0. Hence

h t
p*(t,x,y B _
(27r(ht)—’”/)2 = M{exp{h 1/2/0 (b(ps + '/ ?w,) — ¢y, dw,)

t
—(2h)‘1/ Ib(sos+h1/2ws)—¢s|2ds}’wtzo}. (1.21)
0

(Formula (1.21) has already been obtained by Hunt [1].)

To establish the existence of the limit (1.15) as A | 0, first of all we truncate
the mathematical expectation (1.21) by multiplying the exponential expression
by the indicator of the event {maxg< < |h'/?w,| < &}. The circumstance that
the omitted part may be neglected as & | 0 may be established by means of
rough estimates connected with the action functional. Then we transform the
exponent by taking account of the smoothness of b. In the first integral we take
the expansion of b(¢, + h'/?w,) in powers of h'/?w, up to terms of the first
order and in the second integral up to terms of the second order. The principal
term arising in the second integral is equal to

—(2n)! / bps) — pul? ds,

and upon substitution into (1.15) it cancels with h=1V (¢, z, ). If we verify that
the terms of order A~'/2 also cancel each other, it only remains to be proved
that the terms of order 1 and the infinitely small terms as & | 0 do not hinder
convergence (this can be done in the case where x and y are not conjugate).

We discuss the terms of order h~'/2, arising from the first integral in (1.21).
We integrate by parts:

t
hil/zk/o (b(QDs) - Sbs»dws) = hil/Q(b(spt) - ¢t7wt)

0 [ (vt - 20) .

The integrated term vanishes by virtue of the condition w; = 0. The expression
(d/ds)(b(ps) — ¢s) can be transformed by taking account of Euler’s equation
for an extremal. It is easy to see that the integral cancels with the terms of order
h~1/2  arising from the second integral in (1.21).

It can be seen from the proof outlined here that the coefficient Ky (¢, z,y) in
the expansion (1.13) has the meaning of the conditional mathematical expectation
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of the exponential function of a quadratic functional of a Wiener process under
the condition w; = 0.

The situation is not more complicated in the case where x and y are connected
with a finite number of extremals and they are not conjugate to each other on any
of these extremals. In the case of conjugate points the transition density over time
t can be expressed by means of the Chapman—Kolmogorov equation in terms of a
transition density over a shorter time. In the integral thus obtained, the main role
is played by densities at nonconjugate points and the asymptotics is obtained by
applying Laplace’s method (the finite-dimensional one). For the density p(t, x, y)
as t | 0, this is done in Molchanov [1]; in particular, for various structures of the
set of minimal geodesics connecting x and y, there arise asymptotic expressions
of the form p(t, z,y) ~ Ct=e=P@¥)*/2t with varying o.

Concerning sharp asymptotics in problems involving large deviations not
reducing to one-dimensional or finite-dimensional distributions, little has been
done yet. The results obtained in this area do not relate to probabilities
Ph{X" € A} or densities but rather to mathematical expectations

M" exp{h " F(X™)}, (1.22)

where F' is a smooth functional (the normalizing coefficient is assumed to be
equal to h~'). The consideration of problems of this kind is natural as a first
step, since even in the case of large deviations for sums of independent two-
dimensional random vectors, the sharp asymptotics of integrals analogous to
(1.22) can be found much easier than the sharp asymptotics of the probability
of hitting a domain.

The expression (1.22) is logarithmically equivalent to

exp{h ! max[F — S]},

where S is the normalized action functional. If the extremal ¢ providing this
maximum is unique, then the mathematical expectation (1.22) differs from

M {p(X", ) < §;exp{h ' F(X")}} (1.23)

by a number which is exponentially small compared with (1.22) or (1.23). This
enables us to localize the problem.

The plan of further study is analogous, to a great degree, to what has been
done in Cramér [1]: the generalized Cramér transformation is performed, which
transforms the measure P" into a new probability measure Ph such that the “most
probable” trajectory of X' with respect to P" turns out to be the extremal o
for h small. With respect to the new probability measure, the random process
h=Y2[X]} — ¢,] turns out to be asymptotically Gaussian with characteristics
which are easy to determine. If the functionals F' and S are twice differentiable
at ¢ (the requirement of smoothness of S can be reduced to smoothness require-
ments of local characteristics of the family of processes X[*) and the quadratic
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functional corresponding to the second derivative (F”' — S”)(¢) is strictly nega-
tive definite, then for the means (1.23) and (1.22) we obtain the following sharp
asymptotics:

M exp{h~ F(X™)} ~ Koexp{h ' [F(p) — S(¢)]} (1.24)

as h | 0. The constant K can be expressed as the mathematical expectation of a
certain functional of a Gaussian random process.

If F and S are v + 2 times differentiable, then for (1.22), (1.23) we obtain an
asymptotic expansion of the form

exp{h ' [F(¢) — S(@)|}(Ko + Kih+ -+ + K s hl"/2 + o(h¥/?)). (1.25)

Analogous results may be obtained for the mathematical expectations of
functionals of the form G(X") exp{h 1 F(X")}.

This program has been realized in Schilder [1] for the family of random pro-
cesses Xth = h’l/Zwt, where w; is a Wiener process and in Dubrovskii [1], [2],
[3] for the families of locally infinitely divisible Markov processes, considered
by us in Chap. 5. We note that in the case considered in Schilder [1], the part
connected with the asymptotic Gaussianness of h~1/2[ X" — ;] with respect to
P" falls out of our scheme outlined here (because of the triviality of that part). In
exactly the same way, in this simple situation we do not need to be aware of the
connection of the employed method with H. Cramér’s method.

2 Large Deviations for Random Measures

We consider a Wiener process &; on the interval [0, 1] with reflection at the end-
points. For every Borel set I" C [0, 1] we may consider a random variable 7 (T"),
the proportion of time spent by &; in T for ¢ € [0, T7:

T
mr(l) = ?/o xr(&s) ds. 2.1

The random variable np(I') = 77 ([, w) is a probability measure in T'. In the
space of measures on [0, 1], let a metric p be given, for example, the metric de-
fined by the equality

plu,v) = sup |pl0,z] — v[0,x]|. (2.2)
0<z<1
It is known that for any initial point § = = € [0, 1], the measure w1 converges
to Lebesgue measure [ on [0, 1] with probability 1 as T — oo. If A is a set
in the space of measures, at a positive distance from Lebesgue measure [, then
P.{mr € A} - 0asT — oo, i.e., the event {w : mp € A} is related to large
deviations.
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Of course, formula (2.1) defines a random measure 77 (I") for every measur-
able random process &;(w), t > 0. If this process is, for example, stationary and
ergodic, then by Birkhoff’s theorem, 7 (I") converges to a nonrandom measure
m(T") (to the one-dimensional distribution of the process) as T' — oo and the
deviations of mp from m which do not converge to zero belong to the area of
large deviations.

Families of random measures, converging in probability to a nonrandom mea-
sure, also arise in other situations, in particular, in problems concerning the in-
tersection of a level. For example, let &, be a stationary process with sufficiently
regular trajectories and let ] = &74(T > 0). Along with & we may consider the
family of random measures 77 on [0, 1], where 77 (T') is the number, normalized
by dividing by 7', of intersections, taking place for ¢t € I" C [0, 1], of a given level
by 1. Under certain regularity conditions on &;, the measure 77 converges, as
T — oo, to Lebesgue measure multiplied by the average number of intersections
over the time unit.

We may consider limit theorems of various kinds for random measures. Here
we discuss some results concerning the behavior of probabilities of large devi-
ations. The rough asymptotics of probabilities of large deviations for measures
(2.1), connected with Markov processes, was studied in a series of publications
by Donsker and Varadhan [1], [2], [3], [4]. Independently of them, general results
were obtained by Girtner [2], [3]. Gértner also applied these results to Markov
and diffusion processes and considered a series of examples. Our exposition is
close to Girtner’s work.

Let (E, %) be a measurable space. We denote by B the space of bounded
measurable functions on E and by V the space of finite countably additive set
functions (charges) on the o-algebra %. We introduce the notation (u, f) =
Jy 1) pld).

In V we may consider the B*-weak topology (cf. Dunford and Schwartz [1])
given by neighborhoods of the form

{M: ‘<:U’_,U/0af7,>| <67i:15"'an}a

f € B. Along with it, we shall consider a metric p and the corresponding topol-
ogyin'V.

We shall only consider metrics given in the following way. A system 21 of
functions f € B bounded in absolute value by one is fixed and we put

p(p,v) = sup [{u, f) = (v, /)y mreV. (2.3)
fem

Of course, in order that equality (2.3) define a metric, we need to take a suf-
ficiently rich supply of functions f: every charge 4 € V need to be defined
uniquely by the integrals (u, f) for f € 9.

Let a finite measure m be fixed on (F, %). We shall say that a metric p,
defined by (2.3) in V, satisfies condition (1) if for every 6 > 0 there exist finite
systems A = s, B = ‘B of measurable functions on E, bounded in absolute
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value by one, such that (m,w) < § for w € B and for every f € 9 there exist
v € Aand w € B for which |f — v| < w.

Condition (1) enables us to reduce the study of large deviations for measures
to the study of large deviations for random vectors in a finite-dimensional space
and to use the results of Sect. 1, Chap. 5.

The metric (2.2) in V = V([0, 1]) is a special case of the metric (2.3) with the
system 2t consisting of the indicators of all intervals [0, x]; it satisfies condition
(1) if as m we choose Lebesgue measure. As 2(; we may choose the indica-
tors of the intervals of the form [0, kd] and as 9B, the indicators of the intervals
[kd, (k + 1)0]. Another example of a metric satisfying condition (1): E is a com-
pactum, 4 is the o-algebra of its Borel subsets, p is the metric corresponding
to the family 20t of functions bounded in absolute value by one and satisfying
a Lipschitz condition with constant 1 (this metric corresponds to C*-weak con-
vergence in the space V, considered usually in probability theory). If m is any
measure with m(E) = 1, then as 2 we may choose a finite J-net in 9t and as
85 we may choose the singleton consisting of the constant § function.

We fix a complete probability space {Q2,.%, P}. A mapping 7 : 2 x B — R!
is called a random measure if 7(-, A) is a random variable for every A € B and
7(w, -) is a measure for almost all w.

In what follows we shall often consider sets of the form

{w:p(r(w, ), p) <6}

In order that these sets be measurable for any ¢ € V and 6 > 0, it is sufficient to
assume that in 207 there exists a countable subset 9t such that for every function
f € 9 and every measure p there exists a bounded sequence of elements f,
of My, converging to f almost everywhere with respect to ;. We shall always
assume that this condition is satisfied.

Now let us be given a family of random measures 7", depending on a pa-
rameter h. For the sake of simplicity we assume that / is a positive numerical
parameter.

Our fundamental assumption consists in the following. There exists a func-
tion A(h) converging to +oo as h | 0 and such that the finite limit

H(f) = HmA(h) " nMexp{A(R){x", f)} (24)

exists for every f € B. As in Sect. 1, Chap. 5, it can be proved that H(f) is
a convex functional. We make the following assumptions concerning this func-
tional:

A.l. The functional H(f) is Gateau differentiable, i.e., the function h(y) =
H(f +~9g),v € R, is differentiable for every f, g € B.

A.2. If a bounded sequence { f,,} of measurable functions on E converges to an
f € B in measure with respect to the measure m (m is the measure singled
outon (E, %)), then H(f,) — H(f).
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We denote by S(u) the Legendre transform of the functional H (f):

S(p) =;gg[<u7f> —H(f)], neV (2.5)

It is easy to see that S(u) is a convex functional on V, assuming nonnegative
values, possibly including +oo.

We list the basic properties of S. In the meanwhile we introduce some nota-
tion to be used in what follows.

B.1. In order that S(u) < oo, it is necessary that the charge p be a measure.
If 7"(E) = 1 with probability 1, then S(u) < oo only for measures
with p(FE) = 1. The functional S is lower semicontinuous with respect to
B*-weak convergence.

B.2. For any s > 0, the measures u such that S(u) < s are uniformly bounded
and uniformly absolutely continuous with respect to m.

B.3. If condition (1) is satisfied, then S is lower semicontinuous in the topology
induced by the metric p and the set

O(s) ={n € V:5(u) < s},

s < 00, is compact in this topology.
B.4. Let 2 be a finite system of functions belonging to B. We write

pa(p, v) = sup [(p, v) — (v, v)],
veA

Salp) = sup [(u, f) — H(f)],
feZ )

where .Z(21) is the linear hull of 2. Moreover, we write ®g((s) = {p € V :
Sau(p) < s}, s € [0,00). (We note that py (i, ) = 0 does not necessarily
imply that ;1 = v.) For any 6 > 0 and s > 0 we have the inequality

inf{S(v) : pa(v,n) <6} < Su(p) (2.6)

and the inclusion
Bas) C{R(YE = {p e V:pu(i, ®(s)) <3} 27

We outline the proofs of these properties (complete proofs may be found in
Gdrtner [3]).

B.1 may be proved very simply. We do not even have to use assumptions A.1,
A.2. For example: if 1(A) < 0 for some A € 4, then

S(p) > sgrém Yxa) — H(vxa)l > sup Yu(A) = oco.

Here we have used the fact that H(f) < 0 for f < 0.
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B.2.If S(u) < s, then we use the fact that the supremum (2.5) is not smaller
than the value of the expression in square brackets for f = yxa, v > 0. We
obtain

4y < Toxa) +5

Y
The boundedness follows from this immediately. To verify the uniform absolute
continuity, it is sufficient to prove that for any € > 0 there exists § > 0 such that
m(A) < J implies ;1(A) < e for all measures p € ®(s). We choose ~y such that
s/~ is smaller than £/2; condition A.2 implies that there exists § > 0 such that
H(yxa) <nve/2if m(A) < 4.

B.3. The compactness of ®(s) in the B*-weak topology follows from B.1
and B.2. It only remains to be shown that ji,,, u € ®(s), p, — p in the B*-weak
topology imply that p(pi,,, ) — 0. This can be deduced from (1) by using the
uniform absolute continuity of the (., and p.

B.4. According to A.1 the derivative H'(f)(h) = limy—oy ' (Hf + vh) —
H(f)) exists, which is a linear functional of h € B. The equality u/(A4) =
H'(f)(xa) defines a finite positive countably additive (by virtue of assump-
tion A.2) measure on (E, %). It follows from the properties of convex func-
tions (cf. Rockafellar [1]; we have already used these properties in the proof of
Lemma 5.2 of Chap. 7) that it is sufficient to prove inequality (2.6) for measures
for which the supremum in the definition of S4 () is attained for some function
fo € Z(A). Then for all h € £ () we have: (u, h) = H'(fo)(h) = (u/o, h).
It is easy to deduce from the definition of ;0 that the upward convex functional
a(f) = (ufo, f) — H(f), f € B, attains its maximum for f = f,. From this
we obtain S(u/0) = (u', fo) — H(fo) = (u, fo) — H(fo) = Sau(n), where
pau(pfo, 1) = 0 (py is a semimetric!). This proves inequality (2.6) and along
with it, inclusion (2.7).

Now we formulate the fundamental result of this section.

Theorem 2.1. Let the metric p satisfy condition (1), let the limit (2.4) exist, and
let the functional H(f) satisfy conditions A.1 and A.2. Then \(h)S(u) is the
action functional for the family of random measures ™ in the metric space (V, p)
as h | 0;i.e., forany~,6,s > 0and 1 € V we have

P{p(n", 1) < 8} > exp{—A(h)[S(1) + ]}, (2.8)
P{p(n", ®(s)) > 8} < exp{-A(h)[s — 1} 2.9)
Sor sufficiently small h, where ®(s) = {p € V: S(u) < s}.

Proof. First we obtain estimate (2.8). If S(u) = o0, there is nothing to be
proved. Therefore, we assume that S(p) < co. We use condition (1) for 6; > 0.
We obtain the estimate

p(r", 1) < pa(m”, ) + maxe(n®, w) + max(p, w). (2.10)
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Since by B.2, the measure 1 is absolutely continuous with respect to m, the last
term on the right side of (2.10) is smaller than §/4 for sufficiently small ¢;.
Consequently,

P{p(r", u) < 6} > P{pa(n", u) < §/2} — P{ggg(ﬂh7w> > 5/4}- (2.11)

Applying Theorem 1.2 of Chap. 5 to the family of finite-dimensional vectors
n" = {7"(v)}yeu, h | 0, and taking into account that in a finite-dimensional
space all norms are equivalent, we obtain the estimate

P{pa(m", 1) < 6/2} > exp{—A(h)[Sa () +7/2]}
> exp{=A(R)[S(n) +~/2]}. (2.12)

Now we estimate the subtrahend in (2.11). The exponential Chebyshev in-
equality yields

P{(r", w) > §/4} < exp{—%)\(h)g}M exp{seA(R)(x", w)}

= exp{—)\(h) [Zg — A(h) "' InMexp{A(h)(x", %w>}] }

for any > > 0. The expression in square brackets converges to »(d/4) — H (scw)
as h | 0. If we choose s sufficiently large and then decrease 4, so that H (scw)
be sufficiently small for all w € *B (this can be done by virtue of condition A.2),
we obtain s(d/4) — H(scw) > S(u) + v for all w € B. This implies that

P{(n", w) > §/4} < exp{=A(h)[S(n) +1} (2.13)

for sufficiently small h > 0. Estimate (2.8) follows from (2.11)—(2.13).

Now we deduce (2.9). We use condition (1) again. By virtue of B.2 we have
maxyem (4, w) < 0/4 for sufficiently small positive d; and for all u € ®(s).
From this and (2.10) we conclude that

P{p(r", ®(s)) = 0} < P{pa(n", @(s)) > §/2}
b w) > . :
+ P{wmea%<<7r Wy > 6/4} (2.14)
Let the functions vy,...,v, € 2 form a basis of the linear space .Z(2(). To

estimate the first term on the right side of (2.14), we use the inclusion ®g(s) C
{®(s) i"(‘;/4 (cf. formula (2.7)) and apply Theorem 1.1 of Chap. 5 to the family

of finite-dimensional vectors " = (7" (v1), ..., 7" (v,)):

P{pa(n", ®(s)) > 6/2} < P{pa(mn, Pau(s)) > 6/4} < exp{—=A(h)(s—7/2)}.

The second term in (2.14) can be estimated by means of (2.13) and we obtain
estimate (2.9) for small h. O
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We consider an example. Let (&, P,) be a diffusion process on a compact
manifold E of class C(°), controlled by an elliptic differential operator L with
infinitely differentiable coefficients. Let us consider the family of random mea-
sures 7 defined by formula (2.1). We verify that this family satisfies the condi-
tion that the limit (2.4) exists, where instead of h | 0, the parameter 7" goes to co
and as the function A we take 7": for any function f € B, the finite limit

T

H(f)= lim T"'InM, exp{/ f(gs)ds} (2.15)
T—o00 0

exists. As in the proof of Theorem 4.2 of Chap. 7, for this we note that the family

of operators

T/ g(z) = Mzexp{ /0 ' (&) ds}g(&)

forms a semigroup acting in B. If g(x) is a nonnegative function belonging to B,
assuming positive values on some open set, then the function th g(z) is strictly
positive for any £ > 0. As in the proof of Theorem 4.2 of Chap. 7, we may de-
duce from this that the limit (2.15) exists and is equal to A(f), the logarithm of
the spectral radius of Tlf (cf., for example, Kato [1]). The fulfillment of condi-
tions A.l and A.2 follows from results of perturbation theory. Moreover, it is easy
to prove that the supremum in the definition of S(u) may be taken for not all
functions belonging to B but only continuous ones:

S(u) = sup[{u, f) — A(f)]- (2.16)
fec

For continuous functions f the logarithm of the spectral radius of Tlf coincides
with that eigenvalue of the infinitesimal generator A/ of the semigroup Tlf which
has the largest real part: this eigenvalue is real and simple. For smooth functions,
Af coincides with the elliptic differential operator L + f. This implies that by
A(f) in formula (2.16) we may understand the maximal eigenvalue of L + f.

The random measure 77 is a probability measure for every 7' > 0. According
to B.1, the functional S(y) is finite only for probability measures x. Since A(f +
¢) = M f) + ¢ for any constant ¢, the supremum in (2.16) may be taken only
for those f € C for which A\(f) = 0. On the other hand, the functions f for
which A(f) = 0 are exactly those functions which can be represented in the form
—Lu/u, u > 0. Consequently, for probability measures i, the definition of S(u)
may be rewritten in the form

Lu
S(p) = — inf — ). 2.17
() == inf (. ) e

For measures ;o admitting a smooth positive density with respect to the Rie-
mannian volume m induced by the Riemannian metric connected with the prin-
cipal terms of L, we may write out Euler’s equation for an extremal of problem
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(2.17) and obtain an expression for S(1), not containing the infimum. In particu-
lar, if L is self-adjoint with respect to m, then the equation for an extremal can be
solved explicitly. The infimum in (2.17) is attained for u = \/du/dm and S (1)
can be written in the form

L[Vl
JE dm

The functional S(;) may be calculated analogously for measures 7 in the
case where (&, P, ) is a process in a bounded domain with reflection at the bound-
ary (Girtner [2]).

3 Processes with Small Diffusion with Reflection
at the Boundary

In Chaps. 2—6 we considered the application of methods in probability theory to
the first boundary value problem for differential equations with a small parameter
at the derivatives of highest order. There naturally arises the question of what can
be done for the second boundary value problem or for a mixed boundary value
problem, where Dirichlet conditions are given on some parts of the boundary and
Neumann conditions on other parts.

Let the smooth boundary of a bounded domain D consist of two components,
01D and 02 D. We shall consider the boundary value problem

g2 iy 9%us o Ous
e, € - - i ? =
Lfuf(z) = 2Za ($>8xi8xj+zb(x)8xi 0, zeD, o
P 0w @l = ),
ol oD

where 0/0l is the derivative in some nontangential direction; the coefficients of
the equation, the direction [ and the function f are assumed to be sufficiently
smooth functions of x. This problem has a unique solution, which can be written
in the form u®(z) = M f(XE.), where (X, PS) is the diffusion process in
D U 01D, governed by L¢ in D, undergoing reflection in the direction [ on the
part 91 D of the boundary; 7° = min{t¢ : X € 02D} (Fig. 45). The asymptotics
of the solution u* may be deduced from results involving the limit behavior of
X7 for small . We begin with results of the type of laws of large numbers.
Along with X{, we consider the dynamical system @; = b(z;) in D, obtained
from X; for € = 0. It follows from results of Chap. 2 that with probability close
to one for small ¢, the trajectory of X7, beginning at a point x € D, is close to
the trajectory z;(x) of the dynamical system until the time of exit of x;(x) to the
boundary (if this time is finite). From this we obtain the following: if x;(x) goes
to 02D sooner than to 0y D and at the place y(z) of exit, the field b is directed
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Figure 45.

strictly outside the domain, then the value u° () of the solution of problem (3.1)
at the given point z € D converges to f(y(z)) ase — 0.

If X7 begins at a point x € 01D (or, moving near the trajectory of the dy-
namical system, reaches 01 D sooner than 0, D), then its most probable behavior
depends on whether b(x) is directed strictly inside or outside the domain. In the
first case, X; will be close to the trajectory, issued from x € 01 D, of the same
dynamical system &; = b(x;). From this we obtain the following result.

Theorem 3.1. Let the field b be directed strictly inside D on 01D and strictly
outside D on 02D. Let all trajectories of the dynamical system &y = b(xy),
beginning at points x € DUO1 D, exit from D (naturally, through 05 D). Then the
solution uf (z) of problem (3.1) converges to the solution u® (x) of the degenerate
problem

. 0
}:H@ﬁziza zeD,

u’(@)|o,p = f(),

uniformly for x € DU JD ase — 0.

3.2)

If b is directed strictly outside D on 0; D, then the trajectory of the dynamical
system goes out of DUQ; D through 01 D and X7 is deprived of the opportunity of
following it. It turns out that in this case X} begins to move along a trajectory of
the system &; = B(xt) on &, D, where b is obtained by projecting b parallel to the
direction onto the tangential direction. This result also admits a formulation in the
language of partial differential equations but in a situation different from the case
of a boundary consisting of two components, considered here (cf. Freidlin [2]).

In the case where the trajectories of the dynamical system do not leave D
through 02D but instead enter D through 02D, results of the type of laws of
large numbers are not sufficient for the determination of lim._,g u®(x). A study
of large deviations for diffusion processes with reflection and of the asymptotics
of solutions of the corresponding boundary value problems was carried out in
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Zhivoglyadova and Freidlin [1] and Anderson and Orey [1]. We present the re-
sults of these publications briefly.

We discuss Anderson’s and Orey’s [1] construction enabling us to construct
a diffusion process with reflection by means of stochastic equations, beginning
with a Wiener process. We restrict ourselves to the case of a process in the half-
plane R? = {(z',2?) : ' > 0} with reflection along the normal direction of
the boundary, i.e., along the x!-direction. We introduce a mapping I of Co7(R?)
into Cor(R%): for { € Cor(R?) we define the value 7, = I';() of the function
1 = I'(£) by the equalities

=),  m=_
1 _ A1 . 1 (33)
=G min(0, iy ).

It is clear that I'(§) € Cor(R3), the mapping I is continuous and

|Ps(£) - Fs(é)' S 2|fs - gs|

We would like to construct a diffusion process with reflection at the bound-
ary of R%, with diffusion matrix (a%(z)) and drift b(x) = (b'(z),b%(x)). We
represent the diffusion matrix in the form (a%(z)) = o(z)o*(x), where o(x)
is a bounded matrix-valued function with entries satisfying a Lipschitz condition
(such a matrix exists if the a%/ (x), together with their derivatives, are bounded
and continuous). We define the functionals o;(¢) and b;(¢) on Cor(R?) by
putting

a1(¢) = a(I'+(¢)), bi(¢) = b(I'+(€))-

We consider the stochastic equation

t t
Xt:m+/ US(X)dws—i—/ bs(X) ds, xERi.
0 0

The existence and uniqueness theorem for such equations can be proved in the
same way as for standard stochastic differential equations. It turns out that the
random process X; = Ft(f( ) is exactly the diffusion process with reflection in
Ri, having the given diffusion and drift coefficients.

Now let us assume that there is a small parameter in the equation. For the
sake of simplicity, we restrict ourselves to the case where o is the identity matrix

multiplied by e:
¢
X =x+ew + / bs(X°?) ds; 3.4)
0

the corresponding process with reflection will also be equipped with the index
e: X{ = Ft(f( €). It can be proved that the solution of (3.4) can be obtained by
applying a continuous mapping B, to the function ew € Cor(R?) (the proof is
the same as that of Lemma 1.1 of Chap. 4). Hence the process X ¢ with reflec-
tion can be obtained from cw by means of the composition of two continuous
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mappings: X¢ = I'(B,(ew)). Using general properties of the action functional
(Sect. 3, Chap. 3), we obtain that the action functional for the family of processes
X; in Cor as € — 0 has the form e~ 2S(¢), where

1
St = <2d 3.5
or(p) = XF(B (x)) ¢2/ IXs|” ds. (3.5)

On the other hand, B, is invertible:

t

By =ty —x— | bs(¥)ds;
(B ') = xcé<ws

taking account of this, expression (3.5) can be rewritten as

1T
St = min —/ s — b(ws)|? ds 3.6
or(p) = i, 2 | (¢s) (3.6)
(we use the fact that by (1)) = b(T's(¢)) = b(ps)).

It is easy to verify that the minimum (3.6) is equal to

S R
S(—)‘FT(SD) = 5/0 |<Ps - b(@s)|2d53 3.7

where b(z) is the field coinciding with b(x) everywhere except at those points of
01D at which b(z) is directed outside D; at these points B(x) is defined as the
projection of b(x) onto the direction of the boundary. The minimum is attained
for the function ¢ defined by the equalities

V= (Vf7),  Yp = ¢},

1 1 ! 1y o 1 2 (-8)
o= b+ [ o () min0.8'(0.62) ds

A formula analogous to (3.7) also holds for a varying matrix (a%/(z)) and
for processes in an arbitrary domain D with reflection along any smooth field [,
nontangent to the boundary, as well.

Results involving the action functional imply, in particular, that for ¢ — 0
the trajectory of X{ converges in probability to a function at which S* vanishes,
i.e., to a solution of the system &, = b(z;).

Now we present those results involving the asymptotics of solutions of prob-
lem (3.1) which follow from the above result (cf. Zhivoglyadova and Frei-
dlin [1]). Let D be the ring in the plane, having the form {(r,0) : 1 < r < 2} in
the polar coordinates (7, §). We consider the problem

2 2 2u6 U
LEUE%(%+%92>+I)T(T,O)% +b9(’l" 9)889 :0, ZZ?GD,
(3.9)
ou’

or (1 9) 0, UE(2,0) = f(@)
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We shall say that condition 1 is satisfied if the trajectories, beginning in D,
of the dynamical system &; = b(z;) go to 1D = {r = 1} sooner than to
02D = {r =2) and b,{1,0) < 0 for all 6.

We assume that on the interval [0, 27] the function bg (1, #) has a finite number
of zeros. Let K1, Ko, ..., K be those of them at which by(1, §) changes its sign
from plus to minus as 6 increases.

We consider

V(Ki,y) = inf{Sd(¢) : o = Ki, o7 = y; T > 0}

and assume that for any 4, the minimum of V (K, y) for y € 05D is attained at a
unique point y; = (2, 6;). We put V(K;,0:D) = V (K, y;).

Theorem 3.2. Let the above conditions be satisfied. Let g* be the unique {02 D}-
graph over the set of symbols {K1,...,K;, 02D} for which the minimum of
> (a—sp)eg V(o B) is attained over all {O;D}-graphs g. Let the trajectory, be-
ginning at a point x € D, of the system &y = b(xt) go out to the circle 01D
at the point (1,0,): for x € 01D, as 0, we choose the angular coordinate of x.
Let K; be the point to which the solution of the equation 6, = bo(1,6;) with
initial condition 0, is attracted as t — oo. Then lim._,o u®(x) = f(0), where
Ky — 09D is the last arrow in the path leading from K; to oD in g*.

The proof of this theorem can be carried out in the same way as that of The-
orem 5.2 of Chap. 6.

4 Wave Fronts in Semilinear PDEs and Large Deviations

Consider the Cauchy problem

ou(t,z) D d%u 1
By _Eﬁ—kcu, t>0, e R,

u(0,z) = X~ (z) = {

L a<0. .1

0, z>0.

Here ¢ and D are positive constants. Let X; be the process in R! corresponding
to (D/2)(d?/dz?) : X* = /DW,. Then we have:

u(t,z) = Myx™ (Xy)e = e Pl + VDW, < 0}

—z/vVD
= e ! / / e_yz/% dy.
V21t J o

One can easily derive from this equality that for any o > 0

t,at t o 4
u(t, at) = exp c=5p ) t—oe
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If o* = v2¢D, then

lim sup wu(t,z)=0, lim inf  wu(t,z) =00 4.2)
E200 3> (e +h)t ¢.2) t—=00 z<(ar —h)t (t.2)

for any h > 0. This means that the region of large values of u(¢,x) propagates,
roughly speaking, with the speed a* = v/2¢D.

Now let the constant ¢ in (4.1) be replaced by a smooth function ¢(u) such
that

c(u) >0, foru<l,
<0,

c(u)

c=c(0) = max c(u);

foru > 1, (4.3)

ou(t,z) D d*u 1
ot _EW—"_JC(U)’ t>0, € R, 4.4)

’LL(O, l‘) =X (Jf),

where f(u) = c(u)u.
Applying the Feynman—Kac formula, one can obtain the following equation
for u(t, x)

u(t,r) = Myx ™ (Xy) exp{/ot c(u(t — s, X)) dm}. (4.5)

Since, according to (4.3), ¢(u) < ¢(0) = ¢, we conclude from (4.5),
0 < uft,x) < P {X, < 0},

and thus the first of the equalities (4.2) holds for the solution of the nonlinear
problem. The second equality of (4.2), of course, does not hold for the solu-
tion of problem (4.4). Since c¢(u) < 0 for u > 1, the solution never exceeds 1.
But as we show later, one can prove using the large deviation estimates that
limy o0 infyc o+ —pye u(t, ©) = 1 for any h > 0, where u(t, ) is the solution of
4.4).

Equation (4.4) appeared, first, in Fisher [1] and in Kolmogorov, Petrovskii,
and Piskunov [1]. The rigorous results for nonlinearities f(u) = c(u)u satisfying
(4.3) were obtained in the second of these papers. Therefore, this nonlinearity
is called KPP-type nonlinearity. It was shown in Kolmogorov, Petrovskii, and
Piskunov [1] that the solution of problem (4.4) with a KPP-type nonlinear term
behaves for large ¢, roughly speaking, as a running wave:

u(t,x) vz —at), t— oo,

where o* = v/2Dc, ¢ = f'(0), and v(z) is the unique solution of the problem
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gv”(z) +a™ ' (2) + f(v(2)) =0, —o00< 2 < o0,

v(—00) =1, v(400) =1, v(0) = -.

Thus, the asymptotic behavior of u (¢, ) for large ¢ is characterized by the asymp-
totic speed «* and by the shape of the wave v(z).

Instead of considering large ¢ and x, one can introduce a small parameter
e > 0: put u®(¢,z) = u(t/e,x/e). Then the function u (¢, x) is the solution of
the problem ,

ou(t,x) eDo*us 1, .
o 2 o W) (4.6)
u(0,2) = x~ ().

One can expect that u®(t,x) = u(t/e,x/e) = v((z —a*t)/e) = x~ (x — a*t) as
€ J 0. This means that the first approximation has to do only with the asymptotic
speed o*, and does not involve the asymptotic shape v(z).

Consider now a generalization of problem (4.6) (see Freidlin [12], [14],
[17], [18]):

Ous(t,r) & - ij 0*uf 1 . -
Y Qigla (x)éxiaxj+ef(x’u)’ t>0, z€R", “7)

u®(0,z) = g(x) > 0.

A number of interesting problems, like the small diffusion asymptotics for
reaction-diffusion equations (RDEs) with slowly changing coefficients, can be
reduced to (4.7) after a proper time and space rescaling. We assume that the co-
efficients a*/ () and f(x, u) are smooth enough, a7 A? < Y a™(z)\\; <
ay.:_, A? for some 0 < a < a; the function f(z,u) = ¢(z, u)u, where c(x, u)
satisfies conditions (4.3) for any € R" (in other words, f(x,u) is of KPP-type
for any 2 € R"). Denote by G the support of the initial function g(z). We as-
sume that 0 < g(x) < g < oo and that the closure [Gy] of G coincides with the
closure of the interior (Gy) of G : [(Go)] = [Go]. Moreover, assume that g(z) is
continuous in (Gp).
Denote by (X5, P,) the diffusion process in R" governed by the operator

e_ ¢ - ij 24
L=5 2 ) g

4,j=1

The Feynman-Kac formula yields an equation for u® (¢, x),

t
us(t,z) = ng(Xf)eXp{%/ (X5, ut(t—s,X3)) ds}. (4.8)
0

First, assume that ¢(z,0) = ¢ = constant. Then, taking into account that
c(z,u) < ¢(z,0) = ¢, we derive from (4.8),
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0 < uf(t, ) < Myg(X$)es < ge/*P {X: € Gy}. (4.9)

The action functional for the family of processes X3, 0 < s < ¢, in the space of
continuous functions is equal to

“S0(0) = o /Ot ;1 a3 (@) 036, ds,
where ¢ is absolutely continuous, (a;;(z)) = (a%(x))~!, and
leifgeln P.{X; € Go} = —inf{Sot(¢) : ¢ € Cot,p0 = x, ¢+ € Gp}. (4.10)
Denote by p(z,y) the Riemannian distance in R" corresponding to the form

ds® = 377 ;_; aij(x) da* dz’. One can check that the infimum in (4.10) is actu-
ally equal to (1/2t)p?(x, Gy). We derive from (4.9) and (4.10),

2
0 <uf(t,r) < geP.{X{ € Go} < exp{l (ct - %) }
€

It follows from the last bound that

hﬁ}ua(t,x) =0, ifp(z,Go) >tV2c, t > 0. (4.11)
€.

We now outline the proof of the equality

1iﬁ)1u5(t,x) =1, ifp(z,Go) <tV2¢, t>0. (4.12)
1>

Let us first prove that

limelnu®(t,z) =0, (4.13)
eJ0

if p(z,Go) = t/2¢,t > 0.If K is a compact set in {t > 0,2 € R"}, then the
convergence in (4.13) is uniform in (t,z) € K N {p(x,Go) = t+/2¢}. One can
derive from the maximum principle that

@us(t,x) <1, t>0,z€R". 4.14)

el
Therefore, to prove (4.13) it is sufficient to show that

limelnwu®(¢,z) >0, (4.15)
0

if p(z, Go) = tv/2¢, t > 0.

Let ¢%, 0 < s < t, be the shortest geodesic connecting x and [Gy] with
the parameter s proportional to the Riemannian distance from x. For any small
0 > 0, choose z € (Gy), |z — ¢;| < 4, and define
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z, OSSS(S,
) *
Ds = Pis—o)/(t—5)y 0 <8<t =0,
hS7 t_(SSSSt,

where h, is the linear function such that h;_s = ¢:(t725)/(t76) and h; = =z.
Denote by &, u > 0, the p-neighborhood in Cyy of the function ¢2, and by x,,
the indicator of this set in Cy;. Let > 0 be chosen so small that the ball in R"
of radius 2y centered at z belongs to (G) and for any ¢ € &,

6§I§1§1?—6 d(vs,Gs) = do > 0,
where d(-,-) is the Euclidean distance in R” and G; = {z € R",p(z,Gy) <
3\/2_0} Such a choice of p is possible since d((bg, Gs) >dy >0ford < s <
t — 0. Then (4.11) implies that u® (¢t — s,¢s) — 0ase [ 0ford < s <t¢—§and
Y € E,, and thus c(s, u®(t — s,%5)) — (b, 0) = cas e | 0 for such ¢ and s.
Since So:(¢*) = p?(x, Gy)/2t, one can derive from the definition of ¢? that
for any h > 0 there exists § > 0 so small that

(xaGO)

p?
Sot(¢?) — m < h.

Let go = min{g(z) : |z — z| < p}. It follows from (4.8) that

(1) 2 Mag X0 [ et 0,0 s}

> goe U TIN/Ep, {4}

o35y 1/p?
> goe exp{(p(g;c;O)JrQh)} (4.16)
13

for ¢ > 0 small enough. In (4.16) we used the lower bound from the definition
of the action functional. Taking into account that p(x, Gy) = tv/2¢, we derive
(4.15) from (4.16).

We now prove (4.12). Suppose it is not true. Then, taking into account (4.14),
To € R" and tg > 0 exist such that

p(xo,Go) < toV2¢, lim u®(tg, xo) < 1 —2h 4.17)
el0

for some A > 0. Let U = U*® be the connected component of the set
{(t,x) :t> 0,2 € R", p(xo, Go) < tvV2¢,us(t,z) < 1— h},

containing the point (¢, o). The boundary AU of the set U C R"*! consists of
sets QU7 and 0Us:
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oUy =oU N {(t,x) : t >0,z € R",u’(t,z) =1 — h},
Uy = U N ({(t,z) : t > 0, p(z, Go) = tv/2c} U{(t,x) : t = 0,z € Go}).

Define 7¢ = min{s : (¢t — s, X%) € U} and let x5, ¢ € {1,2}, be the indicator
function of the set of trajectories X ¢ for which (¢t — 7¢, X5.) € OU;. Let Ay be
the distance in R" ! between (o, 7o) and the surface {(t,z) : t > 0, p(z,Go) =
t\/ﬂ}, A = A1 Ato. Let x§ denote the indicator function of the set of trajectories
X, such that maxg<s<¢ [ X2 — 2| < A

Using the strong Markov property, one can derive from (4.8),

€

1 T
u® (to, To) = My, us(to — Ts,Xig)exp{—/ (X5, us(to — s, X5)) ds}
€Jo

2
<D My xixgus (to — 7%, X5)
=1

€

Xexp{é/ C(Xe,ue(to—s,Xf))ds}. (4.18)
0

The first term of the sum in the right-hand side of (4.18) can be bounded from
below by (1 — h)My, x5 x5, since u(¢,z) = 1 — h on U and ¢(z,u) > 0. To
estimate the second term, note that 7¢ > )\ and

min (X7, u(to —s,X5)) > min  c(z,u) =co >0,

0<s<r*e — 0<u<l—h
[z—z0[<A

if (tog — 7, X2.) € OU,. Thus, the second term in the right-hand side of (4.18)

is greater than
Mo, X5x5e N/ cus (tg — 75, XE.).

Using bound (4.13), we conclude that the last expression is bounded from below
by Mz, x5x5 if € > 0 is small enough.
Combining these bounds together, one can derive from (4.18):

UE(tO"TO) > (1 - h)MmOX(iXS + Mﬂcoxgxg >1—h-— MTO(]' - XS)

for € small enough. Since M, x§ — 1 as ¢ | 0, the last inequality implies that
€0 > 0 exists such that

3h
u®(tg, z0) > 1 — 5 for0 < e < 9.

This bound contradicts (4.17) and thus (4.12) holds.

Equalities (4.11) and (4.12) mean that, in the case ¢(x,0) = ¢ = constant,
the motion of the interface separating areas where u° (¢, x) is close to 0 and to 1
for 0 < € < 1, can be described by the Huygens principle with the velocity field
v(x,e), z,e € R", |e| = 1, which is homogeneous and isotropic if calculated
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with respect to the Riemannian metric (-,-) corresponding to the form ds? =
>0 iy aij(@) dat dad, (ag;(x)) = (a¥(xz))L, and [v(z,€)| = V2e If Gy =
{z € R" : lim. o u®(t,z) = 1}, ¢ > 0, then

Gien ={z € R": p(x,Gy) < hv/2¢}, h>0.

In particular, if Gy = G is a ball of radius € with the center at a point 2z €
R", and g(x) = ¢°(z) is the indicator function of Gf C R", then G, is the
Riemannian ball of radius £v/2¢ with the center at z.

Now let ¢(z, 0) = maxo<, ¢(x, u) = c¢(z) not be a constant. Put

T

V(t,z) = inf{/o {c(c{)s) - % Z aij(@)(biég] ds: ¢ € Co,

ij=1

d)o = x7¢t € GO}

One can check that V' (¢, ) is a Lipschitz continuous function increasing in ¢. It
follows from (4.8) and (4.3) that

mmMSMwuﬁwﬁéfoaaw}

The expectation in the right-hand side of the last inequality, as follows from
Sect. 3 of Chap. 3, is logarithmically equivalent to exp{(1/e)V (¢t,x)},& { O.
Thus,

leiﬁ)lus(t,m) =0, ifV(tz)<O0. (4.19)

If we could prove that

11151 u(t,x) =1, ifV(t,z) >0, (4.20)
>
then the equation V(¢,2) = 0 would give us the position of the interface

(wavefront) separating areas where u°(¢,x) is close to 0 and to 1 at time ¢.
But simple examples show that, in general, this is not true; the area where
lim, o u®(¢, ) = 0 can be larger than prescribed by (4.19). This, actually, de-
pends on the behavior of the extremals in the variational problem defining
V(t, ).

We say that condition (V) is fulfilled if for any (¢, ) such that V'(¢,z) = 0,

T

t o e .
V(t,z) = sup{/0 lc(qﬁs) - % Z aij(qbs)gb;qb?b,] ds : ¢ € Coy,

4,g=1

G0 =x,01 € [Ge], V(t — s, ds) <0f0r0<s<t}.
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Theorem 4.1. Let u® (t, x) be the solution of problem (4.7) with a KPP-type non-
linear term f(x,y) = c(x,u)u. Then

lim u® =
lim (t,z) =0
uniformly in (t,x) changing in any compact subset of {(t,z) : t > 0,2 € R",
V(t,z) < 0}.
If the condition (N) holds,

limu®(t,z) =1

el0
uniformly in any compact subset of {(t,z) : t > 0,z € R",V(t,z) > 0}, and
the equation V (t, x) = 0 describes the position of the wavefront at time t.

The first statement of this theorem is a small refinement of (4.19). The proof
of the second statement is similar to the proof of (4.12) in the case ¢(z) = ¢ =
constant; the condition () allows us to check that lim. g e Inu®(¢,z) = 0, if
t > 0and V(¢t,z) = 0. The rest of the proof is based on (4.8), strong Markov
property, and condition (4.3), as in the case ¢(z) = constant. For the detailed
proof, see Freidlin [15].

The motion of the front in the case of variable c¢(z) = ¢(x,0) has a number
of special features, which cannot be observed if ¢(z) = ¢ = constant.

Consider, for example, the one-dimensional case

€ 2,,€ 1
auéi,z) 2388;2 —|—gc(m)u€(1—u5), t>0, € R, @21
u6(07 T)=x" (,T - ﬁ)
Here ¢(x) is a smooth increasing positive function; 8 > 0 is a constant. One can

check that the condition (V) is fulfilled in this case, and the equation V (¢, ) =
Va(t, ) = 0 describes the position of the front at time ¢. If > (3, then

t
Vﬁ(tvx) = Sup{/o |:c(¢s) - %Qﬁ] d87¢() = xvd)t = ﬁ}

Let, first, ¢(x) = 1 for z < 0 and ¢(x) = 1 + z for z > 0. Then the function
Va(t, x) can be calculated explicitly:

3 o2
Vﬁ@@)z%ﬂ(HB;x)—w 2;) , x>,

Va(t,z) >0, x<pB.

The interface between areas where u®(t,2) — 1 and u®(t,z) — O ase | 0
moves in the positive direction, and solving the equation Vz(t, z) = 0, we define
its position z5(t) at time ¢ > 0,
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12 [t4
Ig(t):§+ﬂ+ §+2t2(1+ﬁ).

The interface motion in this case has some particularities which are worth men-
tioning. Evaluate 3 = 2o(1), 25(1), 20(2):

We see that 2(2) > 25(1). This means that the motion of the front does not sat-
isfy the Markov property (i.e., the semigroup property): given the position of the
front at time 1, the behavior of the front before time 1 can influence the behavior
of the front after time 1. The evolution of the function u° (¢, x) satisfies, of course,
the semigroup property: if u® (s, x) is known for x € R!, then u®(t,z),t > s, can
be calculated in a unique way. However, it turns out that for ¢(x) /= constangthe
evolution of the main term of u° (¢, z) as € | 0, which is a step function with val-
ues 0 and 1, already loses the semigroup property. To preserve this property, one
must extend the phase space. The phase space should include not just the point
where Vj3(t, x) is equal to zero, but the whole function vg (¢, z) = Va(t,z) A 0.

The loss of the semigroup property also shows that the motion of the front
cannot be described by a Huygens principle.

One more property of the front motion in this example: Let u§(¢, ) and
u§(t,x) be the solutions of (4.21) with different initial functions u§(0,z) =
X (z), u5(0,z) =1 — x~ ( — 1). In the first case, the front moves from x = 0
in the positive direction and its position at time ¢ is given by x(t). In the second
case, the front moves from x = 1 in the negative direction of the x-axis. Condi-
tion (V) is not satisfied in the last case, but one can prove that the position X (t)
of the front at time ¢ is the solution of the equation (Freidlin [15]),

X(t) = —\/e(X), Xo=1. 4.22)

In our example, ¢(z) = 1 + = for > 0. Solving (4.22), one can find that the
front comes to z = 0 at time ¢1_,o ~ 1.22 in the second case. On the other hand,
solving the equation l‘g(t) = 1 for 8 = 0, we see that in the first case, the front
needs time tg_1 =~ 0.57 to come from O to 1. Thus, the motion in the direction
in which ¢(x) increases is faster than in the opposite direction. This property is
also incompatible with the Huygens principle.

We have seen in this example that if ¢(x) is linearly increasing, the front
moves at an increasing, but finite, speed. It turns out that if ¢(z) increases fast
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xo(ty) ¥ () B ¥,(4)

Figure 46.

enough on a short interval, remaining smooth, the front may have a jump. For ex-
ample, consider problem (4.21) with 5 = 0 and take as c¢(x) a smooth increasing
function which coincides with the step function ¢(z) = 1+ 3(1 — x~ (z — h)),
h > 0, everywhere except a §-neighborhood of the point z = h. One can check
that the condition (V) is satisfied in this case. But if ¢ is small enough, the solu-
tion xg = xo(¢) of the equation V' (¢, z¢) = 0 has the form shown in Fig. 46.

This means that for 0 < ¢ < Tp, the front moves continuously. But at time ¢ =
To (see Fig. 46) a new source arises at a point 2’ close to A if § is small enough.
The region where u® (¢, x) is close to 1 for 0 < € < 1 propagates from this source
in both directions, so that u (¢, z) is close to 1 at time t; € (Tp, T1) on [0, z(t1))
and on (y1(t1),y2(t1)). Outside the closure of these intervals u®(¢1,2) — 0 as
e | 0. At time 77 both components meet. These and some other examples are
considered in more detail in Freidlin [14].

The condition (V) is not always satisfied. For example, if in problem (4.21)
¢(x) is a decreasing function, then (V) is not fulfilled. To describe the behavior
of the wavefront in the general case, introduce the function

W(t,msup{omm / [c@s)% Zaij(%)dﬁd)f;] ds :

<a<t “~
- 1,j=1
¢ € Cot, 00 =, ¢ € Go}~

One can prove that the function W (¢, x) is Lipschitz, continuous, and nonposi-
tive. If the condition (V) is satisfied, then W (¢, x) = V (¢, z) A 0.

Theorem 4.2. Let u® (¢, x) be the solution of problem (4.7) with a KPP-type non-
linear term f(x,u) = c(x,u)u. Then
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) lim. o u®(t, ) = 0, uniformly in (t,z) € F1, where F is a compact subset
of the set {(t,z) :t > 0,z € R",W(t,z) < 0};

(ii) im0 u®(t, ) = 1, uniformly in (t,z) € Fy, where Fs is a compact subset
of the interior of the set {(t,x) : t > 0,2 € R",W(t,z) = 0}.

The proof of this theorem and various examples can be found in Freidlin [17]
and Freidlin and Lee [1].

Various generalizations of problem (4.7) for KPP-type nonlinear terms can be
found in Freidlin [13], [18], [20], [21], and Freidlin and Lee [1]. In particular, one
can consider RDE-systems of the KPP-type, equations with nonlinear boundary
conditions, and degenerate reaction-diffusion equations. An analytic approach
to some of these problems is available at present as well; corresponding refer-
ences can be found in Freidlin and Lee [1]. Wavefront propagation in periodic
and in random media is studied in Gértner and Freidlin [1], Freidlin [15], and
Gdrtner [5].

Consider one-dimensional dynamical system @ = f(u). If f(u) is of the
KPP-1 type, the dynamical system has two equilibrium points: one unstable point
at u = 0 and one stable point at = 1. One can consider problem (4.7) with such
a nonlinear term that the dynamical system has two stable rest points separated
by the unstable third one. Such nonlinear terms are called bistable. Problem (4.7)
with a nonlinear term that is bistable for each € R" is of great interest. One can
prove that u® (¢, x) also converges in this case to a step function as € | 0, and the
evolution of this step function can be described by a Huygens principle. These
results can be found in Gértner [4].

5 Random Perturbations of Infinite-Dimensional Systems

We considered, in the previous chapters of this book, random perturbations of
finite-dimensional dynamical systems. Similar questions for infinite-dimensional
systems are of interest as well. From a general point of view, we face in the
infinite-dimensional case, again, problems of the law-of-large-numbers type, of
the central-limit-theorem type, and of the large-deviation type. But many new
interesting and rather delicate effects appear in this case.

A rich class of infinite-dimensional dynamical systems and semiflows is de-
scribed by evolutionary differential equations. For example, one can consider the
dynamical system associated with a linear hyperbolic equation or a semiflow as-
sociated with the reaction-diffusion equation

a“gt’”) = DAu+ f(z,u), t>0,2€GCR,
u(0,z) = g(z), (5.1
Ou(t, x)

=0.
on  \ya
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Here D is a positive constant, f(x,u) is a Lipschitz continuous function, and
n = n(x) is the interior normal to the boundary OG of the domain G. The do-
main G is assumed to be regular enough. Problem (5.1) is solvable for any con-
tinuous bounded g(z). The corresponding solution u(t, z) will be differentiable
inz € G forany ¢t > 0, even if g(x) is just continuous. This shows that problem
(5.1) cannot be solved, in general, for ¢ < 0. Therefore, (5.1) defines a semiflow
Tig(x) = u(t,x), t > 0, but not a flow (dynamical system), in the space of
continuous functions.

Of course, there are many ways to introduce perturbations of the semiflow
T:g. One can consider various kinds of perturbations of the equation, perturba-
tions of the domain, and perturbations of the boundary or initial conditions.

Let us start with additive perturbations of the equation. We restrict ourselves
to the case of one spatial variable and consider the periodic problem, so that we
do not have to care about the boundary conditions:

ouf(t,x)  _ 0%*uf
ot 7 02
u(0,2) = g(x).

We assume that the functions f(x,u), g(x), ((¢, ) are 2m-periodic in z, so that
they can be considered for  belonging to the circle S' of radius 1, and we con-
sider 27-periodic in z solutions of problem (5.2). When ¢ = 0, problem (5.2)
defines a semiflow in the space C'g1 of continuous functions on S! provided with
the uniform topology.

What kind of noise (¢, ) will we consider? Of course, the smoother (¢, ),
the smoother the solution of (5.2). But on the other hand, the smoothness makes
statistical properties of the noise and of the solution more complicated. The sim-
plest (from the statistical point of view) noise ((t,x) is the space—time white
noise

+ f(z,uf) +eC(t,x), t>0, x€St,

(5.2)

OPW (t,x)
(o) = —55
Here W(t,z),t > 0,z € R', is the Brownian sheet, that is, the continuous, mean
zero Gaussian random field with the correlation function MW (s, )W (t,y) =
(sAt)(xAy). One can prove that such a random field exists, but 9*W (¢, x) /9tOx
does not exist as a usual function. Therefore, we have to explain the solution of
problem (5.2) with {(t, z) = 0?°W (¢, x) /Otox.

A measurable function u®(¢,x), t > 0, x € S, is called the generalized
solution of (5.2) with ((¢,z) = 9*W (¢, z)/0tOx, if

/ (1 a)o) d | st ds

t>0, z €0,2m).

S1
— [ [ 0 s.2) D (@)  fa* (5, 0))0()) s ds
0 JSt

+e | ¢ (x)W(t,z)dx (5.3)
Sl
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for any ¢ € Cg; with probability 1. It is proved in Walsh [1] that such a solu-
tion exists and is unique, if f(x,u) is Lipschitz continuous and g € Cs1. Some
properties of the solution were established in that paper as well. In particular, it
was shown that the solution is Holder continuous and defines a Markov process
u$ = uf(t,0) in Cg1. The asymptotic behavior of u§ as € | 0 was studied in
Faris and Jona-Lasinio [1] and in Freidlin [16].
Consider, first, the linear case,
€ 2,,€ 2
OvE(t, x) :D8 LA +58 W(t,x)’
ot Ox? otox
v°(0,2) = g(x).

Here D, o > 0, W (¢, x) is the Brownian sheet. The solution of (5.4) with g(z) =
0 is denoted by v§(t, ), and let v)(t,z) be the solution of (5.4) with ¢ = 0;
v (t, ) is not random.

It is clear that v®(t, z) = v} (¢, x) + v§(t, z).

Due to the linearity of the problem, v§(t, z) is a Gaussian mean zero random
field. One can solve problem (5.4) using the Fourier method. The eigenvalues
of the operator Lh(z) = Dh"(z) — ah(x), x € S, are \y = Dk? + o, k =
0,1,2,....The normalized eigenfunctions corresponding to \;, are 7~ /2 cos kx
and 7~'/2 sin kz. Then

t>0,zeSt,

(5.4)

™

ve(t, ) = ’U0<t,a)‘)+LA0<t)+i (A (¢) sin kx+ By (t) cos kx), (5.5)
I V2m VT ;

where Ay (t) and By(t) are independent Omstein—Uhlenbleck processes, satisfy-
ing the equations

dAg(t) = dWi(t) — NeAg(t) dt,  Ax(0) =0,
dBy(t) = dWi(t) — \e Bp(t)dt,  B(0) = 0.

Here W, (t) and W (t) are independent Wiener processes. The correlation func-
tion of the field v® (¢, ) has the form

M(v¢ (s, z) — Mv®(s,z)) (v (t,y) — Mve(t,y)) = e*B(s,x,t,y)

2 OO
_ ;_ Z COS(i - y) (ef)w.(tfs) _ e*)\k(tﬁLS)); T,y € Sl, 0<s<t.
™ k
k=0

(5.6)

One can view v{ = v°(t,-), t > 0, as a Markov process in C's1 (generalized
Omstein—Uhlenbeck process). Equalities (5.5) and (5.6) imply that the process
v§ has a limiting distribution p° as ¢ — oo. The distribution ¢ in Cs1 is mean
zero Gaussian with the correlation function

? o~ cosk(z —y)
Blay)= =y 2 ~ 5.7
e"Blz,y) = 5 2 R (5.7)

(€ is the unique invariant measure of the process v; in Cg1.
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Consider now the random field v¢(¢,z), 0 < t < T, z € S', for some
T € (0,00). Itis easy to see that v° (£, z) converges to vj) (¢, z) as e — 0, but with
a small probability v° (¢, z) will be in a neighborhood of any function ¢(t, z) €
Clo,r)x s suchthat $(0, z) = g(x), if ¢ > 0. The probabilities of such deviations
are characterized by an action functional. One can derive from Theorem 4.1 of
Chap. 3, and (5.6) that the action functional for the family v¢(¢, x) in L[QO’T] g1

ase — 0is e25V(¢), where

so(g) = 3 o1 Jo 161(t,2) = DY (t2) + ag(t, ) dede, - ¢ € Wy
400, for the rest of L[QO’T] gl

Here W21 2 is the Sobolev space of functions on [0, T'] x S* possessing generalized
square integrable derivatives of the first order in ¢ and of the second order in x.

Note that there is a continuous imbedding of W12 in Clo,1)xs1- We preserve
the same notation for the restriction of S”(#) on Co 775 g1. Using Theorem 4.1
of Chap. 3, and Femique’s bound for the probability of exceeding a high level by
a continuous Gaussian field (Fernique, Conze, and Gani [1]), one can prove that
£725(¢) is the action functional for v° (¢, ) in Clo 17x s as € — 0.

Consider now (5.2) with ((t,z) = 0*W(t,x)/0tdz. Let F(z,u) =
Jy f(z,2)dz, and

v@r= [ [2(%) 4 p o] ae. sewi,

where W is the Sobolev space of functions on S* having square integrable first
derivatives. It is readily checked that the variational derivative 60U (¢)/d¢ has the

form 5U() 26
W = *Dw — f(z, ).

So the functional U (¢) is the potential for the semiflow in C's1 defined by (5.1):

ou(t,z)  oU(u(t,x)) .

ot ou

We have seen in Chap. 4 that for finite-dimensional dynamical systems, poten-
tiality leads to certain simplifications. In particular, the density m®(z) of the in-
variant measure of the process

i = —VU(zf) + W,
in R" can be written down explicitly:
m(z) = 056726_2[]@), x € R",

C—l :/ 6—2672U(x) dx.

g
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Convergence of the last integral is the necessary and sufficient condition for exis-
tence of a finite invariant measure. One could expect that a similar formula could
be written down for the invariant density m®(¢) of the process u§:

m®(¢p) = constant x exp{;U(d))}. (5.8)

The difficulty involved here, first of all, is due to the fact that there is no counter-
part of Lebesgue measure in the corresponding space of functions. One can try
to avoid this difficulty in various ways.

First, for (5.8) to make sense, one can do the following. Denote by &5(¢) the
d-neighborhood of the function ¢ in Cg1-norm. If v is the normalized invariant
measure for the process ug, then one can expect that

T—o0

o jim 1 [ i) it = (o) | =1,

where X.,(s) the indicator of the set &5(¢). Then it is natural to call

exp{—(2/e?)U(¢)} the nonnormalized density function of the stationary dis-
tribution of the process u; (with respect to nonexisting uniform distribution) pro-
vided

r £) dt
lim lim fOT X56(¢1)(ut)
840 T—oo fo Xes (o) (ug) dt

In (5.9), € is fixed. It is intuitively clear from (5.9) that the invariant measure
concentrates as ¢ — 0 near the points where U(¢) has the absolute minimum.
One can try to give exact meaning not to (5.8) but to its intuitive implications,
which characterize the behavior of uf for e < 1.

It is also possible to try to write down a formula for the density of the invari-
ant measure of the process u; with respect to an appropriate Gaussian measure
correctly defined in C's:. Of course, the form of the density with respect to this
reference measure will differ from (5.8). We commence with this last approach.

As the reference measure in C'g1, we choose the Gaussian measure which is
the invariant measure for the process v; in C's1 defined by (5.4). The measure p°
has zero mean and the correlation function (5.7); « is a positive constant. Denote
by M*¢ the expectation with respect to the measure (S,

_ exp{—E%w(fm) - U(¢>2>>}. (5.9)

Theorem 5.1. Assume that for some o > 0

A =M expl 2 2”[F<z,¢<x>>f§a¢2<x>1dx < .
€ Jo

Denote by v¢ the measure in Cs1 such that

Ve 27
o) = At en{ =% [P ) - jad (@) o),
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Then v® is the unique normalized invariant measure of the process ui in Cg1
defined by (5.3). For any Borel setT' C Cs1 and g € Cgn,

1 /T
Pg{Tli_I};O T/o xr(ug)dt = VE(F>} =1.

The proof of this theorem can be found in Freidlin [16].

Equality (5.9) can be deduced from this theorem.

One can use Theorem 5.1 for studying the behavior of the invariant measure
V¢ as e — 0. In particular, if the potential U(¢) has a unique point ¢? € Cg1 of
the absolute minimum, then the measure v° is concentrated in a neighborhood of
Pif0 <e < 1: for any § > 0,

lim u€{¢ € Csr s max [¢(a) - $(a)] > 5} —0.

If the absolute minimum of U(¢) is attained at finitely many m points of Cg1,
then the limiting invariant measure is distributed between these m points, and
under certain assumptions, the weight of each of these points can be calculated.

One can check that the field u®(¢,z) can be obtained from v° (¢, z) with
the help of a continuous invertible transformation B of the space Co1)xst :
u(t,z) = B[v](t,x). Therefore, by Theorem 3.1 of Chap. 3, the action func-
tional for the family u® (¢, z) as € — 0 in Cjo, 7]« 51 has the form

e28(y) =28 (B7I (W), ¥ € Clomyxst

where £ 725" is the action functional for v¢(, z') calculated above. This gives us
the following expression for S“(v).

T (2 . 2yt
LT pem ulte) _ pOla) _ p (. qp(t, 2))|2 de dt,
SU(y) = P € W21’2, (5.10)

400, if¢ € C[()’T]XSI \W21'2.

One can use this result, for example, for calculation of the asymptotics in the exit
problems for the process u;.

Consider now a system of reaction-diffusion equations perturbed by the
space—time white noise,

ous (t, z) 0?us, O?Wi(t,z)
=D s, ) e R T)
ot Fgge T I ) +em—ge (5.11)

ug(0,x) = gp(z), t>0,2€ S ke{l,2,...,n}

Here W(¢, x) are independent Brownian sheets. If the vector field ( f1 (z, u), .. .,
fn(z,u)) = f(z,u), u € R", for any z € S is potential, that is, fx(z,u) =
—OF(z,u)/duy, for some potential F(z,u), k € {1,...,n}, x € S*, then the
semiflow u? = (ud(t,-),...,ul(¢,-)) in [Cg1]™ is potential:

r'n
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8_112 _ _5U(u0)
ot oud

[ () renston) an

¢ =(¢'(2),...,9"(2)).

One can give a representation for the invariant measure in this case similar to the
case of a single RDE. If the field f(z,u) is not potential, the semiflow (5.11)
is not potential as well. But even in the nonpotential case, one can calculate the
action functional for the family u° (¢, ) defined by (5.11). It has a form similar
to (5.10). For example, this action functional allows one to calculate the limiting
behavior of the invariant measures as € — 0 in the nonpotential case.

If the spatial variable in (5.1) has dimension greater than 1, one cannot con-
sider perturbations of (5.1) by a space—time white noise; the corresponding equa-
tion has no solution in the case of such irregular perturbations. One can add to
(5.1) the noise e( (¢, x), where (¢, ) is the mean zero Gaussian field with a cor-
relation function R(s, x,t,y) = §(t — s)r(z,y), where r(x,y) is smooth. Then
the perturbed process exists, but its statistical properties are more complicated
than in the white noise case. It is interesting to consider here the double asymp-
totic problem, when r(x,y) = (1/A\4)7((x — y)/)), where d is the dimension of
the space, and both € and A tend to zero; r(u) is assumed to be a smooth function
such that lim|,,|_, 7(u) = 0. Some results of this type one can find in Cerrai
and Freidlin [1].

The additive perturbations of the equation do not, of course, exhaust all inter-
esting ways to perturb a differential equation. Consider, for example, the follow-
ing linear Cauchy problem.

U(9)

Ous (t, ) 0?uf ou® 1
— 77— gt _ £ — LE >
P a(x)ax2 +b(z)8x u®, t>0,x€R,

u®(0,z) = g(x).

Here a° () and b° (x) are random fields depending on a parameter ¢ > 0 and g(x)
is a continuous bounded function. Let, for example, a(x) = a(x/¢e), b°(x) =
b(x/e), where (a(z), b(x)) is an ergodic stationary process. Then one can expect
that the semiflow u; defined by problem (5.12) converges as ¢ |, 0 to the semiflow
defined by the equation

(5.12)

ol(t,x) 0%’ . ou 0
ot =a 8.172 +b%7 u (va) _g(x)a

where @ and b are appropriate constants. This is an example of the homogeniza-
tion problem. One can ask a more general question: what are the conditions on
the coefficients (a®(x), b°(z)) in (5.12) that ensure convergence of corresponding
semiflows.
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It is useful to consider a generalization of problem (5.12). Let u(x), v(z)
be monotone increasing functions on R!, and let u(x) be continuous. One can
consider a generalized differential operator D, D,, (see Feller [2]), where D, is
defined as N Ak

D h(z) = lim M’
A0 u(z + A) — u(z)
and D, is defined in a similar way. The operator L® in (5.12) also can be written
in the form D,- D, with

“ Y5 (z)d
u(x) :/ dy.exp{—/ (2) Z},
0 o a(z
v od Ybe(z)d
v (x) :/ Y exp{/ (2 Z}
0 a*(y) o a*(z)
Note that the pairs (u,v), (u + ¢1,v + ¢2) and (au,a™1v), where ¢1, co, a are

constants, a > 0, correspond to the same operator D, D,,.
Consider the semiflow W7, ¢ > 0, defined by the equation

WT?’”U) = Dy Dy We(t,2),

u(0,2) = g().

Then lim, o(WFg — W2g) = 0 for any continuous bounded g(z) if and only if
uf(z) — u®(z), v°(x) — v9(z) as € | 0 at any continuity point of the limiting
function (after a proper choice of the functions u”, v° having to do with the
above-mentioned nonuniqueness) (Freidlin and Wentzell [4]). In particular, all
the homogenization results for (5.12) can be deduced from that statement. Such
a result, which is complete, in a sense, is known only in the case of one spatial
variable. Results concerning homogenization in the multidimensional case were
obtained by Kozlov [1] and Papanicolaou and Varadhan [1].

Some large deviation results for (5.12) with rapidly oscillating coefficients,
which are useful, in particular, when wavefronts in random media are studied,
were obtained in Girtner and Freidlin [1] (see also Freidlin [15]). The corre-
sponding multidimensional problem is still open.

Perturbations of semiflows defined by PDEs caused by random perturbations
of the boundary conditions are considered in Freidlin and Wentzell [1]. Initial-
boundary problems for domains with many small holes are considered in Papan-
icolaou and Varadhan [2].
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