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Abstract

We consider potential type dynamical systems in finite dimensions with two meta-stable states.
They are subject to two sources of perturbation: a slow external periodic perturbation of period T'
and a small Gaussian random perturbation of intensity ¢, and therefore mathematically described as
weakly time inhomogeneous diffusion processes. A system is in stochastic resonance provided the small
noisy perturbation is tuned in such a way that its random trajectories follow the exterior periodic
motion in an optimal fashion, i.e. for some optimal intensity £(7"). The physicists’ favorite measures
of quality of periodic tuning — and thus stochastic resonance — such as spectral power amplification or
signal-to-noise ratio have proven to be defective. They are not robust w.r.t. effective model reduction,
i.e. for the passage to a simplified finite state Markov chain model reducing the dynamics to a pure
jumping between the meta-stable states of the original system. An entirely probabilistic notion of
stochastic resonance based on the transition dynamics between the domains of attraction of the meta-
stable states — and thus failing to suffer from this robustness defect — was proposed before in the
context of one-dimensional diffusions. It is investigated for higher dimensional systems here, by using
extensions and refinements of the Freidlin-Wentzell theory of large deviations for time homogeneous
diffusions. Large deviation principles developed for weakly time inhomogeneous diffusions prove to be
key tools for a treatment of the problem of diffusion exit from a domain and thus for the approach of
stochastic resonance via transition probabilities between meta-stable sets.

Introduction

The ubiquitous phenomenon of stochastic resonance has been studied by physicists for about 20 years
and recently discovered in numerous areas of natural sciences. Its investigation took its origin in a
toy model from climatology which may serve to explain some of its main features.

To give a qualitative explanation for the almost periodic recurrence of cold and warm ages (glacial
cycles) in paleoclimatic data, Nicolis [10] and Benzi et al. [1] proposed a simple stochastic climate
model based on an energy balance equation for the averaged global temperature T'(t) at time ¢t. The

*This work was partially supported by the DFG research center Matheon (FZT 86) in Berlin.



balance between averaged absorbed and emitted radiative energies leads to a deterministic differential
equation for T'(t) of the form

T(t) = b(Q(1), T(t))- (0.1)

The solar constant Q(t) fluctuates periodically at a very low frequency of 1075 times per year due to
periodic changes of the earth orbit’s eccentricity (Milankovich cycles), which coincide roughly with the
observed frequency of ice and warm ages. Under reasonable assumptions, for frozen ¢ the nonlinear
function b(q,T) describes the force associated with a double well potential possessing two stable
temperature states which represent cold and warm ages. As @ varies periodically, these states become
meta-stable and are moved periodically by Q(t). Most importantly, transitions between these states
are impossible. Only the addition of a stochastic forcing allows for spontaneous transitions between
the meta-stable climate states thus explaining roughly transition mechanisms leading to glacial cycles.
In general, trajectories of the solutions of differential equations of this type, subject to two independent
sources of perturbation, an exterior periodic one of period 7', and a random one of intensity ¢, say, will
exhibit some kind of randomly periodic behavior, reacting to the periodic input forcing and eventually
amplifying it. The problem of optimal tuning at large periods T consists in finding a noise amplitude
e(T) (the resonance point) which supports this amplification effect in a best possible way. During
the last 20 years, various concepts of measuring the quality of periodic tuning to provide a criterion
for optimality have been discussed and proposed in many applications from a variety of branches of
natural sciences (see Gammaitoni et al. [5] for an overview). Its mathematical treatment started only
very recently, and criteria for finding an optimal tuning are still under discussion.

The first approach towards a mathematically precise understanding of stochastic resonance was done
by Freidlin [3]. Using large deviations theory he explains basic periodicity properties of the trajectories
in the large period (small noise) limit by the effect of deterministic quasi-periodic motion, but fails
to account for optimal tuning. The most prominent quality measures for periodic tuning from the
physics literature, the signal-to-noise ratio and the spectral power amplification coefficient (SPA)
were investigated in a mathematically precise way in Pavlyukevich’s thesis [11], and seen to have a
serious drawback. Due to the high complexity of original systems, when calculating the optimal noise
intensity, physicists usually pass to the effective dynamics of some kind of simple caricature of the
system reducing the diffusion dynamics to the pure inter well motion (see e.g. [9]). The reduced
dynamics is represented by a continuous time two state Markov chain. Surprisingly, due to the
importance of small intra well fluctuations, the tuning and resonance pattern of the Markov chain
model may differ essentially from the resonance picture of the diffusion. It was this lack of robustness
against model reduction which motivated Herrmann and Imkeller [7] to look for different measures
of quality of periodic tuning for diffusion trajectories, retaining only the rough interwell motion of
the diffusion. The measure they treat in the setting of one-dimensional diffusion processes subject to
periodic forcing of small frequency is related to the transition probability during a fixed time window
of exponential length, the position of which is tracked by a parameter of period length in which
maximization is performed to account for optimal tuning.

The subject of the present paper is to continue our previous work in the general setting of finite
dimensional diffusion processes. Our approach of stochastic resonance thereby is based on the same
robust probabilistic notion of periodic tuning. This extension is by no means obvious, since the
multidimensional problem requires entirely new methods. We recall at this point that in [7] methods
of investigation of stochastic tuning were heavily based on comparison arguments which are not an
appropriate tool from dimension 2 on. Time inhomogeneous diffusion processes such as the ones under
consideration were compared to piecewise homogeneous diffusion processes by freezing the potential’s
time dependence on small intervals. We study a dynamical system in d-dimensional Euclidean space
perturbed by a d-dimensional Brownian motion W, i.e. we consider the solution of the stochastic
differential equation

dX: = b(%,Xf) dt +/EdW,, >0 (0.2)

One of the system’s important features is that its inhomogeneity is weak in the sense that the drift
depends on time only through a re-scaling by the time parameter T' = T which will be assumed to be
exponentially large in . This corresponds to the situation in [7] and is motivated by the well known
Kramers-Eyring law which was mathematically underpinned by the Freidlin-Wentzell theory of large



deviations ([4]). The law roughly states that the expected time it takes for a homogeneous diffusion
to leave a local attractor e.g. across a potential wall of height 7 is given to exponential order by
T¢ = exp(%). Hence, only in exponentially large scales of the form 7 = exp(£) we can expect to see
effects of transitions between different domains of attraction. b is assumed to be one-periodic w.r.t.
time. The deterministic system S't = b(s, &) with frozen time parameter s is supposed to have two
domains of attraction that do not depend on s > 0. In the “classical” case of a drift derived from a
potential, b(t,z) = —V,U(t, z) for some potential function U, equation (0.2) describes the motion of
a Brownian particle in a d-dimensional time inhomogeneous double-well potential.

Since our stochastic resonance criterion is based on transition times between the two meta-stable
sets of the system, our analysis relies on a suitable notion of transition or exit time. The Kramers-
Eyring formula suggests to consider the parameter ; from 7° = exp(£) as a natural measure of scale.
Therefore, if at time s the system needs energy e(s) to leave some meta-stable set, an exit from that
set should occur at time

a, =inf{t > 0: e(t) < u}
in the diffusion’s natural time scale. If aL are the transition times for the two domains of attraction
numbered ¢ = +1, we look at the probabilities of transitions between them within a time window
[(a, — h)T*, (a, + h)T*<] for small h > 0. Assume for this purpose that the two corresponding meta-
stable points are given by x;,7 = £1, and denote by 7,* the random time at which the diffusion reaches
the g-neighborhood B,(z_;) of x_;. Then we use the following quantity to measure the quality of
periodic tuning:
M(e,p) = min  sup P, (TQ_i € [(ai — )T, (aL + h)T])7

i==+1 zE€B,(x;)
the minimum being taken in order to account for transitions back and forth. In order to exclude
trivial or chaotic transition behavior, the scale parameter p has to be restricted to an interval Ip
of reasonable values which we call resonance interval. With this measure of quality, the stochastic
resonance point may be determined as follows. We first fix £ and the window width parameter i > 0,
and maximize M (e, p) in p, eventually reached for the time scale po(h). Then we call the eventually
existing limit limy o po(h) resonance point.

To calculate pg(h) for fixed positive h we use large deviations techniques. In fact, our main result
contains a formula which states that

lim ¢ log {1-M(e,p)} = max {n—ei(a, —h)}.

We show that this asymptotic relation holds uniformly w.r.t. p on compact subsets of I, a fact which
enables us to perform a maximization and find p(h). The techniques needed to prove our main result
feature extensions and refinements of the fundamental large deviations theory for time homogeneous
diffusions by Freidlin-Wentzell [4]. We prove a large deviations principle for the inhomogeneous
diffusion (0.2) and strengthen this result to get uniformity in system parameters. Similarly to the
time homogeneous case, where large deviations theory is applied to the problem of diffusion exit
culminating in a mathematically rigorous proof of the Kramers-Eyring law, we study the problem
of diffusion exit from a domain which is carefully chosen in order to allow for a detailed analysis of
transition times. The main idea behind our analysis is that the natural time scale is so large that re-
scaling in these units essentially leads to an asymptotic freezing of the time inhomogeneity, which has
to be carefully studied, to hook up to the theory of large deviations of time homogeneous diffusions.

The material in the paper is organized as follows. Section 1 is devoted to the careful extension
of large deviations theory to diffusions with slow time inhomogeneity. The most useful result for
the subsequent analysis of exit times is Proposition 1.10 with a large deviations principle for slowly
time dependent diffusions, uniform with respect to a system parameter. In section 2 upper and lower
bounds for the asymptotic exponential exit rate from domains of attraction for slowly time dependent
diffusions are derived. The main result Theorem 2.3 combines them. Section 3 is concerned with
developing the resonance criterion and computing the resonance point from the results of the preceding
section.



1 Large deviations for diffusion processes

Let us now consider dynamical systems driven by slowly time dependent vector fields, perturbed by
Gaussian noise of small intensity. We shall be interested in their large deviation behavior. Due to
the slow time inhomogeneity, the task we face is not covered by the classical theory presented in
Freidlin, Wentzell [4] and Dembo, Zeitouni [2]. For this reason we shall have to extend the theory
of large deviations for randomly perturbed dynamical systems developed by Freidlin, Wentzell [4] to
drift terms depending in a weak form to be made precise below on the time parameter. Before doing
so in the second subsection, we shall recall the classical results on time homogeneous diffusions in the
following brief overview.

1.1 The time homogeneous case: classical results

For a more detailed account of the following well known theory see [2] or [4].

We consider the family of R%valued processes X¢, £ > 0, defined by
dX§ =b(X{)dt +edW;, X5 =z € R, (1.1)

on a fixed time interval [0,T], where b is Lipschitz continuous and W is a d-dimensional Brownian
motion. This family of diffusion processes satisfies in the small noise limit, i.e. as € — 0, a large
deviations principle (LDP) in the space Cor := C(]0,T],IR?) equipped with the topology of uniform
convergence induced by the metric por(p, 1) := supg<,<r |0t — Ytll, ¢, ¥ € Cor. The rate function
or action functional is given by I59 : Cor — [0, +00],

- %fOT lor — b(c,ot)||2 dt, if ¢ is absolutely continuous and ¢y = xg,

Iop(e) = . (1.2)

400, otherwise.

Moreover, Ig9 is a good rate function, i.e. it has compact level sets. The LDP for this family
of processes is mainly obtained as an application of the contraction principle to the LDP for the
processes /e W, ¢ > 0. More precisely, in the language of Freidlin and Wentzell, the functional I,
is the normalized action functional corresponding to the normalizing coefficient % In the sequel we
will not consider scalings other than this one. We have I3%.(¢) < oo if and only if ¢ belongs to the
Cameron-Martin space of absolutely continuous functions with square integrable derivatives starting
at xzg, i.e.

o€ Hy = {f [0, 7] — RE| f(t) =z -I-/O g(s) ds for some g € L2([O,T])}.

We omit the superscript £y whenever there is no confusion about the initial condition we are referring
to.

Observe that Ior(p) = 0 means that ¢ (up to time T') is a solution of the deterministic equation

£=1b(%), (1.3)

so Ior(ip) is essentially the L?-deviation of ¢ from the deterministic solution &. The cost function V
of X¢, defined by

V(z,y,t) =inf {Io(¢) : ¢ € Cot, 00 = 2,00 =y}

takes into account all continuous paths connecting z,y € R? in a fixed time interval of length ¢, and
the quasi-potential
\% =infV t
(z,y) = inf V(z,y,1)

describes the cost of X¢ going from x to y eventually. In the potential case, V agrees up to a constant
with the potential energy to spend in order to pass from x to y in the potential landscape, hence the
term quasi-potential.

As far as we know, the LDP for the process X°¢ is only proven in the case of the usual global Lipschitz
and linear growth conditions from the standard existence and uniqueness results for SDE. In our setting
the coefficients will not be globally Lipschitz. Though the extension is immediate, we therefore state
it for completeness in the following proposition.



Proposition 1.1. Assume that the equation (1.1) has a unique strong solution that never explodes
and that the drift is locally Lipschitz. Then X¢ satisfies on any time interval [0,T] a weak LDP with
rate function Igp. More precisely, for any compact FF C Cyp we have

limsupeloglP(X® € F) < — inf Iyp(p), (1.4)
e—0 pEF
and for any open G C Cor
liminfelogP(X® € G) > — inf Iyr(p). (1.5)
e—0 peG

Proof. For R > 0let bg(x) be a continuous function with bg(x) = b(z) for x € Br(zg) and br(z) =0
for ¢ Bogp(xo), and let X¢ be the solution of (1.1) with b replaced by bg with the same initial
condition xy. We denote by Bg(xzo) the ball of radius R in Cyr for the uniform topology. Then there
exists R > 0 such that K C Bgr(xzy). Hence IP(X® € K) = IP(X® € K). Since the drift of X¢ is
globally Lipschitz it satisfies a large deviations principle with some good rate function I%. Applying
this large deviations principle we obtain

li logIP(X® € K) < — inf IZ.(p) = — inf I ,
imsup ¢ log IP( ) < = Inf Top(p) = — inf Tor(e)

which is the claimed upper bound.
For the lower bound, due to its local nature (see, for instance, Theorem 3.3 in [4]), it is sufficient to
show that for all § > 0, € Cor

liminf e log IP(X* € Bs(¢)) = —lor(¢)-

This is obvious due to the LDP for X and since IZ%-(¢) = Ior () for R large enough. O

Remark 1.2.

(i) A sufficient condition for the existence of a non-exploding and unique strong solution is a locally
Lipschitz drift term b which satisfies

(z,b(z)) <~v(1+ ||x||2) for all z € R? (1.6)

for some constant v > 0 (see [14], Theorem 10.2.2). This still rather weak condition is obviously
satisfied if (x,b(x)) <0 for large enough x, which means that b contains a component that pulls
X back to the origin. In the gradient case b(x) = —VU(z), (1.6) means that the potential may
not grow stronger than linearly in the same direction as x.

(i) A strengthening of condition (1.6) ensuring superlinear growth will be used in subsequent sections.
In that case, the law of X¢ is exponentially tight, and so X¢ satisfies not only a weak but the
full LDP (i.e. the upper bound (1.4) holds for all closed sets), and Iy is a good rate function.
Recall that the laws of (X¢) are exponentially tight if there exist some Ry > 0 and a positive
function ¢ satisfying lim,_, o, @(x) = 400 such that

limsupeloglP(c; <T) < —p(R) forall R> Ry. (1.7)

e—0
Here 0%, denotes the first time that X¢ exits from Bg(0).

We will also make use of the following strengthening of (1.4) and (1.5) which expresses the fact
that the convergence statements in the asymptotic results of Proposition 1.1 are uniform on compact
sets of the state space. Let us denote by IP,(X® € -) the law of the diffusion X¢ starting in y € R?.
For the proof see [2], Corollary 5.6.15.

Corollary 1.3 (Uniformity of LDP w.r.t. initial conditions). Assume the conditions of Propo-
sition 1.1 and that (X¢) is exponentially tight. Let K C R? be compact.

(i) For any closed set F C Cor

limsupelog sup P, (X® € F) < — inf inf I¥,(p). (1.8)
e—0 yeEK yeK peF

(ii) For any open set G C Cyr

ligl_}(l)lfalogyig}f( P,(X°eG)> —522 S;relg IYr (). (1.9)



1.2 General results on weakly time inhomogeneous diffusions

Let us now come to inhomogeneous diffusions with slowly time dependent drift coefficients. For our
understanding of stochastic resonance effects of dynamical systems with slow time dependence, we
have to adopt the large deviations results of the previous subsection to diffusions moving in potential
landscapes with different valleys slowly and periodically changing their depths and positions. In this
subsection we shall extend the large deviations results of Freidlin and Wentzell to time inhomogeneous
diffusions which are almost homogeneous in the small noise limit, so that in fact we are able to
compare to the large deviation principle for time homogeneous diffusions. The result we present in
this subsection is not strong enough for the treatment of stochastic resonance (one needs uniformity
in some of the system parameters), but it most clearly exhibits the idea of the approach, which is why
we state it here.

Consider the family X¢, € > 0, of solutions of the SDE
dXE = b (t, XE)dt +edW,,  t>0, X§ =R’ (1.10)

We assume that (1.10) has a global strong solution for all € > 0. Our main large deviations result
for diffusions for which time inhomogeneity fades out in the small noise limit is summarized in the
following Proposition.

Proposition 1.4 (Large deviations principle). Assume that the drift of the SDE (1.10) satisfies

lim b°(t, ) = b(x) (1.11)

e—0

for all t > 0, uniformly w.r.t. x on compact subsets of R, for some locally Lipschitz function
b: RY — R If the laws of (X¢) are exponentially tight then (X¢) satisfies a large deviations
principle on any finite time interval [0, T] with good rate function Iyr given by (1.2). More precisely,
for any closed F C Cyr we have

limsupeloglP(X® € F) < — inf Iyr(p),
pel

e—0

and for any open G C Cyr

liminfelogP(X°® € G) > — inf Iyr(p).
e—0 peG

Proof. Let Y° denote the homogeneous diffusion associated with the drift b, i.e. the solution of (1.1)
with the same initial condition xy. For notational convenience, we drop the e-dependence of X and
Y. We shall prove that X and Y are exponentially equivalent, i.e. for any § > 0 we have

limsup e logIP (por(X,Y) > §) = —oo. (1.12)

e—0

In order to verify this, fix some § > 0, and observe that

1% - Vil < / 15 s, X,) — B(X,0) || du + / 16(X.) — b(Y.,)| du.

For R > 0 let 7 :=inf{t > 0: X; ¢ Br(xo)}, let 7 be defined similarly with X replaced by Y, and
or := Tr ATr. The Lipschitz continuity of b implies the existence of some constant Kr(zg) such that
[[b(x) — b(y)|| < Kr(zo)|lz — yl|| for x,y € Br(z). An application of Gronwall’s Lemma yields

T
por(X,Y) < eKR<wo>T/ 16° (u, Xo) — b(X,)|| du on {og > T}.
0

Due to uniform convergence, for any 1 > 0 we can find some g¢ > 0 s.t.

sup ||b°(t,z) — b(x)|| < fort €[0,T], € < eo.
xE€BR(x0)

This implies
por(X,Y) < nTeXr@)T  for ¢ < 2y on {og > T}. (1.13)



By choosing 7 small enough s.t. por(X,Y) < /2 on {og > T} (i.e. X and Y are very close before
they exit from Bpr(zg)), we see that for € < g

P (pQT(X, Y) > 5) < IP(TR < T) + IP(%R < T)

Since X and Y are close within the ball Br(x), we deduce that if X escapes from Bgr(zg) before
time T, then Y must at least escape from Bp/s(xo) before time T (if R > J). So we have

P (por(X,Y) > 0) <P(7p/2 < T)

for € < g9. This argument also guarantees the LDP for Y. Indeed the exponential tightness of the
laws of X and Y is linked by the closeness of these diffusions. Hence the LDP for Y gives

limsupelogIP (por(X,Y) > 6) < —inf {V(zg,y,t): 0<t < T, |ly — xol| = R/2}.
e—0

Sending R — oo yields the desired result (see Theorem 4.2.13 in [2]). O

It is easy to see that Corollary 1.3 also holds for the weakly inhomogeneous process X< of this
proposition. One only has to carry over Proposition 5.6.14 in [2], which is easily done using some
Gronwall argument. Then the proof of the Corollary is the same as in the homogeneous case (see [2],
Corollary 5.6.15). We omit the details.

1.3 Weak inhomogeneity through slow periodic variation

In this subsection we shall deal with some particular diffusions for which the drift term is subject to
a very slow periodic time inhomogeneity. More precisely, we shall be concerned with solutions of the
following stochastic differential equation taking their values in d—dimensional Fuclidean space, driven
by a d—dimensional Brownian motion W of intensity e:

t
A7 = b( 7 X7 )dt +VEAWe, 20, Xo =g € R (1.14)

Here T° is a time scale parameter which tends to infinity as e — 0. In the subsequent sections, we
shall assume that T is exponentially large, in fact

T¢ = expg with p0 > 0. (1.15)

The drift b(¢, ) of (1.14) is a time-periodic function of period one. Concerning its regularity properties,
we suppose it to be locally Lipschitz in both variables, i.e. for R > 0, = € IR? there are constants
Kg(z) and kr(z) such that

[0(t,y1) — b(t, y2)[| < Kr(2) ly1 — vll, (1.16)
16t y) — b(s, y)|| < kp(x) [t — 5| (1.17)

for all y,y1,y2 € Bgr(x) and s,t > 0. Furthermore, we shall assume that the drift term forces the
diffusion to stay in compact sets for long times in order to get sufficiently “small” level sets. We
suppose that there are constants n, Ry > 0 such that

(z,b(t, x)) < —nllz]| (1.18)

for t > 0 and ||z]| > Ry. This condition is stronger than (1.6), so the existence of a unique strong and
non-exploding solution is again guaranteed. Moreover, this growth condition implies the exponential
tightness of the diffusion (see Proposition 1.5 for the precise asymptotics).

1.3.1 Boundedness of the diffusion

The aim of this subsection is to exploit the consequences of the growth condition (1.18). In fact it
implies that the diffusion (1.14) cannot leave compact sets in the small noise limit. For positive ¢, it
stays for a long time in bounded domains. In the following Proposition we shall make precise how
the law of the exit time from bounded domains depends on €. The arguments are borrowed from the
framework of self-attracting diffusions, see [12] or [§].

For R > 0 let 0%, :=inf{¢t > 0: || X{|| > R} denote the first exit time from the ball B(0).



Proposition 1.5. Let 6 > 0, and let r : (0,6) — (0,00) be a function satisfying lim._.o T(ET) = 0.
There exist Ry,e1 > 0 and C > 0 such that for R> Ry, € < €1

P, (05 <r@) <o " e por Ja < 2

- 5 (1.19)

Proof. For convenience of notation, we suppress the superscript € in X¢,0% etc. Choose a C?-
function h : R* — R s.t. h(z) = ||lz|| for ||z|| > Ro and h(z) < Rg for ||z|| < Ry, where Ry is the
constant given in the growth condition (1.18). By Itd’s formula we have

h(X;) = +\// Vh(X,) dW, +/Ot (Vh,b(%,") >(Xs)ds+;/0tAh(X

Let & := fot IVA(X,)|)? ds, i.e. & is the quadratic variation of the continuous local martingale
M = fot Vh(X,)dWs,t > 0. Since Vh(z) = Tay for llz]| > Ro, we have d& = dt on {||X:|]| > Ro}.
Now we introduce an auxiliary process Z which shall serve to control || X||. According to Skorokhod’s
lemma (see Revuz, Yor [13]) there is a unique pair of continuous adapted processes (Z, L) such that
L is an increasing process of finite variation which increases only at times ¢ for which Z; = Ry, and
Z > Ry, which satisfies the equation

Z:=RyV |z|| +vVeM —n& + L.
Here Ry and n are the constants from the growth condition (1.18). We will prove that

IX:)| < Z: as. forall t>0. (1.20)
For that purpose, choose f € C?(IR) such that

f(x)>0and f'(z) >0 forall z>0,
f(z)=0 forall z<0.

According to 1t6’s formula, for ¢ > 0
¢
FIMXe) = Zi) = f(h(z) = [lz]| V Ro) + /O f'(MXs) = Zs) d(h(X) — Z))s

3 [ o) = z)anx) - 2).

By definition of h and Z we have h(X;) < Z; on {||X¢|| < Ro}, so {h(Xy) > Z:} = {||X¢l| > Z:}.
Moreover by definition, h(X) — Z is a finite variation process. Hence the expression

/Otf,(HXSH - Z) {|X i <Xs,b<TE,X )> + %Ah(XS) +77} ds
[ - zoar,

is an upper bound of f(h(X;)—Z;). Furthermore, Ah(x) = dl— for ||z|| > Ry, which by (1.18) implies

||)§s||<Xg’b<T6’ )+ S ARXs)

The latter expression is negative if € is small enough, so we can find some ¢ > 0 such that f(]|X:|| —
Zy) <0 for € < gg. This implies || X¢|| < Z; a.s. by the definition of f, and (1.20) is established.

We therefore can bound the exit probability of X by that of Z. If @ denotes the law of the process
Z, we see that for any o > 0

||)§s\| (5@-1=n)+n on{IXl>2}.

P,.(0r <7(e)) < Qor < 7(e)) < ™) Eg[e™7R]. (1.21)



In order to find a bound on the right hand side of (1.21), let K := sup,<g, [Vh(z)||*>. Note that h
can be chosen so that K < 2Ry. Now observe that for any ¢ € C?(IR)

d(p(Zs) e %) = Ve o (Z)e RS dMy + ¢/ (Z;) e~ %6 dL,
_ o g o
te K&{?D”(Zt) —n¢'(Zt) — ?w(Zt)} dé;.

Now let R > Ry. If we choose ¢ such that

{

then ¢(Z;)e~ % is a local martingale which is bounded up to time or. Hence we are allowed to apply
the stopping theorem to obtain

©"(y) —ne'(y) — gely) =0 fory € [Ro, R,
"(Ro) =0, »(R)=1,

K win

p(Ro V||z])) = Eqlp(Zsy)e™ ®or] = Egle™ & *n]. (1.22)

Since & < Kt for all t > 0, we have &,, < Kog which implies Eg[e %% r] > Eg[e~*"7], and we
deduce from (1.21) that

P, (or <7(e) < e @ Egle”®87r] < e Ep(Ry V ||z|). (1.23)
Solving the differential equation for ¢ yields

_)\—e)\+(ac—Ro) +A+6)\7(I—R0)
p(z) = —A—e " (R—Ro) ;- \+eA~ (R—Ro)

. + _ nEyn?2fe
with A* = ————+—

. Hence
(AT — A7) X" (@=Ro)
80(55) S (_)\_)eAJr(R_RO)

Taking a = r(¢) 7! in (1.23) we obtain

AT - A .
————exp {1+ A (RoV [z] - R)}.

Po(or <7()) < exp(L)p(Ro Vlzll) < ——

It is obvious that exp {A\T(Ro V [|z|| — R)} < exp{ — %} for R > 2(||z|| V Ro), so it remains to
comment on the prefactor. We have

2e
oA 2P A 2ke 4(772 + Kr(a))

AT A 2ge—n Kiis)
Since lime ¢ & = 0 the latter expression behaves like 2m’K @ as € — 0. Putting these estimates

together yields the claimed asymptotic bound. O

1.3.2 Properties of the quasi-potential

Taking large period limits in the subsequently derived large deviations results for our diffusions with
slow periodic variation will require to freeze the time parameter in the drift term. The corresponding
rate functions are given a separate treatment in this subsection. We shall briefly discuss their regularity
properties. This will be of central importance for the estimation of exit rates in section 2. For
s> 0,T > 0 we consider

1 T || 5 b 2 . . .
s Or — b(s, p)||” dt, if ¢ is absolutely continuous,
Igp(p) = {2 Jo (1.24)

400, otherwise.

As in the first section, we need associated cost functions. For s > 0, z,y € IR? they are given by

VS(377yat) = mf{ISt((p) tpE OOtaQOO =Z,Pt = y} (125)



V#(x,y,t) is the cost of forcing the frozen system
dY$ =b(s,Yy)dt + VedWy, t >0,
to be at the point y at time ¢ when starting at x. The corresponding quasi-potential

Vi(z,y) = nf V*(z,y,1) (1.26)

describes the cost for the frozen system to go from x to y eventually. Let us note that since the drift
b is locally Lipschitz in the time variable, the family of action functionals I3, is continuous w.r.t.
the parameter s, and the corresponding cost functions and pseudo-potentials inherit this continuity
property. Let us recall some further useful properties of the quasi-potentials and their underlying cost
and rate functions. The following properties are immediate.

Lemma 1.6. For any x,y,z € IRd, s> 0 andt > 0 we have
a) V(z,y,t) <V3(xz,z,t)+ V*(z,y,t),
b) (s,y) — V3(z,y,t) is continuous on Ry x RY,

c) infj,>r V*(2,y,t) o > uniformly w.r.t. s > 0.

— 00

The following Lemma establishes the Lipschitz continuity of the quasi-potential w.r.t. the state
variables.

Lemma 1.7. Let K be a compact subset of RY, M a compact subset of R4 . Then there exists I' such
that

sup V*¥(z,y) < Ddist(z,y) forallz,y € K.

seM
Proof. Let z and y belong to K. There exists some radius R > 0 such that I' C Bgr(0). Set
T = dist(z,y). We define a particular path ¢ in Cor by ¢ = = + %t for t € [0, T]. Since b(s, -)
is locally Lipschitz uniformly in s € M, we obtain an upper bound for the energy of :

s 1 r .
sup (o) = g sup [ ller — bls. ot
seM seM Jo
L7 ly —<ll ’
< 2 (ezzl g it
< 5] (s s sl
e T
< 5 [+ Kndim(0) o] Pt < 5 (1+ REn(0) diam(31))"
0

For I' := 1(1 4+ RKp(0)diam(M))? and by the definition of T', we obtain

sup V?3(x,y) < sup Ijr(p) < Idist(zx, y).
seM seM

1.3.3 Large deviations

We shall now specialize the general large deviations results of the previous subsection to the family
X¢, e > 0, of solutions of (1.14). At the same time they will be strengthened, to obtain uniformity
w.r.t. to some of the system’s parameters: the scale parameter p, the starting time, and the initial
condition.

It is an immediate consequence of Proposition 1.4 that the solution of (1.14) satisfies a large deviations
principle with rate function I{r, i.e. the rate function is the same as that of a homogeneous diffusion
governed by the frozen drift (0, -). In order to see this, one only has to mention that lim._,o b(%7 33) =
b(0, z) locally uniformly w.r.t. = due to the Lipschitz assumptions on b.

But this result is not strong enough. We also need some uniformity w.r.t. the starting times of the
diffusions we consider. Our large deviations statements derived so far rely on comparison arguments
which yield exponential equivalence with time homogeneous diffusions for which an LDP is well known
from the classical theory of Freidlin and Wentzell. Uniform large deviations estimates require an
appropriate concept of exponential equivalence which is presented in the following proposition.
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Proposition 1.8 (Uniform exponential equivalence). Let Y and X¢, i € J,e > 0, be a family
of random variables taking values in a Polish space (X,p). For § > 0 and closed resp. open sets F
resp. G in X denote by F° the closed §-blowup of F, and by G° the complement of (G€)°. Suppose
that (Y¢) satisfies an LDP with good rate function I and (X{);es are uniformly exponentially close

toY of distance §g > 0, i.e.

limsupelogsupIP(p(X;,Y) > §) = —occ.
e—0 icJ

for all § > 6g. Then, for any closed FF C X we have

limsupelogsupIP(X; € F) < — inf I(yp),
e—0 1€J pEF%

and for any open G C X

o . c > _ .

h?l_)l(l)lfé‘log zuelLfJIP(Xl €qG) > wé%féo I(p)
In particular, if 69 = 0 then the family (X£)ics is uniformly exponentially equivalent to' Y and satisfies
a uniform LDP with rate function I.

Proof. In order to establish the upper bound, fix some § > §y and let F' C X be closed. Then we
have for all i € J
IP(Xf e F)<IP(Y® € F?) +P(p(X5,YE) > 0).

This yields

limsupelogsupIP(X] € F)

e—0 i€J
< limsupelog maux{IP(Y‘E € F?),supP(p(X5,Y¢) > 5)} < — inf I(yp).
e—0 i€ pEF?

By taking the limit § — §p we get the asserted upper bound since I is supposed to be a good rate
function (see [2], Lemma 4.1.6).

For the lower bound let G'C X be an open set, and choose ¢ € G% and & > &y such that Bs(p) C G.
Then we have for all i € J

IP(Y*® € Bs(v)) <TP(X; € G) +P(p(X;,Y?) > 9),
and so
P(V* € By()) < inf P(X; € G) + supP(p(X7,V*) > 6).
? ieJ

This implies

~I(p) <~ inf I(¢) <liminfelogIP(Y* € Bs(p))
E—

YEBs ()
< max { liminf elog inf IP(X; € G),limsupelogsup P(p(X;,Y*) > 5)}
0 icJ e—0 icJ '

Taking the infimum over ¢ € G% and appealing to the assumption of uniform exponential closeness
establish the lower bound. O

Remark 1.9. Reconsidering the preceding proof, we see how a uniform bound in the LDP as in the case
of uniformity w.r.t. initial conditions for diffusions (Corollary 1.3) carries over to the parametrized
family we are interested in. More precisely, assume that (X;k)iej’kej( and (Y¢)ker are families of
random variables such that (YS)eso satisfies an LDP for each k € K with some good rate function Ik,
Assume furthermore that, for closed (resp. open) sets F C X (resp. G C X)

limsup e log sup IP(Y? € F) < — inf inf I*(p),
nsupe log sup (Y € F) < — inf inf I*(¢)

liminfelog inf P(YF € G) > — inf I*().
tiplelos o PO €G) 2 = oup It 1)
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If there exists 69 > 0 s.t. for all § > g

limsupelog sup IP(p(X;,Ys) > 6) = —oo,
e—0 i€ keK

then for any closed FF C X we have

limsupelog sup IP(X:, € F) < — inf inf I%(yp),
nsupelog sup (Xip€F) < jof il (¢)

and for any open G C X

liminfelog inf TP(X{, € G)> —sup inf I"(p).
im in Ogie}%eK ( ik )= :3}1; Lpé%‘;f) (¥)

We now are in a position to derive a large deviations principle for our family of diffusions (1.14),
which is uniform with respect to both the starting time and the scale parameter. This will be our main
tool for estimating the asymptotics of exit time laws in the subsequent section. The diffusion (1.14)
is a time inhomogeneous Markov process. The solution starting at time » > 0 with initial condition
z € IR? has the same law as the solution X™* of the SDE

r+t

AXP" = b( T XD )dt 4 VEAWs, 120, XpT =2 € R (1.27)

We denote its law by P, (), assume from now on that 7° = exp £ for some p > 0, and fix T' > 0.

Proposition 1.10. Let V C (0,00), K C R? a compact set, and for p €V, r € [0,1] and > 0 let
S"B(e, 1) be a neighborhood of ¥T¢ such that

diam(S™? (e, 1))

limsup  sup <p
=0 pev,refo,1] Te
Then for vo = Yo(B) = BTeXROT and for any closed F C Cor
limsupelo su P,.,X*eF) < — inf inf 15
Eéop © yeK,uev,uIe)S”’(au) ol )= yeK oeF70,00=y rle)
and for any open G C Cor
liminfelo inf P,.(X°€qG) > —su inf 15 .
e—0 & yEK,uEV,ueS™8 (e,1) y,u( ) - yellz PEGT0 o=y OT(@)

These bounds hold uniformly w.r.t. r.

Remark 1.11. The upper bound means that for any 9 > 0 we can find eg > 0 s.t. for e < gg we have

elo su P, ., X¢eF)<— inf inf I + 9.
¢ yeK,uev,uIe)S”’(e,u) yU( ) yEK pEFY0,p0=y OT(QD)

The uniformity in the statement means that €y can be chosen independently of r. A similar statement
holds for the lower bound.

Proof of Proposition 1.10. Let us concentrate on the first statement of the Proposition. Fix 5 > 0.
For an initial condition y, and for r € [0,1] let Y™¥ be the solution of the homogeneous equation

A7V = b(r, YY) dt + VEdW,, t>0, YV =y.

Let W C [0,1] and 79 € W. By the preceding proposition, it is sufficient to prove that the family
{X"Y . w e S™B(e,u),p € V,r € W} is uniformly exponentially close to Y™¥. For R > 0 let
Y = 1inf{t > 0: XY ¢ Bg(0)}, let 7Y be defined similarly with X"V replaced by Y%, and

o’ == 1Y ATV, Then we see just as in the proof of Proposition 1.4 that for r, 7y € [0,1],u €
Sr,ﬁ(g7 M)
T
POT(X%y Yro,y) < eKR(O)T b<u+t Xu,y) _ b(?‘o X%ZI) dt on {O.%ZI;TO > T}
) = 0 Te t » R '
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This implies

diam(S™ (g, ) + T
Te

pOT(Xu,y’Yro,y) < TeKR(O)T < + |7”' _ 7,0) on {Ué,y,ro > T}

Due to our assumption the last expression is bounded by

B = (W) == sup (B + |r —ro|) TeXROT a5 ¢ — 0.
rew

If we fix v > 81 (W), we infer from this the existence of some gy > 0 such that for ¢ < g

sup P(por(X*“Y, YY) > ~) < sup IP(%;U_’%{ <T).
reW,yeK,neV,uecSm 8 (e,u) yeK

By the uniform LDP for Y"¥ we have

limsup e log sup P(7"Y <T) < —inf {V'o(y,z,t): t<T,y€ K,|z| > R—~}.
e—0 yeK

By Lemma 1.6 ¢) the latter expression approaches —oo as R — oo. This yields the uniform exponential
closeness of the families X*¥ and Y"¥. By Proposition 1.8 and Remark 1.9 we have

limsup € log sup P, ,(X® € F)<— inf inf  I)7(¢). (1.28)
e—0 reEW,yeK, ne€V ueS™P (e,u) YEK peFP1 0=y

The particular choice W = {rg} corresponds to 51 (W) = v = 70(0) given in the statement and yields
the claimed bound.
It remains to prove the uniformity w.r.t. r. For that purpose fix ¢ > 0, and for r¢ € [0, 1], choose a
neighborhood W, of r9. By the continuity of r — I and Lemma 4.1.6 in [2] we can assume W,, to
be small enough such that for r € W,,, denoting 81 = 81(W,,),

inf inf I3 > inf inf  I)%(¢) —9/4 > inf inf I} —9/2.

YEK o FP1 po=y OT(@) T YEK pEF0,p0=y OT(QD) /4z yEK pE€F0,p0=y OT(SD) /
Due to compactness we can ch0~ose finitely many points r1, ..., 7x such that their corresponding neigh-
borhoods cover [0, 1]. Denote 3, := B1(W,.,). For each 1 < n < N, there exists some &, > 0, such
that for e <e, and r € W, _,

U
elog sup P, ,(X® € F)<— inf inf I (o) + =
yEK, €V, u€ ST (e,11) YEK e Fbn po=y 2

< — inf inf (o) + 9.

YyEK pEF0,po=y

Hence for ¢ < minj<, <y &y, the preceding inequality holds for all r € [0, 1]. O

2 Exit and entrance times of domains of attraction

We continue to study asymptotic properties of diffusions with weakly periodic drifts given by the SDE

de:b(%,Xf)dtﬂ/gth, £>0,X5 = 2 € RY. (2.1)
In this section we shall work out the effects of weak periodicity of the drift on the asymptotic be-
havior of the exit times of its domains of attraction. This will be done under simple assumptions
on the geometry associated with it. So we will have to specify some assumptions on the attraction
and conservation properties of b. Essentially, we shall assume that RY is split into two domains of
attraction, separated by a simple geometric boundary which is invariant in time. Apart from that, we
shall assume that the drift is pointing inward sufficiently strongly so that the diffusions will not be
able to leave compact sets in the small noise limit. Let us make these assumptions more precise. We
recall that, according to the Kramers-Eyring law (see for example [7]), the mean time a homogeneous
diffusion of noise intensity € needs to leave a potential well of depth 7 is of the order exp Z. Nature
therefore imposes the time scales T¢ with which we have to work. For simplicity we measure these
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scales in energy units: with p > 0 we associate the time scale 7° = exp £. We assume as before that
b satisfies the local Lipschitz conditions (1.16) and (1.17), and that the growth of the inward drift is
sufficiently strong near infinity which is expressed by (1.18).

The additional conditions concerning the geometry of b are specified in the following.

Assumption 2.1. The two-dimensional ordinary differential equation

@s(t) = b(s, ps(t)), t=0, (2.2)

admits two stable equilibria x_ and x4 in RY which do not depend on s > 0. Moreover, the domains
of attraction defined by

As(s) = {y € R : $,(t) = bls, @u(t)) and ,(0) =y implies  lim p,() =2} (23)

are also independent of s > 0 and denoted by Ay. They are supposed to satisfy A_ U Ay = RY, and
0A_ = 0A,. We denote by x the common boundary.

PSfrag replacements a . f

Figure 1: Domains of attraction

This assumption could be weakened. We could let the stable equilibrium points and the domains
of attraction depend on s > 0. The asymptotic results concerning the exit and entrance time remain
true in this more general setting. We stick to Assumption 2.1 for reasons of notational simplicity.

The main subject of investigation in this section is given by the exit times of the domains of attraction
A, provided that the weakly time inhomogeneous diffusion starts near the equilibrium points x.
By obvious symmetry reasons, we may restrict our attention to the case of an exit from A_. As we
shall show, this exit time depends on the quasi-potential, that is on the cost function taken on the set
of all functions starting in the neighborhood of x_ and exiting the domain of attraction through x.
For this reason we introduce the one-periodic energy function

e(s) = inf V¥(z_,y) <oo fors>0, (2.4)
yeX
which is continuous on IRy. In the gradient case b(t,z) = —V,U(¢, ), this function coincides with

twice the depth of the potential barrier to be overcome in order to exit from A_, i.e. the energy
the diffusion needs to leave A_. Therefore scales p — corresponding to the Kramers-Eyring times
T¢ = exp(g) according to the chosen parametrization — at which we expect transitions between the
domains of attraction must be comprised between

« = inf e(t d up*:= t).
po = 10fe(t) and p igge()

These two constants are finite and are reached at least once per period since e(t) is continuous and
periodic. Now fix a time scale parameter u. This parameter serves as a threshold for the energy, and
we expect to observe an exit from A_ at the first time ¢ at which e(t) falls below p. For p €]p., p*]
we therefore define
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PSfrag replacements

Figure 2: Definition of a, and o,

a, =inf{t >0: e(t) < p}, a,=inf{t >0: e(t) < pu}. (2.5)

The subtle difference between a, and o, may be important, but we shall rule it out for our consider-
ations by making the following assumption.

Assumption 2.2. The energy function e(t) is strictly monotonous between its (discrete) extremes,
and every local extremum is global.

Under this assumption we have a, = «,. We are now in a position to state the main result of this
section. Let o > 0 be small enough such that the Euclidean ball B,(xzy) C Ay, and let us define the
first entrance time into this ball by

T, =1inf{t > 0: X; € By(zy4)}. (2.6)

This stopping time depends of course on ¢, but for notational simplicity we suppress this dependence.

Theorem 2.3. Let p < e(0). There exist n > 0 and hg > 0 such that for h < hg

limelog sup IPy(1, ¢ [(ap — )T, (ap + h)T€]) = n—e(a, — h).
O ey ()

Moreover, under Assumption 2.2 this convergence is uniform w.r.t. p on compact subsets of |, e(0)][.

Note that Assumption 2.2 implies the continuity of p — g — e(a, — h). The statement of the
theorem may be paraphrased in the following way. It specifies time windows in which transitions
between the domains of attraction will be observed with very high probability. In particular, if e(t)
is strictly monotonous between its extremes, we prove that the entrance time into a neighborhood of
x4 will be located near a,T° in the small noise limit. The assumption p < e(0) is only a technical
assumption in order to avoid instantaneous jumping of the diffusion to the other valley. It can always
be achieved by simply starting the diffusion a little later. We could even assume that e(0) = p* which
then would yield uniform convergence on compact subsets of .., p*[.

The rest of this section is devoted to the proof of this main result and is subdivided into separate
subsections in which lower and upper bounds are established.

2.1 Lower bound for the exponential exit rate: diffusion exit

We have to establish upper and lower bounds on the transition time 7, which both should be exceeded
with an exponentially small probability that has to be determined exactly. It turns out that the
probability of exceeding the upper bound (a, —h)T* vanishes asymptotically to all exponential orders,
so the exact large deviations rate is determined only by the probability IP, (7, < (a, — h)T*) of
exceeding the lower bound.

For a lower bound of the latter probability as well as for an upper bound on P, (7, > (o, — h)T¢),
one has to prove large deviations type upper bounds of the asymptotic distribution IP,, (TQ > s(e)) for

15



suitably chosen s(¢). This can be expressed in terms of the problem of diffusion exit from a carefully
chosen bounded domain.

Recall that 7, is the first entrance time of a small neighborhood B,(x) of the equilibrium point x.
Consider for R, ¢ > 0 the bounded domain

D = D(R, ¢) := Br(0) \ By(z+),

and let
Tp:=inf{t >0: X; ¢ D}

be the first exit time of X from D. An exit from D means that either X enters By(zy), i.e. we
have a transition to the other equilibrium, or X leaves Br(0). But, as a consequence of our growth
condition (1.18), the probability of the latter event does not contribute on the large deviations scale
due to Proposition 1.5, as the following simple argument shows.

Let s(e, ) = sT< for some s > 0. Since 7p = 7, A og where og is the time of the diffusion’s first exit
from Br(0), Proposition 1.5 provides constants Ry,e1 > 0 s.t. for R > Ry, € < &g

Py (1y = s(e, 1)) SPo({7p = s(e, )} N {or 2 s(e; p)}) + Pa(or < s(e, 1))
<P, (1p > s(e, ) + Cn? sen) e for ||lz]| < g
By the choice of s(e, ) and T¢ = exp (g), the right term in the last sum is of the order éexp @,
i.e. it can be assumed to be exponentially small of any exponential order required by choosing R
suitably large. Obviously, this holds uniformly with respect to p on compact sets. This argument
shows that the investigation of asymptotic properties of the laws of 7, may be replaced by a study of
similar properties of 7p, with an error that may be chosen arbitrarily small by increasing R.
Similarly to the time homogeneous exit problem, we need a lemma which shows how to approximate
the energy of a transition by the cost along particular trajectories which exit some neighborhood of
D. This is of central importance to the estimation of the asymptotic law of 7p.

Lemma 2.4. Let ¥ > 0 and M a compact interval of IRy. Then there exist Ty > 0 and § > 0 with
the following property:

For allz € D and s € M, we can find a continuous path (% € Cor, starting in (;’° = x and ending
at some point of distance d(¢z;°, D) > 6 away from D such that

I57,(¢7°) <e(s) +0  forall se€ M.

Proof. This proof extends arguments presented in Lemma 5.7.18 and 5.7.19 in [2].

Fix ¥ > 0, and let us decompose the domain D into three different ones. Fixing ! > 0, define a domain

fi by
B ={x e D: dist(z,x) <}

We recall that y is the separation between A_ and A;. Then we define two closed sets D_ =

(D\B)NA_ and Dy = (D\ ;) N Ay. We shall construct appropriate paths from points y € D to

points a positive distance away from D not exceeding the energy e(s) by more than ¢ uniformly in

s € M in four steps.

Step 1. Assume first that y € D_. For [ > 0 small enough we construct 4 > 0,S! > 0 and a path
$¥! defined on a time interval [0, 75%""] with 75¥! < S for all y € D_,s € M and along which we

exit a 6)-neighborhood of D_ at cost at most e(s) + 29.

Step 1.1 In a first step we go from y to a small neighborhood B;(z_) of x_, in time at most T} < oo,
without cost.
We denote by 5" the trajectory starting at ©$¥"'(0) =y € D_ of

P1(t) = b(s, p1(1)),

and reaching By(x_) at time ¢¥"*'. Since D_ C A_ and due to Assumption 2.1, o> is finite.
Moreover, since b is locally Lipschitz, stability of solutions with respect to initial conditions and
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smooth changes of vector fields implies that there exist open neighborhoods W), of y and W of
s and T9" > 0 such that, for all z € W,, u € Wy, 0*" < TP¥!. Recall that D_ is compact.
Therefore we may find a finite cover of D_ x M by such sets, and consequently 7} < oo such
that for all y € D_ and s € M, %" < T!. Denote z5¥! = o3 (g3¥!).

Step 1.2 In a second step, we go from a small neighborhood Bj(z_) of z_ to the equilibrium point
r_, in time at most 1, at cost at most %
In fact, by the continuity of the cost function, for [ small enough, s € M, there exists a con-
tinuous path 5" of time length o' < 1 such that @5*'(0) = 25!, P5¥!(05¥") = z_ and

Lyt (95™") < 9/3.

Step 1.3 In a third step, we exit some d—neighborhood of D_, starting from the equilibrium point
Z_, in time at most T3 < 0o, at cost at most e(s) + g for s € M.
By (2.4) and the continuity of the cost function for any s € M there exists z; ¢ A_ D D_,
T3 < oo, some neighborhood W; of s and for u € Ws we have ¢} € Coou such that ©4(0) =z_,
Gu(0%) = 2, o} < T5 and

s,y,1
T2

Sup Iy (o4) < els) +9/3.
uEWs

Use the compactness of M to find a finite cover of M by such neighborhoods, and thus some

T35 < oo such that all the statements hold with o§ < T3 for all s € M. Finally remark that the

exit point is at least a distance & = inf;c s |2;| away from the boundary of D_, if z;,i € J, are

the exit points corresponding to the finite cover.

2,1

In order to complete step 1, we now define a path zbf’y’l € C,,s.v1 by concatenating oY, cp;’y’l and
1

©5. This way, for small [ > 0 we find S} > 0 such that for all s € M,y € D_ we have 7¥! < St
f,y,l(ﬁs,y,l) =y, i,y,l(ﬁs,y,l) ¢ A_ and
!
Ing,y,l( V) <e(s)+ 20 forall se M,yeD_.
At this point, we can encounter two cases. In the first case wf’y’l exits a d;—neighborhood of Bg(0).

In this case we continue with step 4. In the second case, ] Yl oxits D_ into (1, and we continue with
Step 2.

Step 2. For I small enough, we start in y € 3, to construct S5 > 0 and a path 1/15’7”’[ defined on a
time interval [0, 75%""] with 75¥! < S} for all y € D_,s € M and along which we exit 3 into the
interior of Dy at cost at most %.

In fact, due to the continuity of the cost function (see Lemma 1.6), there exists [ > 0 small enough
such that for any s € M,y € [3; there exists Zsy, in the interior of D, such that Q/JS’y’l(O) =y,
Y3t vhy = 2, 41 and I 391 < 9/3. We may take S = 1.

T2

Step 3. We start in y € D, to construct 65 > 0, S} > 0 and a path 1/J§’y’l defined on a time interval
[0, 75Y"] with 75%! < SL for all y € D_,s € M and along which we exit D, into B, s (z+) at no
cost.

Let 6% = o/2. Since D is compact and contained in the domain of attraction of z, stability of
the solutions of the differential equation ¢(t) = b(s, p(t)) with respect to the initial condition y € D
and the parameter s guarantees the existence of some time S > 0 such that the entrance time T5 ol
of By/(x4) by the solution starting in y is bounded by SL. Therefore we may take 1[15’?”[ to be defined
by this solution restricted to the time interval before its entrance into B, /(x4 ).

Step 4. For [ > 0 small enough we start in & € D_ and construct Ty > 0,6 > 0 and a path (5%
defined on the time interval [0, Tp], exiting a d—neighborhood of D at cost at most e(s) + o for all
se M.

For [ small enough, take Ty = S! + S4 + SL. We just have to concatenate paths constructed in
the first three steps. Recall that wf’w’l passes through the equilibrium z_ due to Step 1. In case
wf’“ exits a 0} -neighborhood of Br(0), just let the path spend enough time in x_ without cost to
obtain a path ¢(*%! defined on [0, Tp], and take § = §%. In the other case, we concatenate three paths
constructed in Steps 1 - 3, to obtain a path defined on a subinterval of [0, Tp] depending on s, x, and
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which exits a 64-neighborhood of D. Recall from step 1 that this path also passes through z_. It
remains to redefine the path by spending extra time at no cost in this equilibrium point, to complete
the proof. O

We now proceed to the estimation of uniform lower bounds for the asymptotic law of 7p. The
uniformity has to be understood in the sense of Remark 1.11.

Proposition 2.5. Let K be a compact subset of D.

a) If e(s) > p, then
liminfelog inf IP,(mp < sT°) > u — e(s),
e—0 zeK

locally uniformly on {(s,p) : p« < p < min(e(0),e(s)),0 < s < 1}.

b) If e(s) < u, then
lim elog sup IP,(tp > sT°) = —o0,
e zeK

locally uniformly on {(s,p) : e(s) < p < e(0),0 <s <1}

Proof. We choose a compact subset L of [0,1] and a compact subset M of |u., e(0)[ as well as some
¥ > 0 such that
le(s) —pu| >0 V(s,pu) € L x M.

Later on we shall assume that e(s) — p is uniformly positive resp. negative in order to prove a) resp.
b).

In a first step, we apply Lemma 2.4 to approximate the energy function e(s) by the rate function
along a particular path, uniformly w.r.t. s. For the chosen ¥ it yields Ty > 0 and § > 0 as well as
continuous paths (** indexed by z € D and s € [0, 1] ending a distance at least § away from D such

that for all z € D and s € [0, 1]

. 9
I, (C*) < els) + 5.

In a second step, we use the Markov property to estimate the probability of exiting D after time sT°
by a large product of exit probabilities after time intervals of length independent of € and p. Since
for e > 0, p € M the interval [0, sT¢] becomes arbitrarily large as ¢ — 0, we introduce a splitting into
intervals of length v > T independent of € and p. For k € INg let ty = tx(s, e, u) := sT° — kv. Then
we have for k € INg and z € D

P (7p > th) = IE, (l{TDZtk}l{TDZtk+1}> =K, (l{TDZtk+1} IE [1{TDZtk} ‘ gztkﬂ] )

<P, (TD > fk+1) sup Py, .. (Tp > V)
yeD

Here 1P, ; denotes the law of X*¥, defined by the SDE

s+t
T’

dXY :b( Xf’y) dt +EdW,, t>0, XJV=yeR?.
On intervals [0, V] it coincides with the law of the original process X on [s, s + v], but of course paths
may differ. Denoting gx (s, ¢, i) := sup,ep Py 4, (Tp > v), an iteration of the latter argument yields

N(e,p)

sup IP, (7p > sT°) < H ar(s, €, 1) (2.7
reK i=1

whenever N (e, ) v < sT¢. For the further estimation of the ¢ we apply some LDP to the prod-
uct (2.7). This relies on the following idea. We choose N (e, u) of the order ¢T°. Then the starting
times t; appearing in the product belong to some neighborhood of sT that, compared to T°¢, shrinks
to a point asymptotically. Consequently, the family of diffusions underlying the product is uniformly
exponentially equivalent to the homogeneous diffusion governed by the drift b(s, -).

This will be done in the following third step. For « € D, s € [0,1] let

U(x,s) := {w € Cor, : pory, (¥, (%) < %}
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be the open §/2-neighborhood of the path chosen in the first step, and let

U(x):= U U(x,s).

s€[0,1]

To apply our large deviations estimates in this situation, note first that conditions concerning 7p
translate into constraints for the trajectories of X¢ as figuring in the preceding section: due to the
definition of W¥(x,s), the choice v > Ty and Lemma 2.4 we know that for y € Dk < N(e,p), if
XY belongs to ¥(x), then for sure X**¥ exits D before time v. Keeping this in mind, we may apply
Proposition 1.10 to the neighborhoods

5%0(e, p) = [sT° —vN(e, ), sT° + v]

of sT¢. Each of the intervals [ty,ts + 1] is contained in S*°(e, u). As mentioned before, N (e, ) is
chosen of the order €T, and this can be done uniformly w.r.t. u € M. More precisely, we assume to
have constants 0 < ¢; < ¢g such that ¢;6T° < N(e, u) < coeT®. Then

di s,0
lim  sup diam S5*7(e, 1)

=0,
€=05¢00,1], ueM Te
and by the large deviations principle of Proposition 1.10 we obtain the lower bound

liminfelo inf P H < V) > — su inf IS
e—0 g yeK, peM, kSN(S,ﬂ) y7tk( D ) - yejp( 'L/JG\II(y) OTo(w)

> —sup Iy, (C7°) > —e(s) —
yeK

ﬂk.\ 53

We stress that this bound is uniform w.r.t. s in the sense of Remark 1.11, so we can find ¢g > 0
independent of s such that for € <eg, p € M and k < N(e, u)

1—qi(s,e,p) = inf Py, (7p <v)
yeD

1 ¥
By P < 2] L)
= yeD, ued. <N U (o <v) zexpy = Z(els) + 3
From this we obtain
N(e,p)
1 ) N(e,n)

sup P, (p > sT°) < H qr(s,e,p) < (1 — exp{ — f(e(s) + —)})
zeK g

2
i=1
= exp {N(a,,u) log (1 - exp{ - é(e(s) + g) })} =:m(e, p).
Since log(1 — z) < —z for 0 < 2 < 1 we have

m(e, u) < exp{ —c1€ exp{g - 1(e(s) + g)}}

3

In the fourth and last step, we exploit this bound of m(e, 1) to obtain the claimed asymptotic bounds.

In order to prove a), assume that u < e(s) for (s, ) € Lx M. Then the inner exponential approaches 0
on L x M. Using the inequality 1 —e~% > xexp(—1) on [0, 1], we conclude that there exists 1 € (0,¢¢)
such that for all € < ey and (s,u) € L x M

elog ;gf{IPT (7p < sT°) > elog (1 — m(a,ﬂ))

> elog (501 exp(—1) exp {é(u —e(s) — g)})
= —c+elogey +eloge + p—e(s) — g

>u—e(s)—1.
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For b) assume u > e(s) on L x M. Then

elog sup P, (TD > sTg) <celogm(e, p)
zeEK

< —claexp{ — é(,u—e(s) - 7)} —— —00.
O

As a consequence of these large deviations type results on the asymptotic distribution of 7 and the
remarks preceding the statement of Lemma 2.4 and Proposition 2.5, we get the following asymptotics
for the transition time of the diffusion.

Proposition 2.6. Let © € A_. There exists hg > 0 such that
lim iglfglog P,(1 < (ap — h)T°) > p—e(a, — h), (2.8)
E—
lir%alog Py(1o > (ap + h)TF) = —o0, (2.9)
E—

for h < hg. Moreover, these convergence statements hold uniformly w.r.t. © on compact subsets of D
and w.r.t. p on compact subsets of |, e(0)].

Proof. As the estimation based on Proposition 1.5 at the beginning of the section shows, we may
derive the required estimates for 7p instead of 7,, if R is chosen large enough.

Let M be a compact subset of ]p.,e(0)[. Then 0 < a, < 1 for p € M which yields the existence of
ho > 0 such that the compact set Ly, := {a, —h : p € M} is contained in |0, 1] for A < hy. Moreover,
we have e(s) > p for 0 < s < a, due to the assumptions on e, uniformly w.r.t. (s,p) € Ly x M by
the continuity of e. Hence by Proposition 2.5 a)

o : < STE) > 4
ll?Jgfslog wlg}f( IP,(tp < sT°) > pu—e(s),

uniformly on Ly, x M for all h < hg. By setting s = a,, — h we obtain the first asymptotic inequality.
The second one follows in a completely analoguous way from Proposition 2.5 b) since o, = a,, and
e(a, + h) < p for small enough h. O

2.2 Upper bound for the exponential exit rate

Let us next derive upper bounds for the exponential exit rate which resemble the lower bounds just
obtained. We need an extension of a result obtained by Freidlin and Wentzell (Lemma 5.4 in [15]).

Lemma 2.7. Let K be a compact subset of A_\ {x_}. There exist To > 0 and ¢ > 0 such that for
all T > Ty, s €[0,1] and for each p € Cor taking its values in K we have

Igp () = (T = To).
Proof. Let ¢, , be the solution of the differential equation

ban(t) =b(s,bs0(t)), Gs0(0) =z € K.

Let 7(s,z) be the first exit time of the path ¢;, from the domain K. Since A_ is the domain of
attraction of z_ and since K is a compact subset of A_ \ {z_}, we obtain 7(s,z) < oo for all z € K.
The function 7(s,z) is upper semi-continuous with respect to the variables s and z (due to the
continuous dependence of ¢, on s and x). Hence the maximal value 71 := sup,c( 1), zex 7(a, ) is
attained.

Let Ty = T + 1, and consider all functions ¢ € Cyp, with values in K. This set of functions is closed
with respect to the maximum norm. Since there is no solution of the ordinary differential equation
in this set of functions, the functional I§;, reaches a strictly positive minimum on this set which is
uniform in s. Let us denote it by m. By the additivity of the functional I, we obtain, for T" > Ty
and ¢ € Cor with values in K

Liz () 2 m EJ zm (:f - 1) =o'~ To)

0 0
with ¢ = 2. ]

20



Let us recall the subject of interest of this subsection:
To=inf{t>0: X; € By(zy)},

the hitting time of a small neighborhood of the equilibrium point . First we shall consider upper
bounds for the law of this time in some window of length G7° where 3 is sufficiently small. The
important feature of the following statement is that § is independent of s while the uniformity of the
bound again has to be understood in the sense of Remark 1.11.

Proposition 2.8. For all ¥ > 0, there exist 3 > 0, n > 0 such that for all s € [0, 1]

limsupelog sup [P, (sT° <7, < (s+B)T°) < p—e(s)+ 9.
e—0 z€By(x_)

This bound holds locally uniformly w.r.t. p €], e(0)[ and uniformly w.r.t. s € [0,1].

Proof. Let M be a compact subset of u., e(0)[, and fix ¥ > 0. We first introduce some parameter
dependent domains the exit times of which will prove to be suitable for estimating the probability
that 7, is in a certain time window.

For this purpose, we define for § > 0 and s € [0, 1] an open domain

1
D(575) = {y € IRd : Vs(l‘_,y) < ,lL* + mv diSt(yaA-i-) > 5}5
and we let D = D(5) = Uggo,1)D(0,5). Then D is relatively compact in A_, dist(y, Ay) > § for
all y € D(0), and a transition to a g-neighborhood of z certainly requires an exit from D(4). The
boundary of D(d) consists of two hyper surfaces one of which carries an energy strictly greater than
p* and thus greater than e(s) for all s € [0,1]. The minimal energy is therefore attained on the other
component of distance § from A, which approaches y = 0A_ as § — 0. Thus, by the joint continuity
of the quasi-potential, we can choose dg > 0 and 7 > 0 such that for 6 < §y and s € [0, 1]
9
=inf V%(z_,z) > inf V%xz_,z)> inf inf V®(y,z) > - —. 2.10
A PR s DL B
Let 7p be the first exit time of X¢ from D. For s € [0,1] and 8 > 0 we introduce a covering of the
interval of interest [sT<, (s+ 3)T¢] into N = N(f, ¢, ) intervals of fixed length v, i.e. v is independent
of e, u, s and §. We will have to assume that v is sufficiently large which will be made precise later
on. Thus we have Nv > gT¢, and we can and do assume that N < g7¢. For k € Z, k > —1, let

ty = tx(s,e,p) := sT° + kv

be the starting points of these intervals. We consider ¢_; since we need some information about the
past in order to ensure the diffusion to start in a neighborhood of the equilibrium z_. Then for
x € By(x_) we get the desired estimation of probabilities of exit windows for 7, by those with respect

to Tp:
N

P, (sT° <7y < (s + B)T°) <> Pu(ty < 7p < trpa).
k=0
In a second step we will fix £ > 0 and estimate the probability of a first exit from D during each
of the intervals [tg,tr+1] separately. Here the difficulty is that we don’t have any information on
the location at time ;. We therefore condition on whether or not X has entered the neighborhood
B, (z_) in the previous time interval. For that purpose, let

o =inf{t >t V0: X; € By(z_)}, k=>-1.
Then for k> 0
Pty < 7p <tiy1) S Pty < 7p < tigi|on—1 < ty) +Po(7p A og—1 > ty). (2.11)

In the next step we shall estimate the second term on the right hand side of (2.11). Let K =
K(6,n) = D(6) \ By(xz—). Then K is compact, and by the Markov property we have

P,(tp ANog—1 > tg) < sug Pyt (Tp Ao > v),
ye
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where IP, ; is as defined in the previous section. Now we wish to further estimate this exit probability
using large deviations methods. The neighborhoods

SP (e, u) = [sT° — v, (s + vN (B, e, 1)) T°]
of T contain each interval [tg,tx+1], —1 < k < N(B,¢e, 1), and they satisfy

diam(5*7 (e,
lmsup  sup  SemT(Em)
e—=0  peM, s€[0,1] Te

B.

Hence by the uniform LDP of Proposition 1.10, applied to the closed set

‘I’K(ya(sﬂl):{@ECo,ul Yo =Y, @teK(dvn) fOI‘ all tE[O,l/]},
we obtain the upper bound
lim sup ¢ log sup Py ,(TpANo1>v)

e—0 yeK, peM, k<N

< limsupelog sup P, (X® € ®x(y,0,m)) (2.12)
e—0 yEK, nEM, tESS P (e,p)

< — inf inf 15 (o
YEK pedk (y,6,7)70 0 (#):

where 7o(3) = Brefr(0¥ is the “blowup-factor” induced by the diameter §. Since vo(3) — 0 as
B — 0, we can find 8y > 0 such that for 8 < Gy

U @xén@c J @K(y,é,ﬂ)

22
yeK(8,n) yEK($,1)

which amounts to saying that, instead of blowing up the set of paths, we consider the slightly enlarged
domain K(%, 7). Thus

— inf inf I35 < — inf inf I35 .
YEK oedk(y,6,y)70(P) () < YEK oedk(y,5,%) 0.(?)

By Lemma 2.7 the latter expression, and therefore the r.h.s. of (2.12), approaches —oco as v — oo,
uniformly w.r.t. s € [0,1]. So the second term in the decomposition of IP,(ty < 7p < tx41) can be
neglected since it becomes exponentially small of any desired order by choosing v suitably large.

In the next and most difficult step, we treat the first term on the r.h.s. of (2.11). It is given by
the probability that, while X< is in B,(xz_) at time o}, it exits within a time interval of length
tk+1 — ox—1 < 2v. Hence by the strong Markov property

P, (ty <7p < tpyilop_1 <tp) < sup P, +(7p < 2v).
tp—1<t<tp, y€By(z_)

Applying the uniform LDP to the closed set
Fp(y,d) :={p € Coav: wo =1y, w1, ¢ D(5) for some ty < 2v},
yields the upper bound

limsup ¢ log sup P,.(tp <2v) < — inf

inf I5 4, (@), (2.13)
e—0 YEB, (x_), pEM, t€S8 (e,1) ! YEBy(z-) peFp(y,5)70F) 02

where 7o(3) = 26ve?K2(0)V By the same reasoning as before we can replace the blow-up of the path
sets Fp(y,d) by an enlargement of the domain D(d4). We find 3; > 0 such that for 8 < 3

— inf inf I < — inf inf I < — inf inf  V*(y, 2).
YEBy(z_) oeFp(y,86)70 (3 0 21/(%0) - YyE€By(z-) 9EFD(y,) 0721,((,0) - YyEBy(z-) z€0D($) (y )
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Now we apply (2.10) and recall the uniformity of the LDP w.r.t. s. We find g > 0 such that we have
fore <eg,s€[0,1], n € M and 8 < 3y

0
elog sup P, (tp <2v) < — inf inf V(y,2)+ —
yEB, (2_), t€5°8 (e YyEBy(2-) 2€0D() 4
J
< —e(s) + 5 (2.14)

We finally summarize our findings. We conclude that there exists €1 > 0 such that for e <&, p e M
and s € [0, 1] we have

elog sup TP,(sT° <71, < (s+5)T°)
x€By(z_)
N(B,e,u)

Elog{ Z sup IPa: (tkSTDStk+1’U]@,1 Stk)}_i_g
k=0 *E€By(z-)

IN

- 1 9 Y 3
< elog {BT exp ( - g[e(s) - 5])} + 1= elog B+ p—e(s) + 119
< p—e(s)+9.
This completes the proof. O

Remark 2.9. If we stay away from s = 0, in the statement of Proposition 2.8 the radius of the
starting domain By(x_) can be chosen independently of the parameter . It may then be brought into
the following somewhat different form.

Proposition 2.10. Let L and M be compact subsets of 10,1] resp. Jp,e(0)[. Let n > 0 be small
enough such that By(z_) belongs to the domain

{yeR*: V¥(x_,y) <p* forall seL}.
Then, for all 9 > 0, there exists some 3 > 0 such that we have

limsupelog sup IP(sT° <7, <(s+6)T°) < p—e(s)+7.
e—0 z€By(z_)

uniformly w.r.t s € L and p € M.

Proof. To prove Proposition 2.10, one has to modify slightly the preceding proof. Instead of just n
one has to choose two different parameters: 7y for the definition of the starting domain D and some
71 for the description of the location of the diffusion at time t, i.e. for the definition of the stopping
times oy,. O

In the following Proposition, we derive the upper bound for the asymptotic law of transition times,
corresponding to the lower bound obtained in Proposition 2.6.

Proposition 2.11. Let p < e(0), and recall from (2.5) the definition a, = inf{t > 0 : e(t) < p}.
There exist v > 0 and hg > 0 such that for all h < hg

limsupelog sup IP,(7, < (a, —h)T°) < p—e(a, —h). (2.15)
e—0 z€B(z_)

This bound is uniform w.r.t. p on compact subsets of |, e(0)][.

Proof. Let M be a compact subset of |u., e(0)[. To choose hg, we use our assumptions on the geometry
of the energy function e. Recall Assumption 2.2 according to which e is strictly monotonous in the
open intervals between the extrema |u.,p*[. It implies that e is monotonically decreasing on the
interval [a,(o), a,] for any u € M. By choice of M, we further have a.y < inf, e a,. Now choose hg
such that

inf a,, — hg > ag0)-
penr H 0 e(0)
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Then we have for h < hy

Mlg}& ay, —h >0, (2.16)

e(0) > sup e(a, —h), (2.17)
pEM,h<hg

e(s) > e(a, —h) forall s<a,—nh. (2.18)

To see (2.18), note that for 0 < s < ac(gy, by definition of a(g), the inequality e(s) > e(0) > e(a, —h)
holds, while for a.) < s < a, — h by monotonicity e(s) > e(a, — h).

Next fix h < hg. For p € M, let Ag = Ag(p) =0, and Ay (p) < inf,err(a, —h)Te. For N € IN* we
set Aj(p) = Ay + =% ((a — h)T® — Ay), 2 < i < N, thus splitting the time interval [0, (a,, — h)T]
into the N intervals [A;(p), Aiy1(p)], 0 <@ < N —1. Then for v > 0, z € By(z_)

N—-1
Py (1, < (a = W) < Y Pulry € [Ai(n), Aiga (),

which implies
limsupelog sup IPy(7, < (a, —h)TF)
e—0 z€B(x_)

< max limsupelo su P.(7, € [Ai(p), A; .
S oy, lmsppelog sup (7o € [Ai(1), Airr (1))

Fix ¥ > 0 such that for h < hg,n € M we have e(0) > e(a, — h) + ¥. This is guaranteed by (2.17).
We shall show that

limsupelog  sup TPu(7, € [Ai(p), Aipa(w)]) < p—e(a, —h) +9
e—0 z€EB(z_)
uniformly in 0 <i < N —1and p € M.
Let us treat the estimation of the first term separately from the others. In fact, by Proposition
2.8, setting s = 0, § = A;/T*¢, we may choose A, g > 0 and 79 > 0 such that for Ay < AT< e <
€0,7 < Y0, ¢ € M the inequality

clog _sup Pa(ry € [Aolp), M) < = e(0) +9
rEB, (T

holds. Now we use the inequality e(0) > e(a, — h) + ¥, valid for all ; € M. Hence there exists A > 0,
€o > 0 and 7y > 0 such that for A; < AT® e <eg,v <o, p € M
elog sup )lPa;(Tg € [Ao(p), M(p)]) < p—e(ay — h).
reEB, (x_
Let us next estimate the contributions for the intervals [A; (1), A;y1(p)] with i > 1. We use Proposition
2.8, this time with s = A;(1)/T%, B = = Sup,eps ay- By the definition of a,,, we get e(s) > e(ay)

N-1
for all s < a,. By (2.18), we have e(s) = e(A;(u)/T¢) > e(a, — h). By Remark 2.9,

limsupelog sup IPu(7, € [Ai(p), Aiy1(p)]) < p—ela, —h)+9
e—0 z€EB(x_)

uniformly w.r.t 1 <i < N and g € M. Letting 9 tend to 0, which implies that N tends to infinity
and A; tends to zero, we obtain the desired upper bound for the exponential exit rate. O

3 Stochastic resonance

Given the results of the previous section on the asymptotics of exit times which are uniform in the scale
parameter u, we are now in a position to reconsider the problem of finding a satisfactory probabilistic
notion of stochastic resonance that does not suffer from the lack of robustness defect of physical
notions such as spectral power amplification. We continue to study the SDE

t
dXE = b(F7Xf)dt+ VEdW,, t>0, Xi =10 € R
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introduced before, thereby recalling that the drift term b satisfies the local Lipschitz conditions (1.17)
and (1.16) in space and time, as well as the growth condition (1.18). Moreover, b is assumed to be
one-periodic in time such that T¢ is the period of the deterministic input of the randomly perturbed
dynamical system described by X¢©.

In typical applications, b = —V,U is given by the (spatial) gradient of some time periodic double-
well potential U (see Pavlyukevich [11]). The potential possesses at all times two local minima well
separated by a barrier. The depth of the wells and the roles of being the deep and shallow one change
periodically. The diffusion X¢ then roughly describes the motion of a Brownian particle of intensity e
in a double-well landscape. Its attempts to get close to the energetically most favorable deep position
in the landscape makes it move along random trajectories which exhibit randomly periodic hopping
between the wells. The average time the trajectories need to leave a potential well of depth 3 being
given by the Kramers-Eyring law 7° = exp(2) motivates our choice of time scales 7 = exp(£) and
also our convention to measure time scales in energy units pu.

The problem of stochastic resonance consists of characterizing the optimal tuning of the noise, i.e.
the best relation between the noise amplitude € and the input period T¢ — or, in our units the energy
parameter p — of the deterministic system which makes the diffusion trajectories look as periodic as
possible. Of course, the optimality criterion must be based upon a quality measure for periodicity in
random trajectories.

In this section we shall develop a measure of quality based on the transition probabilities investigated
in section 2 and with respect to this measure for fixed small € (in the small noise limit € — 0) exhibit
a resonance energy fio(g) for which the diffusion trajectories follow the periodic forcing of the system
at intensity € in an optimal way. We shall in fact study the problem in a more general situation which
includes the double-well potential gradient case as an important example, and draws its intuition from
it. The deterministic system

@s(t) = b(s, ps(t), t>0,

has to satisfy Assumption 2.1, i.e. it possesses two well separated domains of attraction the common
boundary of which is time invariant. In the first subsection we shall describe the resonance interval
i.e. the set of all parameter values p for which in the small noise limit trivial behavior, i.e. either
constant or continuously jumping trajectories, are excluded. The second subsection shows that a
quality measure of periodic tuning is given by the exponential rate at which the first transition from
one domain of attraction to the other one happens within a fixed time window around a,7°. This
quality measure is robust, as demonstrated in the last subsection: in the small noise limit the diffusion
and its reduced model, a Markov chain jumping between the domains of attraction reduced to the
equilibrium points, have the same resonance pattern.

3.1 Resonance interval

According to Freidlin [3], quasi-periodic hopping behavior of the trajectories of our diffusion in the
small noise limit of course requires that the energies required to leave the domains of attraction of the
two equilibria switch their order periodically: if ex denotes the energy needed to leave A, then e
needs to be bigger than e_ during part of one period, and vice versa for the rest. We assume that e,
both satisfy Assumption 2.2 and associate to each of these functions the transition time

af(s) =inf{t > s: ex(t) < pu}.

The time scales u for which relevant behavior of the system is expected, clearly belong to the intervals

I; =]inf e;(t),supe;(t)[, i€ {—,+}.
t>0 t>0

Our aim being the observation of periodicity, we have to make sure that the process can travel back
and forth between the domains of attraction on the time scales considered, but not instantaneously.
So, on the one hand, in these scales it should not get stuck in one of the domains. On the other hand,
they should not allow for chaotic behavior, i.e. immediate re-bouncing after leaving a domain has to
be avoided.

To make these conditions mathematically precise, recall that transitions from A; to A_; become
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possible as soon as the energy e; needed to exit from domain ¢ falls below p which represents the
available energy. Not to get stuck in one of A4, we therefore have to guarantee

pu > max %gg ei(t).

To avoid immediate re-bouncing, we have to assure that the diffusion cannot leave A_; at the moment
it reaches it, coming from A;. Suppose we consider the dynamics after time s > 0, and the diffusion
is near 4 at that time. Its first transition to A_; occurs at time a/,(s)T° where a/,(s) is the first time
in the original scale at which e; falls below u after s. Provided e_i(az (s)) is bigger than pu, it stays
there for at least a little while. This is equivalent to saying that for all s > 0 there exists § > 0 such
that on [a},(s),al,(s) + 8] we have u < e_;. Since by definition for ¢ shortly after al,(s), we always
have e;(t) < p, our condition may be paraphrased by: for all s > 0 there exists § > 0 such that on
[al,(s),al,(s) + 6] we have i < max;—= e;. This in turn is more elegantly expressed by

inf i(1)-
b el

Our search for a set of scales p for which the diffusion exhibits non-trivial transition behavior may
be summarized in the following definition. The interval

I =hpagighe®) e el

is called resonance interval (see Figure 3).

a

—

PSfrag replacements
0 |
e+ (t)
I

Figure 3: Resonance interval

In this interval, for small &, we have to look for an optimal energy scale u(e) in the following
subsection. See [7] and [6] for the definition of the corresponding interval in the one-dimension case
and in the case of two state Markov chains. In Freidlin’s [3] terms, stochastic resonance in the sense
of quasi-deterministic periodic motion is given if the parameter u exceeds the lower boundary of our
resonance interval.

Let us briefly consider the potential gradient case. Assume that b(t,z) = =V, U(t,z), t > 0, z €
RY, where U is some time periodic double-well potential with time invariant local minima z. and
separatrix. Then A_ and A, represent the two wells of the potential, x the separatrix. The energy
e+ is, in fact, the energy some Brownian particle needs to cross y. Freidlin and Wentzell [4] give the
link between this energy and the depth of the well.

Lemma 3.1. If Dy (t) = inf,e, U(t,y) —U(t,x+) denote the depths of the wells, then ex(t) = 2D (t)
for allt > 0.

This link is the origin of the name “quasipotential”. The minimal energy e is reached by some
path which intersects the level sets of the potential with orthogonal tangents. This path satisfies an
equation of the form

Ps =V U(t,ps), s€(—00,T), @r€X.

The resonance interval is given by

I = mg 12010, Jaf mex 2Di(0),
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3.2 Transition rates as quality measure

Let us now explain in detail our measure of quality designed to give a concept of optimal tuning
which, as opposed to physical measures (see Pavlyukevich [11]), is robust for model reduction to
Markov chains just retaining the jump dynamics between the equilibria of the diffusion. We shall use
a notion that is based just on this rough transition mechanism. In fact, generalizing an approach for
two state Markov chain models (see [6]), we measure the quality of tuning by computing for varying
energy parameters u the probability that, starting in x;, the diffusion is transferred to z_; within the

time window [(a}, — h)T*, (a}, + h)T*] of width 2hT*<. To find the stochastic resonance point for large

T¢ (small £) we have to maximize this measure of quality in x4 € Ir. The probability for transition
within this window will be approximated by the estimates of the preceding section. Uniformity of
convergence to the exponential rates will enable us to maximize in p for fixed small e.

Let us now make these ideas precise. To make sure that the transition window makes sense at
least for small h, we have to suppose that afL > 0,71 = £1 for u € Ir. This is guaranteed if

e;(0) > tlrzlgliriafei(t)’ i=+.

If this is not granted from the beginning, it suffices to start the diffusion a little later. For ¢ small
enough so that B,(r1) C Ay we call

M(e,p,0) =min  sup  P(7," € [(a}, — h)T7, (ay, + W)T?]), &> 0,p¢€ I, (3.1)
=% 0B, (a1)

transition probability for a time window of width h. Here
7'; =inf{t > 0: X7 € By(z,)}.
We are ready to state our main result on the asymptotic law of transition time windows.

Theorem 3.2. Let M be a compact subset of Ir, hg > 0 and o be given according to Theorem 2.3.
Then for all h < hy ‘
lim e log(1 — M(e, 1, 0)) = max {p — ei(ay, — )} (3.2)

uniformly for p € M.
Proof. This is an obvious consequence of Theorem 2.3. O

It is clear that for h small the eventually existing global minimizer pg(h) of
Ip>p— max {n—eila), —n)}

is a good candidate for our resonance point. But it still depends on h. To get rid of this dependence,
we shall consider the limit of pur(h) as h — 0.

Definition 3.3. Suppose that
Ip 5 p— max {p— ei(a), —h)}
possesses a global minimum pr(h). Suppose further that
=1 h
Pr = pr(h)

exists in Ig. We call pr the stochastic resonance point of the diffusion (X¢) with time periodic drift
b.

Let us now illustrate this resonance notion in a situation in which the energy functions are related
by a phase lag ¢ €]0,1[, i.e. e_(t) = e (t + ¢) for all ¢ > 0. We shall show that in this case the
stochastic resonance point exists if one of the energy functions, and thus both, has a unique point of
maximal decrease on the interval where it is strictly decreasing.
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Theorem 3.4. Suppose that e_ is twice continuously differentiable and has its global mazimum at tq,
and its global minimum at to, where t1 < ta. Suppose further that there is a unique point t1 < s < ty
such that e_|y, o[ is strictly concave, and e_|j, 4, is strictly conver. Then pr = e_(s) is the stochastic
resonance point.

Proof. As a consequence of the phase lag of the energy functions,
max {n- ei(aL —h)}={p—e_(a;, —h)}.

Write a;, = a,, and recall that on the interval of decrease of e_, a,, = e~'(u). Therefore, the differen-
tiability assumption yields

Our hypotheses concerning convexity and concavity of e_ essentially means that e’ (s) = 0, and
e’ [1t,,s0 < 0,€” Jj5,4,0 > 0, which may be stated alternatively by saying that u +— e’ (a,) has a local
maximum at a, = s. Hence for h small there exists a unique point a,(h) such that

e’ (au(h) —h) =e_(au(h))
and
flbli% au(h) =s.

To show that a,(h) corresponds to a minimum of the function

o= [p—e—(ay = h)],
we take the second derivative of this function at a,(h), which is given by
e’ (au(h) — h)e” (au(h)) — e’ (au(h) — h)e” (au(h))
e’ (au(h)) '

But e’_(a,(h)), e (a,(h)—h) <0, whereas e” (a,,(h)—h) > 0,¢e” (a,(h)) < 0. This clearly implies that
a,(h) corresponds to a minimum of the function. But by definition, as h — 0, a,,(h) — s. Therefore,
finally, e_(s) is the stochastic resonance point. O

3.3 The robustness of stochastic resonance

In the small noise limit ¢ — 0, it seems reasonable to assume that the periodicity properties of the
diffusion trajectories caused by the periodic forcing the drift term exhibits, are essentially captured
by a simpler, reduced stochastic process: a continuous time Markov chain which just jumps between
two states representing the equilibria in the two domains of attraction. Jump rates correspond to
the transition mechanism of the diffusion. This is just the reduction idea ubiquitous in the physics
literature, and explained for example in McNamara, Wiesenfeld [9]. We shall now show that in the
small noise limit both models, diffusion and Markov chain, produce the same resonance picture, if
quality of periodic tuning is measured by transition rates.

To describe the reduced model, let e+ be the energy functions corresponding to transitions from A+
to Ay as before. Assume a phase locking of the two functions according to the previous subsection, i.e.
assume that e_(t) = ey (t + ¢),t > 0, with phase shift ¢ €]0,1[. So, let us consider a time-continuous
Markov chain {Y}?, t > 0} taking values in the state space S = {—,+} with initial data Y§ = —.
Suppose the infinitesimal generator is given by

G(—s@(qfs) () )
V(=)  —v(4)

where (t) = @(t + ¢),t > 0, and ¢ is a 1-periodic function describing a rate which just produces the
transition dynamics of the diffusion between the equilibria =+, i.e.

o(t) = exp{ - e%(t)} t>0. (3.3)
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Note that by choice of ¢,

bt =exp{ - e-(t) bot20 (3.4)

e

Transition probabilities for the Markov chain thus defined are easily computed (see [6], section 2).
For example, the probability density of the first transition time o; is given by

p(t) = tp(t)exp{—/otgp(s)ds}, if 1=—, (3.5)
qt) = so(t+¢)e><p{—/0t<p(s+¢)ds}, if =4,

t > 0. Equation (3.5) can be used to obtain results on exponential rates of the transition times o; if
starting from —¢, ¢ = . We summarize them and apply them to the following measure of quality of
periodic tuning

N (e, ) = minTPi(o; € [(a, ~ )T, (@, + )T7)), &> 0,p€ In, (3.6)

which is called transition probability for a time window of width h for the Markov chain.

Here is the asymptotic result obtained from a slight modification of Theorems 3 and 4 of [6] which
consists of allowing more general energy functions than the sinusoidal ones used there and requires
just the same proof.

Theorem 3.5. Let M be a compact subset of Ir, hg < sup(a;l,T/2 - a;l). Then for 0 < h < hg

lim &In(1 —N(e,pn)) = max {n—e_(a, —h)} (3.7)

uniformly for p € M.

It is clear from Theorem 3.5 that the reduced Markov chain Y¢ and the diffusion process X¢ have
exactly the same resonance behavior. Of course, we may define the stochastic resonance point for Y
just as we did for X¢. So the following final robustness result holds true.

Theorem 3.6. The resonance points of (X¢) with time periodic drift b and of (Y¢) with exponential
transition rate functions e+ coincide.
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