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Abstract. We study deterministic and stochastic perturbations of incompressible flows on
a two-dimensional torus. Even in the case of purely deterministic perturbations, the long-
time behavior of such flows can be stochastic. The stochasticity is caused by instabilities
near the saddle points as well as by the ergodic component of the locally Hamiltonian
system on the torus.

1. Introduction
Consider a Hamiltonian system with one degree of freedom:

(1) =v(x(@), x(0)=xeR? (1)

where v =V1H = (—H;z, H;l) and H(x), x € R2, has bounded and continuous second
derivatives. Then H is a first integral of (1): H (x(¢)) = H (xp) for all . Assume, for now,
that limyy|, o0 H(x) = +00. Consider a small deterministic perturbation of (1):

K@) =v(E () + (1),  X°(0) =xo,

where the vector field 8 is assumed to be bounded and continuously differentiable. It is
clear that X®(¢) is uniformly close to x(z) on any finite time interval [0, T] if ¢ is small
enough:

lim max |X°(t) —x(¢)|=0.
£l0 1€[0,T]

Usually, however, one is interested in the behavior of X°(¢) in time intervals that grow
when ¢ | 0. Then, in general, X¢(¢) deviates significantly from x(¢). In order to describe
such deviations, it is convenient to re-scale the time by considering x°(r) = X*(¢/¢). Then
x¢(¢) satisfies

1
X6t = ;v(xg(t)) + B (@),  x°(0) =xo. 2

The dynamics described by (2) consists of the fast motion (with speed of the order 1/¢)
along the unperturbed trajectories of (1) together with the slow motion (with speed of the
order 1) in the direction transversal to the unperturbed trajectories.
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Assume, for a moment, that the Hamiltonian H has just one well. Then the slow
component of the motion can be described completely by the evolution of H (x*(¢)):

t
H(x*(t)) — H(xo) =/0 (B(x*(s)), VH(x())) ds.

Before H(x®(t)) changes by & (a small constant independent of ¢), the fast component
makes a large number of rotations (of the order §/¢) along the unperturbed trajectory. The
classical averaging principle [2, Ch. 10] gives that

lim H (x* (1)) = y ()
el0
uniformly on each finite time interval, where y(¢) is the solution of the averaged equation

_ BOG®)
T(y()’

dl
T(h):/ =
vy IVH|

is the period of rotation along the level set y (h) = {x € R2: H(x) = h} and

_ (8. H)
h) = dl
B(h) /M e

Thus the long-time behavior of the perturbed system can be described in terms of the
evolution of the slow component according to (3).

The situation becomes more complicated if the Hamiltonian has more than one well:
first, the system (1) has an additional (discrete) first integral and so the slow motion now
has two components, and, secondly, the limit lim, o H (x®(f)) may not exist. In order to
describe the slow motion, let us identify all the points that belong to the same connected
component of a level set of H. Let i be the identification mapping. It is easy to see that
the set G = h(R?) equipped with the natural topology is a graph (see Figure 1). Denote the
edgesof Gby Iy, ..., I, and let k(x) be the index of an edge such that 4(x) € Ii(y). Thus
we get the global coordinate system (k, H) on G (each interior vertex belongs to several
edges, so it can be described by different coordinates). In this coordinate system, h(x) =
(k(x), H(x)), x € R, The integer-valued function k(x) and real-valued function H (x)
are first integrals for the unperturbed system (1), and A (x®(t)) = (k(x®(¢)), H(x®(t))) is
the slow component of system (2). Because of the instability of system (1) near the
saddle points, the process i (x?(¢)) is very sensitive to small changes of ¢, and the limit
lim, o /2(x®(¢)) may not exist for a large class of perturbations.

Indeed, let y be a separatrix loop of the Hamiltonian with a unique saddle point
O € y. Thus y separates the plane into two bounded domains, U; and U, (wells of the
Hamiltonian), and one unbounded domain C. Suppose that H does not have critical points
in C, and H(x) > H(O) for x € C. Let div B(x) <0 for x € R, and Xg=xeC. Put
T® =inf{r : X; € y}. One can check that lim, o 7% = 7% < 00, and XSTOH alternately
belongs to U; or U as ¢ | 0 for each ¢ > 0. Since the limiting slow motions in different
wells are, in general, different, the limit lim, o X €

TO0+1
sense of convergence in the distribution of random processes, will exist in certain cases

y(1)

y(0) = H (xo). (3)

Here

does not exist. The limit, in the
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FIGURE 1. The graph of H and the corresponding graph G.

if the initial condition for the process is assumed to have a continuous density, although
one can give examples of H and  where the limit does not exist, even for continuously
distributed initial conditions (see [4]).

One can also consider perturbations of (1) that contain, besides the vector field ¢8(x),
a diffusion term which is even smaller than &. More precisely, instead of equation (2), let
us consider

1
dX; " = Ev(x;“) dr + B(X;"°) dt + »u(X[) dt

+ Vxo (X5 dW,, X[ eR?, 4)

where u is a smooth bounded vector field, o is a 2 x 2 smooth bounded matrix such that
a(x) = o (x)o*(x) is positive definite for all x, W, is a two-dimensional Brownian motion
and »x is a small parameter. The slow component (X;"®) of process (4) is a stochastic
process on the graph G. One can prove that for fixed x the process h(X;"®) converges
weakly, as ¢ | 0, to a diffusion process Z; on G. All the diffusion processes on a graph
have been described in [10]. When »x | 0, the processes Z; in their turn converge to a
stochastic process Z; on G. The process Z; is a deterministic motion inside each edge,
governed by the averaged equation considered above for the one-well case. A trajectory of
Z, can reach an interior vertex O of G in a finite time and leaves O immediately, going to
one of the other two edges that have O as an end point, with probabilities p;(O) and p2(O)
which can be calculated explicitly. These probabilities and the deterministic motion inside
the edges are independent of the choice of the matrix o and vector field . This means that
the convergence of the slow motion of a deterministically pertrubed deterministic system
to the stochastic process Z; is an intrinsic property of the system and of the deterministic
perturbation. The addition of a small stochastic term is used only as a regularization of the
problem. The stochasticity of the limiting slow motion is actually a result of instability of
system (1) near the saddle points. These results were obtained by Brin and Freidlin in [4]
for the case when all the level sets of H are compact.

In the current paper, we consider an incompressible periodic vector field v. We assume
that v is typical, in the sense that all the equilibrium points of v are non-degenerate,
there are no saddle connections, and the projections of some of the flow lines on T? are
not periodic (the case when the projections of all the unbounded flow lines are periodic
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was covered in [4]). It has been conjectured by Freidlin [9] that the averaging principle
(Theorem 1 below) holds for random perturbations of such flows. This has been proved by
Dolgopyat and Koralov in [6] for generic flows (flows with Diophantine rotation numbers)
and by Sowers in [16] for flows whose stream function is nearly periodic. In [7], a
general result for arbitrary rotation numbers was obtained, covering in particular the cases
considered in [6, 16]. An assumption was made that the Lebesgue measure on the torus was
invariant for the diffusion processes that appear after the small perturbation of the original
flow. In the current paper, we get rid of this assumption and then study the deterministic
perturbations of such flows.

Let us start by describing the structure of the stream lines of the unperturbed flow. Since
v is periodic, we can write H as

H(x1, x2) = Ho(x1, x2) + axy + bxa,

where Hj is periodic. Note that a and b are rationally independent (otherwise all the
unbounded flow lines would be periodic). It has been shown by Arnold in [1] that in this
case the structure of the stream lines of v considered on the torus is as follows. There are
finitely many domains Uy, k =1, ..., n, bounded by the separatrices of the flow, such
that the trajectories of the dynamical system X, = v(X;) in each U, behave as in a part
of the plane: they are either periodic or tend to a point where the vector field is equal to
zero. The trajectories form one ergodic class outside the domains Uy. More precisely, let
&= Tz\[UZ=1 Ui ]. Here [-] stands for the closure of a set. Then the dynamical system is
ergodic on & (and is, in fact, mixing for typical rotation numbers; see [12]).

Although H itself is not periodic, we can consider its critical points as points on the
torus, since VH is periodic. All the maxima and the minima of H are located inside the
domains Uy. There may also be saddle points of H inside some of the domains Uy, and
the level sets containing such points will be the separatrices of the flow.

Let us introduce the finite graph G and the mapping / : T> — G that correspond to the
structure of the stream lines of the flow on the torus. The graph is a tree and 4 maps the
entire ergodic component to one point—to the root of the tree that will be denoted by O.
Next we identify all the points that belong to each of the compact flow lines. This way each
connected domain bounded by the separatrices is mapped onto an edge of the graph, and
the separatrices and the local maxima and minima of H are mapped onto vertices of the
graph (see Figure 2). In particular, the root of the graph serves as an end point for n edges
(n is the number of domains Uy).

Let Iy, ..., I, be the edges of the graph. We can introduce coordinates hi, | <k <n,
on the edges as follows. If V is a connected domain such that H (V) = I, xo € 9V is such
that H (xg) = yo, where yy is the end point of I; that is closer to the root, and x € V is such
that H (x) =y, then we put hi(y) = H(x) — H(x0). Then the value of /; and the number
of the edge k form a global coordinate system on G (each interior vertex belongs to several
edges, so it can be described by different coordinates).

Now consider the process X; on T? given by the stochastic differential equation

1
dX* = gv(xjf’@) dt + B(X) dt + »u(X¢) dt

+ Vo (X dW,, X[ eT?, (5)
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FIGURE 2. The stream lines of the flow and the corresponding graph.

which can be viewed as a small stochastic perturbation of (2). Here v is an incompressible
periodic vector field, 8 and u are periodic vector fields, o is a 2 x 2 periodic matrix such
that a(x) = o (x)o*(x) is positive definite for all x, W, is a two-dimensional Brownian
motion and »x > 0 is a small parameter. We assume that v, B, u and o are infinitely smooth
and have a common period in each of the variables that is equal to one, and that the initial
distribution of X;"** does not depend on & or x. We assume that the generator L**¢ of the
x,8 . .
process X; '~ can be written in the form

1
L f = S VO +B V) + %diV(an),

that is
ui = (@), + (@20)3,)/2, i=1,2. (6)

The latter assumption is made only for simplicity of notation; it can be easily avoided by
adding a small correction term to S.

Let Y% = h(X;"®) be the corresponding process on G. In §2, we demonstrate that
for fixed x > 0 the process Y;*'* converges, in the sense of weak convergence of induced
measures, as ¢ |, 0, to a Markov process on the graph. The limiting process will be denoted
by Z. In §3, we identify the limit of Z as » | 0 and show that it does not depend on the
random perturbation (choice of the matrix-valued function «). The limiting process, which
will be denoted by Z;, moves deterministically along the edges of the graph. When it
reaches a vertex other than the root, it proceeds with deterministic motion along the ‘next’
edge, which is chosen randomly with probabilities that depend on v and 8. If the process
reaches the root of the graph, it is delayed there for a random exponentially distributed
time, and then moves along the ‘next’ edge, which is chosen randomly.

The parameter of the exponential distribution is independent of the matrix «. This
means that stochasticity at O is an intrinsic property of the purely deterministic system (2).
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2. Averaging principle for random perturbations
2.1. Formulation of the result. 'We assume for brevity that each of the domains Uy,

k=1, ..., n,contains a single critical point My of H (a maximum or a minimum of H).
The general case can be easily considered using the results of this paper and [4]. Let Ag,
k=1, ..., n be the saddle points of H such that A is on the boundary of U;. We denote

the boundary of Uy by yx.

For now, we are assuming that » is fixed and ¢ tends to zero. Therefore, we can
temporarily omit the dependence of the process on x from the notations. Let X} solve
the stochastic differential equation

1
dXE = —v(X®) dt + B(X?)dt + u(X?)dt +o(X5)dW,, X°eT> )
&

We assume that the initial distribution of X} does not depend on ¢.

The phase space of the limiting process will be a graph G, which consists of n edges I,
k=1, ..., n (segments labeled by k), where each segment is either [H (M) — H(Ax), 0]
(if My is a minimum) or [0, H (My) — H (Ax)] (if My is a maximum). All the edges share
a common vertex (the root), which will be denoted by O. Thus a point in G\ O can be
determined by specifying k (the number of the edge) and the coordinate on the edge. We
define the mapping & : T> — G as follows:

o ifx € [£],

hix) = {(k, H(x)— H(A) ifx e U,

where [£] is the closure of £. We will use the notation 4y for the coordinate on I;. For
a function f defined on G, we will often write f (k) instead of f(k, hg) when it is clear
that the argument belongs to the kth edge of the graph.

We denote the set {x € [Ux]: H(x) — H(A) = hi} by vk (hi). Thus yx = v (0) = 0Uy.
Let Ly f (hg) = ar(hy) f"" + bi (hi) f/ be the differential operator on the interior of I; with

the coefficients
" 1(/ 1 dl)lf (@VH, VH) ®)
ag(hi) = 5 = EEET——
2 vk (i) IVH| Yk (hi) IVH|

1 1 -1 2 VH -H"
by (hy) = —</ —dl) f pruw VH) ta-H 9)
2\Jyeny IVH| vic () IVH|

where o - H" (x) = Zlii’jfz ozij(x)H;;xj (x). Let

and

1 VH,VH 1 .
= i—(Area(S))_I/ u dl = +—(Area(&§))”! [ div(eVH)(x) dx|,
2 " |VH| 2 Uy
(10)
where the sign + is taken if Ay is a local minimum for H restricted to Uy, and — is taken

otherwise.

Consider the process Y; on G, which is defined via its generator £ as follows. The
domain of £, denoted by D (L), consists of those functions f € C(G) which:
(a) are twice continuously differentiable in the interior of each of the edges;
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(b) have the limits limy, .o Lg f(hy) and limy, . gmy—Hay)) Li f(he) at the
endpoints of each of the edges, and the value of the limit ¢ =1limy, o L f (hy)
is the same for all edges;

(c) have the limits limp, .o f' (), and

n
> pe lim f() =gq. (1)
=1 hr—0

For functions f which satisfy the above three properties, we define £f = Ly f in the
interior of each edge, and as the limit of Ly f at the endpoints of I.

It is well known (see [10, 15]) that a strong Markov process on G with continuous
trajectories exists, with the generator £. The measure on C ([0, c0), G) induced by the
process is uniquely defined by the operator and the initial distribution of the process.

The rest of this section is devoted to the proof of the following theorem.

THEOREM 1. The measure on C([0, 00), G) induced by the process Y =h(X})
converges weakly to the measure induced by the process with the generator L with the
initial distribution h(X{).

In the case B =0, the limiting operator has a clear intuitive meaning. First, let us
consider the motion inside an edge. Let the support of f € D(L) belong to the interior of
one edge Ix. Applying the Ito formula to f (hx(X%)), we see that

t
f (i (X)) —/0 (a(X)) f"(he(X5)) + b(X5) f/(hi(X5))) ds
is a martingale, where
a=3aVH VH), b=(u, VH)+ laH"

When ¢ is small, the trajectories of the diffusion process converge to the motion along the
stream lines of H, so the integrals over time are well approximated by the averaged values
over the stream lines.

Next we explain the gluing conditions. Note that for each ¢ the Lebesgue measure is
invariant for the process on T2, so its projection i to G should be invariant for the limiting
process. In other words, for each f € D(L) we should have

/(ﬁf) dpu=0. (12)
G

The projection has the following form:

dp=" g(h) dhi + 1(E)d0,
k=1

where

1
gk(hk)=/ ——dl
ity |VHI
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Integrating by parts, we get
n
/G €hdi=Y" [ e d+1ELFO)
k=1 1k

+ D si((argn) — bg) £ — argr f)(0),
k=1

where s; = 1 if Ay is a local minimum for H restricted to U, and s = —1 otherwise.
Note that from (8), (9) and Stokes’ formula it follows that (giax)’ = g by, therefore (12)
reduces to

n
MELFO) =) si(axg f)(0),
k=1
which explains the choice of coefficients py in (11).

If B # 0, the form of £ inside the edges can be found by the same reasoning as above,
but the meaning of the gluing conditions is less clear. The main result of this section is that
the gluing conditions remain the same as in the incompressible case. Roughly speaking,
the reason is the following. In [7], we showed that the orbit cannot stay in £ for a long
time. Therefore, the Girsanov theorem shows that the behavior of the process with 8 # 0
in a neighborhood of £ should be similar to the behavior of the process with the same
coefficients u and o, but with § =0, and so the gluing conditions for the two processes
should be the same.

Let us now give a rigorous argument. We need the following lemma.

LEMMA 2.1. For any function f € D(L) and any T > 0, we have
T
E, |:f(h(X?)) — f(h(XQ) — / Lfh(X5)) ds} -0 ase—0 (13)
0

uniformly in x € T2,

An analogous lemma was used in the monograph of Freidlin and Wentzell [11, Ch. 8]
to justify the convergence of the process Y/ to the limiting process on the graph. The
main idea, roughly speaking, is to use the tightness of the family Y;, and then to show
that the limiting process (along any subsequence), is a solution of the martingale problem
corresponding to the operator L.

The main difference between our case and that of [11] is the presence of an ergodic
component. However, all the arguments used to prove the main theorem based on (13)
remain the same. Thus, referring to [11, Lemma 3.1], it is enough to prove our Lemma 2.1
above.

Lemma 2.1 was proved in [7] for the case when § = 0. One of the important ingredients
in the proof is an estimate of the time it takes for the process to exit the ergodic component.
The estimate uses the results of [8, 17] (which are also closely related to [3, 5]), which
allow one to relate the time it takes the process to exit £ to the spectral properties of the
operators related to the generator of the process in £. In the current paper, we reduce the
general case to the one with 8 = 0.
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2.2. Proof of Lemma 2.1. Before we proceed with the rigorous arguments, let us briefly
discuss the main idea for the proof of Lemma 2.1. Together with X¢, we will consider an
auxiliary process X ¢ obtained from X; by setting § = 0 in the right-hand side of (7). For
p > 0, the measure on C ([0, p]) induced by X7 is absolutely continuous with respect to
the measure induced by X ¢ starting at the same point, and the density of the first measure
with respect to the second one is close to one if p is small, as follows from the Girsanov
theorem. We can split the interval [0, T'] into subintervals of length p and consider the
contribution to the expectation in (13) from each of the small intervals separately. We
further split each of the small intervals into random subintervals as follows. Introduce the
curves ¥, inside Uy that are asymptotically close to yx when € |, 0, thus separating the time
axis into the intervals (between hitting 7, and one of the curves y;) that the process spends
in Uy on the way to the ergodic component and the intervals (between hitting y; and one
of the curves ;) that the process spends in a neighborhood of £. The contribution from
intervals of the first type is treated using classical averaging theory. The contribution from
intervals of the second type is compared to the contribution from the same intervals for the
auxiliary process, for which the result is already available, using the fact that the measures
induced by the two processes are similar.

The proof of Lemma 2.1 will rely on several other lemmas. Below we will introduce a
number of processes, stopping times and sets, which will depend on ¢. However, we will
not always incorporate this dependence on ¢ into the notation, so one must be careful to
distinguish between the objects which do not depend on ¢ and those which do.

Fix an arbitrary o € (1/4, 1/2). Let 7, = y(e*) and ¥ = Uy, 7x- Lety = Uiy
be the boundary of U = | J;_; Uk. Let o be the first time when the process X¢ reaches y
and t be the first time when the process reaches y.

We inductively define the following two sequences of stopping times. Let o9 = o. For
n > 0, let 7,, be the first time following ,, when the process reaches y. For n > 1, let oy,
be the first time following t,—1 when the process reaches y .

LEMMA 2.2. We have the following limit:
lim sup E,o =0.
&0 xec1()
Proof. The same lemma was proved in [7] under the additional assumption that g = 0.
Consider an auxiliary process X7 obtained from X7 by setting 8 = 0 in the right-hand side
of (7). Since the result holds when 8 = 0, for each § > 0 we have
lim sup Py,(c >38) =0, (14)
a0 xec1(&)
where & is the first time when the process ff reaches y. Let u% be the measure on
C([0, 8], T?) induced by X? starting at x, and /i’ the measure induced by X* starting
at x. By the Girsanov theorem, £ is absolutely continuous with respect to 1%, with a
density p¢, and

inf w8 (p¢ >3/4)>3/4
xelcnl(g)ux(px_ /4 =3/

provided that § is sufficiently small. Therefore, by (14),

sup Py(o >6) <1/2,
xeCl(E)
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provided that ¢ is sufficiently small. Since § was arbitrary, the lemma follows from the
Markov property of the process X;. O

LEMMA 2.3. For each function f € D(L), we have

sup sup —0 ase—0, (15)

xeT? o'<o

Ex[f(h(xf,/)) —f(h(XS))—/O Lf(h(X{) dS}

where the first supremum is taken over all stopping times o’ < o.

Proof. If the supremum is restricted to the set T2\CI(£), then the statement follows from
the averaging principle inside a periodic component (see [13] for the case when there are no
saddle points inside Uy, and [11] for the general case). The statement with the supremum
taken over CI1(£) immediately follows from Lemma 2.2 if one takes into account that
f(h(x)) = const for x € CI(E). O

LEMMA 2.4. For each function f € D(L), we have

sup
xeT?

E |:f(h(X§)) — f(h(X{)) — /r Lfh(X5)) ds] —-0 ase—0. (16)
0

Proof. Let U C U be the union of the domains bounded by . Note that

Ey |:f(h(X§)) — f(h(Xp) — /Tﬁf(h(Xf)) ds ’ —0 ase—0,
0 i

sup
xeU

as follows from the classical averaging principle. Since L f is bounded and f is nearly
constant on T2\ U (which is a small neighborhood of &), it is sufficient to show that

sup Ext—-0 ase— 0. 17

xeT\U
This has been done in [7] for the case when 8 =0. The general case follows from the
Markov property of the process and the Girsanov theorem in the same way as in the proof
of Lemma 2.2. O

LEMMA 2.5. For each function f € D, we have the following asymptotic estimate:

o
sup sup =o0(% ase—0, (18)

xX€y o'<o

Lf(h(X;)) dS}

Ex [f(h(Xf,/)) — f(h(X) — /0

where the first supremum is taken over all stopping times o’ < o.

This lemma is similar to the averaging principle inside the periodic component—the
difference is that now the initial point is not fixed, but is located at a distance of the order
&“ from the boundary of the periodic component. This guarantees that the expectation
of the exit time from the periodic component is of the order O (g*), which allows for the
0(e%) estimate of the left-hand side of (18). The necessary modifications to the averaging
principle are not difficult (see, for example, [14, Lemma 4.4] where a similar statement
was proved).
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We need to control the number of excursions between ¥ and y before time 7. For
this purpose we formulate the following lemma, whose proof is similar to that of [6,
Lemma 2.5].

LEMMA 2.6. There is a constant r > 0 such that for all sufficiently small € we have
supEy,e ™ <1 —re“.
xXey
Using the Markov property of the process and Lemma 2.6, for n > 1 we get the
following estimate:

n—1
sup Eye " <sup Eye 7! < (sup Exe_") < (1 —reor1, (19)

xeT? xey xXey

The first inequality here follows from the definition of o,,. Note that for n > 0
Py(ty <T) <Py(on <T)<Py(e™ >e Ty <el (1 —re*)" .

The last inequality here is due to (19) and the Chebyshev inequality if » > 1, and is obvious
for n = 0. Taking the sum in n, we obtain

o0 o o0
D P(ta<T)<Y Pulon<T)< ) e (1—re®)" ' <Ke ™, (20)
n=0 n=0 n=0

where the constant K depends on 7T'.

Proof of Lemma 2.1. Let f € D, T > 0and n > 0 be fixed. We would like to show that the
absolute value of the left-hand side of (13) is less than n for all sufficiently small positive ¢.
Using the stopping times 7, and o,, we can rewrite the expectation in the left-hand side
of (13) as follows

T
Ex[f(h(X?))—f(h(XS))—/o Lf(h(X{)) dS}

T Ao
=]Ex[f(h(X8TN,)) — f(h(X()) —/0 Lfh(Xg)) dS}

o) AT
+ Y E, <X{an<n[f<h(xim>> — R(XE)) — / L(XE) dsD
n=0 on
0 OnpI AT
+ 3 E, (xh,,d}[f(h(X;MAT)) — FR(XE ) - / LE(h(XE) dsD,
n=0 Tn
2D

provided that the sums in the right-hand side converge absolutely (which follows from the
arguments below). Due to (15), the absolute value of the first term on the right-hand side
of this equality can be made smaller than n/4 for all sufficiently small . Therefore, it
remains to estimate the two infinite sums.

Let us start with the second sum. From (18), we can find g¢ such that for all ¢ < g¢ we
have

sup sup
xX€y o'<o

Ex[f(h(Xf;/))—f(h(XS))—/ Lf (X)) dS} S%-
0
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Therefore, by (20) and due to the Markov property of the process, for € < g9 we have

0 Opp I AT
> E, (x{fn<r}[f(h<x;+,ﬂ)> — f(h(XE)) — / Lf(h(X) ‘“D‘
n=0 T,

n

< sup sup
x€y o'<o

Ex[f(h(Xf,/)) — f(h(X{)) —/0 Lf (X)) dS]

— Ui
Z E)CX{‘L’,1<T} =< Z
n=0

(22)

It remains to estimate the first sum in the right-hand side of (21). Fix p > 0, to be specified
later. We introduce the stopping times ¢, where oo = o¢ and o, 0 <n <[T/p], is the
first of the stopping times o} which exceeds o,_; by at least p. We wish to replace the

sum by

[T/p] 00 Tk

Z E, <X{a,,<T}EX§n Z X{ox<p} [f(h(xik)) - f(h(Xfyk)) - / Ef(h(Xf)) ds:|>
n=0 k=0 O

(23)

Indeed, by Lemma 2.4 and the Markov property of the process, we can replace t, A T
by t, everywhere in the first sum in the right-hand side of (21), and the difference will be
smaller than /4 if ¢ is sufficiently small. The difference between the resulting expression
and the one in (23) is estimated using the Markov property by

sup sup , 24)

xey a<p

00 Tk
Ex Y Xiop<a) [f(h(Xik)) — FXE)) — | LX) ds}
k=0

ok

where the second supremum is taken over stopping times « < p. In order to estimate the
expressions in (23) and (24), we will need the following lemma, whose proof is provided
below.

LEMMA 2.7. Foreach f € D and § > 0, there is p > 0 such that

<dp (25)

sup sup
xey a<p

Ee Y Xiow<a [f(h(X;» — FOA(XE)) — / "Lf(h(XE)) ds}
n=0 On

for all sufficiently small e, where the second supremum is taken over stopping times & < p.

If we choose § =n/(4(T 4+ 1)) and take p € (0, 1) such that (25) holds, then the
absolute value of the expression in (23) and the expression in (24) are estimated by /4.
This shows that the right-hand side of (21) is estimated by n, as required. O

Proof of Lemma 2.7. We divide the proof into several steps.
(a) Consider the process X! obtained from X7 by setting 8 = 0 in the right-hand side
of (7). Let us show that for each p > 0,

lim sup sup =0.

el0 xey a<p

Ec Y. x{an<a}[f(h<)?;)> — f((XE) — / "Lf (X)) ds}

n=0 on

(26)
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Indeed, Lemma 2.1 holds for the process X¢ , as shown in [7]. Moreover, the same
proof shows that (13) remains valid if T is replaced by a stopping time o < 7 and the
convergence is uniform in « if T is fixed. Therefore,

lim sup sup

=0. 27)
el0 xey a<p

E, [f(ho?;;)) — f(XE)) — /0 Lf(h(XE)) ds]

The expectation in (27) can be represented as a sum of terms corresponding to the intervals
[0, 7,] and the intervals [z, 0,41], as above. The contribution from the intervals of the
second type tends to zero, as in (22). Therefore, the contribution from the intervals of the
first type also tends to zero. Notice that the expectation in (26) is equal to the contribution
from the intervals of the first type (up to a term found in (16)), thus proving (26).

(b) Given p > 0, let u% be the measure on C = C ([0, 2p], R?) induced by the process
X¢ starting at x, and Z% be the measure on C induced by the process X ¢ starting at x. Let
P& be the density of uf with respect to Z%. By the Girsanov theorem, for each ¢ > 0 there
is pg > 0 such that for p < pg we have

Ai(l—cd < pSi<l+cd)=1-p (28)

for all sufficiently small ¢ and all x € y. Let C' CC be the event where p% ¢ [1 — ¢4,
1 + ¢§] and ' C Q be the event that (XZ, ¢ € [0, 2p]) € C'.

(c) Note that by the Markov property of the process and Lemma 2.4, we can replace the
stopping times 7, in (25) by 7,, = min(t,, 2p0).

(d) For 0 < p <1, we can take the same sum as in (20), but starting with n =
[e7* In(C/p)] instead of n = 0. We then obtain that for each § > 0 there is a sufficiently
large C > 0 that does not depend on p such that

o0 o0
Z Pi(o, < p) < Z e’ (1 —re®)"~! < §pe@.
n=le=¢ In(C/p)] n=le=* n(C/p)]

Therefore, if § > 0, Q' is the event constructed above and p is sufficiently small (o may
now depend on §), then

Y B(@ Nfon <a)) <Y Bu(Q N oy < p))
n=0 n=0

[e7% In(C/p)]—-1 )

< Y P@)+ ) Puow<p)

n=0 n=[¢~%In(C/p)]
<& *In(C/p)p* + Spe~* < 28pe . (29)

(e) Let us show that we can replace x(q, <o} in (25) by X0, <a\ e+ Indeed,

<2p sup | L[ [Px().

o0 r,;
Ee Y x{gnwm[ Lf (X)) ds}
n=0

On

For arbitrary é > 0, this can be made smaller than §p for all sufficiently small ¢ by taking
a sufficiently small p. Also,

<2|f'O)|e* Y Pu( N {on <)),
n=0

Ev ) Xiow<ainer[f (R(X5)) = f(R(XE )]

n=0
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which can be made smaller than §p for all sufficiently small ¢ by taking a sufficiently small
p due to (29).

We have thus demonstrated that the expectation in the left-hand side of (25) can be
approximated (with the accuracy of §p with arbitrarily small §) by

7/

I&(xmgfZx{0n<a}[f<h<xg>)—f(h(xti,l))— "ﬁf(h(X§>>dsD. (30)

n=0 On

(f) We claim that there is a constant K such that

sup sup E,

xey a<p

mem}[f(ho?g))—f(ho?f,,,))— / WI106) ds} <Kp (1)

n=0 n

for all sufficiently small ¢. Indeed,

E, wam[ " LFED) ds} <2psup |Lf],
n=0 on
and
Ex| Y Xion<at Lf ((XED) = fRXE N <21 (O)]* ) Prl0n <) <Kp,
n=0 n=0

for some K, where the last inequality is due to (20).
(g) Let F be the functional on C = C([0, 2p], R?) corresponding to the sum in (30).
Thus the expectation in (30) can be written as

[orai=[ mtam= [ rame [ Fei-vam. o)
o\ o\ o\ o\

The first integral on the right-hand side can be made smaller than §p for all sufficiently
small . Indeed, the arguments in steps (c)—(e) can be applied to the process X ¢, and,
therefore, due to (26), the expression in (30) with X? replaced by X ¢ can be made smaller
than §p.

Finally, the second integral on the right-hand side of (32) can be estimated as follows:

’/ F(py — Ddps
X

where the first inequality follows from the definition of C’ and the second one from (31).
It remains to take a sufficiently small constant ¢ in (28). O

< [ IFIdR < cKop,
C\C’

3. Averaging principle for deterministic perturbations
Recall that the process X;*® is defined in (5), which is different from (7) in that now
the terms u(X?) dt + o (X}) dW; in the right-hand side are replaced by »u(X}) dt +
Jro (X ¢) dW,;, where x > 0 is a small parameter.

Let Y/ =h(X;"®) be the corresponding process on the graph G. In §2, we
demonstrated that the distribution of Y,%’g converges, as ¢ | 0, to the distribution of a
limiting process, which will be denoted by Z7. In this section, we show that the distribution

of Z¥, in turn, converges to the distribution of a limiting Markov process on G when x |, 0.
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We need additional notations in order to describe the limiting distribution of Z}. Let

_ /(aVH,VH)
o= —s57 4l
»  IVH|

_ VH
¢k=2/ (6. VH)
e IVH|

Let us recall that Z is distributed as /(X g **) (we assume that X g ** does not depend on
¢). Denote the generator of Z} by £*. Recall that £* can be described as follows.

Let L} f(hi) =a; (hi) f" (hi) + by (hi) f'(hy) be the differential operator on the
interior of I; with the coefficients

x 1 - (xaVH,VH)
ai (hi) = = (Te (hy)) ——tal
2 vic ) IVH|
and 1 2(B VH) H"
_ + xu, + xo -
b ) = 5 (T i)™ / dl.
Vi (hi) |VH|
where

1
Ty (hy) = / ——dl
vy |VHI

is the period of the unperturbed system. Note that

af (hi) = 3 (Te(h) " x@ (1 + 0(1),  |hel L0,
byt (hi) = 2 (Te(h) ™ W (1 + o(1) + 2O (n(lhe]))), il L O,

and, therefore,

N _
w = w—_k(l +o(1)) + O(n(|hkl)),  |hel 1 O. (33)
ag(hk) %y

The domain of £* consists of those functions f € C(G) which:

(a) are twice continuously differentiable in the interior of each of the edges;

(b) have the limits limhkﬁo L;éf(/’lk) and limhkﬁ(H(Mk)_H(Ak)) LZf(/’lk) at the
endpoints of each of the edges, and the value of the limit ¢* =limy, .o L} f (hx)
is the same for all edges;

(c) have the limits limp, .o f'(h), and

n
li "(hi) = q*, 34
x;pkhklglof(k) q (34)

where py is given by (10).

For functions f which satisfy the above three properties, we define £*f = L} f in the
interior of each edge, and as the limit of L7 f at the endpoints of /.

We assume that v, # 0. Let sx, 1 <k <n, take values zero and one. We set s; = 1 if
¥, > 0and My is a local maximum of H as well as if ¥, < 0 and M, is a local minimum
of H. Otherwise, we set s = 0. Let
skl Wl

= , 1<k<n
2Area(&)

Sk Pk Y &
Dk

ry =
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Note that r; does not depend on «. Let Z; be the family of processes (that depend on

the initial point) on the state space G whose distribution is determined by the following

conditions.

(a) Z; is a strong Markov family with continuous trajectories.

(b) If Zo= O, where O is the root of G, then the process spends a random time t
in O. There is a random variable & that is independent of 7, takes values in the set
{1, ..., n},and is such that Z; € I¢ fort > 7.
If sg =0 for 1 <k <n, then T = o0. If sy = 1 for some k, then t is exponentially
distributed with the parameter

n=>"rn. (35)
k=1

If s, = 1 for some k, then
n -1
P(Z; eI fort > 1) = rk(Z r,-) .
i=1

(c) If Zg eint(ly), then dZ; /dt = by (Z;) for t < o, where 0 = inf(t : Z, = O) and

b 1 2(8. VH
Pithe) = ) = E(Tk(hk))il f (h )“IQV—fII)
Yk (g

dl.

Thus Z; moves deterministically along the edge I; of the graph with the speed by (h).
If the process reaches O in a finite time (in which case s; = 0), then it either stays at O (if
sm =0, 1 <m < n) or spends exponential time in O and then continues with deterministic
motion away from O along a randomly selected edge (if s, = 1 for some m).

THEOREM 2. The measure on C([0, 00), G) induced by the process Z} converges weakly
to the measure induced by the process Z; with the initial distribution h(XS).

We would like to underline again that the process Z; is defined by the deterministic
system (2). The stochastic perturbations are used just for regularization purposes.

The motion of Z} inside each edge can be understood by standard perturbation theory.
Namely, let

0<d< 1n}(in |H(Ay) — H(M)|, o*@)=inf(t:|Z)|=38), o) =inf(r:|Z;|=23).
<k<n
Using the fact that for small » we have a small perturbation of the deterministic system

dZ;/dt = bi(Z;), one can easily obtain the following statements.
For the processes Z; and Z; starting on the edge Iy with |Z§| = |Zy| =4,

if 0(0) < 0o, then lii%(o” (0) — 0(0)) =0 in probability
X
and for each T < o0,

lim

< max |z} — Z,|) =0 in probability.
2,0\t <min(T,0%*(0))

From here it easily follows that for the process Z} starting at O,

lim 6*(8) = oo  in probability
%]0
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if rx = 0 for all k. It remains to describe the behavior of the process Z} starting at O till
the time it exits a small neighborhood of O in the case when ry # 0 for some k. Thus
Theorem 2 will follow from the two lemmas below.

LEMMA 3.1. If Z¥ = O and ry # 0 for some k, then

n -1
lim P(Zx(5) € 1) = (Z Vi> :

i=1

Proof. Let G® = {(i, h;) € G : |h;| < 8}. Let fi(h), h € G, be the probability that the
process Z; starting at h exits G?® through the point that belongs to ;. Thus Sk 1s a
continuous function on G?, is twice continuously differentiable for |4;| € (0, §) and is
such that:
(@ LY fix(hi) =0for |hi| € (0,8),1 <i <mn;
(b) the limits limy, 0 fk/’){(l’li) exist and (34) holds with fi , instead of f and ¢”* = 0;
(©  fix(hi) = 1for |hi| =83 fix(hi) =0for |hi| =8 if i #k.

Note that we are interested in the limit lim, o fk (O). Assuming that f ,(O) is
known, we can use the differential relation (a) to find f; . (h;), 0 <|h;| <48, 1 <i <n.

Namely,
hf S b ()
Fioe (i) = fin(0) + cin /0 exp( - /0 du) ds.

ar(u)

The constants ¢; , can be found from the boundary condition (c) and are equal to

S e/ 01 (C) PR 1 () SN
k,x Ik(Jf) 5 i,% Ii ()f) s 5
where
) K bl"(u)
Ii(x) = / exp( — / > du ) ds. (36)
0 o a;(u)
From (b) we find that Z?: 1 Picix =0, and, therefore,
-1
Pl ()
fen(0)= ——E—"—— 37)
Zi:] Pi I,' ()
From (33) it easily follows that
I;i(¢) = (x + 0(%))% when x | Oifs; = 1; (38)
i
Ii(x) > 0o whenx | 0ifs; =0. (39)
Substituting this into (37), we obtain the desired result. O

The next lemma shows that the distribution of the time spent by the process in a small
neighborhood of O is asymptotically exponential with parameter p and that this time is
asymptotically independent of which edge it chooses upon exiting from O.
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LEMMA 3.2. Let A >0, Zg = O and ry #0 for some k. Let Ay, denote the event that
Z(’;,{(a) € I,,. Then

'm
pL—i—)L(l +&E.(X, 68, %) +

Anm (X, 8, )
w+ A

E(xa,, exp(=Ar0”(8))) = ) (40)

where  is defined in (35), limy 0 &, (X, 8, x) =0 uniformly in A >0, § < 8 for some

positive 8o and limg o 0,y (X, 8, %) = 0 uniformly in A > 0, x < xq for some positive x.
In particular,

An(x, 8, )

P (41)

% MK
E exp(—Ao*(8)) = —M n )»(1 + &M, S, x)) +

where & and n have the same properties as &, and ny,.

Proof. Let us prove (40). Let f,,(h), h € GI, be equal to the expectation in the left-hand

side of (40), where the stopping time o”(8) is that of the process starting at 4 instead

of O. Then f, is a continuous function on G?, is twice continuously differentiable for

|hy| € (0, &), and is such that:

(@ LY fx(h) — Afx(hp) =0 for |he] € (0,6), 1 <k <n;

(b) the limits limy, 0 f, (hx) exist and (34) holds with f,, instead of f and ¢* replaced
by Afx(0);

©  fu(hy) =1for |hy| =46, and f, (hy) = 1 for |hx| =8, k # m.

Note that we are interested in the asymptotics of f,,(O) as x | 0. Let us temporarily treat

Mfy as a known function, which we denote by g,.. Note that g, is continuous and |g,| is

bounded by A. Then f,,(O) = g, (0O)/A. From this and the differential relation (a) we can

find f],(hr), 0 < |hg| <8, 1 <k < n. Namely,

h K1 h %
f,;(hk) — (/ ‘ g%_(s) exp(/ M du) ds + ck,%) exp(—/ ‘B ds), 42)
0o ag(s) o ay(u) 0o ag(s)

where ¢y, are constants. From (b) it follows that

> Drck = 8.(0)/x. (43)

k=1

Upon integrating (42) from 0 to § and using (c), we obtain
) hy S
8x(s) bk (u)
z(0>=6m—/ (/ 8 <f PO 1 ds +
, Tl D ag e TP\ e ¢
hy b”
X exp(— / ,;{(s) ds) dhy
0o ap(s)
= 8km — /5(/hk 8x(5) exp(/s b @) du) ds)
"odo o af ) 0 af )

HO
x exp| — ds | dhy — ck I (o)
0

aj (s)
= 8m — Jk (8, A, 2x) — ¢k e dic (2),
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where

8 hi s px hi px
Ji(8, A, x) :f <f gz(s) exp([ ,;{(u) du) ds> exp(— f ,;(s) ds> dhy,
0 0 a (s) 0 a (u) 0 4 (s)
(44)
Iy () was defined in (36) and 8, equals 1 if K = m, and O otherwise. Let us multiply both

sides of this equality by pi/Ix(x) and take the sum in k. Using (43), we obtain

fr

_ Pm P8, 2, 0) A (0)
I( ) Im Z Ik(Jf) X '

This is a linear equation on f, (O). Solving it, we obtain
4 AN\ P “ope A Prdi(8, 1, %)
0)= I - — .
£2(0) (; Prli () + %) ot (H ot %> Z e

By (38) and (39), the first term on the right-hand side converges, as » | 0, to r,, /(i + X).
It remains to show that

xJk (8, A, x)
m ————=
510 I (%)

for each k. When & is such that sy = 0, we use the fact that by (33)

/’Lk N b}f
/ 8x(5) :{ exp(/ Z(u) du) ds
0 Aooai(s) o ay(u)
converges to zero when ¢ |, 0, and the second factor inside the integral in (44) is the same
as the integrand in the definition of I (). When s; = 1, we rewrite Ji as follows

) hy hy b*
(8, 2, %) =f <f 8x(s) exp(—/ #m) ds>
0 0 4a (s) s ag (w)
and again use (33) to show that Jx (8, A, x) tends to zero when § | 0. This proves (40).
Now (41) follows from (40) by summing over m. O

Finally, as was already mentioned, the case where some of the periodic components
contain saddles could be treated using the analysis of [4], namely the limit process is still
Markov. Upon reaching a vertex corresponding to a saddle point, the process instantly
chooses one of the edges where the averaged field points inside the edge and the probability
of choosing the edge k is proportional to |1/ ].
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