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Abstract

In this thesis we investigate the phenomenon of stochastic resonance, i.e. the
optimal noise-induced increase of a dynamical system’s sensitivity and ability to
amplify small periodic signals.

We consider bistable stochastic systems fed with a small periodic signal —
two-state Markov chains with discrete and continuous time and diffusions in
double-well potentials. In the Markov chain case, one-step or infinitesimal prob-
abilities are periodically modulated. In the diffusion case, depths of the potential
wells are periodically changed in time. We introduce several measures of good-
ness for tuning, the most important one of which is the coefficient of the spectral
power amplification (SPA), which describes the spectral energy carried by the
averaged random output corresponding to the frequency of a small deterministic
periodic perturbation.

For the Markov chains, this coefficient is studied as a function of noise, and
the coordinate of its local maximum, the resonance point, is determined asymp-
totically in the small noise limit. Six more measures of goodness are investigated,
including the SPA-to-noise ratio, the energy, the out-of-phase measure, the rela-
tive entropy, and the entropy of the invariant measure. Optimal tuning rates are
obtained for all these measures.

To investigate optimal tuning for diffusions we study adapted Markov chains
whose dynamical properties retain the essentials of the diffusions’ hopping prop-
erties between the two metastable states. Surprisingly, due to the influence of
many small oscillations near the potential valley bottoms, the tuning properties
of a diffusion’s SPA coefficient do not match those of the adapted Markov chain’s
coefficient. However, if the fluctuations of the diffusion near the wells’ minima
are cut off, the modified SPA coefficient has a local maximum with approximately
the same coordinates as the adapted Markov chain.

Our methods are based on the study of the equilibrium measures of the con-
sidered random processes. To determine the invariant densities of diffusions, we
use spectral analysis of the respective infinitesimal generators which describes
them in Fourier type series expansions. The analysis of optimal tuning and the
comparison to the adapted Markov chains become possible by a precise study of
the lowest order eigenvalues and eigenfunctions and the discovery of a spectral
gap between the first and second eigenvalue.
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Chapter 1

Introduction

Usually when we speak about noise we mean something that worsens the opera-
tion of a system. The dictionary [1] says that noise is a disturbance, especially a
random and persistent disturbance, that obscures or reduces the clarity of a sig-
nal. Indeed, we all suffer from the background noise in TV and radio receivers,
and engineers want to screen it out. The sensitivity of measuring devices like
tele- and microscopes is also limited due to the presence of natural and technical
noise. The fact is that fluctuation phenomena are part of our world and cannot
be neglected or eliminated.

However, in nonlinear systems the presence of noise may play a constructive
role. This work is devoted to the study of systems displaying stochastic resonance,
in which the essentially non-zero level of noise enhances the systems’ sensitivity
and ability to amplify small periodic deterministic signals.

1.1 Historical development of the concept

1.1.1 Ice Ages and the origin of stochastic resonance

In about 1980 R. Benzi et al. [3, 4, 5] and C. Nicolis [49] introduced a mathemat-
ical approach to qualitative explanation of the phenomenon of glacial cycles. The
modern methods of acquiring and interpreting climate records indicate at least
seven major climate changes in the last 700,000 years. These changes occurred
with the periodicity of about 100,000 years and are characterised by a substantial
variation of the average Earth’s temperature of about 10K.

The effect can be explained with the help of a simple energy balance model
(for an extended review on the subject see [32]). The Earth is considered as
a point in space, and its temporally and spatially averaged temperature X (t)
satisfies the equation

cX(t) = Ein — Eou. (1.1)

In other words, the instant change of the Earth temperature is determined by
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the difference between the incoming (E;,) and outgoing (E,,;) radiative energy.
Here c is a positive constant signifying the Earth’s heat capacity.

The Earth receives energy from the Sun. On the one hand, this energy is
proportional to the so-called solar constant ((¢) which shows how much solar
energy reaches the Earth at time t. It is known that due to the influence of
Jupiter the eccentricity of the Earth’s orbit oscillates with the period about 10°
years, and this causes the solar constant to vary with the same period. The
amplitude of this variation is estimated to be about 0.1%, and we may assume
that Q(t) = Q(1 + Asin(22)), where the period 27" ~ 10° years, A = 0.001.

 a(X)
1+

Fig. 1.1: The Earth’s albedo in Budyko—Sellers model as a function of tempera-
ture X.

On the other hand, F;, is proportional to the absorption coefficient of the
surface, which is equal to 1 — a, where a(X) is the average albedo, i.e., the
proportion of the reflected solar radiation. The model suggested by Budyko [10]
and Sellers [55] was used to describe the albedo. It is supposed that there are two
characteristic temperature levels X; < Xj. Below X; most of the surface water
is supposed to have turned into ice, the planet is bright, and consequently, the
albedo is high. Conversely, if X > X}, it is very warm, there is a lot of water
and vegetation on the surface, the planet is green and brown, and the albedo is
low. For temperatures between X; and X, we interpolate a linearly (it can also
be made smooth), see Fig. 1.1.

To describe FE,,; we assume that the Earth is a black body, so that due to
the Stefan-Boltzmann law its radiative energy is proportional to X*. Finally, the
difference of the energies takes the form

Ein — By = Q(L+ Asin (Z){1 - a(X (1)} —7X (1), (12)

where v is a positive constant. For appropriate parameter values, the graph of
Ei, — E,u has three time-dependent zeroes, say X;(t), X,,(t) and X,,(f). As we
are in the one-dimensional situation, E;, — E,,; can be represented as a gradient
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Fig. 1.2: The energies E;, and E,,;, and the corresponding potential U(z,t).

of some potential U(x,t), which has two wells with minima in X;(¢) and X, (t)
and a saddle point at X,,(¢). Without loss of generality, we can put the heat
capacity to be equal to one, which yields the following equation for the Earth’s
temperature X:

ox ( 2T
The time-dependence of U(z,t) caused by the sin-term from (1.2) produces two
effects. First, the extrema X;(t), X,,(t) and X, (t) oscillate deterministically
with small amplitude and a period of about 10° years. Second, the depths of the
potential wells oscillate with the same period. Note that due to the smallness of
A, the potential does not degenerate into one-well potential for all ¢ > 0.

The extrema of the potential are the so-called metastable states of the dy-
namical system (1.3). The lower meta-stable state X;(t) describes the Earth’s
temperature in the Ice Age’s regime, the upper state X, () in the warm age’s
regime. They are both stable, whereas the intermediate state X, (¢) is not. Any
solution of (1.3) is deterministic and is attracted to one of the meta-stable states
X; or X,,. Unfortunately, the system (1.3) allows no hopping between cold and
warm regimes: the climate of the Earth is completely determined by the initial
conditions.

To enable hops between the two regimes, we add noise to the system and
consider

X(t) = (1.3)

t
12T
where W is white noise and U’(z,t) = 2U(z,1).

Now let us study the stochastic energy-balance equation with respect to the

X(t) = ~U'(X(1), 57) + VW, (1.4)
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noise parameter . First, we should describe the potential U more precisely.
R. Benzi et al. considered in their studies the periodically perturbed quartic
potential U(x,t) = x*/4—x?/2— Axsin 27t. For A small, this potential is double-
well, 1-periodic in time and enjoys the space-time antisymmetry U(z,t + %) =
U(—z,t).

To be consistent with the further exposition, we now introduce the poten-
tial which will be used in our work. First, we consider the asymmetric time-
independent double-well potential U(z) with minima at +1 and a saddle point at
0. Then, the time-perturbed potential is given as U(z,t) = U(z) on ¢ € [0, 1), and
Uz, t) =U(—z,t+ %), t >0, see Fig. 1.3. We study the qualitative behaviour
of sample paths of (1.4) for fixed T and different values of . To emphasise the
dependence of the solutions of (1.4) on & and T we denote X" () the solution
of (1.4) starting at = at ¢t = 0. As was already mentioned, if we consider the

AU(z,t) AU(z,t)

~
m
=
N[
~—

Fig. 1.3: The time-periodic double-well potential U(z,t) on t € [0,1), z € R.

paths of Xt0 T(:p) we can find that after some time they are exponentially close
to the meta-stable states £1 depending on the initial point z. In our setting,
these states are actually not only meta-stable, but stable. Moreover, observing
the trajectories of X%T we cannot say which well of the potential is deeper at the
moment. In other words, this deterministic system is not sensible to the periodic
influence caused by the time-dependent potential.

For T > 0 fixed we consider the paths of X7 for different values of €, from
very small to very large. If ¢ is very small, jumps between the wells are rare,
the typical time between two jumps is much bigger than 7. Thus, we observe
the picture as on Fig. 1.4, i.e. we observe only the double-well structure of the
potential, not time-periodicity. If € > 1 the jumps occur very often, and the
variance of X=7 is so large (see Fig. 1.5) that we cannot say anything about the
spatial geometry of the potential U and whether it depends on time or not. The
most interesting case is the one of moderate . It turns out that there exists some
‘optimal’ value of € such that the sample paths X; T become ‘almost periodic’ in
time, with period 27". ‘Almost periodic’ means that although X; T is random, it is
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Fig. 1.5: The sample path of X&', > 1.

close to the minimum of the deepest well of U and as the wells switch their roles,
X/ T follows the global minimum of the potential, see Fig. 1.6. In the language
of climate modelling this means that there is a theoretical possibility, that the
Ice Ages are a result of an ‘optimal tuning’ of the solar system, that is, the small
random fluctuations (of weather, solar activity etc.) and the small deterministic
periodic influence of Jupiter might have produced the drastic cumulative effect
of abrupt climate change on the Earth. On Fig. 1.6 we can see a completely

“ X&,T

Fig. 1.6: The sample path of X=7T for ‘optimal’ ¢

new regime. It cannot be observed if the potential does not have double-well
structure. It also cannot be observed for the ‘wrong’ values of ¢ and without
periodic perturbation of the potential.

Let us discuss whether we have lost any essential information when considering
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a temporally step-wise potential instead of a continuous one. According to large
deviation theory (see the detailed explanations in Chapter 2) for large enough
time scales T the solution trajectories X7 follow the discontinuous deterministic
curve describing the actual location of the deep well’s minimum. In a temporally
step-wise potential, only the small periodic oscillations of the positions of the
metastable states are neglected. We expect that the assumption of constant depth
of wells during one half-period implicit in the step-wise potential will not affect
the qualitative aspects of periodic tuning. This has to be looked at more closely
in future work, especially with respect to the bifurcation phenomena discovered
in [7, 8, 9].

To obtain Fig. 1.6 we have experimentally determined the ‘optimal’ noise
level. The natural question arises: can one define a measure of goodness for the
system (1.4) determining the noise intensity ey of optimal tuning for which the
trajectories X¢o7 follow the periodic input signal in a ‘best possible’ way?

R. Benzi et al. studied the system (1.4) numerically with respect to the follow-
ing measure. They considered sample paths of the system on long time intervals,
Fourier analysed them and plotted the power of the spectral component with pe-
riod 27 as a function of €, of course, averaged over some hundreds of realizations.
It turns out, that this curve has a strong peak near some £ = ¢y, which means that
at this noise level the random trajectories on average have the largest possible
periodic component of period 27". This spectral measure of goodness was called
the spectral power amplification (SPA) coefficient. The phenomenon itself was
named stochastic resonance. In comparison to the conventional resonance, where
the amplitude of the system increases if the frequency of the external periodic
driving force is close to the eigenfrequency of the system, stochastic resonance
is an effect of amplification of the random output’s periodic component as a re-
ply to a weak periodic perturbation in the presence of noise. Although the term
‘stochastic resonance’ was found ‘misleading’ by some authors about twenty years
ago [49, 17, 21] now it is well established, not to say popular.

The elementary climate model given by (1.4) was soon strongly disputed for
lack of realistic assumptions. For instance, the intensity of insolation changes
due to the eccentricity of the Earth’s orbit is much too small to account for the
observed geophysical records. The model also allows temperatures below abso-
lute zero. Recently, stochastic resonance reappeared in more realistic reduced
climate models (see Ganopolski, Rahmstorf [27]) in which an explanation of sta-
tistical properties of spontaneous intermediate warmings during glacial periods
commonly known as Dansgaard-Oeschger events is given.

1.1.2 From the Schmitt trigger to recent times

In 1983, experimental studies by S. Fauve and F. Heslot [21] showed the phe-
nomenon of stochastic resonance in a simple electronic device.
The Schmitt trigger investigated by them is a very simple and well-known
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electronic circuit, characterized by a two-state output and a hysteretic loop, ex-
tensively studied by physicists [21, 45, 47, 26, 42, 2, 43]. One supplies to the
circuit the input voltage w = wy, which is an arbitrary function of time. In the
ideal Schmitt trigger the output voltage Y = Y; has only two possible values, say
—V and V. Let w increase from —oo. Then Y = V until w reaches the reference
voltage level V. As this happens, the output jumps instantaneously to the level
—V. Decreasing w does not affect the output Y until w reaches the reference
voltage V_. Then it jumps back. Therefore, the Schmitt trigger is a bistable
system with hysteresis, see Fig. 1.7. The width of the hysteresis loop is V, —V_.
Applying a periodic voltage of small amplitude a and period T > 0, for example,

asin%o—/\/\/\/\/— \Y

WNAIW— T |

B (a) (b)

Ys

Fig. 1.7: A circuit diagram of the Schmitt trigger (a). The input-output charac-
teristic (hysteresis loop) of the trigger (b).

to V., we periodically modulate the reference level. After adding a random noise
at the input, the system is able to jump between the two states V. As in the
previous example of Ice Ages we can consider a discontinuous modulation, for
instance given by V. (¢) = asgnsin (23). The whole picture is now similar to the
one in (1.4). Here the periodic modulation of the reference voltage corresponds
to the tilting of the potential wells.

S. Fauve and F. Heslot [21] studied the power spectrum of the system and, as
in the example with Ice Ages, established that the energy carried by the spectral
component of Y at a given driving frequency has a local maximum for a certain
intensity of the input noise.

The Schmitt trigger provides another interpretation to the phenomenon of
stochastic resonance. A system displaying stochastic resonance can be considered
as a sort of random amplifier. The weak periodic signal which cannot be detected
in the absence of noise, can be successfully recovered if the system (the Schmitt
trigger or (1.4)) is appropriately tuned. In other words, the weak underlying
periodicity is exhibited at appropriately chosen non-zero levels of noise, and gets

lost if noise is either too small or too large.
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It was not before 1988 when stochastic resonance was used again in experi-
ments performed on an optical system known as bidirectional ring laser [46].

Thereafter, the effect of stochastic resonance has been found in a variety
of physical systems and studied by a variety of physical measures of quality of
tuning: passive optical bistable systems [16], in experiments with magnetoelastic
ribbons [57], in superconducting quantum interference devices [28]. It was also
observed in chemical systems [40], as well as in biological ones [52, 34, 25].

Physical studies of stochastic resonance usually deal with real or numerical
experiments. Theoretical approaches face a number of difficulties. To describe
the diffusion system (1.4) one needs to solve the corresponding Fokker-Planck
equation. In case of one-dimensional diffusion and white noise, this equation is
two-dimensional due to the time-dependence of the potential. Despite the time-
periodicity of the potential, in general it is difficult to study the solutions of the
Fokker-Planck equation as functions of the noise intensity.

To overcome this difficulty, simpler two-state models were suggested in [49,
17, 45]. They reduce the dynamics of a diffusion in a double-well potential to
the dynamics of a two-state process on the skeleton space consisting only of the
metastable states. Indeed, as was already discussed, if the noise level is small, the
diffusion sample paths are located near the local minima of the potential wells.
Thus, if we identify the left and the right wells with, say —1 and 1, and consider
the new discrete-space process on +1, it carries information about the inter-well
dynamics of the diffusion. The intra-well small fluctuations of the diffusion in
the potential minima are now filtered out.

B. McNamara and K. Wiesenfeld in [45] formally reduce the diffusion dynam-
ics to a two-state process. It is known that for small noise intensity ¢ transitions
between the potential wells occur at Kramers’ times. To exponential order they
are given by e%, where AU is the work to be done against the potential gra-
dient to cross the barrier. Assuming that transitions of their two-state process
are induced by these times and the height of the potential barrier is periodically
modulated they approximately determine the spectral properties of the two-state
process in the limit as the amplitude of the periodic signal vanishes.

For more information we address the reader to two big reviews on stochas-
tic resonance from the physical point of view [26, 2] which contain hundreds of
references.

Despite its popularity in the physical society, stochastic resonance attracted
the attention of mathematicians relatively lately. The first mathematical paper
on this subject by M. Freidlin [22] considers the phenomenon from the point of
view of the Freidlin-Wentzell theory of large deviations.

In this paper diffusions in a general potential landscape with finitely many
minima are considered. The attractor basins are subdivided into a hierarchy of
cycles with main states corresponding to the deepest one among the cycle states.
In the presence of periodic forcing with period time scale e*/¢, in the small noise
limit & — 0 transitions between (the main states of) cycles with critical hopping
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work close to A will be periodically observed. Transitions with smaller critical
work may happen, but are negligible in the limit. So in the limit one observes
quasi-deterministic periodic hopping between some cycles of potential minima.
In the simplest case of two minima of potential depth % and 7, v <V, the role of
which switches periodically with period T, for T' larger than e¥/¢ it is shown that
the diffusion will be close to the deterministic periodic function jumping between
the locations of the deepest wells. As T exceeds this exponential order, many
short excursions to the wrong well during one period will occur. They will not
count on the exponential scale, but trajectories will look less and less periodic. It
therefore becomes clear that Freidlin’s condition of resonance will not be capable
of interpreting the physicists’ quality measures of goodness for tuning. Indeed,
this condition gives only the lower bound for the period of exterior deterministic
perturbation which leads to the periodicity of the trajectories. We shall sketch
Freidlin’s approach in Chapter 2.

A different step towards a mathematical understanding of stochastic resonance
was made recently by N. Berglund and B. Gentz [7, 8, 9]. For parametrized de-
terministic dynamical systems passing through a pitchfork bifurcation point, the
relaxation of solutions to stable equilibria are known to happen after well known
delays. N. Berglund and B. Gentz exploit this observation to derive pathwise es-
timates for the trajectories of noisy perturbations of these systems. These results
are applied to situations in which the parameter moves the system periodically or
in hysteresis loops back and forth through bifurcation points, for example in peri-
odically changing double-well potentials. The papers thus clarify some questions
concerning the trajectorial behaviour in the context of stochastic resonance.

1.2 Aims and scope

This thesis deals with a mathematical foundation of the physical paradigm of
stochastic resonance. As opposed to N. Berglund and B. Gentz [7, 8, 9] we study
— in the physical jargon — measures of quality of tuning of the output to the
periodic input. These concepts are mostly based on comparison of trajectories of
the noisy system and the deterministic periodic curve describing the location of
the relevant metastable states, averaged with respect to the equilibrium measure.

In the simple one-dimensional situation we consider the diffusion driven by
the stochastic differential equation

) t .

Xt =—U(xoT, o)+ VEW,, t>0,
where U is a time-periodic double-well potential with wells of unequal depths
% and 7, considered in Section 1.1.1, see Fig. 1.3. On half-periods of length
T the potential is time-independent. Our main tool in the study of stochastic

resonance is the equilibrium (invariant) measure u*7(x,t) which lives on the
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infinite cylinder R x [0,27"). The most important measure of quality studied in
the thesis is the spectral power amplification which plays an eminent role in the
physical literature, see [26, 2]|. It describes the spectral energy of the period 27°
carried by the averaged trajectories of X7 and is defined as

2

1
en | [ Bt
0

where E,, denotes the expectation with respect to the invariant measure. This
measure of goodness is considered as a function of the noise level ¢ and the
half-period of periodic modulation 7'. Stochastic resonance with respect to the
SPA coefficient occurs if n*(e,T) has a local maximum in €. We are going to
determine the optimal tuning rate, i.e. the coordinate £(7") of this maximum if
T is large. Freidlin’s results suggest that ¢ > ==, since only above this critical
level the process is able to leave the shallow well at all and therefore show periodic
behaviour.

The first step to find optimal tuning intensities € consists in effectively re-
ducing the dynamics of the diffusion to the potential minima. To mimic well
this dynamics, we define two-state Markov chains with transition probabilities
corresponding to the inverses of the Kramers’ times for leaving the corresponding
wells, and the states +1 corresponding to the local minima of the potential. This
programme is completed for both discrete- and continuous-time Markov chains.

Chapter 3 of the thesis is devoted to the discrete-time case. To retain the
essentials of the diffusion dynamics, we define time-periodic one-step transition
probabilities such that on the first half-period the probability to jump from —1 to
1 is ¢ = pe~"/¢ and the probability to jump back is 1) = ge~"/¢, where 0 < p,q < 1
parameters playing the role of pre-factors of smaller than exponential order which
appear in the asymptotic expansion of laws of transition times or invariant densi-
ties of the diffusion. The exponential factor corresponds to Kramers’ law. On the
second half-period these probabilities change their roles which imitates the switch-
ing of the potential wells. Although the Markov chain is not time-homogeneous,
enlarging the state space and considering the two-dimensional Markov process on
the direct product of two discrete circles allows us to describe the invariant law
of the Markov chain. The invariant law yields an explicit formula for the amplifi-
cation coefficient (Theorem 3.2.1, p. 25). We study this coefficient as a function
of €, T" and other parameters. It turns out, that for 7' — oo there always exists
an optimal tuning giving a local maximum for the SPA measure of goodness. On
the exponential scale it is given by € ~ 2‘1/0?%. Theorem 3.3.1, p. 26, contains the
complete analysis of the SPA coefficient and the optimal tuning rate.

The continuous-time case considered in Chapter 4 is very similar to its discrete
counterpart, especially for small £. However, continuous-time results are techni-
cally simpler and more transparent, and we study the continuous-time Markov
chain in more detail. Analogously to Chapter 3 we define the infinitesimal prob-
abilities to jump from one state to the other as ¢ and . The time-periodic
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invariant measure is found as a solution of a corresponding forward Kolmogorov
equation, and the SPA coefficient is finally found (up to a constant pre-factor) in
Proposition 4.2.1, p. 35, as

4 T*p—1)?

Y
T)=—

It is no surprise, that for T — oo the local maximum of ¥ (¢, T) exists for all
values of the parameters and is located at ¢ ~ 2‘1/021}.

It needs to be emphasized that although we study the optimal tuning asymp-
totically, all formulae in Chapters 3 and 4 are valid for all values of the rates v
and V', and all noise levels € > 0 and modulation half-periods T > 0.

The invariant law provides a good basis for studying different measures of
goodness of tuning. Thus, we study the SPA-to-noise ratio, which we define as
SPA coefficient divided by the squared intensity of noise, the whole energy car-
ried by the averaged trajectories, and the energy-to-noise ratio. These measures
describe the spectral properties of the process and in their case optimality of
tuning means maximality in €. However, the optimal tuning rates are different

from the spectral power amplification and range in leading order from lo;:)T to
v

8 TWe also investigate two more intuitive notions of quality of tuning: the entropy
of the equilibrium measure and the entropy relative to the periodically changing
point mass sitting in the deep well. As functions of ¢ they possess local minima
and in this case optimality of tuning means minimality in €. If we interpret
entropy as a measure of chaos or randomness, the point of minimal entropy
marks the noise level at which the system behaves the least random possible.

Finally, we study the measure of goodness suggested by M. Freidlin in [22],
namely the cumulative time spent by the trajectory in the ‘wrong’ place. We
consider it averaged with respect to the invariant law. It turns out to have a
local minimum in ¢ (Proposition 4.6.2, p. 43) again giving the point of optimal
tuning.

We next deal with the diffusion. Its equilibrium density is a solution of a
forward Kolmogorov (Fokker-Planck) equation, which in this case is a parabolic
partial differential equation. We study its solution using the Fourier method of
separation of variables. To apply it, the spectral properties of the diffusion’s
infinitesimal generator have to be studied.

In Chapter 5 we establish that if the potential is not degenerate in its extrema,
i.e. the curvatures do not vanish there, and increases at infinity, then the spec-
trum of the infinitesimal generator considered as an operator in £2(R, e=2V/dz)
is discrete and non-positive. The zeroth eigenvalue vanishes and the correspond-
ing eigenfunction is constant. As € — 0, the first eigenvalue turns out to be
exponentially small and the absolute value of its leading term yields Kramers’

VIO e

2w

rate \; = . The first eigenfunction can be chosen to be exponen-
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Ur(=1) —(V-v)/e
U”(l)

half-line. The neighbourhood of zero constitutes the so-called internal layer. To
obtain the first eigenvalue and eigenfunction we use variational principles and
series expansions of the eigenfunctions.

Of central importance to the analysis of goodness of tuning is a spectral gap
property of the second eigenvalue. We show that its absolute value is bounded
below by some positive constant which is independent of noise intensity.

This has crucial implications for n* and 1Y to be developed in Chapter 6.
First of all, it means that only the first two terms in the series expansion of the
invariant density matter in the description the SPA coefficient nX. We obtain
the following formula (up to a constant pre-factor)

2
4 [ [pye2VWIe T2\
X _ R 1
e =15 ( Jpe2PWE ) TR + tried) (15)

tially close to 1 on the positive half-line, and — on the negative

The remainder term r is small under certain conditions, and the expression
for ¥ reminds us of an SPA coefficient for the Markov chain. Indeed, if we

choose the pre-factors in the infinitesimal probabilities p = w and
q = %UN(O)‘, then ¥ and ¥ look very similar, as the expression in the

parenthesis in (1.5) is approximately 1 for small .

Surprisingly, however, dependencies on the fine structure of the potential func-
tion U in the minima beyond the expected curvature properties enter the game
and lead to quite unexpected results. For example, a subtle drag away from the
other well caused by the sign of the third derivative of U in the deep well suffices
to prevent the spectral power amplification curve from having a local maximum
in the parameter range suggested by the approximating Markov chain. Contrary
to what intuition supposes one of the physicists’ favourite quality functions does
not show resonance effects at all in this case.

More precisely, we quote here the asymptotics from Theorem 6.3.1, p. 97. Let
a € [v+6,4] for some § > 0 and A > v+¢. Then under some mild assumptions

¥, 4 U (-1) «a 1
—T)=—= |1 (@) T .
1 (1ogT’ ) w2 ( - 20" (—=1)%?logT - log?T )’ B

Taking for instance A = 2V, this formula means that the SPA coefficient of a
diffusion is either an increasing function, or a decreasing function of noise inten-
sity. It has no local maximum in the region where its Markov chain counterpart
has.

The reason for this unexpected dramatic deviation from the approximating
Markov chain behaviour lies in the significance attributed to small fluctuations
inside the potential wells by the spectral power amplification. If these fluctuations
are cut off, the Markov chain is seen to be a good approximation in the small
noise limit, and provides the optimal tuning rate.
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Indeed, consider the modified SPA coefficient

2

1
(e, T) = / E,g(X5T)es ds| |
0

where the function ¢ identifies small fluctuations of the diffusion near the well
bottoms and is given by

T, r € (—00, 1] U [m2,y1] U [y2,00),
g(fL’) = _17 T e [.%'1,.%’2],
1, €[y, vyl

where 1 < —1 < 29 < Oaresuch that U(z;) = U(xq) = —%, and 0 <y <1 <yo
are such that U(y;) = U(y2) = —7%, see Fig. 6.3 on p. 99.

Then under some mild assumptions, for any positive and sufficiently small ~
there is T'(y) such that for T > T(v) the modified SPA coefficient 7™ (g, T') has

a local maximum in € on the interval [7*12‘1/02%, 72‘1/02%], i.e. the optimal tuning

rate ¢ is exponentially equivalent to 2‘1/0?T’ T — oo (Theorem 6.4.1, p. 101).

We finally mention that in Chapters 5 and 6 we extensively use Laplace’s
method of asymptotic evaluation of integrals depending on a parameter. In an
Appendix we present all facts and formulae about this method used in this thesis.



Chapter 2

What Large Deviations Tell us
about Tuning

Although more than four hundred physical papers concerning stochastic reso-
nance were published in the last twenty years, a rigorous mathematical approach
to the effect was given only recently in [22]. In this paper stochastic resonance
was considered from the point of view of large deviations, and a lower bound for
optimal tuning of the random output to the periodic input was given. In this
chapter we briefly formulate the facts needed from Freidlin-Wentzell theory of
perturbed dynamical systems [23] in the one-dimensional case and discuss the
results of [22] concerning the ‘optimal tuning’ of the double-well oscillator.

2.1 Diffusion with small noise

Let € > 0. Following [23] we consider the diffusion X¢ in R which is the solution
of the SDE
dX; = =U'(X;)dt +/edW,, X;=uz, t>0,

where W is a standard Brownian motion, and U is a smooth function. Note that
in one-dimensional case the drift term can always be represented as a derivative
of some potential; in higher dimensions this is not true.

For T" > 0, we introduce the action functional on the space C[0,T] corre-
sponding to our potential U

g (R — { %fOT(hs + U'(hs))*ds, h is absolutely continuous,
or(h) = :
400, otherwise.

It is easy to see that Spr > 0, and if Sor(h) = 0 then h is a trajectory of the
dynamical system & = —U’(x) on the interval [0, T7.
Let z,y € R. By means of the action functional we define the quasipotential

V(z,y) = inf{Sor(h) : h € C[0,T], hg = x, hy =y, T > 0}.
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The quasipotential describes the work done by a physical particle moving in the
potential landscape given by U to get from x to y. More precisely, let 7, =
inf{t > 0 : X7 =y} and denote by P, the law of the diffusion starting at z. In
these terms
V(z,y) = lim lim —log P,(7; <T).
T—o0e—0

By means of the quasipotential one can describe the asymptotic behaviour of
the diffusion as € — 0. Describing the asymptotics of transition times, it contains
a mathematical formulation of Kramers’ law.

Theorem 2.1.1 ([23]) Let [a,b] be a finite interval, 0 € [a,b] be the unique zero
of U'(x) on the interval, and 0 be the asymptotically stable point of the dynamical
system & = —U'(x). Let 7 = inf{t > 0 : X; ¢ [a,b]}. Then for any x € (a,b)
the following holds:

lir%slog E,7 = min{V(0,a),V(0,0)} = Vb,

lir% P, (e"079/5 < 78 < M0HD/EY — 1 for any § > 0.
e—

Let U be a double-well potential with minima at +1 and a saddle point at
the origin, and assume U(z) — oo, as |z| — oo. Let U(-1) = -+, U(1) = -4,
U0)=0,0<v<V.

If x and y are in the same well it is easy to show that

V(z,y) =2max{U(y) — U(z),0}. (2.1)
The pre-factor 2 in (2.1) explains why we choose the depths as % and 3. In
particular, if U(y) < U(z), the quasipotential V(z,y) = 0 because we can go
‘down’ in the potential landscape from x to y along the deterministic trajectory,
on which the action functional equals zero. On the other hand, the way ‘up’ from
y to x costs twice the difference between U(x) and U(y).
Let = and y belong to different wells and suppose for example that —1 < z,
y < 1. In this case, we have to overcome a potential barrier of height U(0) — U(x)
on the way between x and 0, and the way ‘down’ to y is free. Consequently, the
quasipotential V (z,y) = 2(U(0) —U(x)). Analogously, V(y,z) = 2(U(0))—U(y).
In particular, if x = —1 then V(z,y) = V, and if y = 1, we have V(y,x) = v.
From Theorem 2.1.1 we can conclude that the mean time to jump from the left
well to the right is exponentially large in ¢, and has order e'/¢. The mean time
to jump back is smaller and has order e¢/¢. These asymptotics suggest that if
we want to record the inter-well motion of the diffusion we should consider it on
exponentially long time intervals. The following theorem describes this behaviour
precisely.
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Theorem 2.1.2 ([22]) Let T =T(¢c) be such that
limelogT(e) = A > 0.

e—0

Let 0 and A be arbitrary positive numbers, v € R, and A denote the Lebesgue
measure on R. Then

At €[0,A4] : [ X +1]>0) =0
in Py-probability as e — 0, if A > v. If A\ < v then
At €10, A] : | Xy —sgnz| >0) =0

in P-probability as ¢ — 0. [

Fig. 2.1: The sample path of XfT(a), A > 0.

Indeed, on the time interval of length ¢ the diffusion always has enough time

to reach the deep well if A > v. Moreover, it can make jumps back to the
shallow well, but the sum of the periods in which the trajectory is outside of a
d-neighbourhood of —1 has a probability which vanishes as ¢ — 0 (see Fig. 2.1).
If A < v then during the period of length /¢ the diffusion does not have enough
time to leave the well where it has started, so it stays in the d-neighbourhood of
the corresponding local minimum with high probability.

2.2 Stochastic periodicity above critical noise
level

Consider now the diffusion X7 with time-periodic drift which is a solution of

the SDE

t
ax;T = U, D) dt+VEdW, X' =z eR 120, (22)
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where the potential U(z,t) = U(—z,t+ 1) is a 1-periodic function of time (U’ =
90). We also assume that on the time interval [0, 1) the function U is a double-
well potential described in the previous section (see Fig. 1.3, p. 4). The parameter
T denotes the half-period with which the drift term in (2.2) changes its form. On
the intervals [kT, (k+1)T), k = 0,1, ... the diffusion X7 is time-homogeneous,
one can calculate the quasipotentials, and if the half period T is long enough, one

can apply Theorem 2.1.2 on each of the intervals. Hence, the following holds:
Theorem 2.2.1 ([22]) Fore >0, let the half-period T'= T (g) be such that

limelogT(e) =A>0

e—0

and 0 > 0 and A > 0 be arbitrary, x € R. Let the function

o(t) = —1, tekk+3),
- 1, telk+3.k+1), k=0,1,2,...

Y

be a periodic and deterministic function of time, and A denote the Lebesgue mea-
sure on R. Then, if A > v,

At 0,4] X5, —o(0)] > 8) =0 (23)
in P-probability as ¢ — 0.
If A < v then
A(t €10, 4] : |X§’TT(E)t —sgnz| >0) — 0
in Py-probability as € — 0. |

Fig. 2.2: The sample path of XS’TT(a)t, A > 0.
The statement of Theorem 2.2.1 is clear: the function ¢(t) exhibits the location
of the global minimum of U at time 27'(¢)t. If the exponential order of T'(¢) is
bigger than v, then independently of the initial point the trajectory has enough
time to reach the deepest well during the half-period. In this case we observe a
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sort of stochastic periodicity. If A < v, then T'(¢) is too short for the diffusion
to ‘feel’ the change of the potential, and it stays in the same well with very high
probability.

Theorem 2.2.1 gives us one possible measure for periodicity of the trajectories.
This is the Lebesgue measure of the time the diffusion spends outside of the ¢-
tube of the deterministic function ¢. A sort of optimal tuning is also found: if
the half-period T'(¢) is such that lim._oelogT(¢) < v we observe no reply to
the periodic perturbation of the drift in (2.2). Periodicity in the diffusion paths
appears only if lim._gelogT(¢) > v, and thus we have obtained the lower bound
for tuning rate. We note also that the lower bound for tuning does not depend
on the absolute values of v and V. It is only important that v < V.

Theorem 2.2.1 gives no upper bound for T'(¢). However, the upper bound
should exist, maybe, for some other measure of quality of the paths. Indeed, let
A > v. The corresponding value T'(¢) is then exponentially larger than both the
mean times to jump from the left to the right and back. This means that X7
can make many excursions to the shallow well, the cumulative duration of which
is exponentially small in comparison with the time spent in the deep well. The
Lebesgue measure in (2.3) still goes to zero in probability, but if we look at the
sample paths, periodicity is destroyed, at least in the common sense of the word
(see Fig. 2.3).

Y~

Fig. 2.3: The sample path of X;%T(a)t, A .
A natural question arises: what other measures of quality for periodicity of
the paths can be considered, and what is the optimal tuning rate for them? We

shall try to answer these questions in the next chapters, and compare the answers
with Theorem 2.2.1.



Chapter 3

Stochastic Resonance in
Two-State Markov Chains with
Discrete Time

Having in mind our final goal — the description of diffusion with time-periodic
drift — in this chapter we introduce a two-state Markov chain with discrete time.
As we have seen in the previous chapter (Theorems 2.1.2 and 2.2.1), the small
noise diffusion in a double-well potential predominantly ‘lives’ in the local minima
of the potential. If we identify the neighbourhoods of the minima (or even the
wells) with the states of the Markov chain and define its transition probabilities
in an appropriate way, then, at least intuitively, such a Markov chain can give a
rough description of the inter-well behaviour of the underlying diffusion.

The idea of such an approximation was discussed in the physical literature
from the point of view of the statistics of jump times of the random process
between the states [17], however, without analysing the dependence of the results
on the noise intensity. In [45] the power spectrum of the random output of
the periodically modulated two-state process was studied on the physics level of
rigour in case the amplitude of the deterministic component tends to zero and
the noise parameter is small, so that one can apply Kramers’ law [38].

In our approach we do not impose restrictions on the ‘noise’ and ‘amplitude’
parameters. Our main tool is the invariant law of the Markov chain determined in
Section 3.1. In Section 3.2 we interpret the Markov chain as a random amplifier
and introduce a measure of goodness — the spectral power amplification coeffi-
cient (SPA) which has a clear physical meaning [26] and measures the strength
of the low-frequency spectral component in the averaged random output. Sec-
tion 3.3 is devoted to the analysis of the SPA coefficient as a function of noise.
It turns out that it has a local maximum. The coordinate of this maximum
representing the optimal tuning in the sense of the SPA is determined.

This chapter is a revised, corrected and enlarged version of [33].
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3.1 Markov chains with time-periodic transition
probabilities
For m € N, consider a time-inhomogeneous Markov chain Z,, = (Z,,(k))r>0 on

the state space S = {—1,1}. Let P, (k) be the matrix of one-step transition
probabilities at time k. If we denote

m(F) = P(Zn(k) = 1),

iy
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and write P* for the transposed matrix, we obtain
Ton(E+ 1)\ _ pe gy (Tm(F)
(7?;;(%4— 1)) = k) (7r+(k) '
In order to mimic the periodic switching of the double-well potential in our

Markov chain, we define the transition matrix P, () to be periodic in time with
half-period m. More precisely,

(3.1)
Py, m < k(mod 2m) < 2m — 1,

P, (k) = {Pl, 0 < k(mod 2m) <m — 1,
with P, and P, to be defined below.

As the diffusion given by (2.2), the Markov chain defined in (3.1) is time-
homogeneous on intervals corresponding to half-periods. On these intervals the
behaviour of the diffusion is governed by the potential U(-) or U(—-) (see Fig. 1.3)
and the evolution of the Markov chain is given by the stochastic matrices P; and
P,. The integer m > 0 is clearly the half-period of the deterministic modulation.
The spatial antisymmetry of the potential function can be transferred to the
Markov chain by setting

Plz(li‘p 1“_%) and Pzz(l;w 1%@). (3.2)

We now have to define the transition probabilities ¢ and v figuring in Py, P, in
such a way that the Markov chain retains the dynamical behaviour of the diffusion
reduced to its metastable states. In our setting, the states £1 of the process
Zm correspond to the right respectively left well of the potential. The Freidlin-
Wentzell theory [23] (recall Theorem 2.1.1) states that for a time-homogeneous
diffusion with small noise in a double-well potential U the mean times to jump
from one well to the other are exponentially large in the noise intensity ¢ as
¢ — 0. Moreover, the mean time to leave the deep well of depth % has the order

e+ and the mean time to leave the shallow well of depth ¢ < % is of order e-.
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On the other hand, for the time-homogeneous Markov chain governed, for
example, by the stochastic matrix P; the mean time to jump from —1 to 1 equals
o~ ! and the mean time to jump from 1 to —1 equals ¢! which suggests the
following expressions for ¢ and :

_Vv _v
p=pe =, h=qe =,

(3.3)
e>0, O<ov<V, 0<pqg<l1.

The parameter ¢ in (3.3) is associated with the noise intensity in (2.2), which
tends to zero in the Freidlin-Wentzell theory. In our model we consider all pos-
sible intensities and assume that ¢ > 0. The values 0 < v < V correspond to
the double depths of the potential wells or the values of the quasipotential in the
metastable states. The pre-factors p and ¢, which do not appear in the large de-
viations’ statements, are introduced here to justify the equalities in (3.3) instead
of the exponential equivalence given by large deviations (Theorem 2.1.1). In this
chapter we assume p and ¢ to be constants adding some asymmetry to the picture
and taking values between 0 and 1 to guarantee the positivity of the transition
probabilities in (3.2). The latter restriction will be weakened in the next chapter
where we consider the Markov chain with continuous time. In Chapter 6 we shall
discuss the link between the diffusion and the two-state Markov process and show
that these pre-factors have a clear geometrical meaning and can be expressed in
terms of the curvatures of the potential in the saddle point and the minima.

It is well known that for a time-homogeneous Markov chain on 8% with transi-
tion matrix P one can talk about equilitbrium, given by the stationary distribution,
to which the law of the chain converges exponentially fast. The stationary distri-
bution can be found by solving the matrix equation 7 = P*r with normalizing
condition 7~ + 7t = 1.

For time-inhomogeneous Markov chains with time periodic transition matrix,
the situation is quite similar. After enlarging the state space 8% to 8% = 8% x
Ziom = {—1,1} x {0,1,...,2m — 1}, we recover a time-homogeneous chain by
setting

Z, (k) = (Zn(k), k (mod 2m)), k>0,

to which the previous remarks apply. Topologically, the enlarged state space S%
is a direct product of two discrete circles. For convenience of notation, we assume
the enlarged state space to be ordered in the following way:

S% =[(=1,0),(1,0),(=1,1),(1,1),...,(=1,2m — 1), (1,2m — 1)].

Writing A,, for the matrix of one-step transition probabilities of Z,,, the sta-
tionary distribution @ = (¢(7,7))*, i = £1, j = 0,...,2m — 1, is obtained as a
normalized solution of the matrix equation

(A*, — E)Q =0, (3.4)
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E being the (2m x 2m)-unit matrix. We shall be dealing with the following
variant of stationary measure, which is not normalized in time.

Definition 3.1.1 Let 7, (k) = (m,,(k), 75 (k))* = 2m(q(—1,k),q(1,k))*, 0 <
k< 2m—1. We call np, = (mm(k))o<k<om—1 the stationary measure of the
Markov chain Z,,.

The reason why we consider the renormalized measure is quite simple. The main
object of our interest is the process Z,,, and P(Z,, = 1)+ P(Z,, = —1) =1 for
all £ > 0. The process Z,, is an auxiliary object used to justify the existence of
the invariant law for Z,,.

The stationary measure will be the main tool in our subsequent analysis. In
the following theorem we find the explicit formula for m,,.

Theorem 3.1.1 For every m > 1, the stationary measure m,, of Z,, with matri-
ces of one-step probabilities defined in (3.2) is given by

v o—v (1—p—9)

Tty et 1t (l—p )
sy =P ey (1—p—9)

T NI Y R (3.5)
wa(l 4 m) = (D),
mh(l+m) =, (1), 0<i<m-1.

Proof: The probabilities 7 (k) differ from their counterparts g(41,%) by the
factor 2m, and 7} (k) + 7, (k) =1 forall k =0,1,...,2m — 1. To find the vector
(@ we transform the matrix A* — E into a more convenient form. The matrix A,,
of one-step transition probabilities of Z,, is explicitly given by

0O A~ 0 O 0 0 0 0 0 0 O
0 0 P~ O 0 0 0 0 0 0 O
0o 0 0 A 0 0 0 0 0 0 O
0O 0 0 O 0 A 0 0 0 0 O
A — 0O 0 0 O 0 0 P 0 0 0 O
10 0 0 0 0 0 0 P 0 0 O
0O 0 0 O 0 0 0 0 B 0 O
0O 0 0 O 0 0 0 0 0 P 0
0O 0 0 O 0 0 0 0 0 0 P
PR, 0 0 O 0 0 0 0 0 0 O

A,, has block structure. In our notation 0 means a (2 x 2)-matrix with all entries
equal to zero, P;, and P, are the 2-dimensional matrices defined in (3.2).
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It is easy to see how the periodicity of transition probabilities is interpreted
by the matrix A,,. From the states (+1,k), k = 0,...,2m — 1 the process Z,,
passes to the state (£1,%k + 1 (mod 2m)) with probability one. The probability
to pass to other states equals zero.

The vector @) of the invariant law of the process Z,, satisfies the matrix
equation (3.4) with

-E 0 0 O 0 0 0 0 O 0 P
P —-E 0 O 0 0 0 0 O 0 0
0 P —-E 0 0 0 0 0 O 0 0
0 0 0 O -E 0 0 0 O 0 0
A _F 0 0 0 O P —E 0 0 O 0 0
mn 0 0 0 O 0 P -E 0 0 0 0
0 0 0 O 0 0 Py —E O 0 0
0 0 0 O 0 0 0 0 O 0 0
0 0 0 O 0 0 0 0 O —F
0 0 0 O 0 0 0 0 O Py —FE

By elementary operations on the rows of A¥ — E we eliminate PJ in the last
column of the upper row to obtain the equivalent matrix A/,

P—-FE 0 0 O 0 0 0 0 O 0 0
P —-E 0 0 0 0 0 0 O 0 0
0 P —-E O 0 0 0 0 O 0 0
0 0 0 0 -E 0 0 0 O 0 0
A — 0 0 0 0 P —FE 0 0 O 0 0
0 0 0 0 0 Py -E 0 0 0 0
0 0 0 0 0 0 Py —E O 0 0
0 0 0 0 0 0 0 0 O 0 0
0 0 0 0 0 0 0 0 O —-F
0 0 0 0 0 0 0 0 O Py K

where P = PypPy---Pf = (Py)™(Pf)™. Al is a block-wise upper-triangular
matrix, and so A} @ = 0 can be solved as usual.

The probabilities 7,,(0) satisfy the matrix equation ((P5)™(P;)™ —E)m,(0) =
0 with additional condition 7, (0)+ 7 (0) = 1. To calculate (Py)™(P;)™, we use
a formula for the m-th power of (2 x 2) stochastic matrices [56, Chapter I, §12],
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which results in
() —¢+w(¢¢)+ o+ —p ¥ )7
(7 _<P+¢(¢ ¢)+ o+ - )
Using matrix multiplication we find
mpam _ L (0
ey = (07)

m =V (=1 =1\  (L—p—0) (o -1
T=e=v) so+w(1 1>+ P+ (—90 @/))’

from which a straightforward calculation yields

o+ P(L—p—9)™

P+ )L+ (1 —p—y)m)’
Y+l —p—19)m

(e+) A+ 1 —p—v)m)

T (0) =

T (0) =

To compute the remaining entries, we use 7,,(l) = (P;)!7,,(0) for 0 <1 <m —1,
and 7,,,(1) = (P5)Y(P})™7,,,(0) for m <1 < 2m — 1 to obtain (3.5). Note also the
symmetry (I +m)=mt(l) and 7t (I+m) =7, (1),0<1<m—1. |

m

3.2 Spectral power amplification

The chain Z,, can be interpreted as amplifier of a signal. The stochastic system
may be seen to receive a deterministic periodic input signal which switches the
powers in the transition probabilities (3.3), i.e.

L) = V, 0 <! (mod2m)<m—1,
e v, m <1 (mod 2m) < 2m — 1.

The output is the random process Z,,(k).
The input signal I, admits a spectral representation

2m—1
1 T
In(k) = om E cm(a)e_szka, keZ,
a=0

Trial

where ¢,(a) = 5 Soomet I, (1)e’3%! is the Fourier coefficient of frequency a/2m.
The quantity |com(a)[* measures the power carried by this Fourier component.
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We are only interested in the component of the input frequency 1/2m. Its power
is given by

2

2m—1 V U)2 m—1
S | U =
0 = e[St e < Lot R
1=0 1=0 (3.6)
(V=i - ’”|2_(V—U)2 o, T
=" D cse (Qm)'

In the stationary regime, i.e. if the law of Z,, is given by the measure 7,,, the
power carried by the output at frequency a/2m is a random variable

Enla) = =— > Zn(es!.

We define the spectral power amplification as the relative power carried by the
averaged component of the output with half-period m. In the next section we
shall study the SPA coefficient as a function of ¢ and m. We emphasize this in
the following definition although ¢ does not appear there explicitly.

Definition 3.2.1 The spectral power amplification (SPA) coefficient of the Mar-
kov chain Z,, with half-period m > 1 is given by

E£u(D)?

mEm = S P

Here E denotes expectation w.r.t. the stationary measure m,y,.

The explicit description of the invariant measure now readily yields the fol-
lowing formula for the SPA coefficient.

Theorem 3.2.1 Let m > 1. The SPA coefficient of the Markov chain Z,, with
one-step transition probabilities (3.2) equals

4 (¢ — ¥)*m?
V —0)2 (¢ +1)?m2 4+ 72+ k(e,m)’

0’ (e.m) = ( (3.7)

where k(e,m) = 4(1 — ¢ — 1)m? sin? (&) — 72,
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Proof: Using (3.5) one immediately gets

2m—1 2m—1

1 27 1 27
E 1) = — E.Z k. + - Tik
6nl1) = g 32 Bl = 50 S (1 8) ()
1 m—1 1 m—1 ,
_ A mip L + - I (k)
S DL mwmz+@m§]%w+m k4 m))e
k=0 k=0
;i m—1
1—em N - sy 1o—9§ 1—@ w> miy,
gy 1o 2 L= (- g e
m+ 1 _1—6% I+ (1—p—=9)" 1—(1—¢p—1)en
Jzp-ef 1
me+i [1—ew  1—(1—p—¢en |
Combining the previous formula with (3.6) yields
4 (o—v\*| 1 1 m2 xi
Pem =2 (20) | — . 1 cRP
m? \o+¢) [1—en 1-(1—gp—y)en| (V—-0)
4 (o —v)? _ 4 (o —2)?

V=0P = (1—p—v)enf (V0P (p+ 0P +4(1—p— i)sin? ()

from which (3.7) follows immediately. [

Recall that the one-step probabilities P; and P, depend on the parameters
0 < p,q <1 and, what is especially important, on £ > 0 which is interpreted as
noise level. Our next goal is to tune the parameter € to a value which maximizes
the SPA coefficient as a function of ¢.

3.3 Extrema and zeros of 1’

In this section we study some features of the function (e, m) and its dependence

onm € N0 <v <V < oo and the pre-factors 0 < p,q < 1. Especially, we are

interested in the behaviour of the SPA coefficient for small values of ¢, i.e. when

the Markov chain approaches the jump rate between —1 and 1 of the diffusion.
The following theorem contains the main result on optimal tuning.

Theorem 3.3.1 Let m > 1, > 0,0 < v <V, and 0 < p,q < 1. Denote
B=3<1 an,= sin? (5-), and consider the function

)+ v/s(q, B, m)% + 2a,,48(2 — q)u(q, B, m)

p-(q) = ( ) (3.8)
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O8ﬁ(am) Zo (k)

AR TR

Fig. 3.1: The spectral power amplification coefficient n?(e,m) for p = ¢ = 0.5,
m = 500, v = 2, V =4 (a). Numerical simulations of Z,,(
of the ‘noise’ parameter € = 0.63 (b), ¢ = 0.9 (c¢) and ¢ = 0.

for different values

)
4 (d).

on the interval ¢ € (0,1], where s(q,3,m) = a,,(3¢(1 — B) —2) — ¢*(1 — )
and u(q, 5,m) = 2(q(1 — B) — an). The function p_(q) is smooth and satisfies
0<p (q) <Bq, q€(0,1], and p"_(0) = S.

For any § > 0 we consider the domain U° = {(p,q) : 0 < p < 1,6 < q < 1},
which is a union of three disjoint domains (see Fig. 3.2)

U ={(p,q): 0<p<p_(q),6 <q<1},
Ul ={(p,q):p_(q) <p<qd<qg<il,
U ={(p,q):q<p<1,6<q<1}.

For any § and [ fized there exists m([3,8) > 0 such that for m > m((,0) the
following dependence of the SPA coefficient n%(g,m) on the pre-factors p and q
holds:

1. If (p,q) € US then € — n?(e,m) is strictly increasing function on (0, 400).
2. If (p,q) € UY then & — n?(g,m) has a unique local mazimum on (0, +00).

3. If (p,q) € UJ then € — n%(e,m) has a unique local mazimum on (0, +00)
and a root in € = (V —v)/log (£).
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Moreover, the optimal tuning rate which gives the mazimum of n?(-,m) satisfies

m v V+ov _ min{v,V—v}
m(€)—m V—ve c <1+(9(e c )) for -0
and
Ap
1
Uy

(a)

Ug q .

> d -

0's . (d) -

Fig. 3.2: Typical form of the domains U, U{ and UZ (a). Typical form of n? (g, m)
when (p, q) belongs to U2 (b), U (c) and Ug (d).

Proof: A direct analysis of (3.7) leads to

1iI%T]Z(6,m) = 0 for any m > 0,
and n?(e,m) = 0if p =1, i.e. for €= (V —v)/log (%) which is positive for p > ¢.
Let us introduce the new variable ¢ € (0, 1] given by

v
e ==t and e

=10

Formula (3.7) takes now the form

4 (pt — qt”)?
(V —0)2 (pt + qtP)? + 4(1 — pt — qt?)a,,’

n?(t,m) = te(0,1). (3.9

To study the extrema of the SPA coefficient we find zeros of the derivative of
(3.9) in t. A straightforward calculation yields that the zeros of £n?(t,m) are
zeros of the equation

(pt — qt”) [pa(1 — B)t(pt + ¢t”) + amq®Bt° + 2a,pt' "

— am(2¢8 + p*t*7" + 3pq(1 — B)t)] = 0. (310)
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The first parenthesis gives the root of the derivative ¢ = (¢/ p)ﬁ which is at the
same time the root of (3.9).

Denote the function in square brackets in (3.10) as F'(t), t € (0, 1]. It follows
directly from (3.10) that F'(0) = —2a,,q0 < 0. Let us show that if 0 < g < 1
and § > 0 are fixed, and (p,q) € U° then F(t) is strictly increasing on (0, 1) for
m bigger than some m(d, 3).

Consider the derivative

F'(t) = f(t) — f~(t), where

Fr) = pa®(1 = B)t° + 2p%q(1 = B)t + amg® 67" + 2a,p(1 = B)17,

f7(t) = anp(2 = B)t' 7 + aypq(L — B).
The functions f* and f~ are positive on (0,1). For 0 < ¢t < { = (21— ﬁ))l/ﬂ
the chain of inequalities

FH(t) > 2amp(1 = B)t7 > Sanup > f(t)
holds, and therefore F’(t) > 0 on the interval (0, #].
Consider F'(t) on t € [t,1]. Let (p,q) € U?, i.e. ¢ > 6. Then

FH) > pg(1 = 8417 + 2p%q(1 = P)t > po*(1 — 32)1° + 2p*6(1 — B)i,

and on the other hand
f(t) < 3am0p + 2a,,p.

Comparing terms with p and p? in the right-hand sides of the two previous for-
mulae and using the inequality sinz > £ for small positive x yields that F'(t) > 0
if

m > m(f,0) = max{

7r m )
1501 - ) 2,/2601 - p2)f
Finally, F(t) is an increasing function on the interval (0,1] for (p,q) € U° and

m > m(3,d). It has a unique root on the interval if and only if F/(1) > 0; this
occurs if

P*(¢(1 = B) — am) — p(am(3¢(1 = B) = 2) = ¢*(1 = 3)) + amyB(q — 2) > 0.

Solving this inequality with respect to p results in (3.8). The value of the deriva-
tive of p_(q) at zero and the inequality 0 < p_(q) < (q follow from straightfor-
ward calculation.

Let us study the behaviour of the local maximum of e — n? (e, m) for m — oc.
The equation F(t) = 0 can be rewritten as

T ( p@? (1 — B)t7 + pq(1 — B)¢? >5

" om T \ 208+ p*2P 1 3pq(1 — B)t — 2617 — 2pt1+B
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Extract the leadving term t'*7 from the right-hand side of the preceding formula
an recall £ = e~ =. Then one obtains

\/W T 1+O el “) for £—0.  (3.11)
This is a formula for the ‘optimal tuning’ for the SPA coefficient as a measure
of goodness for stochastic resonance. It expresses that in order to obtain the
maximum of nZ (e, m) at &, the half period m must be given by (3.11).

The limiting value of n? (e, m) is found by inserting (3.11) into (3.7). [



Chapter 4

Stochastic Resonance in
Two-State Markov Chains with
Continuous Time. Noise-Induced
Amplification and Stabilization.

In this chapter we study the continuous-time version of the reduction of diffusions
as in (2.2) to two-state motions on the metastable states. The continuous-time
Markov chains obtained this way are in a sense close to the corresponding dif-
fusions. Instead of one-step transition probabilities we define time-periodic in-
finitesimal generator and determine the invariant measure of the corresponding
random process. Continuous time allows us to consider the process for all positive
noise levels ¢, half-periods T, and parameters p and gq.

In this setting we study in detail several measures of quality of tuning. They
can be subdivided into two groups: measures of amplification and measures of
stabilization. Measures such as the SPA coefficient, the SPA-to-noise ratio, the
energy, and the energy-to-noise ratio describe noise-induced amplification of a
deterministic periodic signal and have a characteristic local maximum at a criti-
cal noise level which determines the respective resonance point. The out-of-phase
measure, the relative entropy and the entropy of the invariant measure are re-
ferred to as measures of the noise-induced stabilization and have a characteristic
local minimum in €.

SPA coefficient is well-known in the physics literature [26]. It will also be
investigated as a measure of goodness for diffusions in a periodically changing
potential landscape in Chapter 6. The out-of-phase measure is an averaged ver-
sion of the quality measure from [22]. Versions of the entropy measures were
studied in the physical papers [48, 24, 2|. For all measures of goodness we derive
explicit formulae which allow us to determine the ‘optimal tuning’ rate, i.e. the
noise level & which gives the corresponding local maximum /minimum.

In comparison with Chapter 3, where we consider Markov chains with discrete
time, the continuous-time results of this chapter take a simpler form.
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4.1 The Markov chain and its invariant measure

Consider a family of Markov chains Yo7 = (Y;°"),5¢ on the state space S =
{—1,1}. The variable ¢t € R, denotes time, and 0 < ,7 < oo parametrize the
family in the following way. Let us introduce the transition probabilities

pils e, T) =PV =Yo7 =), ij==+1, 0<s<t.  (41)

To do this, similarly to Chapter 3 we define time-periodic infinitesimal probabil-
ities of Y7 which are the continuous-time analogue of the one-step transition
probabilities. In other words, the process Y57 is temporarily inhomogencous
and its infinitesimal generator Q. r(t) is temporarily periodic with period 27" and
equals

—$ ¥

Q= R 0§t(mod1)<%,
Q.r(2T) = vy (4.2)
Qs = v ¥ , 3 <t(mod1l)<1,
Y ¢

where we assume as in Chapter 3 that

p=pe Ve Y =qeE,

(4.3)
e >0, p,q >0, O<v<V.

Note that we have weakened the conditions on p and ¢ used in Chapter 3.
On the intervals [kT, (k + 1)T), k > 0, the process Y= is time-homogeneous
and its transition probabilities (4.1) can be expressed in terms of ¢ and 1):

p-11(t,t+ h;e,T) = ph+ o(h),

4.4
p1-1(t,t+hye,T)=1¢Yh+o(h), 0<t(mod?2T)<T, (44)

and
p,Ll(t, t+ h, g, T) = wh + O(h),

4.5
pr-1(t,t+hye,T)=ph+o(h), T <t (mod2T) < 2T, (4.5)

The goal of this chapter is to study the ‘periodic’ properties of Y7 induced
by the periodicity of the infinitesimal probabilities.

To determine the invariant law of the process Y7 we proceed as in Chapter 3
and consider a new two-dimensional Markov process

t
vi = (Wit gy mod ). 20,

on the state space SY = {—1,1} x S, which topologically is the product of two
circles.
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The process Yo7 is time-homogeneous. Note that we have compressed time:
it is convenient to have the time scale independent of the parameter T'. The
infinitesimal generator of Y*7 is

Evof (Yirlpony 52 (mod 1)) = f(z,0)
Berf(@,0) = lim i

, (7,0) € SY. (4.6)

As © = £1 we may think that B.r is defined on the space of vectors f(#) =
(f7(0), fT(0))* with smooth components. Using (4.4) and (4.5) gives

BE,Tf_ f+Q5T( )f

2T do

Let the vector v = (v_(0),v2(0))*, 6 € [0,1], denote the invariant density of
YeT w.r.t. the product of counting measure on {—1,1} and Lebesgue measure
on a circle S' normalized so that v_(0) + v (f) = 1. We shall call v, ¢ the
invariant law of the process Y=T. Indeed, for 0 € [0, 1]

T
P,(Yyrg = £1) = v27(6).

The invariant measure satisfies the forward Kolmogorov equation

and the continuity condition I/a’T(O) = Va’T(l), where the adjoint operator is given

by

From the symmetry between (); and ()2 in (4.2) we deduce the following

Proposition 4.1.1 The invariant measure of the process Y& has the following
symmetry property: I/ET(H) = vip(0+ ) 0<6< %

Proof: The statement follows easily from the fact that if, for example, v =
(v=,v")* is a solution of —5=v + Qv = 0, then 7 = (v, v™)* satisfies —ﬁl/ +
Qsv = 0, together with the contmulty condition and the uniqueness of the in-
variant measure. Here, 7 = dG |

It follows from Proposition 4 1.1 that in order to find the invariant measure,

it is enough to solve the boundary value problem

1 d * —

—ﬁ@VaT + Q1V5,T =0,

Va_T(O) = V:T(%) (4.7)
cr(0) +vip(0) =1,
cr(0) >0, 0€0,3],

which is done in the following
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Proposition 4.1.2 For T > 0 and ¢ and ¢ defined in (4.3), the invariant mea-
sure of the process YT equals

I e

o+ o+l 4e et
—2(p+)T6

V;T(e) =
¢ p—t e
r(0) = (P O)T’
o+v o+ l+el
I/;T(e + %) = V;T(e)a
vip(0+3) =vp(0), 0<6<

1

5.

Proof: Solving the differential equation in (4.7) and using the normalizing con-
dition gives the following general solution

_ w -9 "2 —2 T6O
Vo p(0) = —— 4 Ae2H0IT0 -t () = T AemHetY)
ET() 80_'_1# E,T() SO_'_w
where A is an arbitrary constant. Applying the boundary condition leads to
=9 1
T o+l e (erRT’

which concludes the proof. [

Note that ufT(Q) is a sum of two parts. For 6§ € [0, %], the time-independent

pair (=%, —2-) is the invariant measure of the time-homogeneous Markov chain

PP ptib
with infinitesimal generator ()1, and (v_ T(;), I/:T(%)) — ((pfw, <p+¢) exponentially
fast with rate ¢ +1 as T'— oo. This is an illustration of a classical result about
convergence of the law of a stochastic process to its invariant law.

On the second half-period, the Markov chain is governed by the infinitesimal
generator Q and therefore (v (1), v (1)) — (555 <p+w) T — oo, which is the
invariant law of the Markov process with generator @)».

The invariant measure found in Proposition 4.1.2 is our main tool in studying
the periodic properties of the process Y=7. In the following sections we shall
introduce, study and compare several measures of goodness of stochastic reso-

narnce.

4.2 Spectral power amplification coefficient

As in Section 3.2 we define the spectral power amplification coefficient as the
ratio between the component of period 27T of the power carried by the averaged
trajectory of Y=7 and the corresponding component of the power carried by the
deterministic signal

In(t) = V, 0 <t (mod27T) < T,
e v, T <t (mod 2T) < 2T.
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The signal Iy ‘switches’ the powers in the infinitesimal probabilities ¢ and ).
Precisely, we define the SPA coefficient as

2 2

1 e omi 1
EVY L p2mis o 2 )
2T T
fO S E,,]f;jwse%ms dS
0

fol I7(2T's)e? s ds

™

(V —v)?

n" (e, T) =

;o (49)

where E, denotes the expectation w.r.t. the invariant measure v, 7.
The goal of this section is to study the behaviour of the SPA coefficient as a
function of € and T.

Proposition 4.2.1 The SPA coefficient is given by
4 T*(p — )

Y(e,T) = 4.10
n (&) (V —0)2 (¢ +1)?T? + 72’ (4.10)
with ¢ and ¢ defined in (4.3).
Proof: We use (4.8) to obtain
1 1
| Batemsds = [ () - vigopends
0 0
3 — (i 1
=2 vin(s) — v (s eQﬂisds:QL(—jL , )
/0 (E,T() 5,T( )) 90"‘1/1 - 7T’L—((,0—|—’§D)T
which directly leads to (4.10). [
n" (e T)
3
2
1
] .
0 02 04 06 08 1

Fig. 41: f p=q=1,V =3, v =2 and T = 10° the SPA coefficient ¥ (¢, T)
has a local maximum at ¢ ~ 0.197.

Let us compare formula (4.10) with its discrete counterpart (3.7). If we set
m =T the formulae differ only in the term (e, m) = 4(1 — ¢ — ¢p)m?sin® (&) —
72, This term reflects the difference between discrete and continuous time and
vanishes in the limit 7" — oo and € — 0. This suggests that the optimal tuning

for Y=T should be close to the tuning of Z,,, at least in the small noise limit.
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Proposition 4.2.2 a) n¥ (¢, T) > 0, n¥(0,T) = 0;
b) Let 0 < 3= <1 andT >0 be fized. Consider the function
o 213
M) = e = 5+ m 4 ORI B) P+ ST )
such that 0 < p(q) < Bq, for ¢ >0, and p'(0) = 3.
Let us consider three disjoint domains (see F'ig. 4.2)
Uo ={(p.q) : 0 <p < pla),q > 0},
Ur ={(p,q) : p(q) <p < q,q¢> 0},
Us ={(p,q) : 0 <q <p}.
Then the following dependence of the SPA coefficient n¥ (e, T) on the pre-factors

(4.11)

AP

U, )
-~ Bq

Fig. 4.2: Typical form of the domains Uy, U; and Us,.

p and q holds:
if (p,q) € Uy then e — 0¥ (g,T) is a strictly increasing function on (0, +00);

if (p,q) € Uy then e — nY (e, T) has a unique local maximum on (0, +00);

3. if (p,q) € Uy then e — n¥ (e, T) has a unique local maximum and vanishes
at €= (V —wv)/log ().

Moreover, for T — oo the domain Uy — 0, and the ‘optimal tuning’ T, =
T, (¢) which gives the mazimum of n* (,T) satisfies
el

Tng \/W” —'0625 1+(9

n" (e, T,(c)) — ﬁ as € —0. (4.12)

and
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Proof: Statement a) follows directly from (4.10).
Let us introduce the variable ¢t = exp (—¥) € [0,1]. Then ¢ = pt and ¢ = ¢t”,

and
4 T?(pt — qt°)?

(V — )2 (pt + qt®)?T? + 72

Taking the derivative of k. (¢) in ¢ we find that the extrema of ¥ (¢) are the roots
of the equation

t%(pt — qt”) {7*(qB — pt'~7) — 2pqT*(1 — B)t(qt’ + pt) } = 0. (4.13)

' (e, T) =ny(t) =

The first parenthesis of (4.13) gives the root t = (¢/ p)ﬁ which does not depend
on T', is less than 1 if p > ¢, and corresponds to &= (V —v)/log (£).

Let us show that the function in the second parenthesis of (4.13) has exactly
one root if (p,q) € Uy U Uy, and has no root if (p,q) € Uy. Denote the second
parenthesis of (4.13) by F(t). Note that F/(0) = 72¢8 > 0,

F'(t) = —mp(1 = B)t 7 — 2pg®T?(1 — B*)t° — 4p*qT?(1 — B)t < 0,

and consequently, F'(t) is monotonically decreasing on (0,1]. Hence, F' has a
unique root on ¢t € (0,1] if and only if F(1) < 0. The latter inequality can be
rewritten as the following quadratic inequality w.r.t. p

2p°qT*(1 = B) + (2¢°T*(1 = B) + «*)p — ¢fn* > 0. (4.14)

Solving this inequality results in (4.11). The properties of p(q) follow from a
straightforward calculation.

To find an ‘optimal tuning’ 7" = T'(¢) we note that F(t) = 0 is a linear
equation in 7?2 from which we get that

1— 2510
4.15
= \/ﬂ 1— 1+pt16 (4.15)

It is clear that as T' — oo the noise parameter € — 0 and (4.15) can be rewritten

as
T v V+ou V—v
T = —— 22 {1+ 0O(e” = 4.16
T 2pq V—ve { +O(e )} ( )

Note that for large T the solution exists always, for any v, V, p, q, hence Uy — ()
as € — 0. The limit (4.12) is obtained by inserting (4.16) into (4.10). [

4.3 SPA-to-noise ratio

In this section we study another measure of quality of tuning, the SPA-to-noise
ratio (SPN), which can be defined as the ratio of the ‘amplitude’ of the output
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signal and noise ‘amplitude’. This notion is related to another popular measure
of stochastic resonance, the so-called signal-to-noise ratio [21, 26, 45].
Formally, this measure of goodness is given by

V= ET) (4.17)

2 g2

1
e, T 2mis
/ E)Y, e ds
0

1
SPN(e,T) =

The SPA-to-noise ratio compares the spectral component of the random output
with the noise intensity and measures the proportion of the noise energy trans-
ferred to the component of the output corresponding to period 27"

Proposition 4.3.1 a) The SPA-to-noise ratio is given by

4 T*e—1)°
7T252 (80 + w)2T2 + 7T2’

SPN(e, T) = (4.18)
with ¢ and ¢ defined in (4.3).

b) If p > q, SPN(:,T) vanishes in € = (V —v)/log (). For T large enough
e +— SPN(e, T) has a local maximum, and the optimal tuning occurs for

Tepn(e) = Z\\geg(l + O(e)). (4.19)

Moreover,

SPN(e, Tspn(e)) = (1+0(e)), as e—0. (4.20)

7T2€2

SPN(e, T')
10
8
6
4
2
) e
0 0.2 0.4 0.6 0.8 1

Fig. 43: If p=q =1,V =3, v = 2 and T = 10° the SPA-to-noise ratio
SPN(e, T') has a local maximum at ¢ ~ 0.173.

Proof: The formula (4.18) is an obvious consequence of (4.10) and (4.17).
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To study the extrema of the SPN(e, T") with respect to e let us intoduce the
variable t = e~V/¢ taking values in (0,1]. Then, ¢ = pt and @ = ¢t?, where
= ¢ < 1. In terms of ¢ the formula (4.18) takes the form

4 T%(pt — qt?)?log*t
w2V (pt + qt®)?T? + w2’

SPN(t,T) = (4.21)

and taking the derivative in ¢ we find that the extrema of (4.21) are zeros of the
following equation:

(pt — qt’) |7*(gBt° — pt)|logt| — 7*(qt” — pt)
—2pq(1 — B)T?*tP(qt” + pt)|logt| — T?(qt® — pt)(qt® + pt)Q} = 0.

The expression in the first parenthesis gives the root &= (V' —v)/log (£) which
is non-negative for p > ¢ and is also a root of SPN(e, T)).
The equation in brackets can be solved for T'. We get

< 72(qBt7 — pt)|logt| — 7%(gt? — pt) > 2
(qtP — pt)(qtP + pt)? + 2pq(1 — B)t*+P8(qt? + pt)| logt|

T, 8 AT — 33t "~ proga t ariesnt
:_t*ﬁ 1 t q ogt qB|logt
q ﬁ‘ og ‘ ((1 — gtlfﬁ)(

P41-B)\2 L 9B (] — 3){1-B P48
1+ B41=0)2 + 2B(1 — 3)t1=0(1 + E¢1-0)| log |

As t — 0, the latter expression can be expanded as
T = gtﬁ\/ﬂ logt (1+ O(|logt|™)),

which yields (4.19). The limiting value (4.20) is obtained by inserting (4.19) into
(4.18). [ |

As we see, the SPA-to-noise ratio has a local maximum in . This means that
on the optimal noise level the noise energy feeds the periodic component of the
averaged random output.

4.4 Energy

The SPA coefficient 1Y discussed in Section 4.2 describes the averaged power
carried by the longest harmonic in the Fourier decomposition of Y7, Let us
consider the energy carried by all harmonics, which, due to Parseval’s equality,
is given by

1
En(e, T) = / (E,Y50)2 ds.
0

[SIE
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Proposition 4.4.1 a) The energy carried by the averaged Markov chain Y7
equals

En(e,T) = <u> ll 2 tanh Tle+v)
p+ v T(e+1) 2
b) If p > g, then En(e,T) has a root in € = (V —v)/log(£). For T large
enough, € — En(e, T) has a local maximum. An optimal tuning rate at which the
mazimum 18 attained is given by

(4.22)

Ton(e) = %Vivei{wae—v;“)} (4.23)
and
En(e,Tgn(e)) =1 as e —0. (4.24)
A En(e, T)
0.8
0.6
0.4
0.2
J :
0 0.2 0.4 0.6 0.8 1

Fig. 4.4: Ifp=q=1,V =3, v=2and T = 10° the energy En(e, T) has a local
maximum at € ~ (0.217.

Proof: The proof is analogous to the proof of Propositions 4.2.1 and 4.3.1. To
obtain (4.22) we note that

1

Bu(e.T) = [ B350 s = [ (ws) = viplo)ds

0

/ v ;T<s>>2ds
—2(p+y)Ts \ 2
T 2T
<p+w [ f Gt

:(ww) [1 (so2+w>tanhw}‘
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To find extrema of En(e,T’) we denote § = ¢ and t = e~ € (0,1] and take
the derivative of (4.22). A straightforward calculation yields the equation (gt —

pt)Fr(t) = 0 for the extrema, where

Fr(t) = T(p*t* — ¢*t*°)(pt + qBt°) sech® [T (pt + qt”)]
— ATpq(1 — B) P (qt? + pt) (4.25)
—2(p°t* — ¢*Bt* + 5pq(1 — B)t'*7) tanh [Z(pt + qt7)).

The first parenthesis of the equation of the extrema gives the root £ = (V —
v)/log (). Next, we parametrize T = ¢, a > 0, and consider Fr,(t) as t — 0.
It is clear that sech [Lt(gt? + pt)] = sech [2(qt"~! + p)] — O exponentially fast,
whereas tanh [£ (gt” + pt)] — 1 exponentially fast as ¢ — 0. This yields

Fr,(t) = 24t (8 — 2ap(1 — ) + O(t'7)) .
For a < Wﬁ_ﬁ) we have Fr,(t) > 0, and for a > Wﬁ_ﬁ) we have Fr,(t) < 0 as
t — 0, and we can localize the optimal value of 7" in the interval [ﬁ, ﬁ]

Therefore, in this interval we can asymptotically solve the equation for 7" with
the result:

L 5 1-8
T = (1 t .
1= (14+0@t "))
This gives (4.23). The limit (4.24) is obtained with the help of (4.22) and (4.23).

4.5 Energy-to-noise ratio

As a similar notion to the SPA-to-noise ratio let us next consider the energy-to-
noise ratio which is defined by

I En(e, T
ENR(e, T) = / (B, Y5T)2ds = # (4.26)
e? Jo €
Proposition 4.5.1 a) The energy-to-noise ratio is given by
1 (-1 [ 2 T(p + )
ENR(e,T) = = | —— 1— —tanh———=| | 4.27
1= (Wrw) Tlp+9) 2 427)

with ¢ and ¢ defined by (4.3).

b) If p > q, ENR(e,T') vanishes at € = (V —v)/log (). For T large enough,
e — ENR(e,T) has a local maximum. An optimal tuning rate, at which this
mazimum 18 attained is given by

Tinr(e) = ;—862(1 +0()) (4.28)
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and
1
ENR(e, Tgnr(€)) = s O™ as e—0. (4.29)
AENR(e, T)
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Fig. 45: If p=q¢ =1,V =3, v = 2 and T = 10° the energy-to-noise ratio
ENR(e,T') has a local maximum at € ~ 0.178.

Proof: The formula (4.27) is a direct consequence of (4.26) and (4.22). After

denoting t = e~ and § = + and taking the derivative of (4.27) we find that it

vanishes at & = (V' —wv)/log (L) and the other extrema (if any) of the energy-to-
noise ratio satisfy the equation Fr(t) = 0, where
Fr(t) = T(p*t* — ¢*t*") (pt + q3t”) sech® [ (pt + qt”)] log t
— 2T (pt + qt”) (P*t* — ¢*t*° + 2pq(1 — B)t' 7 log )
+4¢% % — 27 + 2(p*t* — 5pg(1 — B)t'+ — ¢*Bt*) tanh [ (pt + qt”)] log .
We parametrize Ty = at?|logt| and consider Fr,(t) as t — 0. With this choice,

it is clear again that sech [ (qt” + pt)] = sech [4(qt°~" + p)] — 0 exponentially
fast, whereas tanh [%(qtﬁ + pt)] — 1 exponentially fast as t — 0. This yields

Fr,(t) = 2¢°t*| log t|(8 — aq + O(|log | ™).

Therefore, the optimal T belongs to the interval [%, %] as t — 0. This
allows us to find the asymptotic value for

T = gt—ﬂ logt|(1+ O(|logt[™)),

which is equivalent to (4.28). The asymptotics (4.29) follows from (4.27) and
(4.28) immediately. [

ENR characterizes the rate with which the noise feeds the random output
with the energy.
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4.6 Out-of-phase measure

The approach by M.Freidlin [22] is valid for a quite general class of stochastic
systems. Theorem 2.2.1 describes the periodic responce of the diffusion. The
measure of quality in this theorem is the Lebesgue measure of the time which the
trajectory spends outside some neighbourhood of the minimum of the deep well,
i.e. the total amount of time spent in the ‘wrong’ place. The same results hold
for the Markov chain Y=7 for small values of ¢.

Proposition 4.6.1 ([22]) Fore > 0, let the half-period T' = T(e) be such that
lir%elogT(e) =A>0.

Let the function
—1, t(mod 1) €0,3),
o(t) = )
I, t(modl)el31),

be a periodic and deterministic function of time, and A denote the Lebesgue mea-
sure on [0,1]. Then, if X > v,

A(t €10,1] : Yyp, # (1) = 0 (4.30)
i probability as € — 0.
If A < v then
e, T e, T
At €10,1] : Yoreo) #Y; ) —0
in probability as € — 0. [

Consider the Lebesgue measure from (4.30) as a function of € and T'
Ao, T) = At € [0,1]: YiF £ ().

Note that A(e,T’) is a random variable. We introduce the out-of-phase measure
by

(e 1) = B T) = B, [ 105 # 6) ds

The out-of-phase measure describes how much time on average is spent by
the Markov chain in the ‘wrong’ state.

Proposition 4.6.2 a) The out-of-phase measure is given by
1 1p— T
_ { le—9  Tletd)
P+ To+ 2

b) For T large enough, € — d(e,T) has a local minimum. The optimal tuning
rate, at which this minimum is attained is given by

_1 v
_pV—U

d(e,T) (4.31)

V—v

) (4.32)

Tu(e) e%{l +O(e”
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and we have

d(e,Ty(e)) = 0 as e —0. (4.33)
A d(e,T)
| |
0.2
-
0 0.2 0.4 0.6 0.8 1

Fig. 4.6: If p=¢q =1,V =3, v = 2 and T = 10° the out-of-phase measure
d(e,T) has a local minimum at ¢ ~ 0.229.

Proof: To obtain (4.31) we notice that
1

de.T) =B, [ 105 £ os)) ds
0

% 1
- / P, (Y5l = 1)ds + / P, (V5T = —1)ds
0 }

o [ g L [, le—w T@+wv}
—2/0 Va’T(S)dS_tp-i—@/) {cp Tcp—Hbtanh( 5 :

v
After substituning t = e~ ¢ into (4.31) and taking the derivative in ¢ we find that
the coordinates of extrema satisfy the equation Fr(t) = 0, where
Fr(t) =T(qBt” + pt)(¢*t* — p*t?) sech? [T (qt” + pt)]

+2Tpg(1 — )t (qt” + pt)

+2(0° — ¢*Bt* — 3pq(1 — B)t"*7) tanh [T (qt” + pt)],
where 0 < = {5 < 1. Let us again localize the values of T such that Fr(t) =0
has a root as t — 0. We parametrize T; = ¢, a > 0, and consider Fr,(t) ast — 0.
It is clear that sech [Zt(gt? + pt)] = sech [2(qt"~! + p)] — 0 exponentially fast,

whereas tanh [Z(qt® 4 pt)] — 1 exponentially fast as ¢ — 0. Hence, Fr,(f) can
be asymptotically expanded as

Fr,(t) = 262t (ap(1 = B) = §) + O(t*7).
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Observe that Fr,(t) < 0if a < p%ﬂ), and Fr,(t) > 0if a > (IL_ as t — 0.
In other words, as ¢ — 0, the half-period T" we look for belongs to the inter-
val [2p(£ A p(ffﬁ) -]. On this interval we can asymptotically solve the equation
Fr(t) = 0 for T" which results in

g

T=—"——t"'140@"") a t—0.
g T
This is equivalent to (4.32).
The limit (4.33) is obtained directly from (4.31) and (4.32). [

Remark 4.6.1 The out-of-phase measure can be rewritten as

1 1
deT) = 1 | BV —o(s)as

which represents the mean square deviation of Y57 from the deterministic func-
tion ¢ appearing in Proposition 4.6.1.

4.7 Relative entropy

Let us consider the point mass dgu), t > 0, in ¢(t) with ¢ according to the
preceding section. We have dy) = ¢~ (t)0_1+¢™ (¢)01, where ¢~ (t) =1, ¢T(t) =0
if t (mod 1) € [0,3) and ¢ (t) = 0, ¢7(t) = 1if ¢ (mod 1) € [3,1). In the
language of diffusion, minimum of the deep well always has mass 1.

We consider the relative entropy of the invariant measure v, with respect to
04 defined by

Hy(e,T) :/0 Z »“(s) log io;(z) ds.

Proposition 4.7.1 a) The relative entropy is given by

0
o+

1 Y—p e Tty Y= 1
(" e ) e (M )|
T(p+v) Y 14e Tl Y 14Tl

where Liy(z) is the dilogarithm function defined by Lis(x) = fxo w dy, r < 1.

b) For T large enough, € — Hy,(e,T) has a local minimum, and an optimal
tuning rate is given by

H¢‘,,(€,T) = —log +

(4.34)

7T2 v v V—v

- c(14+ 0O te =
6pV—’Ue(+ (e"e

)). (4.35)

Ty (e)
Moreover,

Hyp (e, Ty(e)) = 0 as e —0. (4.36)
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A Hopw(e,T)
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Fig. 4.7: Iff p=¢=1,V =3, v =2 and T = 10° the relative entropy Hy,(e,T)
has a local minimum at ¢ =~ 0.238.

Proof: To obtain (4.34) we use (4.8) and the definition of the relative entropy.
This gives

Hae )= [ 3 () og 2

I —— VgT( )

3 1 ! 1
= log — ds + / log ——— ds
/0 Ver(s) v vip(s)

= —2/2 log v_ (s) ds
0

5 _ —2(p+)T's
= —2/ log L4 + P ds.
0 prY Yl

The latter integral is evaluated by means of the formula:

b672cs

a

1
/log(a+be265)ds=sloga+2—Liz (— ), a>0,b>—a,c>0.
c

As usual, we denote t = e~ and f = 1 to find the derivative of Hy), with
respect to t. This results in an algebraic equation Fr(t) = 0 for the extrema of
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Hyj,, where
Fr(t) = (pt + qt”) { — (1 — B)pTt(pt — qt”) (1 n e(pt+qtﬁ>T>

+ <p2Tt2 — ¢* BT + (1= p)pt (1 —qTt" + e(””qtﬁ)T))

q +pt1—ﬁe(pt+qt5)T
x log

q+ qe(pt'i'qtﬁ)T

+ (T = Be7)er T — (1= B)pt (1+ (14 Tt 77 )

— ptl=b
q+ qe(pt—I—qt T

_ =B
_ (pt _ qtﬂ)(pt + qﬁtﬂ) <1 + e(Pt'i'qtﬁ)T) Liy i
q+ qe(thrqtﬁ)T

(q— ptlfﬁ)e(thrqtﬁ)T

.8 3 (pt+qt?)T .
+ (pt — qt”)(pt + qBt”) (1 + e ) Lip ( q + qeWwi+at®)T

(4.37)
We localize the zero of Fr(t) = 0 for t — 0. Let us parametrize T, = ¢ for
some a¢ > 0 and consider Fp, as t — 0. It is immediate that as ¢ — 0,
exp ((pt + qt?)T;) — oo exponentially fast, hence the log-terms in Fr,(t) con-

verge to 0, as does the first Lir-term, whereas the second one converges to
2

= _ (MleU=y) gy, o gee 2t
6 0 y k=1 k2"
The terms of (4.37), which have a factor exp {(pt + qt°)T;} will be dominating

as t — 0, and therefore the following expansion holds:
2
Fr,(t) = e®®rat” 1) 2420 (ap(l —B) — %5 + Ot logt)) :

Therefore, Fr,(t) < 0if a < %, and Fr,(t) > 0if a > %, as t —
0. In other words, we have localized the optimal half-period 7" on the interval

[ il ™5 1 ast— 0. In this interval we asymptotically solve the equation
Fr(t) =0 for T, which gives

2
7p(1-B)t? 5p(1—ﬁ)t]

T = _m8 t 14+ 0t Flogt)), t—0
Gp(1 = 5) ’
After rewriting it in terms of ¢, the latter formula gives (4.35). The limit (4.36)
follows from (4.34) and (4.35). |

4.8 Entropy

Define the entropy of the invariant measure V:T at time t € [0, 1] as

Hy(e,T) = —v_p(t)log v_p(t) — v2p(t) log 2 (1), tel0,1],
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and consider its entire entropy by

H(, T)= /01 Hy(e,T)ds

Proposition 4.8.1 a) The entire entropy of v.r is given by

1 1
H(eT) = log (¢ + ) - ZBET 08

@ (o=t 1 . (p—1p e Tty
+ 5 | Li2 “Totrd) ) Liy T(otd)
T(p+1) o 14e Tl @ l+e Tl

Y (Y- 1 C(h—p e T
+Wlh2< (0 1+6—T(¢’+¢)>_L12( v 1+ e Tletd) }

(4:38)
where Lig(x) is the dilogarithm function, Lis(x)

x :fEWdy, r < 1.
b) If p > q the entropy has a local mazimum at € = (V — v)/log(%) and

H(ET) =log2 for all T > 0. For T large enough H(e,T) always has a local
minimum, and an optimal tuning rate is given by

6pme?(1 + O(¢)). (4.39)

Moreover,

H(e,Ty(e)) =0 as e—0. (4.40)

A H(e,T)
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Fig. 48: If p=¢=1,V =3, v =2 and T = 10° the entropy H(e,T) has a local
minimum at € ~ 0.211.
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Proof: To obtain (4.38) we use (4.8) and the integration formula

ﬁe’m (1 — log (a + be’QCS))

/(a + be **) log (a + be >**) ds = 5
C

b —2cs
+ asloga — a log (a + be™ ) + £ Lig [ — ‘ ,
2c 2c a

a>0,b>—a,c>0.

We denote as usual ¢t = e~ and = {7 so that ¢ = pt and ¢ = qt® and take the
derivative of H in t to determine the extrema. The straightforward and tedious
calculation yields that they are given by the roots of the equation Fr(t) = 0,
with

Fr(t) = P g, (6, T) + ePH 0T e (8, T) + &(t, T), (4.41)
where

&(t,T) = pg(1 = B)* Tt (¢*t*° — p*?) log (21)

s (pt+qt”)T
. 1+8 B _ (qt + pt)e
+pg(1 = B)t7(pt + qt”) llog (pt) —log ( 1 + elpttat)T

+ qTt7(*t%° — p*t*)1log (1 — q—pt”
q(1 + ept+at”)T)

= pt(pt —qt”)(pt — (1 — 206)t")
[ t — gtB)ewt+at?)T t — gt
« | Li, (p q)eﬁ CLi, pt—al”
pt(1 + elwt+at)T) pt(1 + epttat?)T)
— qt?(qt” — pt)(gBt” + p(2 — B)t)

i th — pt 8 — pi)ept+at™)T
X L12 q p . L12 (q b )6 ’
qtP (1 + elpt+at?)T) qtt(1 + elwt+at”)T)

and & (¢t,T) and &y(t,T) are similar combinations of powers of ¢ and logarithmic
and dilogarithmic functions of the same arguments as in &. The functions &,
& and & vanish if pt = ¢t®. This yields the local maximum of the entropy at
£=(V —wv)/log(%). Note that at £ the infinitesimal probabilities ¢ and ¢ are
equal and it follows from (4.38) that H(€,T) = log2 for all 7" > 0.

We shall determine the root of Fr(t) = 0 for small ¢. Let us parametrize

Ty = fogq for a > 0 and expand (4.41) in t. It is evident that as t — 0,

exp ((pt + qt®)T}) — oo exponentially fast, hence the log-terms containing the
exponentials will vanish in the limit, as is the case for the first three Lis-terms.
The fourth Lis-term, however, converges to %2. Collecting the leading **-terms
in &, then results in

2
Fi, (1) = eXro ot g0 (%5 —ap(1— )2+ O(|log t|‘1>>
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Therefore, Fr, <0 for a > ¢ o0 66)2 and Fr, > 0 for a < 3 (1 6)2 as t — 0. Hence
we ha\ge localized tlge local minimum of the entropy, for example on the interval
[7p(1 ”)fmogt‘, 55 ”)%Llogt] as t — 0. Solving Fr(t) = 0 for T on this interval
gives the asymptotic formula

703
T=—-"—1(togt]) ' (1+ O(|logt|™)).
In terms of ¢ this is equivalent to (4.39). The limit (4.40) is an application of
(4.39) to (4.38). |

4.9 Overview and concluding remarks

For the convenience of the reader we represent the optimal tuning rates for the
quality measures studied in this chapter in the following table.

Measure of quality Optimal tuning Value

of stochastic resonance T(e),e =0 at €
1. | SPA coefficient, n*’ T,(e) = = /Vlivev;gv 0
2. | SPA-to-n. ratio, SPN Tspn(e) ~ 7;\/;6%‘/ 0

~ 1 v =
3. | Energy, En Ten(e) = e 0
4. | E.-n. ratio, ENR Tenr(e) =~ q%eé 0
5. | Out-of-phase, d Tu(e) = %Vﬁve% :
\%

6. | Relative entropy, Hy), Ty,, () ~ ”—;Vﬁve? log 2
7. | Entropy, H Ty(e) =~ ’T—; (VE_”U)Qe% log 2

Theorem 2.2.1 and Proposition 4.6.1 provide a lower bound for the exponential
rate T'(¢) above which in the small noise limit ¢ — 0 the randomly perturbed
system produces trajectories with periodicity properties. Our results for the
Markov chain obtained in this chapter all agree with this bound and determine
the exact rates of growth for T'(¢) as € — 0 together with pre-factors.

It is interesting to remark that if the exponential rate is v, i.e. corresponds to
the depth of the shallow well, then the pre-factors contain only the parameter g,
which stands for the geometry of the shallow well. Analogously, if T'(g) ~ €'/,
then the pre-factor of the optimal tuning rate only contains p, the geometrical
factor of the deep well, and not ¢. The only exception is the SPA coefficient n¥
whose optimal tuning rate contains all parameters of the system.

The measures of quality considered can be subdivided into two groups. The
SPA coefficient, the SPA-to-noise ratio, the energy and the ENR belong to the
first group. They are based on the interpretation of the Markov chain as a
random amplifier and describe the spectral properties of the averaged output.
The key result which may seem counterintuitive is as follows: an optimal transfer
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of a deterministic periodic signal through a random system is not guaranteed by
the elimination of noise, but rather by tuning it in on some essentially non-zero
intensity level.

The same result holds for the second group of measures which can be con-
sidered as measures of stabilization. Indeed, the out-of-phase measure and the
relative entropy determine the deviation of the random output from a determinis-
tic function ¢. Again, increasing the noise makes the random output less random.
The final measure — the entropy of the invariant measure of the process — is,
roughly speaking, the measure of randomness. The bigger the entropy, the more
chaotic is the system. The fact that non-zero noise minimizes the entropy is a
very good example of noise-induced order.

Let us next briefly discuss the particular noise level £ = (V' —v)/log(£). At
this level, the infinitesimal probabilities ¢ and 1 are equal, the generators ();
and (), are indistinguishable from each other for all ¢,7" > 0, and the process
V&7 is time-homogeneous with invariant measure (3, 1). In other words, at &
the Markov chain is a symmetric telegraph process which lives in —1 and 1 with
equal probability. No periodicity is observed.

The out-of-phase measure and the relative entropy, of course, do not vanish
at &, but are far from their maxima. Indeed, the process which spends only half
of the time in the ‘right’ does not constitute the worst case for these measures.
The worst case is rather the deterministic process 1 — ¢(¢) which is in the ‘wrong’
place for all . The entropy of the invariant measure takes its maximum at &
because for any ¢ the random variable Yf’T has a symmetric Bernoulli law which
is the most ‘chaotic’ among binary laws (see, [56, Chapterl, §5]).

Finally, we briefly outline the programme for the remaining two chapters. In
Chapter 6 we investigate the SPA coefficient for the diffusion driven by the SDE
(2.2). Its asymptotic properties as € — 0 and 7" — oo will be derived with the
help of the invariant density of the diffusion. To determine the invariant density,
we have to solve the forward Kolmogorov (Fokker-Planck) equation which re-
quires a spectral analysis of the diffusion’s infinitesimal generator. The following
Chapter 5 is devoted to this study. It includes a discussion of the zeroth and first
eigenvalues and eigenfunctions. The discovery of a spectral gap between the first
and second eingenvalues will be crucial for the analysis of the SPA coefficient in
Chapter 6.



Chapter 5

Spectral Analysis of the Operator
of Small Noise Diffusion

In this chapter we study spectral properties of the infinitesimal generator of a
one-dimensional diffusion with small noise level in a double-well potential. The
first section is designed to motivate our approach. In particular, we give heuristic
derivations of the first eigenvalues and eigenfunctions. Moreover, we employ the
theory of Schrodinger operators for potentials increasing at infinity to prove the
discreteness of the spectrum and the existence of a complete system of eigen-
functions. Variational principles are evoked for the study of the eigenvalues and
eigenfunctions. Eigenvalue and eigenfunction of order zero are easy to derive
exactly, while the first eigenvalue \; is determined approximately. It is known to
be exponentially small in €. To find a good estimate of the first eigenfunction @1,
we use a series representation of ®; in powers of A\;. In fact, we show that there
is a spectral gap between A\; and a second eigenvalue \y: the second eigenvalue
A2 is bounded from below by some positive constant not depending on . In the
last section we briefly discuss the multi-dimensional case.

5.1 The heuristics

In this section we present the heuristic derivation of the first eigenvalue and
eigenfunction of the differential operator

e d U,d

2da? dr

which is the infinitesimal generator of a time-homogeneous diffusion driven by
the SDE
dX; = -U'(X;)dt +edW,, t>0,e>0, (5.1)

with a purely space dependent potential function U.
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For convenience of notation, in this and the next chapter we fix and omit the
subscript € in the notation of the operators L., L etc. and their spectral data.

The results about the spectrum of the operator L we shall derive are needed
in Chapter 6, where we have to solve the forward Kolmogorov (Fokker-Planck)
equation for the invariant density of the diffusion (2.2) with time-periodic poten-
tial. The equation to solve is given by

1 0

where » p
*p E_ 1@ 17
L'r= 2d$2f+def+U /

is the formal adjoint of L, i.e. a differential operator such that for all f, g € C5°(R)

/RLf~gda::/Rf'L*gdx

and U a temporally periodic potential function switching between two spatially
symmetric states, recall Fig. 1.3. Thus, equation (5.2) is time-homogeneous on
half-intervals. To obtain its solution for all ¢ we will continuously knit the so-
lutions corresponding to time-independent states of the potential. In the time-
independent setting of the present section, U is supposed to take one of these two
states at all times.

Assume that we know that the spectrum of the operator L* is discrete, and let
us denote {—\g, Ui }i>o its eigenvalues and eigenfunctions. We assume that the
spectrum is non-positive, i.e. 0 < \g < A\; < ---, and has no finite condensation
point. If such a spectrum exists the method of separation of variables (or the

Fourier method) can be applied and a solution of (5.2) can be given in the form
of

L k I L Yy
f(z,t) Za Up(z)e Mtz e Rt >0
k=0

where the real numbers a; are determined from the initial and boundary condi-
tions (see, e.g. [19, 51]).

Thus, we face the problem of describing the spectrum of the time-independent
operator L*, at least for small . It turns out that it can be solved by studying
the spectral properties of L. Indeed, one easily notes that

L f = e_%L(fe%).

This equality means that L* and L have the same eigenvalues, and the eigen-
functions of the operator L* can be obtained as ¥, = e_%cbk, where ®,, are the
eigenfunctions of the diffusion generator L, k > 0.

Spectral analysis for generators of small noise diffusions was addressed in
a big number of papers. Diffusions in bounded domains are particularly well
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understood [12, 11, 13, 14, 15, 23, 30, 31, 58]. In a nutshell, the essential result
states that in the small noise limit the lowest eigenvalue corresponds to the inverse
of the expected diffusion exit time from the bounded domain. The corresponding
eigenfunction is almost constant on any compact subset of the domain.

Our state space in contrast is the non-compact real line. Here the situation
is somewhat more complicated.

We start with the following basic assumptions about the potential U:

(8) U eC*R);
(G) there exists R > 0 such that U(z) = z*/4 for |z| > R;

(M) U has exactly two local minima at = £1 and one local maximum
at x = 0; moreover,
V v 2w
U-1l)=——, U0)=0, UQ1)=—=, =-—<=<1I1;
( ) 27 ( ) ? ( ) 27 3 V Y
the extrema are non-degenerate, i.e.
U'(£1) =ws >0, U"(0) =—wp <0.

The condition % < 1+ < 1 is a rather weak condition. It allows the depths of
the two potential wells to be arbitrarily close and just requires the depths not to
be too different. This agrees with the interpretation of stochastic resonance as
optimal amplification of weak periodic signals by noise. Here ‘weakness’ means
small amplitude of periodic signal which in our case corresponds to V2_ Y (see
Chapters 3 and 4).

The operator L can be extended to a self-adjoint operator on the domain Dy,
consisting of functions from L*(R, p~tdx), p = e%, with locally absolutely con-
tinuous first derivative and square-integrable second derivative. Self-adjointness
and the fast increase of the potential U at infinity imply the existence of the
discrete non-positive spectrum and an orthogonal system of eigenfunctions lying
in L2(R, p~tdx).

The zeroth eigenvalue can be found directly from the variational principle
[29]:

— fapLpe % d 2e= d
ho— i eebee tde el S de

= =0.
0#£€Dr [ o2 du 0#p€DL 2 [ 2% da

To verify the latter formula it is enough to take ¢ = Const. Thus, the zeroth
eigenfunction ®, can be chosen to be identically equal to 1.

To determine the first eigenfunction ®; and eigenvalue \; for small values of
e we use the intuitive ideas displayed in [53, 44].

The only a priori knowledge about A; we use follows from [35] or the Freidlin-
Wentzell theory [23]. Tt states that the first eigenvalue is exponentially small in
e and lim._,gelog\; = —v.
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Let us next consider the eigenvalue problem for the first eigenvalue Ay
~¢'(@) = U'2)¢/(2) = —hipla), @ €R (5.3)

for e — 0.
The smallness of A implies that the terms containing ¢” and ¢ in (5.3) vanish
as € — 0, and the equation (5.3) reduces to

Uy =0. (5.4)

Equation (5.4) expresses the fact that ¢ is approximately constant on the intervals
of constant sign of U’.

Let 6 > 0 be a small number tending to 0 together with £, and let us study
the consequences of the previous equation by determining the constants ¢y, ..., ¢y
in the following ansatz for an approximation @55) of &q:

c, r<-—-1-4,
o, —1+0<x<9,
3, 0<xr<1l—04,
cy, x>1+4+0.

o () =

If, for example, ¢; # ¢ then the so-called internal layer may exist in the 6-
neighbourhood of the point x = —1. In this neighbourhood we perform the
stretching transformation by introducing the new coordinate

_x+1

7

This change of variables gives Lo(z) = ﬁd%go(f) and %(p(x) = %%gp(f). The
drift term can be expanded in a Taylor series with respect to x. Since —1 is a
critical point, this leads to U'(z) = w_(x + 1) + O((x 4+ 1)?), where w_ > 0 is the
curvature of U in —1. In terms of £ this gives U'(§) = w_1/e{ + O(e).

Using this asymptotics in (5.3) together with the exponential smallness of Ay,
we therefore obtain

£ le+1]<4d, e>0.

1

590”(5) —w_&Y'(§) =0 (5.5)

and the continuity conditions

p(=6/Ve) = ci,
0(6/\E) — ¢z, as e — 0.

We solve equation (5.5) to obtain the general solution

13
o(6) = d, / e dy + d
0
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with constants dy, do. The continuity conditions immediately imply that d; = 0,

and ¢; = dy = ¢o. Hence there is no internal layer near —1.

Analogously, one rules out the existence of an internal layer near 1. Denote

now the common value of ¢, ¢o by C, the common value of c3, ¢4 by Cs.
We may further determine asymptotically C, C5 in the ansatz

@(6) (l’) _ Ch r < _57
! Cy, > 6.

In a d-neighbourhood of 0 it follows from (5.3) that the equation for the

possible internal layer takes the form

£6(6) + woEgl(€) = 0

where U"(0) = —wp < 0. The continuity conditions become

90(_5/\/5) - Cla
0(6/ve) — Cy, as e — 0.

Solving this equation gives the general solution

é 2
o(€) = d, / e dy 4 dy,
0

with some constants dy, dy to be determined from the continuity conditions.

use the limiting value of the integral

13 )
lim e~wo” dy = l/ e~woy’ dy = E .
54’4’00 0 2 —0 2 W,
Hence the continuity conditions give
1
Cy=—5 1031 + da,
2 wWo
1 /=
CQ = = —d1 —+ dg.
2 wWo

This results in the following formula for the internal layer near O:

z/\/e C
W — w2 +C
mx):\/f(cz—cl)/ ey AT
0

/ T wgy? C,+ C
== ﬂ(CQ_Ol)/ e e dy—f-#
s 0 2
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Thus, we have determined an approximation of a solution of (5.3) by

Ch, r < —0,
oV (z) = p.(x), = €[-5,0], (5.6)
02, x> 0.

Let us now specify asymptotic values for the constants C; and Cy. First, we
(6 by putting C5 = 1. Second, we use the orthogonality condition

normalise @
((I307 ®§5))LQ(R,p—ldx) =0,
which is equivalent to

F) _2U0()
[ e we =0
R

Let us rewrite the latter equation as

-4 ) 00
Cy / e dy + / oo (y)e " 4 / e dy = 0. (5.7)
—o0 1 4

Using Laplace’s method (see Appendix) we asymptotically evaluate the first and
the third summands in the previous formula. The second summand can be esti-

mated by
J _2Uw)
' / Jsos(y)e :

for some ¢’ > 0, which can be made arbitrary small by reducing 6. Equation
(5.7) takes the form

6/

< 25(|Cy| + 1) min-sa U = O(e*)

O et (14 0() + O + \/feé’u +0()) = 0.

w_

This leads to the following value of C}

W_ _V—v
Cl ~ —,/—e€ e .
W

So finally we obtained some heuristic knowledge of asymptotic properties of the
first eigenfunction ®; in the small noise limit (see Fig. 5.1). It is constant and
exponentially small in e for negative x, equals 1 for positive x, and there exists an
internal layer which makes ®; smooth on the whole axis. Note that our arguments
to this point just used the information that A; is exponentially small. We can
continue along these lines to heuristically deduce its pre-exponential order, using
our knowledge of ®;. We apply the variational principle to obtain
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Oy ()

Ys

Fig. 5.1: The first eigenfunction ®; of the operator L. for small e.

A straightforward application of Laplace’s method gives

4 2
P’ 2*%@d:ﬂ1—0 2/ fwosyd%ﬂ L
[@wre ay=2a—cp [ a2 [T A
[@e oy~ e,
R W4

N
MR Y——e .
2
This result is in agreement with the Freidlin-Wentzell theory and Theorem 5.4.1
by S. Jacquot as far as the exponential order of the related quantities is concerned.
Furthermore, we have also found a constant pre-factor. This result reminds us
of Kramers’ rate [38] describing the probability with which a Brownian particle
overcomes a potential barrier of height 7.

The argument presented in this section is not rigorous. The existence of the
discrete spectrum of L is assumed and not proved. The passage from (5.3) to
(5.4) and (5.5) is mathematically not sound. The use of internal layers near
critical points also has to be made precise. The mathematical justification of
these qualitatively correct results will be the main task of the following sections.

and therefore finally

5.2 A Schrodinger operator and the discrete-
ness of its spectrum

On the domain Dy = C{°(R) we consider the operator (L,Dy), where L is the
differential operator of second order



5.2 A Schrodinger operator and the discreteness of its spectrum 59

The double-well potential U is supposed to fulfil the properties (S), (G) and (M)
described in the previous section.
As was already mentioned above, the formal adjoint of the operator (L, Dy)
with respect to L3(R) is given by the differential operator
e d? d

=" / “ "
5 72 +U(x)dx+U (x)

on the domain Dy. Indeed, for any f,g € C{°(R) integration by parts yields

Lo = [Lf-giz= [ Gr=viigds
_—E/f,/dl’—f-/f(U/,—‘rU”)de‘
= 2 Je g . g g
— [ 1Ge Vg 1 U de = [ o Lgde=(£.L°9)
R R

A simple straightforward calculation shows that these operators are related
in the following way

Lf=e<L*(fe %), f.geDy

The operator (L, Dy) is symmetric in £2(R, e~ ¢ dz), the operator (L*,Dy) is
symmetric in £3(R, e%dx), so they can be closed in these spaces. We denote the
closures as (L,Dy) and (L*,Dp+). In order to determine the spectral properties
of the operators we consider still another operator (I, Dy) with

d2
I === —w(x),

= dz?

where the function o "
U U i~
w = ( 82) - € C*(R). (58)

The operator (I, Dy) is a one-dimensional Schrodinger operator. The function w
is therefore called Schrédinger potential.
The Schrodinger operator (I, Dy) is symmetric in £2(R), i.e.

W@ZAUﬂﬂzéﬁ@MZMM,ﬁﬁﬁo

The set C5° is dense in L£2(R), therefore (I, Dy) can be closed in L2(R). We denote
the closure as (I, D).

In what follows, for the sake of brevity, we refer to the closures (I, D;), (L, D)
and (L*,Dy-) as [, L and L* respectively.
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The Schrodinger operator [ is related to L and L* by the formulae

1f = 2t (fet), (5.9
If = ge%L*(fe_%), feD. (5.10)

These equations imply that the eigenvalues of [ have to be multiplied by 5 to
obtain those of L or L*, and the eigenfunctions of L and L* can be obtained from
those of [ by multiplying by ec ore < respectively.

The Schrodinger potential w is smooth on the whole line, and

w(z) — 00, x| — oo. (5.11)
More precisely, w(z) = ;”—S — 3’€i2 ~ ;”—S, as |x| — oc.

The problem of determining the spectrum of [ is called a singular Sturm-
Liouwille problem for the operator with increasing potential. The theory for these
problems is well developed. We formulate the main facts concerning the spectral
properties of [ following [41, 6, 29, 19, 18|.

The following theorem by Sears gives a sufficient condition for [ to be self-
adjoint.

Theorem 5.2.1 ([54, 6]) Let w satisfy
w(r) > =Qz), zekR,

where Q) is a positive, even and continuous function on R that is non-decreasing
on [0,00) and satisfies

[ o=

Then (1, Dy) is essentially self-adjoint (that is, its closure [ is self-adjoint).

The conditions for the Sears theorem obviously hold for the potential w given by
(5.8) due to assumption (G). Indeed, w is continuous and increases at infinity. So
@ can be chosen, for example, to be identical to the constant @ = | min,eg w(x)|+
1.

Moreover, we can state that the domain D; consists of all continuous square-
integrable functions f with absolutely continuous first derivative on any finite
interval, such that f” — w(x)f is also square-integrable on the whole line. From
this also follows that f’ is also square-integrable function on R, see [41].

The general theory of self-adjoint operators imply that the eigenvalues of [ are
real and the eigenfunctions corresponding to different eigenvalues are orthogonal
in £*(R).

The regular case of the Sturm-Liouville problem is well understood. On
the closed finite interval [a,b], the operator | under the boundary conditions
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y(a)cosa +y'(a)sina = 0, y(b) cos f + y'(b) sin § = 0 has a complete orthonor-
mal system of eigenfunctions fi, k& > 0. The corresponding eigenvalues a; are
simple, ag > ay; > -+, ay — —o0 as k — oo, and fj has exactly k simple zeros
on the open interval (a, b).

More generally, in the singular case, the operator | may have a continuous
spectrum, but the increase of the potential w at infinity guaranteed by condition
(5.11) makes the eigenvalue problem very similar to the regular one.

Theorem 5.2.2 ([6]) If (5.11) is satisfied, then | has a discrete spectrum. More
precisely, there is a complete orthonormal system of eigenfunctions y of I belong-
ing to L*(R) whose eigenvalues py,, k > 0, tend to —oo as k — oc.

Theorem 5.2.3 ([6]) Let (5.11) be satisfied. If u is an eigenvalue of I, then its
eigenspace 18 one-dimensional.

Theorem 5.2.4 ([6]) Let (5.11) be satisfied. Then every eigenfunction of | has
a finite number of zeros. Moreover, if y1, yo are eigenfunctions with eigenvalues
11, e and ny, ne are the numbers of zeros, then ps < py implies ny > ny.

Let the eigenfunctions

Yo, YLy Y2s-- - Yks - - - (5.12)

be arranged in order of increasing number of their roots, that is, if n; is the
number of zeros of yi, then

ng<ng <ng < - -<ng < --- (5.13)
The corresponding eigenvalues satisfy
Jho Sy S g S e > g > e (5.14)

Theorem 5.2.5 ([6]) Let (5.11) be satisfied. Arrange the eigenfunctions (5.12)
so that (5.13) and (5.14) hold. Then y; has precisely k zeros, that is, in (5.13)
we have ny, = k.

The above formulated statements are easily transferred to the operators L and
L* with the help of (5.9) and (5.10). More precisely, the £2(R, e~ = dx)-closure
of L is self-adjoint on the domain D, which consists of all continuous functions f
from £%(R, e’QTde), such that f’ is locally absolutely continuous and f” —w(x)f
is also in L2(R, e~ dx).

L has a discrete spectrum {—M\x}r>o and its eigenfunctions {®y}r>o are or-
thogonal in £2(R, e~ dz), that is

P, > / D, (y ) 20 -
dy =90;;, 1,7=0,1,2,...
(Il@illp | ||p P ||p i@l ’
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It will turn out to be convenient for us to consider non-normalised eigenfunctions.
The operator L* has the same eigenvalues {—\;}r>0 and its eigenfunctions
W), = e~ = &y, are orthogonal in the space L2(R, e’ dz).
It is necessary to mention that the diffusion operator L is negatively definite,
i.e. (Lf, f),~+ <0. Indeed, by using integration by parts on Dy, one can obtain

€

Lt D= [Gr-vnfeEa =5 [rreF <o G

The results of this section give us only general information about the self-
adjointness and spectrum of L. In the next section we formulate two variational
principles which allow us to determine the first two eigenvalues and eigenfunctions
of L (and consequently of L*) for small values of the parameter e.

5.3 Variational principles for the eigenvalues

Denote {®y, —Ax }r>o the eigensystem of the operator L, where the real numbers
A are arranged in increasing order. The eigenvalues and eigenfunctions of L can
be obtained as solutions of the following variational problems.

Theorem 5.3.1 (Recursive definition, [29]) The zeroth eigenvalue and eigen-
function of L satisfy

—L®y, ®y),-1 —L -
po = CEP0 R0ty CLS ) (5.16)
(o, Do), IeDs (fs o1
For k > 1 we have
)\1 — (_(éélq;q;l)pl — Hg‘ (_(fsz)f)Pl’
bR (‘1>0ffe)p—L1:0 e
f#0
(5.17)
— L&y, Pp),1 —L -
LB S, D
0<j<k—1
f#0

Theorem 5.3.2 (Courant’s minimax principle, [6, 18]) The eigenvalues of
the operator L satisfy

.o (=Lf )
Ao = inf =St
ffe#DOL (f7 f)p_l
_ 1 5.18

My feppnmt (f f)-r ’
dim My=k ~ 0<j<k
40
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where My, is a subspace in L2(R, p~tdx), M- denotes the orthogonal complement
of My, in L*(R, p~tdx).

Remark 5.3.1 The variational principles can be also formulated in terms of the
operator (L,Dy). In this case we have to consider the inf over Dy = C°(R)
instead of Dy, that is, over a domain on which (L, Dy) is essentially self-adjoint.

Using Theorem 5.3.1 we easily determine the zeroth eigenfunction and eigenvalue

of L.

Theorem 5.3.3 The zeroth eigenvalue of the operator L equals 0, and the cor-
responding eigenfunction is given by g = 1.

Proof: It follows from (5.15) for any function in Dy,

(_Lf7 f)p’l _ E (f/a f/)/fl
(f7 f)p—l 2 (f7 f)p—l

and consequently Ay > 0. Taking f = Const yields A\g = 0. Hence, any constant
function can be taken as the zeroth eigenfunction of L. For convenience we choose
Oy = 1. [ |

Recalling that the eigenfunctions W, of the operator L* are expressed in terms
of ®, as ¥, = e_%cbk we conclude that Wy = e~ Tt is helpful to remark that

>0

_ 2U(x)

Uy(x) e
/’Lo(l‘) = = 2U (y
[olZ ~ e 4

is the invariant density of the diffusion (5.1).

, T €eR

5.4 The first eigenfunction and eigenvalue of L

In this section we shall investigate the first eigenvalue A\; and the first eigenfunc-
tion ®; for small values of €. Our study is again based on Theorem 5.3.1. The
first eigenfunction of L is uniquely determined up to a normalizing factor by the

equation
~¢'(@) = U'(@)¢ (@) = ~hiple), zE€R (5.19)

and its orthogonality to ®¢ in L*(R, p~!), i.e.

_2U(®y)
/Rgo(y)e = dy=0. (5.20)

We also have some a priori information about the behaviour of ;.
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Theorem 5.4.1 ([35]) Let the potential U satisfy the conditions (S), (G) and
(M). Then
li_r)r(l)glog A = —0.
This means that for any v' < v we have A\; = o(e™""/¢) as ¢ — 0.
As we see, in the small noise limit A; is the smallest parameter in (5.19). This
suggests that it can be possible to look for the solution of (5.19) in the form of
a power series in Aj.

5.4.1 Series solution for &,

We look for the solution of (5.19) in the form of a power series in the exponentially
small parameter \;, formally

= @M. (5.21)
k=0

Substituting (5.21) into (5.19) induces ordinary differential equations for ¢y.
More precisely, ¢, satisfies the homogeneous equation

~¢0(@) — U'x)¢i(a) =0, z€R (5.22)

and for kK >1 .
5 7k(@) = U(@)pp(2) = —ppa(x), z€R (5.23)

The heuristics of Section 5.1 suggests that the first eigenfunction takes con-
stant values outside of some neighbourhood of zero, and there is an internal layer
which glues these constant parts together (see Fig. 5.1). Recall also that the first
approximation of the eigenfunction (5.6) gave us good asymptotics of the first
eigenvalue.

We first show that for arbitrary constants a and b there exists a solution of
(5.19) such that p(—1) = a, ¢(1) = b, ¢ € L2(R, p~'dzx). It subsequently turns
out that the constants a and b can be chosen in such a way that the orthogonality
condition (5.20) holds. This yields the first eigenfunction ;.

In other words we look for the solution of the problem

€
S @) - U@l (@) = —hple), TER
p(-1) = a, o(1) =1, (5:24)
o € L2(R, p~tdw).

For any k£ > 0 let us recursively determine functions hy, fx and g; defined on
the intervals (—oo, —1], [=1,1] and [1,400) respectively such that for z € R

p(2) = hi(2) (oo, -1y (@) + fr(2)T -1 (@) + g (1)1 1o0) (). (5.25)
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Then, (5.22) can be rewritten in the form

9 9

£

ihg—U'hf):O, 5 0 —U'fi=0, 2g6’—U’g6:O,

on (—oo, —1], on [—1,1], on [1,+00),

hO(_]-) =a, fO(_]-) = a, 90(1) = b7

ho S ‘62((_00’ _1]7p71dl‘)) fO(l) = b7 Jgo € ‘62([1a +Oo)ap71dl‘)'

(5.26)
The solution of (5.26) allows us to assemble the first approximation ¢y which
is continuous and lies in L2(R, p~'dz). The higher order terms of (5.21) are
obtained by solving (5.23) on the three domains which results in the following
boundary value problems for £ > 1:

£ £ £

e = U'hyy = —hi—y, ol —U o= —=femrs | 505 = U'gi = =911,

on (—oo, —1], on [—1,1], on [1,+00),

hi € L2((—o0, —1], p~'dx); | fr(1) = 0; gr € L([1,+00), p~ ldx).

(5.27)

Lemma 5.4.1 For any a,b € R the problem (5.26) has the following solution

1€ = dy
fo(.’L’) =a-+ (b_ a’) 1 20w NS [_17 1]7
e c dy

We have max,ei—111 | fo(z)] < |b—al.

Proof: The statement of the lemma easily follows from the formula for the
general solution of equation (5.22) which is

2U(y)

900(9€)=A+B/ e = dy,
0

with constants A, B € R On the interval [—1,1] the constants A and B have
to be appropriately chosen for the boundary conditions to hold. On the infinite
intervals B must equal zero; otherwise the corresponding solution increases too
fast at infinity and does not belong to the corresponding £2? space. The estimate
for | fo| follows from the monotonicity of f;. |

Let —1 <2_ <0 <y <1 besuch that U(z_) = —% and U(z) = —%. The

3
existence of these points follows from the geometry of U.
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Lemma 5.4.2 There exist constants ¢ > 0 and ey > 0 such that for all0 < € < &g
the following inequalities hold

Lmax [fofw) —a] < eVElb — ale 3

L]
2v

max_|fo(x) — b| < c\/e|b —ale” 3=

z€[zy,1]

Proof: Laplace’s method (see Appendix) yields for small € that

1 2U (y
/ ey = (14 0())
-1 Wo

T ww e
/1 e = dy—2U,(x_)e = (14 0(Ve)).

By definition of fy, this results in the following inequality

and

3

2v Wo _2V
3e - < — 3¢
2U’(x_)”7re(1+o(\/g)) < c1velb— ale

for some ¢; > 0. A similar inequality holds on the interval [z, 1] for some positive
constant cy. Taking ¢ = max{cy, ca} completes the proof. [

max |f0( )—al < |b—ale”

Lemma 5.4.3 Let w be a bounded continuous function on R. Then there exists
C >0 and gy > 0 such that for 0 < e < g

IREON 20(:)

sup - / e - / e = w(z)dzdy| < Cye (sup ; lw(z)], (5.28)

_ _ re(—o0o,—
sup / =y - z)dz dy' sup |w(z)], (5.29)

—1,1] z€[—1,1]
2U(1/) 2U(z)
sup dzdy' < Cve sup |w(z)l. (5.30)
z€[1,4+00) z€[1,00)

Proof: We start with the proof of (5.28). First, we notice that

-1 2U (y) Y _2U(2) -1 2U (y) 2U(z)
e = e = w(z)dzdyl < sup |w(x)| e = dz dy.
x —00 z€(—o00,—1] T —

_2U(»)

. — () . . .
The function v(z) = e ff’oo e dz dy is non-negative and decreasing

on [—oo, —1], hence v(z) < v(—o0). Moreover, for § > 0 we have

v(—o00) = /_16U'<y>dy+ /_wv'(y)dys max o(z) + /_”v%y)czy,

1_ 0 z€[—1-6,—1] 00
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where v'(z) = 25 I ey, x e (—o0, —1]. For x € [-1 — §, —1] we have,

using Laplace’s method for 0 < € < g

0(@) = o/ (~1)(a+1)+0(a+1) = e ¥e¥ \/E(1+O(\/E))(x+1)+(9(x+l) < enE

w_

for some ¢; > 0.
For x near —oo we have U(x) = %:1. Applying de I'Hospital’s rule yields

A M _2U=)
V'(x) = Jow zu(; &l ~ = 0@ . 3) a8 T — —OoQ,
e =20 (x)e" "= 2|
hence f "(y) dy < c9e for some ¢ > 0. Therefore, (5.28) is proved with the

constant C’l = max{cl, o}
To show (5.29) we note that U(y) — U(z) < 0 for =1 <y < z < 0 and for
0<z<y<1. Hence

2U<y> 2U<z>

z)dz dy’

0
(Uy)—-U(z 1 Y 2(U(y)-U(=
sup |w(z)] (/ / YR dzdy—i—/ / S dzdy) <
z€[-1,1] —1Jy o Jo
0 0 1 Y
sup |w(z)] (/ / dzdy—i—/ / dzdy) < sup |w(x)].
z€[—1,1] -1Jy 0 Jo z€[—1,1]

Analogously to (5.28), the inequality (5.30) holds for some positive constant
Cy. Taking C' = max{C1, Cs} completes the proof. [

Lemma 5.4.4 Fork > 1 the problem (5.27) has the following recursively defined
solution

hk(:p):—/_ et /y S (2)dedy, w€(—o0,—1],  (5.31)

2U(y)
2U(y) e = dy
e / e~ fk 1(2) dz dy - fw
0 f -

/ e dy (5.32)
[

€ y e fk 1 )dZdy7 T e [_171]7
0

2
5
/ 2U(U)/ QU(Z)hk 1(2)dzdy, x€l,+00). (5.33)



68 Spectral Analysis of the Operator of Small Noise Diffusion

Moreover, for 0 < e < g

h(@)] < Ja (2}’) - (5.31)

k
@) < [b—al <3> Csel-11] (5.35)
g4(2)] < [t (?) . ze[Ltoo) (5.36)

where 9 and C' are as in Lemma 5.4.35.

Proof: The general solution of equation (5.23) is given by

T U 20() _2U(2)
gok(:c):A—i-B/e c y——/ / = pr_1(z) dzdy,
0

with real constants A, B. On the interval [—1, 1] we determine A and B from the
boundary conditions f;(£1) = 0 which results in (5.32).

In case x € (—o0, —1], the general solution can be written in the form

-1 Y 2 -1 Y Y z
hk;($):A—I—B/ eQUs()dy+g/ e%”/ e by (2) dz dy.

-1

It follows from the condition hg(—1) = 0 that A = 0. The second constant B is
determined by the condition that hy € L*((—oo, —1], p~'dz). Let us write

2 -1, y Yy 2U (2
hk(x):g/ 6”5”(2B+/ e by 1()dz) dy
T -1

Setting B = 2 fﬁ S 1(2) dz, we obtain the solution (5.31), which is
bounded by Lemma 5.4.3.

The case of the function g on the interval [1, 00) is studied analogously.

The estimates (5.34), (5.35) and (5.36) are obtained by applying Lemma 5.4.3
k times and recalling the definition of hg, fo, go. [

Now we have enough information to study the closeness of the solution ¢ of
(5.19) to the constants a and b and the first approximation ¢g.

Lemma 5.4.5 There exist ¢g > 0 and A > 0 such that for 0 < ¢ < gg the
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following inequalities hold:
(olx) —a] < Ala] 2%
max x)—a al—
2?6(—00,—1} ()0 o \/g,
max |p(z) —a| < Alb— a|v/ee

z€[—1,z_]

A
max [¢(z) = fo(@)] < Alb—a| 2,

x€[xr_xy]

max |(z) — b < Alb—alv/ze ¥,

z€[x4,1]

A
max [(z) =] §A|5\7lg,

z€[1,00

Proof: Choose go >0 small enough according to the previous lemmas and such
that max{ S, 20} < 4 for 0 < e < eg. This is possible by Theorem 5.4.1.

For x < —1, 0<e< 50, we obtain using (5.34)

Ejhk Y <§:\hk )M
e’ 2C
20 M
<§: A = 7<A
- “(J) STy ”Kf

for some A; > 0 independent of e.
Forz € [-1,2_], 0 < & < gy, we use Lemma 5.4.2, (5.35), and the assumption

that % < % < 1 to obtain

|o(x) = af = |h(z) )| =

p(@) = al < | fo(@) = al + |f(2) = fo()| < clb— alv/ze 5 +Z|fk )IAT

< clb —a|lv/Ee F + Z b — al (g)
k=1

2

= c|b— a|y/ze % +\b—a\ < Aslb — a|/ee 3

)\

for some As > 0 independent of €.

The estimates on the remaining intervals are obtained analogously. Choosing
A to be the maximal constant appearing in the inequalities we complete the proof
of the lemma. [ |

Let us now determine the constants a and b in the small noise limit so that
¢ L 1in L?(R,p 'dzr). This will provide a good approximation of the first
eigenfunction ®;. It is clear that ¢ can be determined up to a constant factor.
For definiteness we put b = 1 and look for a.
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Lemma 5.4.6 There exists a function a : R, — R such that

a= —\/Ee—%u +0(e))
W

and g9 > 0 such that with b =1 the function ®; chosen according to the previous
lemmas for a(e) and b is orthogonal to g = 1 in L*(R, p~'dx) for 0 < € < .
In sequel we suppress the dependence of a(e) on e and continue to use the symbol
a instead.

Proof: Choose ¢ according to Lemma 5.4.5 and lgt 0 < e <e¢gp. Inorder toUdeter—
2 2
mine a we shall solve two inequalities [ ®;Ppe™ = dy > 0 and [P Pge = dy <
0.
We use the inequalities of Lemma 5.4.5 and Laplace’s method to obtain for
e < ¢gg

Og/qﬁ(we = dy<a/ e a y+/ foly)e ™ d y+/ e gy
R B .

2U(y)

A - v
+A\a|7lg/ ()dy+A|1—a\\/_e 35/ e = dy

-1

A Ty 1
+A\1—a|—1/ e dy + Al — aly/ee” 35/ e dy
Tr— T4
—FAﬁ e %(y)dy

Ve i

§a\/fe?(1+0(5))+(1+\a|)2U/ix ¥ (14 0() + \/7 H1+0(e)

+A\a|% Jie%(1+(9(\/_))+A(1+\a| J\/7V1+o 9))
e (1 0E) + Al +la g ¥ [Tt 1+ 0(v2)
et (14 O(VE)).

+ AL+ |a])

At
AL
* 2

W

One can notice that all terms having |a| as pre-factor are of the order o(e ) The
terms without pre-factor |a| except oo ez (14 O(¢g)) are o(e®). This results in

Ww—_ _V
a>—,]—e
W

Applying the arguments just given to —®;, one gets the converse inequality

w— _
a< —,/—e
\/;

the inequality

= (14 0(e)).

1+ 0(e)).
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This completes the proof. [ |
A good approximation of ®; is described by the following theorem, which is
a direct corollary of Lemmas 5.4.5 and 5.4.6.

Theorem 5.4.2 Let 0 < v —v' < £ and a be given according to Lemma 5.4.6.
Let &1 be defined according to the previous lemmas, and

f1€ :
(u) g
fl 2U

There exist eg > 0 such that for 0 < e < g the following inequalities hold

fo(z) =a+ (1 —a) e [-1,1].

2V

(max } |Py(x) —a| <e 3=, (5.37)
re(—oo,r—
max | @ () — fo(z)] < e %, (5.38)
z€lr_,x4]
max |<I> () —1] < = (5.39)
z€[z4,00]

Proof: The statement of the theorem follows immediately from Lemmas 5.4.5
and 5.4.6. For example, recalling the assumption (M), for € small enough

max | ®1(z) — a] < Aa] 2L < Ay et < o

z€(—00,—1] \/_

The latter inequality in the previous formula holds for small enough ¢ because
V—v+v > % for0<v—17'< % Furthermore,

max |®(z) —al] < A|l — a|\/ee™ 5 <e 3

ze(—1,x_]

for € small enough. Combining these two inequalities gives (5.37). The inequali-
ties (5.38) and (5.39) are proved analogously. [

Corollary 5.4.1 In the notation of Theorem 5.4.2 the following inequalities hold

5V —3v

a’ — Be % < (max }(él(x))Q <a’+ Be % (5.40)
re(—00,r—

0< r[nax (®1(z))* < 2, (5.41)
TET—, T4

1— Be 5 < max )(<I>1(x))2 <1+ Be 3. (5.42)
TE[T4,00

Proof: On the interval (—oo,z_]| we use (5.37) to get

2V

a—e 5 < Oy(x) <a+e 3.
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Hence, using that a < 0 one obtains

2V

(a4 e75) < (®4(2))* < (a— e 5 ),

and therefore recalling the asymptotics of a, for some B > 0

3V—2v 3V —-2v

a’ — Be "% < (®)(x))? <a®+ Be T

The inequality (5.41) follows from the fact that ® and f; are exponentially close,
and |fo| <1 —a| < V2.
The inequality (5.42) is obtained analogously to (5.40). |
In order to be able to apply the variational principles for eigenvalues we have
to study the derivative ¢’ of the solution of (5.24).

Lemma 5.4.7 Let ¢ be a solution of (5.24). Then there exist constants g9 > 0
and A" > 0 such that for 0 < e < &g

A
max ¢/ (z)] < A'|a| =, (5.43)
z€(—o00,—1] g

e~
max |p ()|<A’|b—a|

z€[—1,x_] \/_

max "(x) — fl(x <A’b—a—1 5.45
2 90~ o) < A=l (5.45

(5.44)

e 35
< A'lb— 5.46
max [o/(@)] < Ab—al = (5.46)
max |/(2) < a2 (5.47)
z€[1,00 £

Proof: On the interval (—oo, —1] the equation ¢ = h = Y7 hyAY is valid. This
yields, due to uniform convergence and (5.31) that

> 2w [* 2U(y)
Zh’Ak -y = /\’fe : e = hp_1(y)dy
6 —0o0

k=1
2 x r
:——/\16%()/ e_%(y)h(y)dy
g —00

Using Lemma 5.4.5 implies in (5.43). Indeed for < —1 and € small enough

A 2W(z) T ww A
@) < 2nil(1+ AZL " [y < el 2,

2U(2) _w .
for some ¢; > 0, since e~ = f_oo e~ = dy is uniformly bounded.
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On the interval [—1,1] we have ¢ = f = fo + > oo, fA}, hence

0o 2U (z)
€ 5
flla) = fole)+ ) fidf = (b - a)imw
k=1 f_l dy
2. ww [* 20()
-2 [ ) ay (5.48)

_2U0(»)

2 ac)fl Eyf T f(2) dzdy
+-Aie 20U (y)
¢ fle = dy

With the help of Laplace’s method for small € we obtain for some constant c¢s > 0
that the first summand in (5.48) can be estimated by

I

max \fo( )< 1b—a

z€l-Ta_ - \/gig(HO(e)) -

Due to the monotonicity of U on [—1,0], the second summand in (5.48) can be
estimated as

2 2w [T 2u)
o [2ae 1 ) | < o - a2
ze[—-lax_] | € 0

with a constant c3 independent of . Analogously, for some ¢, > 0 the Laplace
method and (5.29) imply

2U (=

2U(y)

2w [ e [T Sz Jdzdy| _
_ A 1 20

z€[-1lz_] | € ffle € dy

< ¢eylb— a\—e 5
€

Combining of the previous three inequalities results in (5.44).
The inequality (5.45) follows directly from (5.48). Inequalities (5.46) and
(5.47) are proved analogously to (5.44) and (5.43). |
Recalling that the first eigenfunction ®; is obtained as a solution of (5.24) for

b=1and a=—,/“e = (14 O(c)) we obtain bounds for ®,.
W

Theorem 5.4.3 Let 0 < v —v' < 2 and a be given according to Lemma 5.4.6.
Let &1 be defined according to the previous lemmas, and

L()
Joe

folx)=a+ (1 —a)=———%—— . xr e [-1,1].

fleE
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There exist eg > 0 and B’ > 0 such that for 0 < e < gq the following inequalities
hold

2V

e [9)(a)] < 37 (5.49)

e [81(@) — fo(@)] < e e (5.50)
e_g_v

e 1% ()] < B, (5.51)

(5.52)

Proof: Inequality (5.49) follows from (5.43) and (5.44). Indeed, for any 0 < v' <
v there exists g > 0 such that for 0 < e < ¢y we have

v 2V

)\1 V- v
Ala|— <e77 eF <e 3.
£

For the second inequality we have to choose v’ such that 0 < v — v < £ <
%. Inequality (5.51) is proved analogously. Inequality (5.50) follows directly
from (5.45). |

Corollary 5.4.2 In the notation of Theorem 5.4.3 there exists By > 0 such that
the following holds:

max (P} (x))* < Bi——, (5.53)
z€(—00,z_] g
20 71;, 2U 7i
e € ¢ € e € =€

Proof: The inequalities follow directly from Theorem 5.4.3. The formula

2U (z)

e =

1€ = dy
and Laplace’s method applied to the denominator in the latter formula. [ |

5.4.2 Useful integrals of eigenfunctions

For purposes of the next chapter we now calculate some integrals of @, ¢; and
®}. In what follows, for any function f : R — R we denote f(x) = f(—x), z € R.
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Theorem 5.4.4 In the small noise limit € — 0 we have

ol = [ e ”(“dy—ﬁe%w(e», (5.56)
113 = [ (@at)re ™" \f et (1+0() (5.57)
94120 = [ @wre ™ a= 220 o (559
@2 = /R«In(—y» \f (140

@180, = [ B)E-pe " dy =—f {1+ 00))

@0 T = [0y ay = [Tt 14 06

(@, 1), /y@() ty=2 [Tt o

Proof: The evaluation of these integrals consists in combining Laplace’s method,
Theorem 5.3.3 concerning the zeroth eigenfunction, and Corollaries 5.4.1 and 5.4.2
which provide bounds for the first eigenfunction and its derivative. We give the
complete set of arguments for the first three integrals, the remaining ones being
treated similarly.

The norm (5.56) of ®q is calculated by a direct application of Laplace’s
method. The global minimum of U(x) is attained at = —1 and U(—1) = —¥.
Formula (5.56) follows from (A.8) in the Appendix.

To obtain the norm ||¢>1||Z,1 we recall Corollary 5.4.1 to get with a suitable
constant ¢;

2U(y)

12 = [ (@) dy
< (w—eQst (1+0(e)) + BeSVBESU) / i e’%(y) dy

The last line is justified, since the sum of the exponents in the previous line is
o(ez). The converse inequality

U(y) e

2
2 = / (1 ()% dy >

ef(1+ 0(c))

W



76 Spectral Analysis of the Operator of Small Noise Diffusion

comes from the estimate of the integral on [z, 00). This proves (5.57)

To obtain the norm [[®}[|2_,, we use Corollary 5.4.2, Laplace’s method and
_ Vv

the fact that a = — Zie = (14 O(¢)). Indeed, with a suitable constant co

_2U(y) Bl 4V - _2U(y)
o2 = @ ay < Dt [Ty

2U (y)

1—a 2 x4 B L Ty
* (fl( 2U(y)) 2/ e F dy 7156 E / @y
o e < dy) x_ xT_

By _w [ _ww
+ e s e "= dy
€ -

< /21 +06)+2 < % e e e T +e*%>
e 9

- \/%(1+O(e)).

The converse inequality is more easily obtained by evaluating the integral only
on [z_,zy], and (5.58) follows. |

5.4.3 The accurate asymptotics for \;

In this section we refine the result of Theorem 5.4.1 for the case of a double-well
potential.

Theorem 5.4.5 In the small noise limit ¢ — 0 the first eigenvalue of —L satis-
fies
VWowr v
At e 1+ 0(e)). (5.59)

= e =
2

Proof: According to the variational principle formulated in Theorem 5.3.1

A\ = (_chl,q)l)p—l _¢ ”q)ll”i—l.
(@1,@1),1 2]®]2,

The norms of ®; and ®] were obtained in Theorem 5.4.4. Applying (5.57) and
(5.58) results in

€ ||q>’1||2,1 € Jwo [Jwiq _w \/wo—w )
M= S = oy oy e F (14 0(e) = (14 0()).
1 2(|®4]20 2V me e’ (1+0()) on (1+0(e))
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5.5 The spectral gap between first and second
eigenvalues of L

Theorem 5.5.1 There exists a constant M > 0 and €y > 0 such that for 0 <
e < gqg the second eigenvalue of the operator —L satisfies

Ay > M. (5.60)

Proof: Let ¢ > 0. To prove the theorem we combine Courant’s minimax principle
and the method used in [12] in the proof of the analogous result for the first
eigenvalue for the corresponding problem on a closed interval. Indeed, it follows
from Theorem 5.3.2 that for any two functions v, w € L*(R, p~'dx) (sometimes
called constraints) the following inequality holds:

ellf'I7
ST
/b, 272
F£0

Aoy > (5.61)

We choose v and w in C§°(R) as approximations of the Dirac d-distributions d_;
and ¢; in the distributional sense. Then (5.61) implies the following inequality in
which f € C§°(R) appear with the constraint f(41) = 0 (see Remark 5.3.1).

N S ]
PT e 202 recre 2R
F(=1)=0,f(1) F(=1)=0,f(1)=0
J#0 f#0

Take an arbitrary function f € C3°(R), such that f(+1) = 0 and estimate its
norm [£]I2...

Consider the half-line [1,00). The potential U increases on this interval, and
U’ > 0 there. Then for z > 1

0 (e =2 [ (e bype by

X 2 X
:2/ ff’e_% dy — —/ fQU'e_% dy.
1 €1

The inequality of Cauchy-Buniakovski-Schwarz implies that for = > 1

(5.62)

T o T o x L %
2 [ gre Edy§2U ety [ (e sdy} <2 fllys - 1
1 1 1
From (5.62) we get for z > 1

/ fU'e = dy < 2/1 fIem = dy < 2 fllp - 1N,
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and
_ 2U(x) z U
(ape ™ <2 [ preay <ol 15l 66)
1
Let us fix some § > 0 to be specified later. Then we estimate
20 2
— F2e dy = —/ F25/ze™ % dy
Ve Jwrzove e Jwrzsve)
; 5 o (5.64)
_2u _2u
<2 pretal [T pve <ol 17
€ J{u>s\E} €)1

On the other hand, using (5.63) and U’(1) =0, U"(1) = wy > 0, we obtain
_w 0/
/ P dy <2l 1 - 22+ O(E).  (5.65)
(U< /2}N[1,00) Wiy
Combining (5.64) and (5.65) results in

o0 2U 1) O
[Pt ay <2l 15 ( 1 (H—m) |

%_}_ W

Acting analogously on the intervals (—oo, —1], [—1, 0], and [0, 1] we obtain

132 = [ P ay
, 1 111
< 2RIl I (5400 + -+ 201+ 0WR)).

Minimizing the expression in parenthesises in the last formula in ¢ for & small
enough we find that it is bounded below by some A > 0. Hence finally, there
exists g > 0 such that for 0 < ¢ < g

i
2 RAVE )

where the constant M does not depend on €. [ |

Ag >

> =M >0,

5.6 Concluding remarks

We have studied the spectral properties of the generator of a small-noise diffusion
in R. In this section we briefly discuss the possibility to extend the results to the
d-dimensional setting, d € N.

Denote by

Hf(x) = 500 (x) = VU@)VI(2), @R, feCPRY),
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the generator of the d-dimensional diffusion induced by the SDE
dXt = —VU(Xt> + \/gth,

where W is a standard d-dimensional Wiener process. The potential U : R —
R is an infinitely differentiable function, and U(x) — 400 as |z| — oo with
polynomial growth.
We are interested in the eigenvalues and eigenfunctions of H in the small noise
limit ¢ — 0, especially in the existence of a spectral gap between its eigenvalues.
To get criteria for the discreteness of the spectrum of H let us consider the
d-dimensional Schrodinger operator

hf(x) = Af(x) —v(z), zeR’, felCFRY,
with the Schrodinger potential

o(z) = (VUg(f))Q - Ai@), rERL (5.66)

The diffusion and Schrodinger operators are related by the formula

hf =2t )

Then the operator h defined on C°(R?) is essentially-self adjoint if a condition
similar to the corresponding condition in the one-dimensional case holds (see
Theorem 5.2.1).

Theorem 5.6.1 ([6]) Let the Schridinger potential v satisfy the condition
v(z) > —Q(lz]), = €R’,

where Q(r) is an increasing positive continuous function on [0,+00) such that

< dr
———— =00
I vaw
Then (h,C°(R?)) is essentially self-adjoint.

The condition of the theorem is obviously satisfied for v defined by (5.66).

The diffusion generator (H,Ci°(R?)) is then an essentially self-adjoint and
non-positive operator in EQ(Rd,e_%dx). The increase of the potential U at
infinity implies discreteness of the spectrum and the existence of an orthonormal
system of eigenfunctions in £2(R?, e*%d:p). Moreover, the variational principles
entail that the zeroth eigenvalue of H is zero, and the corresponding eigenfunction
is constant. The spectrum of H is non-positive.

We have seen that in the one-dimensional case of a double-well potential the
first eigenvalue is exponentially small in €, and the second eigenvalue is bounded
away from zero by a constant which does not depend on €. It turns out that a
similar result holds in R?.
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Theorem 5.6.2 ([37]) Let the potential U have ezxactly n non-degenerate min-
ima in R, Then the first n eigenvalues jig(), p1(€), ..., n_1(€) of H satisfy
wo(e) = 0, p(€), ..., pun_1(e) are exponentially small in the small noise limit
e — 0, and |u, ()| is bounded below by a positive constant not depending on e.

If we denote by €2;, 1 < ¢ < n, the domains of attraction of the dynami-
cal system © = —VU(x), then it turns out that the eigenfunctions correspond-
ing to the exponentially small eigenvalues of H are exponentially close in the
L2(RY, e~ dx)-norm to constants on €.

However, the precise asymptotics of the exponentially small eigenvalues in-
cluding the pre-factors is an open question. This problem was studied formally
in [53, 44], especially in the case of a double-well potential in R?.

Suppose U : R?> — R has two local minima, say at z; and x5, and a saddle
point at xyg. We assume that U(z;) < U(xs), and denote by ; the domain of
attraction of x;, i = 1, 2 for the dynamical system & = —VU(x). Denote by I the
curve separating the fundamental domains, i.e. I' = 9€2; NO€,. T is parametrized
by its arc length s, such that s = 0 at the minimum point xy of U on I'. Let n
denote the normal to I'.

Then the first eigenvalue of H is formally found to be asymptotically equal

1 02U (x)
pa ™ o det (8951'8333') (22)
in the small noise limit.

Along the lines of our analysis, it might be possible to obtain the first eigen-
function of H in terms of its series expansion in p;(e).

to




Chapter 6

Stochastic Resonance 1n
Diffusions

In this final chapter we return to the diffusion in a time-periodic double-well
potential. Our aim is to compare the spectral power amplification coefficient of
the diffusion with its counterpart for the dynamically adapted continuous-time
Markov chain on the two-point space composed of the metastable states of the
diffusion. The invariant density of the diffusion satisfies the forward Kolmogorov
(Fokker-Planck) equation, which is in this case a parabolic partial differential
equation with antisymmetric boundary conditions. The invariant density is de-
scribed by some type of Fourier expansion along the discrete spectrum of the
diffusion’s infinitesimal generator. It is analysed with the fine asymptotic re-
sults of Chapter 5. The noise-independent spectral gap between the first and
the second eigenvalues of the infinitesimal generator implies that only the terms
of the invariant density expansion which correspond to the first two eigenvalues
play a significant role in the induced expansion of the SPA coefficient. Theo-
rem 6.3.1 contains the asymptotics of the SPA coefficient, if the noise parameter
¢ runs through the intervals [fgg, lngT], 0 > 0. In the large period limit 7" — oo
these intervals shrink in the natural scale on the one hand. Freidlin [22] on the
other hand suggests that these are the relevant resonance intervals to look for.
This impression is in particular supported by the observation made in Chapter 4
where we prove that the Markov chain SPA coefficient has a local maximum at
€~ QﬁgVT. Surprisingly, it turns out that for the diffusion the SPA tuning curve
is either decreasing or increasing on the resonance intervals. This means that
the reduction to a Markov chain on the metastable states, however naturally it
main retain the dynamical properties of the diffusion, does not preserve optimal
tuning effects, at least not for the physicists’ favourite measure of quality. The
reason for this is hidden in the significance of many small random oscillations of
the diffusion in the potential valley bottoms where it spends most of the time. If
we cut off these fluctuations by identifying the valley bottoms with the minima
themselves, we obtain a modified SPA coefficient which exactly shows the same
resonance effects as the Markov chain in the large period limit (small noise limit).
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6.1 Diffusion with time-periodic drift and its in-
variant density

We return now to the main subject of this thesis and consider a family of dif-
fusion processes X=7 = (X7 ’T)tzo given by the real-valued stochastic differential
equation

1
12T
where W; is a standard 1-dimensional Wiener process on some complete proba-
bility space (2, F, P).

We have already introduced the potential function U(-,-) in Chapter 1, see
Fig. 1.3. It is periodic in time, i.e. U(-,t) = U(-,t+1). We also assume that it is
a step-function in time alternating between two spatially antisymmetric states,
ie.

AX7T = ~U'(XPT S di VR AW, 2T >0, (6.1

[ U@), telkk+3),
U(:E’t)_{U(—x), tE[k"‘%,k_'_l)’ k=0,1,...

We repeat the standing assumptions about the potential function U:
(S) U eC>(R);
(G) there exists R > 0 such that U(z) = 2*/4 for |z| > R;

(6.2)

(M) U has exactly two local minima at = £1 and one local maximum
at x = 0; moreover,

U(-1)= 5. U0)=0, U1)=-1,

[GCRN )

< <1
V )

the extrema are non-degenerate, i.e.

U'(£1) =ws >0, U"(0) =—wp <0.

The process X7 has continuous trajectories. The fast increase of the poten-
tial at infinity guarantees that the process is positively recurrent. This means
that for any initial point, the mean time to enter any interval on R is finite. For
details see [36], [23].

The results of Chapter 5 yield that under conditions formulated above the
infinitesimal generator L associated with time-invariant potential function U con-
sidered as an operator in £?(R, e_QTde) has a discrete spectrum and an orthog-
onal system of eigenfunctions.

Note that X*7T is time-homogeneous during the half-periods [kT, (k + 1)T),
k > 0. Moreover, during the intervals [2Tk, 2Tk + T), k > 0, it is a solution of

dXPT = —U"(XPT) dt + /2 dW,
and during the intervals 2Tk + T, 2T (k + 1)), k > 0, a solution of

dXeT = U (X7 dt + /e dW,
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where U(z) = U(—x), v € R.
Consider the time-homogeneous diffusion given by the SDE

AX; = —U'(X7) dt + /2 dW,. (6.3)

The process X© has a unique invariant measure mg, on the Borel o-algebra B(R),
i.e. the probability measure such that

me (A) = /R PE(t, &, Ayme(da),

where Pe(t,x,A), t > 0, z € R, A € B(R) is the transition function of X¢. The
measure mg has a density pg, which is the unique positive solution of the forward
Kolmogorov (Fokker-Planck) equation

€ d2 £ d ! S
() + (U @) = O,

po(z) >0, /ug(x) dr =1, zeR
R
In case when the diffusion drift is a gradient of some potential, as for example

A g ()

Y=

-1 0 1

Fig. 6.1: The invariant density of time homogeneous diffusion X*.

in (6.3), pg is given explicitly by the formula
U(z)
po(x) = 05672 =, x€R

with ¢, = [, e 23 dy. A typical form of the invariant density pj of a time-
homogeneous diffusion X*¢ in a double-well potential is shown in Fig. 6.1.

Moreover, for any initial conditions, the law of X; converges to an invariant
measure mg as t — oo. This means that asymptotically the process ‘forgets’
about its initial conditions.
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In case the process is defined by the SDE (6.1) there is no invariant measure
in the usual sense as the process in not time-homogeneous. On the other hand,
the time-periodicity of the drift —U’(-,t) suggests that the law of X" should
converge to some time-periodic law.

For convenience we rescale time t +— % To give a rigorous mathematical
meaning to this we consider a new two-dimensional process

X5" = (X5, t (mod 1)), t>0.

The process X7 takes values on the cylinder R x S!, and is a time-homogeneous
Markov process. This means that it has an invariant measure m*” on B(Rx S*).

The measure m*? has a density p57, which is a unique positive solution of
the forward Kolmogorov equation for the process X7, namely,

AT (2,0) = 0, (2,6) € R x (0,1), (6.4)
with a continuity condition
HET(40) = () (6:5)

and such that fol Jo 1ot (x,0) dedd = 1. Note that p=7(-,0) determines the law
of the r.v. X5, and therefore [, u=7(x,0) dz = 1 for any 6 € [0, 1].
The operator

e 0.0 10 o
As,Tf—waJr%(fa—xU) oras) [ E€C RxS,

is the formal ajoint of the infinitesimal generator of X&7

e 02 1 0

Arf= o2 r iy

7 e 1
90 52U T aragl [ €T RS

Taking (6.2) into account we rewrite (6.4) and (6.5) in the form

(O P ) )

st t gy (WU = grggnt onRx(0,y),

e 0? T 0 e 1 0 1

st @ 0) + 50 (TT) = g o RX (B0, oo

1= is positive and continuous on R x [0, 1],

/,uE’T(x,H) de =1, 6€l0,1].
v JR

From the spatial antisymmetry (6.2) we can immediately deduce a similar anti-
symmetry property for ps7
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Proposition 6.1.1 For z € R and 6 € (0,%) we have
po T (2, 0) = p= T (=2, 0+ 1).

This proposition is analogous to Proposition 4.1.1 concerning the invariant law

of the Markov chain.

Proposition 6.1.1 together with (6.6) show that it is enough to find the invari-

ant density on the first half-period, i.e. in the strip R x [0, %], and in this strip

psT is a solution of the following boundary-value problem

(o O . 19 .
292 el +8( T ):ﬁ%M’TOHRX(Oa%%

MET(.’O):MET( ’%)
pot >0, onRx 0,31,

//f’T(x,Q) de=1, 9€0,3].
\ JR

A typical form of the invariant density ;&7 as a function of z and 6 is shown in
Fig. 6.2. In the following section we describe p=7 in the small noise limit € — 0
in a Fourier type expansion.

pot(x, 9)

¢ \\\\\\\\ R
&‘\\\\‘“‘

0@\“

\\ ' e

\ Q ~ '. LI AT A A T F7

‘\‘0& ~.-.-.-.~.~~;
. X

Fig. 6.2: The invariant density of time-inhomogeneous diffusion X=7.

6.2 Asymptotic expansion of the invariant den-
sity

To solve (6.7), we proceed by separation of variables to an eigenvalue problem
for the infinitesimal generator of a time-homogeneous diffusion. Assume that a
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solution p®T of the partial differential equation in (6.7) allows a factorization
po T (z,0) = U (2)0°7 (), zeR,0 € (0,3)
Then it follows from (6.7) that
)

e (\IIE’ " (\IJE,T)/ 1 es,T
- U/ U// - — _)\
> per U T 2T ©=T ’

where f/ = % and g = %. The constant A does not depend on x and 6 and is an
eigenvalue of the differential operator —L*,

Lf =S/ +UF+U"f, feCrR).

In the previous chapter we have shown that the operator L* is the formal ajoint
of the infinitesimal generator of the time-homogeneous diffusion with potential U.
It has a discrete spectrum {—\j }x>o such that 0 = \g < Ay < M < Ay < ---. The
first eigenvalue of L* is exponentially small in € and is equal to A} = @e‘f (14
O(e)). The e-independent constant M determines the spectral gap between the
first and the second eigenvalues of L*.

The normalized eigenfunctions {H‘LPTkllp}kzO provide a complete orthonormal
system in L2(R, pdz) with p = e, i.e.

i(y) ¥i(y) 2vw .
e = dy=0d;, k,j=0,1,... (6.8)
r Nkl (151, ’

Recall that the operator L has the same spectrum {—\;}x>0, and its eigen-
functions {®y}r>¢ are related to those of L* by ¥, = 6_%@;9, k> 0.

Let 57 be the unique solution of (6.7). Consider =7 (-,0) and expand it into
the Fourier series with respect to the system {Wg}r>o

[e.e] q]
e,T e, T k
pet(-,0) = E a; ) (6.9)
k—0 ‘ ”\I’ka

where the Fourier coefficients are determined by the inner products

L

e, T k e, T

a,” = , (-,0)> , k=>0.
g (H\III‘JHP P

Parseval’s equality states that

[e.9]

=0 =D (0>

k=0

From the existence and uniqueness theorem for parabolic partial differential
equations [19, 51] we conclude the following
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Proposition 6.2.1 57, z € R, s € [0,1/2], can be represented by the series

ME7T(5L‘> 5) = ak7

exp (—2T\,s), z€R,s€(0,3]. (6.10)
The coefficients aZ’T in the representation (6.9) can be expressed in terms of
the function p=7(-,0). Next we find the first coefficient in closed form.

Proposition 6.2.2 Fore >0 and T > 0

~1/2
af)’T =ag = ||\I/0||;1 = (/R e dy) ) (6.11)

Proof: Using the condition that [, u*"(x,s)dx = 1 for any s, and ¥y = e =
we find

z) mo( ) T \IIO
t= [ et 0e 2 ) ar = o] (w’ (0), 2
g Top, el ’ 1w,/

T T 2U(y) 1/2
= ai ool = " ([ )
R

Corollary 6.2.1 Let T > 0 and s > 0. There exists ¢g > 0 such that for
0<e<egg

17 8)l, = aj = 0= Ve

Proof: The proof consists in evaluating the integral from (6.11) by Laplace’s
method, see (A.8). |

The second coefficient in the expansion (6.10) cannot be described explicitly.
But the following proposition gives an approximation the goodness of which is
guaranteed by the spectral gap.

Proposition 6.2.3 Let M be the constant according to Theorem 5.5.1 marking
the spectral gap. There exist €9 > 0 such that for 0 < e < ey and T > 0 we have

To Uy
(s ||w1||p>p +r(eT)

e,T
s = Z : (6.12)
U R Vi
H 0||pl e~ <||\I/11||p’ ||\1/11||p)p
where
r(e, T) < e ™M= (-,0)]], - e (6.13)
II\If IIp

p
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Proof: From (6.10) and the boundary condition p=%(z,0) = p=*(—z,1), z € R,

we obtain

[e.e] o0

U g
aZ’T AR aZ’Te_’\’“Tik ) (6.14)
=l & Wl
Multiplying both sides of (6.14) by e’ ||\I\?11||p’ integrating, and using (6.8) gives
0, U > _ ( g 1\ )
T e 0 1 eT —\T 1 1
a7’ =a , +ai’e , +7r(e, 1),

' ’ (||‘1’o||p 1./, Wl 194l /,

where

= I w w
re, )= a'e A’“T( , ) :
1) =2 d 100, 190,

To estimate the remainder term r, we now use the spectral gap result from
Theorem 5.5.1. We may choose gy such that for ¢ < gy the third eigenvalue

r(e, ) < e ™Y oy
k=2
00 12 1 o — 07 1/2
v 1
Se—MT (ae,T)2 ( k 7 1 ) '
[Z g 2 1kl [l /,

k=2 k=2

The inner products can be rewritten in the following form:

( Uy, vy ) U, Uy w
TR = e €
1l 1allo ), e 1kl (124,

\I’k \I’l 20 2U 2

= eece cec= dx
R 1Pell, 194,

( El 2(U-U) \I’k )
= — 5 YT
[ T,

Two applications of Parseval’s equality complete the estimate (6.13). [
The only function not even approximately known which appears in the esti-
mate (6.13) is u=7(+,0). The following proposition provides an upper bound for

its p-norm in terms of the p-norm of the explicit function p~! = e~ . Denote
¢c= [p ' (y)dy = (a§)~% ~ ,/me* (see Theorem 5.4.4). Then, the function

p'/cis the invariant density of the time-homogeneous diffusion in the potential
U(x) = U(—z), * € R. The spectral gap between \g = 0 and \; of the corre-
sponding infinitesimal generator implies that the law of the diffusion converges
to the invariant law exponentially fast and determines the rate of convergence.
This indicates that the density p=7(-,0) = p=7(-, 1) should be close to p~t/c if T
is large enough. One can obtain the following estimate for the norm.
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Proposition 6.2.4 For any 6 > 0 there exist Ty,eg > 0 such that for ¢ €

[11());(7;“7 60]

=L 0)l, < 6l1~" /el (6.15)
Proof: Combining the triangle inequality with the inequality (a+b)? < 2(a®+b?),
a,b e R, gives
—1 —1

P P
=7 (0012 < 2= (-, 0) — 7”?» + 2”7”2- (6.16)
For n € N, denote by PY¥ the orthogonal projector on the orthogonal complement

of the span of the first n eigenfunctions Wy,..., ¥, ;. Let us estimate the first
summand in (6.16). Using the boundary condition in (6.7) we obtain

—1 — —1
€ P ) P e P
07 (0 = 2o = %)——!\2—|!u -
-1
c — € e 1Y
:/ (P (- 3)° pdy:/}Pf’u )] T 5) = =
R R
—1
€ £ — £ p —_
< / PEAET ()| 127 pdy + / P 3|y

C
. 5 p2_
/!Pf’u T e pdy+/}PfI’u (. %)}—ppdy

pdy

< IR CDI | [ ) a2

) 1
— 9 2
. pp
+ 1P DI, [/( > pdy]
R C

MT 1 T ., e Mt 2 3 2 T
<e M max{pp "} [|p (-, 0)[]5 + popdy| (et (L 0)],.
& R

Taking into account the latter inequality and (6.16) we obtain a quadratic in-
equality for [|="(-, 0|,

(1= 2e M max{pp~ ' })[lp=" (-, 0)|I2
1

€—>\1T o 2 . ﬁ_l
[Pt a] ol - 212 <o

Let us estimate the coefficients of (6.17) and thus find an upper bound for

11257 0)-

For any § > 0, let lzgg < e < gg, where ¢ is is given by Theorem 5.5.1. Then
for some C' > 0, recalling Theorem 5.4.5

(6.17)

-2

T < exp (VT4 O 7)) S ep (-CTT) (618)
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This expression tends to 0 exponentially fast as T" — oo. Moreover,

_ 2 a
max{pp™'} = exp { - max(U(=z) - U(x))} = exp {—},
where a = 2max{U(—xz) —U(z)} >V —v > 0 is a finite number, defined by the

potential U. For ¢ > lzgg we obtain

max{pp '} < T3, (6.19)

Similarly, let 8/ = 2max{2U(—xz) —3U(z)} > 3V — 2v > 0. Then, using
Laplace’s method, see (A.8), and recalling (G) we can estimate for some C; > 0

1 % ’
- {/ pp s dy} < C’l\/geﬂTV < T3 (6.20)
R
for e > fg; and some > 3 —V >2(V —v) > 0.

Since max{U(z) —2U(—xz)} >V —§ > 0, the free term of (6.17) is estimated
in % <e<egyby

i

for some positive constant Cy. This estimate means that the norm ||p~1/¢|,
decays in T" not faster than polynomially.

Using (6.16), (6.18), (6.19) and (6.20) implies that (6.17) holds if the following
inequality holds:

——1112

P
c

1 v
=2 / 2 WW=2UC0) gy > Oy log TT % (6.21)
R

p

12

i 5
1657 (- 0)[2(1 = 26~ T T ) — 26O TS || (- 0), - 2 ’ | <o
p
Consequently,
)
[ p

| — 9e-CTTH T3
——1 —1 —1
P p P
<2||— +\/ — 2+ 2| —?
=< (II oI+ 20 ||p)
-1

P
< 6”7”;)

v+0
logT

for T' > Ty, where T} is the minimal value for which < &g, and

)
o o 1

1—2eCT"" o5 > 5

and
-1

1)
e CT™ it < Oy log TT 7 < ||12—),.
C
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6.3 Spectral power amplification

This and the following sections are devoted to the problem of stochastic resonance
for the diffusion (6.1). As a measure of quality of tuning, we shall consider
the spectral power amplification coefficient for X7, just as for the two-state
reduction in Chapter 4. Of course, to make the two-state chain a consistent model
of the reduced diffusion dynamics, we now have to adapt the pre-factors p and ¢ to
recover the true asymptotics of Kramers’ times hidden in the precise description
of A;. In this setting, our original plan was to prove that the resonance point
obtained in Chapter 4 for the SPA coefficient of the Markov chain determines and
thus characterizes a resonance point for the diffusion, in the small noise limit. To
our surprise, this turns out not to be the case, as we shall now make precise.

The spectral power amplification coefficient is similarly to the two-state case
defined by

2

(e, T) = (6.22)

1
e, T 2mis
/ E, X5 ds
0

It will be compared with the analogous coefficient (4.9) of the Markov chain.
Hereby we take the average with respect to the invariant law of X7 the density
of which is p&T

The SPA coefficient describes the energy of the averaged trajectory X7 car-
ried by the spectral component of period 27, i.e. the period of the 1nput signal’.
For the sake of brevity, in this definition we omit the constant factor ToE used

in (4.9).

First, let us rewrite and simplify (6.22). We get

V

1 2

(e, T)= || EX5 e ds
0

2
/2 IR
= / eQWZS/x,ua’T(x, s) d:pds—i—/ 627”5/xu5’T(x, s)dx ds
0 R 1/2 R
/2 o2 1 2
= / eQ”ZS/x,uE’T(x, s) dxds+em/ eQﬂzs/xus’T(x,s—l——)dajds
0 R 0 R 2
2
= / 27”5/95# x, S dxds—/ 2’”5’/1% —x,8)dx ds
/ 627”8/xu (x,s)dxds
0 R

=1 —4}SX5T)]
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Using (6.10) we find

/2
SX(e,T) :/ eQWZS/xua’T(x, s)dxds =
0 R

1/2 ] V]
ag/ s ds/x o(2) dx+ (6.23)
0 R [l

1/2 ] \I/
aiT/ e?misgm 2T ds/x (= )dx+7“1(5 T),
0 1]l

where

(e T) = / gm/ Z MHP exp (—2T'\y, s) dx ds. (6.24)

In the sequel, we shall occasionally use the symbol x to also denote the identity
function on R, = +— .

Proposition 6.3.1 There exists g > 0 such that for 0 < e < ey and T > 0 we

have
2U

T [ e ) e

) (6.25)

with M from Theorem 5.5.1.

Proof: Indeed, using Theorem 5.5.1 for the fourth inequality, we deduce

© e
Ir(e,T)] < lay |/ e ds | |z
Z . R ||\I/k||p

. ZI Wi(a) ’ 1 — exp (< M)

dx‘

||\Ijk||p 2\eT

V()
< dx
=2 TZ' Sy

~ o 51 1/2
2U \I[
< —— xe = ,
i [ ()
It remains to apply Parseval’s equality. [ |

We next determine the leading term of S¥ (g, T). We use formula (6.23), and
recall that the coefficient af was determined in Proposition 6.2.2, the coefficient
e, T . ol
ay” was found in Proposition 6.2.3.
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Lemma 6.3.1 For any 6 > 0 there exist Ty, eq > 0 such that for e € [”J”S €]
and T > Ty
{ f yWo(y) dy
SX(e,T) = LYY 4y
&= T e o
1 +€_>\1T f y\I] dy (Eo,\ljl)p .
- P 9 T +T2(€7T>7
2me—=MT)  [oll7 W42 — e MT (U, Ty),
where .
6 _2U(y) o, 20 2w
o U ) G o P (5

and M is given by Theorem 5.5.1.

Proof: The leading term of (6.26) is obtained from (6.23) by integration in
s € [0,3]. Let us estimate the error term r5(e, T') which is composed of (e, T)
and r(e,T) from formula (6.12). Using Proposition 6.3.1 and Proposition 6.2.3,
we get

|r2(57 T)| < |7’1(€, T)|

r(e, T)| ’ 1+e‘” \Iu(y)
[Wol|,|1 — eNT (L )| 12 2T,

||‘I’1||p || 1||p

!

8 Ele

< gl 0) - e

e MT|[1=T (-, 0)], - [T re2”
||‘1’0||p |||‘1’1||2 —e” AlT(‘I’la‘I’lM

p

/Ry\l’l(y) dy’ (6:28)

o (e, 4 TN T )| yi(w) dy
2T T, |||‘1’1||%—6‘A1T(‘1’1,‘1’1)p|

Note that for T' large enough Laplace’s method yields

1

U _2U(y) 2 %

C1 < max |[ze 7 [, = max (/y26 : dy> < CyT079)
S el e \JR

for some positive constants C; and Cp. This means that [Jze™ = || ,» is bounded
on [fg;, go] polynomially in 7. Next we show that due to the factor e=™7T the
second summand in the parenthesis in (6.28) is exponentially small in 7.

Recall that U, = ®pp~!, hence || U], = ||| ,-1, & > 0, and note that

[Pl = [[Wye e, &)

2U*

. Then using Theorem 5.4.4 we estimate in € € |

lo-
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for T' large enough and with universal constant C' eventually changing from line
to line B
2MTe M7 [W1e® =, - | fo y¥(y) dyl

Woll, WWN%—eMUWuWQA

= _2U()
_2MTe M ([ @ylr - [ fryPa(y)e < dy|
Dol [[|@1]2-0 — e T (By, By),1] (6.29)

v s
< OTe MT Veer - \fee:
. Veck Vet (L e M)

< CTe ™MT < er’%

o
Applying the previous formula and the inequality ||u=7(-,0)|, < 6|[p~*/c]|, ob-
tained in Proposition 6.2.4 to (6.28) completes the proof. [ |

Next we find the value of the spectral power amplification coefficient 7% (¢, T')
in the interval [lg;‘sT,eo] for 6 > 0 and large 7. For abbreviation of the leading
term, let us set

(y)
JeyWoly)dy  frye =" dy

bo = be = = ,
0 [ Wol[2 Jr e dy

bt e JpyYay) dy (Wo, ¥1),

=0T = L3 .
' 2 IWo[2 W2 — e NT (W, 0y),

Then (6.26) can be rewritten in the form
SX(e,T) = —bo + ébl +7ro(e, T),
AT
and therefore
4 B(T)? (by — bo)?
w22+ (MT)?2 w2+ (MT)?

(e, T) = 4|8% (e, T > = +r3(e,T), (6.30)
where
r3 = 4|ra]® + 8 Re (s 13), (6.31)

+” denotes the complex conjugate and s¥ = Zb + ——=b; is the leading term

Ti— >\ T
of SX. We see that n* is represented as a sum of three terms. Let us recall

its Markov chain counterpart n¥ determined in Proposition 4.2.1. Up to the

constant factor (V w2 W=7 we have

4 THe—v)
TR (o OPTE
It is clearly seen, that the first leading term of (6.30) is similar to (6.32). The

correspondence were exact if \y = £ ¢ and by ~ 1.
In the following Lemma we find asymptotic estimates for by and b;.

n'(e,T) = (6.32)
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Lemma 6.3.2 There is g > 0 such that for ¢ < eq we have

UB(-1)
bop=—1— 7t O(g?), (6.33)
by = -1+ 0(e), (6.34)
and consequently
UB(—1
ba =1+ #5 + O(e?), (6.35)
2w
(by — bp)? = O(?). (6.36)

Proof: We use Laplace’s method to obtain the asymptotic expansions for the

integrals [, e~ = S dy; compare the formulae (A.7) and (A.9)

in the Appendix. We get
20 () TE v e [(5UB)(=1)?
/yeQUs(y) dy = — 7T€€%
R w

U®(-1) e (5U®(-1)?
W UW(— 2
X {1 + el €+ T6? ( 3 w_UW( 1)) +O(e )} .

The relationships (6.33) and (6.35) follow from these formulae and the asymptotic

expansion rule ig;iiiggzzg =1+ (a1 — az)e + O(£?), aj, a3 € R

The estimate for b, is obtained analogously to Lemma 6.3.1 with the help of
Theorem 5.4.4. More precisely, we get

b — lte MT Ly (y) dy (T, Ty),
1= L
2 [Woll3 1012 — e MT (T, Ty),
. 1 + eiAlT (.CL', (I)l)p—l (@0,5 )
N e L MT(CI% 1)t
2(1+e™T) . [Ze2(140(e) - /2= (14 O(e
2 fEet 1+ 0 ((JEe 1+ o6 >>+e-AiT\/£es<1+O<e»)
=—-14+0(e).
The combination of (6.33) and (6.34) leads to (6.36). [

Let us compare the first term in (6.30) with Y. Lemma 6.3.2 states that
bg ~ 1 as € — 0. Recall that

£/ WoW v

or ’
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and that the infinitesimal probabilities in Chapter 4 were defined by ¢ = pe’%
and ¢ = pe” =, with p,q > 0.

We now choose p and ¢ so that Kramers’ times for the diffusion and the
reducing Markov chain coincide not only to exponential order, but in addition
up to the leading subexponential pre-factors. If we set

Voo Vi (6.37)

o 1= 2m

p:

we also get
vterRA, Y—prN

to the leading subexponential pre-factor. This moreover implies

(/\1T)2 ~ (Y — @)2T2
N e (R

This correspondence is a sure temptation for suspecting that provided the re-
mainder terms in (6.30) are small enough, the SPA coefficients of the diffusion
and the Markov chain are close. This also strongly suggests that one could be
able to relate asymptotically the optimal tuning rates for the diffusion and the
reducing Markov chain.

This argument is in fact very common in the physics literature [49, 26, 2]
and is used to pass to a simpler two-state framework for the investigation of
various dynamucal properties of the diffusion in the small noise limit, especially
in the context of stochastic resonance. This approach will now be shown to
possibly have drastic side effects. In determining eigenvalues and Kramers’ times
we always had to take into account a multiplicative correction term of the type
1+0O(e). The errors of order O(e) in all the formulae we have derived reflect small
random oscillations of the diffusion near the metastable states of the potential.
Neglecting these terms means neglecting the ‘diffusive’ nature of the diffusion.
Although these oscillations are small, they occur with a high probability. This
leads very subtle drag effects in the potential wells’” bottoms disturbing or even
destroying the tuning picture the two-state reduction presents.

In Chapter 4 the optimal tuning rate for the Markov chain Y= in the sense
of the SPA coefficient was determined by

Vi [, 10g<\/2%q\/K)+O( 1 >

°T 2logT logT log®> T

If the diffusion’s tuning properties corresponding to the SPA coefficient were
retained by the reducing Markov chain, we would expect a local maximum of

the SPA coefficient n*(-,T) at some point 7 =~ QYOEUT. Let us consider a —
X( a
n logT>

T) for large T on the interval

[v+6,A], forsome §>0, A>uv+9.
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On the e-scale this corresponds to shrinking intervals [fggi}, 10§T]' We shall inves-

o, T) posesses a local maximum for large 7.

log T’

tigate, whether o — n™(

Theorem 6.3.1 Let 0 < 0 < 5 and A > v+ 6 be fized. Let max,ep{U(z) —

2U(—x)} <V 4wv. Then there exists Ty > 0 such that for T > Ty, o € [v + 9§, A

we have
¥, o 4 UB(-1) « 1
—T)=—|(1 O——).
K (1ogT’ ) 7r2( * 2w2  logT * log®> T

Remark 6.3.1 Geometrically, the condition max,er{U(z) — 2U(—2)} <V 4+ wv
may be seen to express the fact that the potential is not too asymmetric outside
of the wells.

Proof: The proof consists in expanding of (6.30) as " — oo and estimating the
remainder terms.

First, we note that in order to apply Lemma 6.3.1 the noise parameter € must
satisfy € € [f;gr;, go] for some gy > 0. It is clear that to verify this condition it is
enough to take Ty > e®/%0,

Consider 1 (o7 1) for T > 0. The factor by in the leading term of n*X is
expanded with the help of Lemma 6.3.2.

On the interval [25% —2_] with some constant C' > 0 we estimate

logT’ logT
(MT)2 > C(eT)? > (T #5)2 = CTws. (6.38)
This results in
()\1T)2 7T2 1 1
A -~ 140 (—— ) =1+0(—).
2+ (T2 2o C\owre) T O\ GE

Hence, we obtain the expansion of the leading term of (6.30)

4 BE(MT)? 4 @) (—1 1
4 BNT? 4 U a1y
m2m?+ (MT)?2 72 2wz logT log” T

It is left to estimate the terms % and |r3|. Analogously to (6.38), the first
one is of the order T v+s log T on a € [v+6,A] as T — oo since (by — by)? =
O<log12T>'

Consider the third term given by (6.31):
|7’3(€, T)| < 8|3X(57 T)||r2(5’ T)| + 4|T2(5’ T)|2>

where

1 BT A(by — by)? )5 g

1
X T — i -
[57(&,T)] <7r2 2+ T2 wr (NT)E) T2
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for T > Ty, lg;‘sT <e< 1o§T'

Let us estimate |ry(e,T')|. Lemma 6.3.1 states that

- 6 [fR e~ 22U (=y)~U(y)) dy] 2 [fR ye 20() dy] 3

|7’2(€>T)| > 2U (y)
MT f]R@* = dy

Assume that max,cr{U(z) —2U(—x)} < K, where « is a positive number. Obvi-
ously, K >V — 2 > 0, since

max{U(z) = 2U(—a)} 2 U(1) = 2U(~1) =V — g

Then, using Laplace’s method we obtain for some C' > 0 independent of € < ¢

K 14 K=V
€2e €2 € 2
e, T <C =C
|T2( )| T@% T

I; we choose k = V +v and 6 € (0, 3), then the inequality ;Z;fg) > % entails
that

Q 1 1
P — T < 071} — Y55 5 5 0,2 .
rQ(logT’ )‘ =V s 0 (Tv%fé) €(0,3)

Thus, the remainder terms in (6.30) are polynomially small and of the order

T log 2 T. This completes the proof. [

As we see, the form of the tuning curve for the SPA coefficient crucially
depends on the sign of U®)(—1). If U®)(—1) > 0, the tuning curve increases in «
and does not have a local maximum on the interval [f;gr;, 10§T]' IfUG(-1) <0
then n* decreases and does not have a local maximum either.

Moreover, depending on the sign of U®(—1), the resonance curve is ei-
ther greater or less than %. However, we can state, that the SPA coefficient
(e, T(g)) =14+ O(e) for T(e) = €=, a € [v + §, A}, which is near the maximal
value of Y. This means, that amplification occurs, but an optimal tuning rate
cannot be determined. Especially, the Markov chain behaviour is not shared by
the diffusion, and the optimal tuning rate by the chain is not asymptotically
equal to an optimal tuning rate for the diffusion, in which sense ever the latter
may exist.

The observed subtle drag effect may be interpreted in the following way. If
U®)(—~1) < 0, the potential in the deep well slightly leans towards the shallow
one. Therefore in the e-window considered increasing the noise intensity tends
to reduce the averaged overall amplitude of the motion.

In case U® (—1) > 0, the outward leaning of the potential in its global max-
imum increases the averaged overall amplitude of the random motion with in-
creasing noise intensity:.

max
a€lv+4,A]
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6.4 Optimal tuning for the modified SPA coef-
ficient.

Stochastic resonance is an inter-well and not an intra-well effect. Given our
experience gained in the previous section, we now suppress oscillations near the
potential minima and take into account only big hoppings between the wells.
In this modified setting, we shall now show that the behaviour of the reducing
Markov chain is correctly retained asymptotically in the small noise limit.

In order to cut off small random fluctuations near —1 and 1 we define a
function

x, x € (=00, x1| U [z, 11] U [y2, 00),
g(x) =< —1, x € |21, 1],

15 U [yl;yQ],

where 1 < —1 < 29 < Oaresuch that U(z;) = U(xq) = —%, and0 <y <1 <ys

are such that U(y1) = U(yz) = —§.
Ag(z)
\ /
\ i o—
: : /
\ S
\zy —1 @ vy 1 oy,
Vi § \ /
\ 7 Ny
A RRRREREE / N v
ST
o

Fig. 6.3: Function g designed to cut off small fluctuations.

For ¢, T > 0 we consider the modified SPA coefficient

2

1
ﬁ%ﬂ:/EMm%Mm
0

By inspection of the steps in the calculations of Section 6.3, replacing x with
g(z) if necessary, we obtain a formula for 77¥ which is analogous to (6.30):

N 4 B(\T)? (by — bo)2
Xe,T)= — 2 4 T 6.39
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where
_2U(y)
T Jr9(y)e dy
0 — _20(y) )
fRe = dy
7o LeMT g Wly) dy (Wo, ¥1),
1 — — )
2 [Iol[7 W17 — e 1T (W, ¥y),

73(e, T) = 4|75(e, T)|* + 8Re (3~ (¢, T)73(e, T)),

—}
- NV

6 _20() o
e < g ([ an) 1L

It turns out that due to different behaviour of the factor 50 has quite different
asymptotics from by. Hence the modified SPA coefficient 77%X(g,T) has a local
maximum close to the corresponding one for the Markov chain.

(e, T) = by +
T

lge= =

p

Lemma 6.4.1 There is eg > 0 such that for e <eq, T > 0 we have

by = —1+2, /e (1+0()) > —1, (6.40)
W

by = —1+0(e), (6.41)

R=1-4 /Z_*e—%u +0(e)) <1 (6.42)
JF

(b — bo)? = O(2). (6.43)

and, consequently,

Proof: Consider by for small € and use Laplace’s method to obtain (6.40):
2U(y)
~ d
bO fR Y
fR = dy
Y2
L) )
(e fr)e
2 y2 | —2Y
(L4 h)e
x2 2 _2U) v
(S + ‘1) e gy + O(c¥)
2,/Z2e:(1+ 0(e)) oo v
=1+ =—-14+2,/—e = (1+0(e)).
W

\/;Ife%u +0(2))

<fa:1 + y1+fyc;o> ye,QUE(y) dy
E y+ <fz1 + yl+fy2>€_2Us(y) dy

-2 fyyf e Y dy + O(e%)




6.4 Optimal tuning for the modified SPA coefficient. 101

For the third equation we used our hypothesis concerning the cutoff levels the
inequality V' — v < £ which follows from (M).

Formulae (6.41) and (6.43) are obtained analogously to Lemma 6.3.2. Ex-
pression (6.42) follows directly from (6.40). [

Theorem 6.4.1 Let max,cr{U(z) —2U(-2)} < V+4v and0 < < 5. Then for
any 1 < v < 2&11:5) there exists T(vy) such that for T > T(v) the modified SPA

coefficient & v 77X (¢, T') has a local mazimum on [y~ 5555, y5t]. The optimal

tuning rate (T) is exponentially equivalent to 2‘1/0?} in the limit T — oo.

Proof: To show that ¢ — 7X(g,T) given by (6.39) has a local maximum we
consider it at the three points

Vit V+wo 4Vt

_vrv T) = v~ and eo(T) = .
2log T’ e(T) 721ogT7 and &5(T) =7 2log T

Since v > 1, we have £3(7T") < £1(T") < e2(T") (see Fig. 6.4).

Yo

11«;2% e(T)  e(T) e2(T)

Fig. 6.4: The modified SPA coefficient 7™ (g, T) at the points &;(T), i = 1,2,3,
defined in (6.44).

Consider the leading term of 77X (1(T"), T') for T'— oco. The factor Eg is given

by Lemma 6.4.1. Expanding the factor % as T — oo gives:

14 BT)? 4 N
m2m2 4 (MT)2 w2

2TV (1 4 O(log ™ T)))
W

4
x (1 _ AT b 4 Oflog™! T)))

Wol

4 16 w_ 7T4 V—uv
=— == T2v= (1+ O(log™ 7)) .
w2 w2 ( Wi * w0w+) (1+0(log™ 7))
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Analogously to Theorem 6.3.1 one shows that the remainder terms in (6.39) are
V—v

of the order T ?v+» log 2 T. This yields that

4 16 w_ d 1 1
X (e1(T),T) = — — — — 1+0 .
77 (61( )7 ) 7T2 7'('2 w+ + w0w+ TQ% _'_ logT

Analogously, we consider the modified SPA coefficient at e9(7") and 3(7) to
obtain

4 16 [w_ 1 1
P (eoT), T = = —— =~ (1+0

and

4 167° 1 1
¥ (e3(T),T) = = — 1 .
- (e3(T),T) ——(1+0 oo T

™ Wowy T2V
This entails that for T'(y) large enough and 7" > T'(y) we have

1 (e1(T),T) > 77 (2(T), T) and
7 (e1(T),T) > 7 (e3(T), T)

since V —wv > %(V—v) and V —v >V +v—2vyvfory>1

Since the differences between the values taken are of higher order than the
bounds for the remainder terms, this completes the proof. [ |

Let us finish with some remarks concerning the dependence of the optimal
tuning rate on the geometry of the potential U. We have seen in Chapter 4 that for
some values of the pre-factors p and g and half-period T" the tuning curve vanishes
at certain noise levels or is monotonically increasing, see Proposition 4.2.2. We
do not observe such a phenomenon in the present setting since we consider the
SPA coefficient of the diffusion in the small noise and large period limits. Recall
that the Markov chain SPA coefficient vanishes at &= (V' — v)/log (%) which is

a positive number independent of € and T'. Of course, it can happen that nX or
1 vanishes for some noise intensity. However, our approach describes neither
this effect nor monotonicity of 7. The reason is this: in the small noise limit
considered here we are outside of the domains of parameter space for which this
behaviour is exhibited.



Appendix A

Laplace’s method

In this Appendix Laplace’s method of asymptotic evaluation of integrals depend-
ing on parameter is explained. In our exposition we follow [20] and [50].
Consider the integral

I(e) = / ’ e~ w(x) du, (A1)

in which a,b € [—00,+00], U and w are smooth functions on R, ¢ > 0. The
following powerful method for approximating I(¢), € — 0, goes back to Laplace
[39]. According to Laplace, the major contribution to the value of the integral
arises from the immediate vicinity of those points of the interval [a, b] at which
U assumes its smallest value. Let the minimum of U occur, say, at x = z¢. If € is
small, the graph of the integrand has a very sharp peak at zy. It suggests that the
overwhelming contribution to the integral comes from the neighbourhood of x.
Accordingly, we replace U and w by the leading terms in their series expansions
in x — g, and then extend the integration limits to +£o00. The evaluation of the
resulting integral yields the required approximation.

We consider two major cases. Suppose first that a is finite, zo = a, U'(a) > 0
and w(a) # 0. Then Laplace’s estimation reads as follows

b _2U@=@) b _2y —a\U’
](5):/ & £ w(:p)dl’:/ e E( (a)+(2? a) (a))w(a)d:p

a
_2U(a)

. _2U(@) > —2(z—a)U'(a Ew(a’)e ©
;w(a)e € / e 5( )U()d{E:W

The second major case arises when U has a simple minimum at an interior
point zg of (a,b) and w(zg) # 0. Then

b b
I(¢) :/ 6_2Us(x)w(9c) dx#/ e~ 2 U0 +g(e—w0)U" (20) (1) da

a

S "
) _ 2U(=q) _UM@0) (2 _ 2U(q) TE
= w(xg)e = e = @0 g = qw(xg)e” -

U//(xo)'

— 00
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If U has a finite number of minima, we may break up the integral (A.1) into
a finite number of integrals so that in each interval U reaches its minimum at
one of the end-points and at no other point. Accordingly, we shall assume that
U reaches its minimum at x = a and that U(x) > U(a), a < x < b. Now we
precisely formulate the theorem about Laplace’s approximation, see [50, Chapters

7.9].

Theorem A.0.2 Leta € R, be RU{+o0}, a <b. Let U : R — R be differen-
tiable, and w : R — R or C be measurable.
Suppose in addition that

i) the minimum of U is attained only at a;
ii) U and w are continuous in a neighbourhood of a;
i) as x| a,
U(z) = U(a)+P(z—a)"+O((z—a)"™), w(z)=Q(z—a)* '+0((x—a)"),

and the first of these relations is differentiable. Here P, i and A are positive
constants, and Q) is a real or complex constant.

b 2U (z
I(¢) :/ e 2% )w(x) dz,

converges absolutely throughout its range for all sufficiently small €.

10 =0 (3) (55)" 0 - och)
e)=—=T—-)(=x) e - g
w) \2P

If the asymptotic expansions in ascending powers of x — a exist for U and
w, the expansion of the integral I(e) can be also obtained. Although there is no
general formula for this expansion, we determine its first three terms.

Then

Theorem A.0.3 Let conditions (i), (i) and (iv) of Theorem A.0.2 be satisfied
and the expansions

U(z) = U(a) + ips(x —a)"** + 0 ((x —a)*™),
W) = 3 4o — @+ 0 (@ — @)

hold. Suppose that po # 0, qo # 0. Then

I(e) = e 22 [nir (A:S> ay (%)+ +(9(g*%)], (A.2)
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where
ag = q—g/uy
HPo
o = {ﬂ_ (A +21)pIQO} 1 7 (A.3)
[ 12po pé)\+1)/“ '
ay = [% — % +{(A 4 1+ 2)pi — 2upops} (AQZ;%% péx+12>/u'

Let us apply Theorems A.0.2 and A.0.3 to the double-well potential U from

Chapters 5 and 6 to find the asymptotics of the integral fR e~ 22 da for £ — 0.

The function U is supposed to be infinitely differentiable and to possess a
unique global minimum at —1 such that U(—1) = —%. We break the interval
(—00, +00) into two intervals (—oo, —1] and [—1,400), and note that

_ 2U(x) -1 _ 2U(x) o0 _ 2U(x)
e = dr= e = dr+ e ¢ dx
R —00 —1
T Sy T ST
= e = dr+ e "= dr,
—1 1

where U(z) = U(—x), € R. Both integrals in the last line of (A.4) satisfy the
conditions of Theorem A.0.3. To determine the coefficients py, £ = 0,1,2, we
expand U near —1 and U near 1 to get

(A4)

w_ G)(— @(_
Uz) = —% + 5 (z+ 1)% + w(x +1)°+ %(x +1)*+0((z+ 1)),
(A.5)
_ w_ ®)(— @ (_
Ulz) = —g + e 1) - w(x — 1)+ %(@« 1)+ O((z — 1))

(A.6)

Thus, p =2, =1, g =1and ¢y =0, k > 1. A direct application of (A.3) and
(A.2) yields

T vl [7e
e = dr=es—,/—
1 2 w_

U®(-1) 1 (50O (=1)?
— —5—VE

T ) vl [7e
e = dor=ec—,/—
1 2

w_

x |1

— wU(4)(—1)> £+ 0(63/2)]

X

U®(-1) 1 (5UB)(—1)
14— =/ —w . UW(q 3/2
+3wi/2\/7?\/5+16w3( ; w_UW( )>6+(’)(5 )|
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and, consequently,

_20@) v [me 1 [(5U®(-1)2
/Re : dx:ef,/z {1+16w§ ( 2 —wU(4)(—1))8+O(83/2)]

(A.7)

The error term O(g%?) is in fact of order €2, since due to the infinite differentia-
bility of U all terms a; with odd indices k£ vanish. This variant of the asymptotics

is used in Lemma 6.3.2. The less exact asymptotics

/ e_QUsm dr = e%1 lﬁ—g(l + O(¢g)).
R w_
is also used.

Analogously, one evaluates the integral

 2U(x) oy U@
re e dr= re = dr— re = dr=
R -1 1

(A.8)

- [T Y g (R - wven) o)

(A9)
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