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To Erwin Bolthausen and Hervé Kunz



Preface

When constructing a mathematical model for a problem in natural science,
one often needs to combine methods from different fields of mathematics.
Stochastic differential equations, for instance, are used to model the effect
of noise on a system evolving in time. Being at the same time differential
equations and random, their description naturally involves methods from the
theory of dynamical systems, and from stochastic analysis.

Much progress has been made in recent years in the quantitative descrip-
tion of the solutions to stochastic differential equations. Still, it seems to us
that communication between the various communities interested in these mod-
els (mathematicians in probability theory and analysis, physicists, biologists,
climatologists, and so on) is not always optimal. This relates to the fact that
researchers in each field have developed their own approaches, and their own
jargon. A climatologist, trying to use a book on stochastic analysis, in the
hope of understanding the possible effects of noise on the box model she is
studying, often experiences similar difficulties as a probabilist, trying to find
out what his latest theorem on martingales might imply for action-potential
generation in neurons.

The purpose of this book is twofold. On the one hand, it presents a par-
ticular approach to the study of stochastic differential equations with two
timescales, based on a characterisation of typical sample paths. This approach,
which combines ideas from singular perturbation theory with probabilistic
methods, is developed in Chapters 3 and 5 in a mathematically rigorous way.
On the other hand, Chapters 4 and 6 attempt to bridge the gap between ab-
stract mathematics and concrete applications, by illustrating how the method
works, in a few specific examples taken from physics, biology, and climatology.
The choice of applications is somewhat arbitrary, and was mainly influenced
by the field of speciality of the modellers we happened to meet in the course
of the last years.

The present book grew out of a series of articles on the effect of noise
on dynamical bifurcations. In the process of writing, however, we realised
that many results could be improved, generalised, and presented in a more
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concise way. Also, the bibliographical research for the chapters on applications
revealed many new interesting problems, that we were tempted to discuss as
well. Anyone who has written a book knows that there is no upper bound
on the amount of time and work one can put into the writing. For the sake
of timely publishing, however, one has to stop somewhere, even though the
feeling remains to leave something unfinished. The reader will thus find many
open problems, and our hope is that they will stimulate future research.

We dedicate this book to Erwin Bolthausen and Hervé Kunz on the occa-
sion of their sixtieth birthdays. As our thesis advisors in Ziirich and Lausanne,
respectively, they left us with a lasting impression of their way to use mathe-
matics to solve problems from physics in an elegant way. Our special thanks
go to Anton Bovier, who supported and encouraged our collaboration from
the very beginning. Without his sharing our enthusiasm and his insightful
remarks, our research would not have led us that far.

Many more people have provided help by giving advice, by clarifying sub-
tleties of models used in applications, by serving on our habilitation commit-
tees, or simply by showing their interest in our work. We are grateful to Lud-
wig Arnold, Gérard Ben Arous, Jean-Marie Barbaroux, Dirk Blémker, Fritz
Colonius, Predrag Cvitanovi¢, Jean-Dominique Deuschel, Werner Ebeling,
Bastien Fernandez, Jean-Frangois Le Gall, Jean-Michel Ghez, Maria Teresa
Giraudo, Peter Hénggi, Peter Imkeller, Alain Joye, Till Kuhlbrodt, Robert
Maier, Adam Monahan, Khashayar Pakdaman, Etienne Pardoux, Cecile Pen-
land, Pierre Picco, Arkady Pikovsky, Claude-Alain Pillet, Michael Rosenblum,
Laura Sacerdote, Michael Scheutzow, Lutz Schimansky-Geier, Igor Sokolov,
Dan Stein, Alain-Sol Sznitman, Peter Talkner, Larry Thomas, and Michael
Zaks.

Our long-lasting collaboration would not have been possible without the
gracious support of a number institutions. We thank the Weierstra3-Institut
flir Angewandte Analysis und Stochastik in Berlin, the Forschungsinstitut fiir
Mathematik at the ETH in Ziirich, the Université du Sud Toulon—Var, and
the Centre de Physique Théorique in Marseille-Luminy for kind hospitality.

Financial support of the research preceding the endeavour of writing this
book was provided by the Weierstra3-Institut fiir Angewandte Analysis und
Stochastik, the Forschungsinstitut fiir Mathematik at the ETH Ziirich, the
Université du Sud Toulon—Var, the Centre de Physique Théorique, the French
Ministry of Research by way of the Action Concertée Incitative (ACI) Jeunes
Chercheurs, Modélisation stochastique de systemes hors équilibre, and the ESF
Programme Phase Transitions and Fluctuation Phenomena for Random Dy-
namics in Spatially Extended Systems (RDSES) and is gratefully acknowl-
edged.

During the preparation of the manuscript, we enjoyed the knowledge-
able and patient collaboration of Stephanie Harding and Helen Desmond at
Springer, London.
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Finally, we want to express our thanks to Ishin and Tian Fu in Berlin
for providing good reasons to spend the occasional free evening with friends,
practising our skill at eating with chopsticks.

Marseille and Berlin, Nils Berglund
June 2005 Barbara Gentz
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1

Introduction

1.1 Stochastic Models and Metastability

Stochastic models play an important réle in the mathematical description of
systems whose degree of complexity does not allow for deterministic modelling.
For instance, in ergodic theory and in equilibrium statistical mechanics, the
invariant probability measure has proved an extremely successful concept for
the characterisation of a system’s long-time behaviour.

Dynamical stochastic models, or stochastic processes, play a similarly im-
portant réle in the description of non-equilibrium properties. An important
class of stochastic processes are Markov processes, that is, processes whose
future evolution only depends on the present state, and not on the past evo-
lution. Important examples of Markov processes are

e Markov chains for discrete time;

e Markovian jump processes for continuous time;

o Diffusion processes given by solutions of stochastic differential equations
(SDEs) for continuous time.

This book concerns the sample-path behaviour of a particular class of Markov
processes, which are solutions to either non-autonomous or coupled systems
of stochastic differential equations. This class includes in particular time-
inhomogeneous Markov processes.

There are different approaches to the quantitative study of Markov pro-
cesses. A first possibility is to study the properties of the system’s invari-
ant probability measure, provided such a measure exists. However, it is often
equally important to understand transient phenomena. For instance, the speed
of convergence to the invariant measure may be extremely slow, because the
system spends long time spans in so-called metastable states, which can be
very different from the asymptotic equilibrium state.

A classical example of metastable behaviour is a glass of water, suddenly
exposed to an environment of below-freezing temperature: Its content may
stay liquid for a very long time, unless the glass is shaken, in which case the
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water freezes instantly. Here the asymptotic equilibrium state corresponds to
the ice phase, and the metastable state is called supercooled water. Such a
non-equilibrium behaviour is quite common near first-order phase transition
points. It has been established mathematically in various lattice models with
Markovian dynamics (e.g., Glauber or Kawasaki dynamics). See, for example,
[dHO4] for a recent review.

In continuous-time models, metastability occurs, for instance, in the case of
a Brownian particle moving in a multiwell potential landscape. For weak noise,
the typical time required to escape from a potential well (called activation time
or Kramers’ time) is exponentially long in the inverse of the noise intensity.
In such situations, it is natural to try to describe the dynamics hierarchically,
on two (or perhaps more) different levels: On a coarse-grained level, the rare
transitions between potential wells are described by a jump process, while a
more precise local description is used for the metastable intrawell dynamics.

Different techniques have been used to achieve such a separation of time
and length scales. Let us mention two of them. The first approach is more
analytical in nature, while the second one is more probabilistic, as it brings
into consideration the notion of sample paths.

e Spectral theory: The eigenvalues and eigenfunctions of the diffusion’s
generator yield information on the relevant timescales. Metastability is
characterised by the existence of a spectral gap between exponentially small
eigenvalues, corresponding to the long timescales of interwell transitions,
and the rest of the spectrum, associated with the intrawell fluctuations.

e Large-deviation theory: The exponential asymptotics of the probabil-
ity of rare events (e.g., interwell transitions) can be obtained from a vari-
ational principle, by minimising a so-called rate function (or action func-
tional) over the set of all possible escape paths. This yields information
on the distribution of random transition times between attractors of the
deterministic system.

To be more explicit, let us consider an n-dimensional diffusion process,
given by the SDE
dl‘t = f(.’lft) dt—FO'F(.’L‘t) th 5 (111)

where f takes values in R™, W; is a k-dimensional Brownian motion, and
F takes values in the set R™** of (n x k)-matrices. The state x;(w) of the
system depends both on time ¢, and on the realisation w of the noise via the
sample path W;(w) of the Brownian motion. Depending on the point of view,
one may rather be inclined to consider

e cither properties of the random variable w — z;(w) for fixed time ¢, in
particular its distribution;

e or properties of the sample path ¢ — x4(w) for each realisation w of the
noise.

The density of the distribution is connected to the generator of the diffu-
sion process, which is given by the differential operator
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2

L= Zf( 81‘2 ? Z:: 8:10 0z’ (1.1.2)

where d;;(x) are the elements of the square matrix D(z) = F(z)F(x)T. De-
note by p(z,tly, s) the transition probabilities of the diffusion, considered as
a Markov process. Then (y, s) — p(x,t|y, s) satisfies Kolmogorov’s backward
equation

—%u(y,s) = Lu(y, s) , (1.1.3)

while (z,t) — p(z,tly, s) satisfies Kolmogorov’s forward equation or Fokker—
Planck equation

8 *
&v(x,t) = L*v(x,t), (1.1.4)

where L* is the adjoint operator of L.

Under rather mild assumptions on f and F, the spectrum of L is known
to consist of isolated non-positive reals 0 = —X\g > —A1 > =X > .... If
qr(y) and pg(z) denote the (properly normalised) eigenfunctions of L and L*
respectively, the transition probabilities take the form

pla,tly,s) = > e =g (y)py() . (1.1.5)
k>0

In particular, the transition probabilities approach the invariant density po(x)
as t —s — oo (because go(x) = 1). However if, say, the first p eigenvalues of L
are very small, then all terms up to k = p — 1 contribute significantly to the
sum (1.1.5) as long as t — s < Ay . Thus the inverses \; ' are interpreted as
metastable lifetimes, and the corresponding eigenfunctions py(x) as “quasi-
invariant densities”. The eigenfunctions g (y) are typically close to linear com-
binations of indicator functions 14, (y), where the sets Ay, are interpreted as
supports of metastable states.

In general, determining the spectrum of the generator is a difficult task.
Results exist in particular cases, for instance perturbative results for small
noise intensity o.! If the drift term f derives from a potential and F=1
is the identity matrix, the small eigenvalues A\; behave like e —2hs /0
the hj; are the depths of the potential wells.

One of the alternative approaches to spectral theory is based on the con-
cept of first-exit times. Let D be a bounded, open subset of R™, and fix an
initial condition zoy € D. Typically, one is interested in situations where D is
positively invariant under the deterministic dynamics, as a candidate for the
support of a metastable state. The exit problem consists in characterising the
laws of first-exit time

, where

70 = 7p(w) = inf{t > 0: 2,(w) & D} (1.1.6)

"Perturbation theory for generators of the form (1.1.2) for small o is closely
related to semiclassical analysis.
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and first-exit location z., € dD. For each realisation w of the noise, 7p(w)
is the first time at which the sample path z;(w) leaves D. Metastability is
associated with the fact that for certain domains D, the first-exit time 7p is
likely to be extremely large. Like the transition probabilities, the laws of 7p
and of the first-exit location x,, can be linked to partial differential equations
(PDEs) involving the generator L (cf. Appendix A.6).

Another approach to the exit problem belongs to the theory of large de-
viations. The basic idea is that, although the sample paths of an SDE are in
general nowhere differentiable, they tend to concentrate near certain differen-
tiable curves as o tends to zero. More precisely, let C = C([0,T],R™) denote
the space of continuous functions ¢ : [0,7] — R ™. The rate function or action
functional of the SDE (1.1.1) is the function J : C — R U {oo} defined by

1

T
Ie) = Jom(®) =5 [ (b= Fe)" D@0 G = flpdr (117)

for all ¢ in the Sobolev space H; = H;([0,T],R™) of absolutely continuous
functions ¢ : [0,7] — R™ with square-integrable derivative ¢.> By definition,
J is infinite for all other paths ¢ in C. The rate function measures the “cost”
of forcing a sample path to track the curve ¢ — observe that it vanishes
if and only if o, satisfies the deterministic limiting equation & = f(x). For
other ¢, the probability of sample paths remaining near ¢ decreases roughly
like e=7/(¥)/?" More generally, the probability of z; belonging to a set of
paths I', behaves like e_J*/"z, where J* is the infimum of J over I'. This can
be viewed as an infinite-dimensional variant of the Laplace method.

One of the results of the Wentzell-Freidlin theory is that, for fixed time
t €[0,T],

lim o?logP™ {rp < t} (1.1.8)
= —iIlf{J[07t](g0): w €C([0,t],R™), po = xo, Is € [0,1) s.t. ps & D} .

If D is positively invariant under the deterministic flow, the right-hand side
is strictly negative. We can rewrite (1.1.8) as

IP)ZITO{TD < t} ~ ei‘][uri](tp*)/ﬂ2 R (119)

where ~ stands for logarithmic equivalence, and ¢* denotes a minimiser of
Jjo,17- The minimisers of Jjg ;) are interpreted as “most probable exit paths” of
the diffusion from D in time ¢; their cost is decreasing in ¢, and typically tends
to a positive limit as ¢ — oo. Since the limit in (1.1.8) is taken for fixed t,
(1.1.9) is not sufficient to estimate the typical exit time, though it suggests
that this time grows exponentially fast in 1/02.

?Note that in the general case, when D(z) is not positive-definite, the rate func-
tion J cannot be represented by (1.1.7), but is given by a variational principle.
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Under additional assumptions on the deterministic dynamics, more precise
results have been established. Assume for instance that the closure of D is
contained in the basin of attraction of an asymptotically stable equilibrium
point z*. Then

lir% o?logE*{rp}

{J[o,t](80)3 pE C([Oat]an)v $o = £L'*, Pt = y} ) (1110)

= inf
t>0, yedD

and thus the expected first-exit time satisfies E* {rp} ~ e’ / o* where J* is
the right-hand side of (1.1.10).

In the case of gradient systems, that is, for f(x) = —VU(x) and F(z) = 1,
the cost for leaving a potential well is determined by the minimum of the
rate function, taken over all paths starting at the bottom x* of the well and
occasionally leaving the well. This minimum is attained for a path satisfying
lim; .o ¢y = z* and moving against the deterministic flow, that is, ¢; =
—f(¢¢)- The resulting cost is equal to twice the potential difference H to be
overcome, which implies the exponential asymptotics of Kramers’ law on the
expected escape time behaving like €27/ o

Applying the theory of large deviations is only a first step in the study of
the exit problem, and many more precise results have been obtained, using
other methods. Day has proved that the law of the first-exit time from a set D,
contained in the basin of attraction of an equilibrium point x*, converges, if
properly rescaled, to an exponential distribution as o — 0:

liH%PmO{T'D > sE*{rp}} =e7". (1.1.11)

There are also results on more complex situations arising when the boundary
of D contains a saddle point, or, in dimension two, when 9D is an unstable
periodic orbit. In the case of gradient systems, the subexponential asymptotics
of the expected first-exit time has also been studied in detail. In particular,
the leading term of the prefactor e=7"/ o’ Eo {rp} of the expected first-exit
time E*°{7p} can be expressed in terms of eigenvalues of the Hessian of the
potential at z* and at the saddle.

All these results allow for quite a precise understanding of the dynam-
ics of transitions between metastable equilibrium states. They also show that
between these transitions, sample paths spend long time spans in neighbour-
hoods of the attractors of the deterministic system. Apart from the timescales
associated with these transitions between metastable states, dynamical sys-
tems typically have additional inherent timescales or might be subject to
slow external forcing. The interplay between these various timescales leads to
many interesting phenomena, which are the main focus of the present book.
The description of these phenomena will often require to develop methods
going beyond spectral analysis and large deviations.
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1.2 Timescales and Slow—Fast Systems

Most nonlinear ordinary differential equations (ODEs) are characterised by
several different timescales, given, for instance, by relaxation times to equi-
librium, periods of periodic orbits, or Lyapunov times, which measure the
exponential rate of divergence of trajectories in chaotic regimes.

There are many examples of systems in which such different timescales are
well-separated, for instance

e slowly forced systems, such as the Earth’s atmosphere, subject to periodic
changes in incoming Solar radiation;

e interacting systems with different natural timescales, e.g., predator—prey
systems in which the prey reproduces much faster than the predators, or
interacting particles of very different mass;

e systems near instability thresholds, in which the modes losing stability
evolve on a longer timescale than stable modes; a typical example is
Rayleigh-Bénard convection near the appearance threshold of convection
rolls.

Such a separation of timescales allows to write the system as a slow—fast
ODE, of the form

dIL't

E—4 = f(xtvyt) )
dt (1.2.1)
dy: _ (4, 92)
dt 9g\Tt,Yt)

where ¢ is a small parameter. Here x; contains the fast degrees of freedom,
and y; the slow ones. Equivalently, the system can be written in fast time
s=t/c as

dx,
0~ J@sys)
s (1.2.2)
dys _ _ (52,92)
dS g S7y8 N

It is helpful to think of (1.2.2) as a perturbation of the parameter-dependent
ODE

dx

o @, (1.2.3)
in which the parameter A slowly varies in time. Depending on the dynamics
of the associated system (1.2.3), different situations can occur:

e If the associated system admits an asymptotically stable equilibrium point
x*(A) for each value of A, the fast degrees of freedom can be eliminated, at
least locally, by projection onto the set of equilibria, called slow manifold.
This yields the effective system
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% = g(z"(yt), yt) (1.2.4)

for the slow degrees of freedom, which is simpler to analyse than the full

system. More generally, if the associated system admits an attractor de-

pending smoothly on A, such a reduction is obtained by averaging over the
invariant measure of the attractor.

In other situations, most notably when the associated system admits bi-

furcation points, new phenomena may occur, which cannot be captured

by an effective slow system, for instance

—  jumps between different (parts of) slow manifolds;

— relazation oscillations, that is, periodic motions in which fast and slow
phases alternate;

— hysteresis loops, e.g., for periodically forced systems, where the state
for a given value of the forcing can depend on whether the forcing
increases or decreases;

— bifurcation delay, when solutions keep tracking a branch of unstable
equilibria for some time after a bifurcation has occurred;

— solutions scaling in a nontrivial way with the adiabatic parameter ¢,
for instance like €”, where v is a fractional exponent.

Deterministic slow—fast systems may thus display a rich behaviour, which

can only be analysed by a combination of different methods, depending on
whether the system operates near a slow manifold, near a bifurcation point,
near a periodic orbit, etc.

Adding noise to a slow—fast ODE naturally yields a slow—fast SDE. This

adds one or several new timescales to the dynamics, namely the metastable
lifetimes (or Kramers’ times) mentioned above. The dynamics will depend in
an essential way on the relative values of the deterministic system’s intrinsic
timescales, and the Kramers times introduced by the noise:

In cases where the Kramers time is much longer than all relevant determin-
istic timescales, the system is likely to follow the deterministic dynamics
for very long time spans, with rare transitions between attractors.

In cases where the Kramers time is much shorter than all relevant deter-
ministic timescales, noise-induced transitions are frequent, and thus the
system’s behaviour is well captured by its invariant density.

The most interesting situations occurs for Kramers’ times lying somewhere
between the typical slow and fast deterministic timescales. In these cases,
noise-induced transitions are frequent for the slow system, but rare for the
fast one. As we shall see, this can yield remarkable, and sometimes unex-
pected phenomena, a typical example being the effect known as stochastic
resonance.
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1.3 Examples

Let us now illustrate the different approaches, and the interplay of timescales,
on a few simple examples.
We start with the two-parameter family of ODEs

dx,

g = Has 3N, (1.3.1)

which is a classical example in bifurcation theory.® In dimension one, all sys-
tems can be considered as gradient systems. In the present case, the right-hand
side derives from the potential
Lo 14
U(r) = —zpz” + -2 — Az . (1.3.2)
2 4
The potential has two wells and a saddle if u3 > (27/4)A%. For further ref-
erence, let us denote the bottoms of the wells by 2% and the position of
the saddle by xj. If 3 < (27/4))\%, the potential only has one well. When
p? = (27/4)A% and X\ # 0, there is a saddle-node bifurcation between the sad-
dle and one of the wells. The point (z, A, 1) = (0,0, 0) is a pitchfork bifurcation
point, where all equilibria meet.
To model the effect of noise on this system, we replace now the determin-
istic family of ODEs (1.3.1) by the family of SDEs

dzs = [,uxs — xg + )\] ds +odW, . (1.3.3)

The invariant density of the stochastic process x, is given by
1 _ 2
po(w) = e 2@/, (1.3.4)

where N is the normalisation. The generator of the diffusion is essentially
self-adjoint on L2(R,pg(x)dr), which implies in particular that the eigen-
functions g and py of L and L* are related by px(z) = qx(x)po(z). For small
noise intensities o, po(x) is strongly concentrated near the local minima of
the potential. If the potential has two wells of different depths, the invariant
density favours the deeper well.

In situations where the potential has a single minimum of positive curva-
ture, the first non-vanishing eigenvalue —\; of the generator is bounded away
from zero, by a constant independent of o. This implies that the distribution
of =, relaxes to the invariant distribution po(z) in a time of order one.

In the double-well situation, on the other hand, the leading eigenvalue has
the expression

= —;‘)—O w+e_2h+/”2 —l—w_e_zh‘/az} [1+0(c%)], (1.3.5)
™

3The right-hand side of (1.3.1) is the universal unfolding of the simplest possible

singular vector field of codimension 2, namely & = —z3.
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where hy = U(z}) — U(z}) are the depths of the potential wells, and
wi = |U"(x5)|'/?, i € {~,0,+}, are the square roots of the curvatures of the
potential at its stationary points. The other eigenvalues are again bounded
away from zero by some constant ¢ > 0. As a consequence, the transition
probabilities satisfy

p(x,sly,0) = [L+e Mg (y)q(z) + O(e™*)|po(x) . (1.3.6)

It turns out that ¢1(y)gi(x) is close to a positive constant (compatible with
the normalisation) if z and y belong to the same well, and to —1 if they belong
to different wells. As a consequence, the distribution of z is concentrated in
the starting well for s < /\1_1, and approaches po(z) for s > )\1_1.

The theory of large deviations confirms this picture, but is more precise,
as it shows that between interwell transitions, x; spends on average times of
order ¢2"-/7" in the left-hand well, and times of order e2+/ ** in the right-
hand well. This naturally leads to the following hierarchical description:

e On a coarse-grained level, the dynamics is described by a two-state Marko-
vian jump process, with transition rates e~ 2hx/0?,

e The dynamics between transitions inside each well can be approximated
by ignoring the other well; as the process starting, say, in the left-hand
well spends most of the time near the bottom in z* , one may for instance
approximate the dynamics of the deviation x; — x* by the linearisation

dys = —w?ysds + o dW, , (1.3.7)

whose solution is an Ornstein—Uhlenbeck process of asymptotic variance
2 /9, 2
0% /2w? .

Let us now turn to situations in which the potential U(x) = U(z,es)

depends slowly on time. That is, we consider SDEs of the form

dzs = fg—U(xs,ss) ds + o dWj, (1.3.8)
x

which can also be written, on the scale of the slow time t = s as

10U o
== —dW; . 1.3.
da:t c or (th,t) dt+ \/gd t ( 39)

The potential-well depths ho = h(¢) naturally also depend on time, and
may even vanish if one of the bifurcation curves is crossed. As a result, the
“instantaneous” Kramers timescales ¢2h+(®)/9” are no longer fixed quantities.
If the timescale ¢!, at which the potential changes shape, is longer than the
maximal Kramers time of the system, one can expect the dynamics to be a
slow modulation of the dynamics for frozen potential. Otherwise, the inter-
play between the timescales of modulation and of noise-induced transitions
becomes nontrivial. Let us discuss this in a few examples.
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Fig. 1.1. A sample path of Equation (1.3.10) for parameter values ¢ = 0.02, 0 =
0.2, A = 0.3. Heavy curves denote locations z% (A(t)) of the potential minima and
x5 (A(t)) of the saddle.

Ezample 1.3.1. Assume p > 0 is fixed, say p = 1, and A = A(es) changes
periodically, say A(es) = Acoses. The SDE in slow time reads

1
dz; = - [ast — xf + Acost} dt + % dw; . (1.3.10)

NG

If the amplitude A of the modulation is smaller than the critical value A, =
\/4/27, the drift term always has two stable and one unstable equilibria, i.e.,
it derives from a double-well potential. Since the depths hy(t) of the two
potential wells vary periodically between two values Amin < hAmax (and half
a period out of phase), so do the instantaneous transition rates. Transitions
from left to right are more likely when the left-hand well is shallowest, and vice
versa for transitions back from right to left (Fig. 1.1). This yields transition
times which are not uniformly distributed within each period, an effect known
as stochastic resonance (SR). If the modulation period e 7! is larger than twice
the maximal Kramers time e2max/ "2, transitions are likely to occur at least
twice per period, and one is in the so-called synchronisation regime.

If the amplitude A of the modulation is larger than the critical value
A. = /4/27, the potential periodically changes from double-well to single-
well, each time the saddle—node bifurcation curve is crossed. As a result, tran-
sitions between potential wells occur even in the deterministic case o = 0.
Solutions represented in the (A, z)-plane have the shape of hysteresis cycles:
When |A(¢)| < A, the well the particle z; is “inhabiting” depends on whether
A(t) is decreasing or increasing (Fig. 1.2a). The area of the cycles is known to
scale like Ay +e%/3(A — A.)Y/3, where Ay is the “static hysteresis area” which
is of order 1. The main effect of noise is to enable earlier transitions, already
when there is still a double-well configuration. This modifies the hysteresis
cycles. We shall see in Section 6.4.1 that for sufficiently large noise intensities,
the typical area of cycles decreases by an amount proportional to /3.
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(a) |« zi (M) (b)

il

Fig. 1.2. (a) Sample paths of Equation (1.3.10) displaying hysteresis loops in the
(A, z)-plane. Parameter values are ¢ = 0.05, 0 = 0.1, A = 0.45. (b) Sample paths
of Equation (1.3.11), describing a dynamic pitchfork bifurcation. The deterministic
solution (o0 = 0) displays a bifurcation delay of order 1; noise decreases this delay
to order y/e|log o|. Parameter values are £ = 0.02, o = 0.02.

Ezample 1.3.2. Assume that A = 0, and p = p(es) = pp+-es is slowly growing,
starting from some initial value pg < 0. The SDE in slow time thus reads

M | =

day = = [p(t)w, — 23] dt + ig aw, . (1.3.11)

W
When p(t) becomes positive, the potential changes from single-well to double-
well. In the deterministic case o = 0, the system displays what is called bi-
furcation delay: Even if the initial condition x( is nonzero, solutions approach
the bottom of the well at x = 0 exponentially closely. Thus, when u(t) be-
comes positive, the solution continues to stay close to x = 0, which is now the
position of a saddle, for a time of order 1 before falling into one of the wells.

For positive noise intensity o, the fluctuations around the saddle help
to push the paths away from it, which decreases the bifurcation delay. We
shall show in Section 3.4.2 that the delay in the presence of noise is of order
vellogo| (Fig. 1.2b).

Another interesting situation arises when u(t) remains positive but ap-
proaches zero periodically. Near the moments of low barrier height, sample
paths may reach the saddle with a probability that can approach 1. Owing to
the symmetry of the potential, upon reaching the saddle the process has prob-
ability 1/2 to settle for the other well. The coarse-grained interwell dynamics
thus resembles a Bernoulli process.

These examples already reveal some questions about the sample-path be-
haviour that we would like to answer:

e How long do sample paths remain concentrated near stable equilibrium
branches, that is, near the bottom of slowly moving potential wells?
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(a) |z K10 (b)

()

Fig. 1.3. Sample paths of the van der Pol Equation (1.3.12) (a) with noise added
to the fast variable z, and (b) with noise added to the slow variable y. The heavy
curves have the equation y = x® —z. Parameter values are ¢ = 0.01 and (a) o0 = 0.1,
(b) o =0.2.

e How fast do sample paths depart from unstable equilibrium branches, that
is, from slowly moving saddles?

e What happens near bifurcation points, when the number of equilibrium
branches changes?

e What can be said about the dynamics far from equilibrium branches?

In the two examples just given, the separation of slow and fast timescales
manifests itself in a slowly varying parameter, or a slow forcing. We now
mention two examples of slow—fast systems, in which the slow variables are
coupled dynamically to the fast ones.

Ezample 1.3.3 (Van der Pol oscillator). The deterministic slow—fast system

ct=x—2°+y,

_ (1.3.12)
Yy=—-,

describes the dynamics of an electrical oscillating circuit with a nonlinear
resistance.* Small values of & correspond to large damping. The situation
resembles the one of Example 1.3.1, except that the periodic driving is replaced
by a new dynamic variable 3. The term x — x4 can be considered as deriving
from the potential —22? + 12* — yz, which has one or two wells depending
on the value of y. For positive z, y slowly decreases until the right-hand
well disappears, and x falls into the left-hand well. From there on, y starts
increasing again until the left-hand well disappears. The system thus displays
self-sustained periodic motions, so-called relazation oscillations.

4See Example 2.1.6 for the more customary formulation of the van der Pol oscil-
lator as a second-order equation, and the time change yielding the above slow—fast
system.
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(a) (b)

Y t

Fig. 1.4. Sample paths of the Fitzhugh-Nagumo Equation (1.3.13) with noise added
to the y-variable, (a) in the (y,z)-plane, and (b) in the (¢, z)-plane. The curve

y = 2° — x and the line y = a — Bz are indicated. Parameter values are £ = 0.03,

a=0.27, =1 and o =0.03.

Adding noise to the system changes the shape and period of the cycles. In
particular, if noise is added to the fast variable x, paths may cross the curve

y = a3 — x, which results, as in Example 1.3.1, in smaller cycles (Fig. 1.3a).

Ezample 1.3.4 (Exzcitability). The Fitzhugh—Nagumo equations are a simplifi-
cation of the Hodgkin—Huzley equations modelling electric discharges across
cell membranes, and generalise the van der Pol equations. They can be written
in the form

ct=x—a+y,

1.3.13
y=a—pr—y. ( )

The difference to the previous situation is that ¢ changes sign on the line Sz =
a —y. Depending on how this line intersects the curve y = 3 — z, the system
admits a stable equilibrium point instead of a limit cycle. Noise, however, may
drive the system near the saddle—node bifurcation point, and induce a pulse,
before the system returns to equilibrium (Fig. 1.4). This phenomenon is called
excitability.

1.4 Reader’s Guide

The examples we just discussed show that the solutions of slow—fast SDEs
typically display an alternation of small fluctuations near and quick transi-
tions between attractors. The phases between transitions can last very long,
a characteristic feature of metastable systems. The invariant distribution of
the stochastic process, if existing, is not able to capture this non-equilibrium
behaviour.

In this book, we develop an approach to slow—fast SDEs based on a char-
acterisation of typical sample paths. We aim at constructing sets of optimal
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shape, in which the sample paths are concentrated for long time spans. Then
we proceed to characterise the distribution of first-exit times from these sets
by providing rather precise concentration estimates for the sample paths.

Our point of view will be to assume that the deterministic dynamics is
sufficiently well known, meaning for instance that we know the invariant sets of
the associated system, and have some information on their basins of attraction.
We are then interested in what happens when noise is added, particularly
when the noise intensity is such that the Kramers transition times and the
typical timescales of the deterministic system are of comparable length. We
are mainly interested in the following questions:

e What is the shape of the domains in which sample paths are concentrated
between transitions?

e What can we say about the distribution of waiting times between transi-
tions?
How much time is required for a typical transition?
When a transition occurs, where does it lead the system?
Do certain quantities exhibit a scaling-law behaviour as a function of pa-
rameters such as e, measuring the difference in timescales, and the noise
intensity o7 Is there an easy way to determine these scaling laws?

The approach we develop provides a very precise description in the case of
one-dimensional systems. For instance, we know that the probability to leave
the neighbourhood of a stable equilibrium branch grows linearly with time
during long time spans. In the general, n-dimensional case, the results are
not yet as precise: For instance, we only obtain upper and lower bounds on
the probability of leaving the neighbourhood of a stable slow manifold, with
different time-dependences. Moreover, we treat only some of the most generic
bifurcations.

We have endeavoured to present the material gradually, starting with sim-
pler particular cases before discussing the general case, and intermingling ab-
stract parts with more applied ones. Here is a brief overview of the contents
of the chapters.

e Chapter 2 contains an overview of the results on deterministic slow—fast
systems that will be needed in the sequel. We start by giving standard re-
sults on the motion near asymptotically stable slow manifolds, that is, near
collections of equilibrium points of the associated system. Then we discuss
the most generic dynamic bifurcations, which arise when a slow manifold
loses stability. Finally, we briefly describe the case of an associated system
admitting stable periodic orbits.

e Chapter 3 considers the effect of noise on a particular class of slow—fast
systems, namely one-dimensional equations with slowly varying parame-
ters. In this case, we can give precise estimates on the time spent by sample
paths near stable and unstable equilibrium branches. We then discuss in
detail the dynamic saddle—node, pitchfork and transcritical bifurcations
with noise.
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e Chapter 4 is concerned with a special case of such slowly-driven, one-
dimensional systems, namely systems which display stochastic resonance.
The first part of the chapter gives an overview of mathematical results
based on spectral theory, and on the theory of large deviations. In the
second part, we apply the methods of Chapter 3 to the synchronisation
regime, in which typical sample paths make regular transitions between
potential wells.

e In Chapter 5, we turn to the general case of multidimensional, fully cou-
pled slow—fast systems with noise. A substantial part of the discussion is
concerned with the dynamics near asymptotically stable slow manifolds.
We prove results on the concentration of sample paths in an explicitly
constructed neighbourhood of the manifold, and on the reduction of the
dynamics to an effective equation involving only slow variables. The re-
mainder of the chapter is concerned with the dynamics near periodic orbits,
and with dynamic bifurcations, in particular the Hopf bifurcation.

e Finally, Chapter 6 illustrates the theory by giving some applications to
problems from physics, biology, and climatology. In particular, we discuss
bistable models of the North-Atlantic thermohaline circulation, the phe-
nomena of excitability and bursting in neural dynamics, and the effect of
noise on hysteresis cycles in ferromagnets.

The appendices gather some information on stochastic processes as needed
for the purpose of the book. Appendix A gives a general introduction to
stochastic integration, It6 calculus, SDEs, and the related large-deviation es-
timates provided by the Wentzell-Freidlin theory. Appendix B collects some
useful inequalities, and Appendix C discusses some results on first-passage-
time problems for Gaussian processes.

The mathematical notations we use are rather standard, except for some
unavoidable compromises in the choice of symbols for certain variables. We
shall introduce the set-up in each chapter, as soon as it is first needed. The
list of symbols at the end of the book gives an overview of the most commonly
used notations, with the place of their first appearance.

Bibliographic Comments

The use of stochastic models as simplified descriptions of complex determinis-
tic systems is very widespread. However, its justification is a difficult problem,
which has so far only been solved in a number of particular situations:

e For systems coupled to a (classical) heat reservoir, the effective description
by a stochastic differential equation goes back to Ford, Kac and Mazur for a
linear model [FKM65], and was developed by Spohn and Lebowitz [SL77].
This approach has then been extended to more general nonlinear systems
(chains of nonlinear oscillators) in [EPRB99]; see, for instance, [RBT00,
RBT02] for recent developments.
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For quantum heat reservoirs, the situation is still far from a complete
understanding. See, for instance, [Mar77, Att98, vK04] for different ap-
proaches.

Another class of systems for which an effective stochastic description has
been proposed are slow—fast systems of differential equations. Khasmin-
skii [Kha66] seems to have been the first to suggest that the effect of
fast degrees of freedom on the dynamics of slow variables can be approxi-
mated by a noise term, an idea that Hasselmann applied to climate mod-
elling [Has76]. See, for instance, [Arn01, Kif03, JGB103] for extensions of
these ideas.

Concerning the mathematical foundations of the theory of stochastic dif-

ferential equations, we refer to the bibliographical comments at the end of
Appendix A.

We mentioned different mathematical approaches to the description of

SDEs. A (very) partial list of references is the following:

For large-deviation results for the solutions of SDEs, the standard reference
is the book by Freidlin and Wentzell [FW98], see also the corresponding
chapters in [DZ98].

For a review of spectral-theoretic results, see, for instance, [Kol00].
Precise relations between spectral properties of the generator, metastable
lifetimes, and potential theory for reversible diffusions have recently been
established in [BEGK04, BGK05], and [HKN04, HNO5].

Another approach to SDEs is based on the concept of random dynamical
systems, see [Arn98, Sch89].

Concerning deterministic slow—fast differential equations, we refer to the

bibliographical comments at the end of Chapter 2.
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Deterministic Slow—Fast Systems

A slow—fast system involves two kinds of dynamical variables, evolving on very
different timescales. The ratio between the fast and slow timescale is measured
by a small parameter €. A slow—fast ordinary differential equation (ODE) is
customarily written in the form!

ex = f(z,y) ,

J=g(z.y) | (2.0.1)

where the components of x € R"™ are called fast variables, while those of y €
R™ are called slow variables. Rather than considering € as a fixed parameter,
it is of interest to study how the dynamics of the system (2.0.1) depends on ¢,
for all values of ¢ in an interval (0, o).

The particularity of a slow—fast ODE such as (2.0.1) is that, instead of
remaining a system of coupled differential equations in the limit ¢ — 0, it
becomes an algebraic—differential system. Such equations are called singularly
perturbed. Of course, it is always possible to convert (2.0.1) into a regular
perturbation problem: The derivatives ' and 4 of z and y with respect to
the fast time s = t/e satisfy the system

o' = f(z,y),

y/ = Eg($, y) ) (202)

which can be considered as a small perturbation of the associated system (or
fast system)
¥ = f(z,\), (2.0.3)

in which A plays the role of a parameter. However, standard methods from per-
turbation theory only allow one to control deviations of the solutions of (2.0.2)

In many applications, the right-hand side of (2.0.1) shows an explicit depen-
dence on . We refrain from introducing this set-up here, but refer to Remark 2.1.4
concerning an equivalent reformulation.
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from those of the associated system (2.0.3) for fast times s of order 1 at most,
that is, for ¢ of order . The dynamics on longer timescales has to be described
by other methods, belonging to the field of singular perturbation theory.

The behaviour of the slow—fast system (2.0.1) is nonetheless strongly linked
to the dynamics of the associated system (2.0.3). We recall in this chapter
results from singular perturbation theory corresponding to the following sit-
uations.

e In Section 2.1, we consider the simplest situation, occurring when the
associated system admits a hyperbolic equilibrium point z*() for all pa-
rameters A in some domain. The set of all points (z*(y), y) is called a slow
manifold of the system. We state classical results by Tihonov and Fenichel
describing the dynamics near such a slow manifold.

e In Section 2.2, we consider situations in which a slow manifold ceases to be
hyperbolic, giving rise to a so-called dynamic bifurcation. These singular-
ities can cause new phenomena such as bifurcation delay, relaxation oscil-
lations, and hysteresis. We summarise results on the most generic dynamic
bifurcations, including saddle-node, pitchfork and Hopf bifurcations.

e In Section 2.3, we turn to situations in which the associated system ad-
mits a stable periodic orbit, depending on the parameter \. In this case,
the dynamics of the slow variables is well approximated by averaging the
system over the fast motion along the periodic orbit.

We will not consider more difficult situations, arising for more complicated
asymptotic dynamics of the associated system (e.g., quasiperiodic or chaotic).
Such situations have been studied in the deterministic case, but the analysis
of their stochastic counterpart lies beyond the scope of this book.

2.1 Slow Manifolds

2.1.1 Definitions and Examples

We consider the slow—fast system (2.0.1), where we assume that f and g
are twice continuously differentiable in a connected, open set D C R"™ x
R ™. The simplest situation occurs when the associated system admits one or
several hyperbolic equilibrium points, i.e., points on which f vanishes, while
the Jacobian matrix 9, f of  — f(x, A) has no eigenvalue on the imaginary
axis. Collections of such points define slow manifolds of the system. More
precisely, we will distinguish between the following types of slow manifolds:

Definition 2.1.1 (Slow manifold). Let Dy C R™ be a connected set of
nonempty interior, and assume that there exists a continuous function x* :
Do — R™ such that (z*(y),y) € D and

f(@"(y),y) =0 (2.1.1)
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for ally € Dy. Then the set M = {(z,y): © = 2*(y),y € Do} is called a slow
manifold of the system (2.0.1).

Let A*(y) = Ouf(x*(y),y) denote the stability matrix of the associated
system at x*(y). The slow manifold M is called

e hyperbolic if all eigenvalues of A*(y) have nonzero real parts for all y €
Do,'

e uniformly hyperbolic if all eigenvalues of A*(y) have real parts which are
uniformly bounded away from zero for y € Dy;

e asymptotically stable if all eigenvalues of A*(y) have negative real parts
for all y € Dy;

e uniformly asymptotically stable if all eigenvalues of A*(y) have negative
real parts which are uniformly bounded away from zero for y € Dy.

Finally, a hyperbolic slow manifold M is called unstable if at least one of
the eigenvalues of the stability matriz A*(y) has positive real part for some
Y € Do.

In the particular case of a one-dimensional slow variable, a slow mani-
fold is also called equilibrium branch (the terminology comes from bifurcation
theory). The graph of all equilibrium branches versus y is called bifurcation
diagram.

In the adiabatic limit € — 0, the dynamics on the slow manifold is de-
scribed by the so-called reduced system (or slow system)

y=g(@*(y),y) . (2.1.2)

However, it remains yet to be proved that the reduced system indeed gives a
good approximation of the original system’s dynamics. Before developing the
general theory, let us consider a few examples.

Ezample 2.1.2 (Slowly varying parameters). Consider a dynamical system

' = fu(x), (2.1.3)

depending on a set of parameters u € R? (the prime always indicates deriva-
tion with respect to a fast time s). In an experimental set-up, it is often
possible to modify one or several parameters at will, for instance an energy
supply, an adjustable resistor, etc. Modifying parameters sufficiently slowly (in
comparison to the relaxation time of the system) may allow measurements for
different parameter values to be taken in the course of a single experiment.
This procedure can be described mathematically by setting u = h(es), for a
given function h : R — RP. Introducing the slow time t = es, one arrives at
the slow—fast system

ex = fh(y)(x) = f(z,y),

il (2.1.4)
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Equation (2.1.3) is of course the associated system of (2.1.4). If f, vanishes
on some set of equilibrium points = z7;, then the slow manifold is given by
the equation x = x,*L(y) =:2*(y). Note that the reduced dynamics is trivial,
since it is always given by the equation y = 1.

Ezample 2.1.3 (Overdamped motion of a particle in a potential). The dynam-
ics of a particle in R?, subject to a field of force deriving from a potential
U(z), and a viscous drag, is governed by the second-order equation

" +y2'+VU(x)=0. (2.1.5)
One possible way to write this equation as a first-order system is
o' =y —a),
J = —%VU(x) . (2.1.6)

Let us assume that the friction coefficient « is large, and set ¢ = 1/42. With
respect to the slow time ¢ = y/es, the dynamics is governed by the slow—fast
System

Er=y—2x,

2.1.7
y=—-VU(x). ( )
The slow manifold is given by x*(y) = y. The stability matrix being simply
A*(y) = —1, the slow manifold is uniformly asymptotically stable, and the

reduced dynamics is governed by the equation
jy=-VU(y), (2.1.8)
or, equivalently, & = —VU(z). This relation is sometimes called Aristotle’s

law, since it reflects the fact that at large friction, velocity is proportional to
force, as if inertia were absent.

Remark 2.1.4. For simplicity, we assumed in (2.0.1) that the right-hand side
does not explicitly depend on e. This is no real constraint as we can always
introduce a dummy variable for e. We rewrite the slow—fast system

v =g(x,y,¢),
as
et = f(x,y,2),
y=g(,9,2), (2.1.10)
5=0,

and consider z as an additional slow variable. Thus slow manifolds for (2.1.9)
are of the form z*(y, ).2

2Some authors do not allow for e-dependent slow manifolds and consider x* (y, 0),
obtained by setting € = 0, as the slow manifold.
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The following example provides an application with e-dependent right-
hand side.

Ezample 2.1.5 (Stommel’s box model). Simple climate models, whose dynamic
variables are averaged values of physical quantities over some large volumes,
or bozes, are called box models. Stommel’s model gives a simple qualitative
description of the North Atlantic thermohaline circulation. The fast variable is
proportional to the temperature difference between a low- and a high-latitude
box, and the slow variable is proportional to the salinity difference (see Sec-
tion 6.2 for a more detailed description). Their dynamics is governed by the
system

et =—(r—1) —exQ(xr —vy),

y=pn—yQx—y), (2110)

where the small parameter € reflects the fact that the relaxation time for
the temperature difference is much shorter than the one for the salinity
difference. The parameter p is proportional to the freshwater flux, while
the function @ describes the Fickian mass exchange. Typical choices are
Q(z) = 1+ n|z| [Sto61]® or Q(z) = 1+ n?2? [Ces94], where 7, which depends
on the volume of the boxes, is of order one.

The slow manifold is of the form z*(y,e) = 1 —eQ(1 —y) + O(?) for small
¢ and y from a bounded set, and is obviously uniformly asymptotically stable.
The reduced dynamics is given by an equation of the form

y=p—yQ(1l—-y)+0(). (2.1.12)

For the above-mentioned choices of @), depending on the values of u and 7,
there can be up to three equilibrium points, one of which is unstable.

Ezxample 2.1.6 (Van der Pol oscillator). The van der Pol oscillator is an elec-
tric circuit including a current-dependent resistor (see Section 6.1.2). Its
(scalar) equation is

2" 4y -1’ =0. (2.1.13)

For v = 0, it reduces to an harmonic oscillator. For large 7, however, the
dynamics becomes very far from harmonic. Proceeding as in Example 2.1.3,
(2.1.13) can be transformed into the slow—fast system
. z?
EYrTe g (2.1.14)
y=-x,

where again e = 1/42 and t = /gs. The associated system has up to three
equilibria, and the slow manifold is a curve, given implicitly by the equation

3Note that Stommel’s choice of Q does not satisfy our differentiability assump-
tion. Since left and right derivatives exist, the system can nevertheless be studied
by patching together solutions for x < y and = > y.
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(a) T () (b) o ]
1
z5(y) y y
—2/3 2/3
—1
) e

Fig. 2.1. Behaviour of the van der Pol equation in the singular limit ¢ — 0:
(a) the reduced dynamics (2.1.17) on the slow manifold, (b) the fast dynamics of
1.3

the associated system 2’ =y + 2 — 32°.

23/3 — x = y. The stability matrix, which is a scalar in this case, has value
1—22, showing that points with || > 1 are stable while points with |z| < 1 are
unstable. The slow manifold is thus divided into three equilibrium branches
(Fig. 2.1),

z* 1 (—00,2) = (—o0,-1),
zf i (—2,2) —(-1,1), (2.1.15)
xl (—%,oo) — (1,00) ,

meeting at two bifurcation points +(1, —%)

The reduced system is best expressed with respect to the variable z. Since
on the slow manifold one has

—z =y =(2? - 1), (2.1.16)

the reduced dynamics is governed by the equation

T
x2—-1"

i=— (2.1.17)
which becomes singular in z = +1. We will see below (Example 2.2.3 in
Section 2.2.2) that the true dynamics for € > 0 involves relazation oscillations,
in which slow and fast motions alternate (Fig. 2.5).

2.1.2 Convergence towards a Stable Slow Manifold

The first results showing that the reduced equation on a slow manifold may
indeed give a good approximation to the full dynamics are due to Tihonov
[Tih52] and Gradstein [Grab3]. In particular, the following theorem on expo-
nentially fast convergence of solutions to an e-neighbourhood of a uniformly
asymptotically stable slow manifold is contained in their results.
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(yt7$t)

Fig. 2.2. Two orbits approaching a uniformly asymptotically stable slow manifold.

Theorem 2.1.7 (Convergence towards a slow manifold). Let M =
{(z,y): x = 2*(y),y € Do} be a uniformly asymptotically stable slow manifold
of the slow—fast system (2.0.1). Let f and g, as well as all their derivatives up
to order two, be uniformly bounded in norm in a neighbourhood N of M. Then
there exist positive constants €, cg, 1,k = k(n), M such that, for 0 < e < g
and any initial condition (zo,y0) € N satisfying ||zo—2*(yo)|| < co, the bound

e — 2% ()| < Mllzo — 2 (go)lle™/* + cye (2.1.18)
holds as long as y: € Dy.

This result shows that after a time of order ¢|loge|, all orbits starting
in a neighbourhood of order 1 of the slow manifold M will have reached
a neighbourhood of order e, where they stay as long as the slow dynamics
permits (Fig. 2.2). This phenomenon is sometimes called “slaving principle”
or “adiabatic reduction”.

A simple proof of Theorem 2.1.7 uses Lyapunov functions. Since, for any
y € Dy, x*(y) is an asymptotically stable equilibrium point of the associated
system, there exists a Lyapunov function z — V(z,y), admitting a non-
degenerate minimum in z*(y), with V(z*(y),y) = 0, and satisfying

(VaV(z,y), f(z,y)) < —2rV (z,y) (2.1.19)

in a neighbourhood of z*(y), see, e.g., [Arn92, § 22]. One can choose V (-, y) to
be a quadratic form in z —z*(y), with V (2, y)/||z —2*(y)||* uniformly bounded
above and below by positive constants. Taking into account the y-dependence
of V and x*, one arrives at the relation

d .
6aV(xt,yt) = eV, < —2kV; + conste\/V; , (2.1.20)

which implies (2.1.18).
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2.1.3 Geometric Singular Perturbation Theory

While Tihonov’s theorem is useful to describe the orbits’ approach to a small
neighbourhood of a uniformly asymptotically stable slow manifold, it does not
provide a very precise picture of the dynamics in this neighbourhood. Fenichel
has initiated a geometrical approach [Fen79], which allows for a description
of the dynamics in terms of invariant manifolds. The simplest result of this
kind concerns the existence of an invariant manifold near a hyperbolic (not
necessarily stable) slow manifold.

Theorem 2.1.8 (Existence of an adiabatic manifold). Let the slow man-
ifold M = {(z,y): © = 2*(y),y € Do} of the slow—fast system (2.0.1) be uni-
formly hyperbolic. Then there exists, for sufficiently small e, a locally invariant

manifold
Me ={(z,y): = 2(y,€),y € Do}, (2.1.21)

where T(y,e) = x*(y) + O(e). In other words, if the initial condition is taken
on M, that is, xg = Z(yo, ), then xy = T(ys,€) as long as y¢ € Dy.

We shall call M. an adiabatic manifold. The dynamics on M, is governed
by the equation
y=9(y,€),y), (2.1.22)

which reduces to (2.1.2) in the limit & — 0. By extension, we also call it
reduced system. The deviations from the limiting system can now be treated
by standard methods of regular perturbation theory.

Fenichel has in fact proved more general results, in particular on the exis-
tence of invariant manifolds associated with the stable and unstable manifolds
of a family of hyperbolic equilibria of the fast system. These results, together
with their many refinements, are known as geometric singular perturbation
theory. See, for instance, [Jon95] for a review.

Theorem 2.1.8 can be proved by using the centre-manifold theorem (see, for
instance, [Car81]). Indeed, by again viewing ¢ as a dummy dynamic variable,
and using the fast time s = t/e, the slow—fast system can be rewritten as

a’ = f(z,y),
Y =eg(z,y), (2.1.23)
eg=0.

Any point of the form (z*(y),y,0) is an equilibrium point of this system.*
The linearisation of (2.1.23) around such a point has the structure

A*(y) 0y f(@*(y),y) 0
0 0 9@ (y),y) | - (2.1.24)
0 0 0

4There might also exist equilibrium points (2*(y),y,€) with € > 0, namely if
g(z*(y),y) = 0. At these points, slow and adiabatic manifold coincide for all .
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s

Fig. 2.3. An adiabatic manifold M. associated with a uniformly asymptotically
stable slow manifold. Orbits starting in its vicinity converge exponentially fast to
an orbit on the adiabatic manifold.

Hence it admits m + 1 vanishing eigenvalues, while the eigenvalues of A*(y)
are bounded away from the imaginary axis by assumption. Thus the centre-
manifold theorem (cf. [Car81, Theorem 1, p. 4]) implies the existence of an
invariant manifold.

Two important properties of centre manifolds carry over to this special
case. Firstly, if the slow manifold M is uniformly asymptotically stable, then
the centre manifold M. is locally attractive, cf. [Car81, Theorem 2, p. 4]. This
means that for each initial condition (zg,yo) sufficiently close to M., there
exists a particular solution g; of the reduced equation (2.1.22) such that

(e, 90) = (@0, Go) | < Ml(0,90) — (To, Fo)lle ™"/ (2.1.25)

for some M,k > 0, where T; = Z(y,€). Thus, after a short time, the orbit
(¢, y:) has approached an orbit on the invariant manifold.

The second property concerns approximations of Z(y, ). Using invariance,
one easily sees from (2.0.1) that Z(y,e) must satisfy the partial differential
equation

€0y%(y,€)9(2(y,€),y) = f(2(y,2),y) - (2.1.26)

This equation is difficult to solve in general. However, the approximation the-
orem for centre manifolds (cf. [Car81, Theorem 3, p. 5]) states that, if f and g
are sufficiently differentiable, then any power series in € or y, satisfying (2.1.26)
to order ¥ or y*, is indeed an approximation of Z(y, ) to that order. It is
thus possible to construct an approximate solution of (2.1.26) by inserting a
power series in € and equating like powers. The first orders of the expansion
in € are

I(y,e) = 2*(y) + eA*(y) 'Oy (n)g(x*(y),y) + O(?)
=a"(y) — A" (y) 20, f (=" (), )g(=z*(y).y) + O(?),  (2.1.27)
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where the last line follows from the implicit-function theorem, applied to the
equation f(z*(y),y) =0.

Ezample 2.1.9 (Overdamped motion of a particle in a potential — continued).
Consider again the slow—fast system of Example 2.1.3. The adiabatic manifold
satisfies the equation

e0yZ(y,e)VU (Z(y,€)) = —y + Z(y, €) , (2.1.28)
and admits the expansion
2(y,e) =y +eVU(y) + 2620, U(y) VU (y) + O(e%) , (2.1.29)

where 0y, U (y) denotes the Hessian matrix of U. The dynamics of = = Z(y, ¢)
on the adiabatic manifold is thus governed by the equation

. _y—-T
xr=
€
= —0,Z(y,e)VU(x)
= —[1+e8,,U(z) + O(*)|VU(z) . (2.1.30)
This is indeed a small correction to the limiting equation & = —VU ().

One should note two facts concerning the power-series expansion of adi-
abatic manifolds, in the case where the fast and slow vector fields f and g
are analytic. First, centre manifolds are in general not unique. However, all
centre manifolds of a non-hyperbolic equilibrium share the same expansions,
and thus differ typically only by exponentially small terms. Second, although
these expansions are asymptotic expansions, they do not in general provide
convergent series.

Ezxample 2.1.10. Consider the slow—fast system

2.1.31
=1, (2430

where h is analytic. The slow manifold is given by z*(y) = h(y) and is uni-
formly asymptotically stable. The adiabatic manifold satisfies the equation
e0yZ(y,e) = —z(y,) + h(y) , (2.1.32)
and admits the asymptotic expansion
z(y,e) = h(y) — eh'(y) + 20" (y) — ... . (2.1.33)

This series will not converge in general, since the norm of the kth derivative
of h may grow like k! by Cauchy’s formula. In fact, (2.1.31) admits for each k
the particular solution
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k—1 t
=2 (=e)'hV(y) = ()" / Ty )ds . (21.34)
j=0 0

If || is bounded by a constant M in a strip of width 2R around the real axis,
Cauchy’s formula shows that [h(*)| < MR~Fk! and the last term in (2.1.34) is
bounded by (¢/R)*ME!. Using Stirling’s formula, one finds that this remain-
der is smallest for k ~ R/e, and that for this value of k it is of order e~'/°.
This situation is quite common in analytic singularly perturbed systems.

2.2 Dynamic Bifurcations

An essential assumption in the previous section was the (uniform) hyperbol-
icity of the slow manifold, that is, the fact that no eigenvalue of the Jacobian
matrix A*(y) = 0, f(2*(y),y) approaches the imaginary axis. It can happen,
however, that the slow dynamics of y on the adiabatic manifold takes the orbit
to a region where this assumption is violated, that is, to a bifurcation point
of the associated system. We have seen such a situation in the case of the van
der Pol oscillator (Example 2.1.6), where the points £(1, —%) correspond to
saddle—node bifurcations.

We will start, in Section 2.2.1, by showing how the dynamics near such a
bifurcation point can be reduced to a suitable centre manifold, involving only
bifurcating directions. Then we turn to a detailed description of the most
generic bifurcations.

2.2.1 Centre-Manifold Reduction

We say that (Z,9) is a bifurcation point of the slow—fast system

et = f(z,y),

J= g(z,9) (2.2.1)

if f(Z,y) = 0 and 0, f(Z,y) has ¢ eigenvalues on the imaginary axis, with
1 < g < n. We consider here the situation where ¢ < n, because otherwise no
reduction is possible, and assume that the other n — ¢ eigenvalues of 9, f (¥, y)
have strictly negative real parts (in order to obtain a locally attracting invari-
ant manifold).

We introduce coordinates (x7,z) € R™7 % x R? in which the matrix
D, f(Z,7) becomes block-diagonal, with a block A~ € R (~9*("=9) haying
eigenvalues in the left half-plane, and a block A° € R 9% having eigenvalues
on the imaginary axis. We consider again € as a dummy dynamic variable,
and write the system in slow time as
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@) =f (@, 2y),
2= [, 2y)
y =eg(z”,2y),
e =0.

(2.2.2)

This system admits (7,%,9,0) as an equilibrium point, with a linearisation
having ¢ + m + 1 eigenvalues on the imaginary axis (counting multiplicity),
which correspond to the directions z,y and ¢. In other words, z has become
a slow variable near the bifurcation point. We can thus apply the centre-
manifold theorem to obtain the existence, for sufficiently small € and in a
neighbourhood A of (Z,7), of a locally attracting invariant manifold

M. ={(a",2y): 2~ =7 (2,9.¢), (z,y) €N} . (2.2.3)

The function T~ (z,y,¢) satisfies £~ (2,7,0) = Z~, and is a solution of the
partial differential equation

f_ (j;_ (Z’ y7 E)’ Z’ y) = azj_(z’ y’ E)fo(i‘_(z7 y7 E)’ z7 y)
+ 0, (2,y,€)9(Z (2,y,¢), 2, Y) . (2.2.4)

In particular, Z~(z,y,0) corresponds to a centre manifold of the associated
system.

By local attractivity, it is sufficient to study the (¢ + m)-dimensional re-
duced system

ez = (27 (2,y,€),2,9) ,

Y :g(a_ji(,%y,g),z?y) ) (225)

which contains only bifurcating fast variables.

2.2.2 Saddle—Node Bifurcation

Assume that 9, f(Z,y) has one vanishing eigenvalue, all its other eigenvalues
having negative real parts, that is, ¢ = 1. The most generic bifurcation then
is the saddle—node bifurcation.

We will ease notations by choosing ¥ = 0 and § = 0, writing x instead
of z, and omitting the e-dependence on the right-hand side of (2.2.5).> We
thus arrive at the reduced system

Eib:f(x’y)a

D (2.2.6)
y=3g(z,y),

5This e-dependence is harmless for the saddle-node bifurcation, which is struc-

turally stable, but may play a nontrivial role for less generic bifurcations. We will

examine examples of such situations, involving avoided bifurcations, in Chapter 4.
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where now x € R. With a slight abuse of notation we also drop the tilde and
write (2.2.6) as

ex = f(z,y) ,
b= f(@y) (2.2.7)
y=g(z,y) .
The fast vector field f satisfies the bifurcation conditions
£(0,0)=0 and 0:f(0,0) =0. (2.2.8)

We will discuss here the case of a one-dimensional slow variable y € R, that
is, m = 1, as for the van der Pol oscillator in Example 2.1.6. A saddle-node
bifurcation occurs if

Oz £(0,0)#£0  and  8,f(0,0) #0. (2.2.9)
For the sake of definiteness, we will choose the variables in such a way that
022 f(0,0) <0 and 0,f(0,0) <0 (2.2.10)

hold. This implies in particular that the slow manifold exists for y < 0. Finally,
the additional assumption
9(0,0) >0 (2.2.11)

guarantees that trajectories starting near the stable slow manifold are driven
towards the bifurcation point. The simplest example of this kind is the system

. 2
et =—z° —y,
, Y (2.2.12)
y=1,
where the slow manifold consists of a stable branch M_ = {(z,y): z =

vV=y,y < 0} and an unstable branch My = {(z,y): v = —v/=y,y < 0}.
The linearisation of f at these branches is given by F2,/—y.

For general systems satisfying (2.2.8), (2.2.10) and (2.2.11), a qualitatively
similar behaviour holds in a neighbourhood of the bifurcation point (0,0). By
rescaling x and y, we may arrange for

02af(0,0)=—2 and  9,£(0,0) = —1. (2.2.13)

Using the implicit-function theorem, one easily shows that there exists a neigh-
bourhood A of (0,0) such that

e there is an asymptotically stable slow manifold
M- ={(z,y) e N:z =2 (y),y <0}, (2.2.14)

where z* (y) = /=y [1 + 04(1)], and 0,(1) stands for a remainder r(y)
satisfying lim, o 7(y) = 0;



30 2 Deterministic Slow—Fast Systems
(a) (b)
N
c1/3
//// (ye, ¢) z
:v+(y) n v

Fig. 2.4. Saddlenode bifurcation of a slow manifold. (a) Solutions track the stable
branch z* (y) at a distance growing up to order £'/3. They jump after a delay of
order £2/3. (b) For multidimensional slow variables y, a saddle-node bifurcation
corresponds to a fold in the slow manifold.

the linearisation of f at M_ is given by

a* (y) = 0. f(22(y),y) = —2v~y[1 + 0,(1)] ; (2.2.15)
e there is an unstable slow manifold
My ={(z,y) e N:z =23 (y),y <0}, (2.2.16)

where 2% (y) = —/=y [1 + 0, (1)];
there are no other slow manifolds in N

g(z,y) > 0in N.

M _ being uniformly asymptotically stable for negative y, bounded away
from 0, there is an adiabatic manifold associated with it which, in this (1 + 1)—
dimensional setting, is simply a particular solution of the system. When ap-
proaching the bifurcation point, two effects make it increasingly difficult for
this solution to track the slow manifold:

e The stable manifold M_ becomes less and less attracting,
e and M_ has a vertical tangent at the bifurcation point.

The interesting consequence is that trajectories no longer track the stable
manifold at a distance of order ¢, but of order '/3. After a delay of order £2/3,
they leave the neighbourhood N in the direction of negative z-values (Fig. 2.4).
The following notation will be useful to formulate such scaling laws.

Notation 2.2.1 (Scaling behaviour). For functions x1(t,e) and x2(t,¢€),
defined for t in a specified interval I and 0 < € < €g, we indicate by
z1(t,€) < wa(t, €) (2.2.17)

the existence of two constants c+ > 0 such that
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c_xa(t,e) < xy1(tye) < cpaa(t,e) (2.2.18)
forallt el and 0 < e < €.

For instance, we have z* (y) < /=y and a* (y) < —y/—y. The announced
behaviour of the orbits is made precise in the following theorem.

Theorem 2.2.2 (Dynamic saddle—node bifurcation). Choose an initial
condition (xg, yo) € N with constant yo < 0 and an xy satisfying vo—x* (yo) <
€. Then there exist constants c1,co > 0 such that

. €
xp—x” () < il for yo <y < —c1*/? (2.2.19)

yt\

2/3

x, =< e'/? for —c1e%/® < yp < 0/ (2.2.20)

Moreover, for any sufficiently small constant L > 0, x; reaches —L at a time
t(L) such that yyr) =< €2/3.

Proof. Since ¢ > 0 in N by assumption, we may use y instead of ¢ as time
variable, and study the equation

= f(z,y) . (2.2.21)

It is straightforward to check that f satisfies the same properties (2.2.8)
and (2.2.10) as f (before rescaling), and therefore, it is sufficient to study
the slow—fast system (2.2.7) for g = 1. Again we may assume by rescaling x
and y that (2.2.13) holds.

e For y < —c1e?/3, where ¢; remains to be chosen, we use the change of
variables © = z* (y) + z and a Taylor expansion, yielding the equation

d da*
cEE a* (y)z+b(z,y) —¢ xdy(y) ,

(2.2.22)

where |b(z,y)| < Mz? in A for some constant M. The properties of z* ()
and a* (y), cf. (2.2.14) and (2.2.15), imply the existence of constants cx > 0
such that

dz M ct
Ee— < —V—y [c — z]z—i—s . 2.2.23
dy V=Y V=Y ( )
We now introduce the time
T= inf{t 2 0: (zg,yt) €N or |z| > 26]\4\/—%} € (0,00 . (2.2.24)

Note that 7 > 0 for sufficiently small e, since —yq is of order 1 and zq is
of order £ by assumption. For ¢t < 7, we have
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dz c_ ct
e— < - _yz—|—g s 2.2.25
y 5 = ( )
and thus, solving a linear equation,
2 < zpe - [(=y0)®/% = (=y:)*/?] /3¢
v 1 3/2 8/2) /3
+ c+/ e~ e[ = (=w) /3 gy (2.2.26)
yo VU

as long as t < 7 and y; < 0. The integral can be evaluated by a variant of
the Laplace method, see Lemma 2.2.8 below. We obtain the existence of a
constant K = K(c_,cy) such that

< K— (2.2.27)

for t < 7 and y; < 0. We remark in passing that the corresponding argu-
ment for the lower bound in particular shows that z; > 0.

Now choosing ¢; = (3K M /c_)?/3, we find that for all t < 7 satisfying y; <
—c16%/3, we also have z; < c_/—y;/3M, so that actually t < 7 whenever
yr < —c1e%/3. Thus (2.2.27) holds for all ¢ satisfying y; < —c;e%/3, which
proves the upper bound in (2.2.19). The lower bound is obtained in a
similar way.

For —c1e2/3 <y < ¢26%/3, where ¢, will be chosen below, we use the fact
that we rescaled x and y in such a way that

flx,y) = —a® —y + o(y) + o(a?) (2.2.28)
holds. The subsequent scaling z = £'/3z, y = £2/3s thus yields the equation
d
d—z =—2"—s+0.(1), (2.2.29)
S

which is a small perturbation of a solvable Riccati equation. In fact, setting
z(s) = ¢'(s)/e(s) in (2.2.29) without the error term yields the linear
second order equation ¢”(s) = —sp(s), whose solution can be expressed
in terms of Airy functions.

In particular, there exist constants c¢5 > ca > 0 such that z(s) remains
positive, of order 1, for s < ¢o, and reaches negative values of order 1 for
s = c3. Returning to the variables (z,y), we conclude that (2.2.20) holds,
and that z; =< —e!/3 as soon as Yy = 0352/3.

For y; > c3e?/3, the trivial estimate f(z,y) < —(1 —k)z? can be employed
to show that x; reaches any negative value of order 1 after yet another
time span of order £2/3, which concludes the proof. a

2
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(a) z b)

Fig. 2.5. (a) Two solutions of the van der Pol equations (2.1.13) (light curves) for
the same initial condition (1, %), for v = 5 and vy = 20. The heavy curve is the slow
manifold y = %az‘"’ — . (b) The graph of z; (again for v = 20) displays relaxation
oscillations.

Ezample 2.2.3 (Van der Pol oscillator — continued). As already mentioned,
the system

23

eyt ET g (2.2.30)

y:_za

admits two saddle-node bifurcation points +(1, —2). Consider an orbit start-

ing near the stable slow manifold 2 = % (y). This orbit will approach an
e-neighbourhood of the slow manifold in a time of order e[loge|. Since y < 0
for positive x, the bifurcation point (1, f%) is reached in a time of order 1.

Theorem 2.2.2, applied to the variables (z — 1, —(y + )), shows that
“‘jumps” as soon as y; has reached a value —% — (9(52/3). Once the orbit has
left a small neighbourhood of the bifurcation point, f is negative and bounded
away from zero. Solutions of the associated system 2’ = y + x — 7”3—3 enter a
neighbourhood of order 1 of the slow manifold z = z* (y) in a fast time of
order 1, while y changes only by O(g) during the same (fast) time, so that by
an argument of regular perturbation theory, z; also approaches z* (y;) in a
time of order e.

We can then apply the same analysis as before, showing that the orbit
tracks the branch # = 2* (y) until reaching the bifurcation point (-1, %)
and jumping back to the first branch. In fact, using a Poincaré section and
the exponential contraction near adiabatic manifolds, one easily shows that
orbits approach a periodic orbit. (This is known to hold for any value of the
damping coefficient.) The resulting trajectory displays alternating slow and

fast motions, called relazation oscillations (Fig. 2.5).

Similar phenomena have been analysed for more general systems, including
multidimensional slow variables. The difference is that, the Poincaré map no
longer being one-dimensional, orbits do not necessarily approach a periodic
one. A detailed analysis of such situations is given in [MR80] and [MKKR94].
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2.2.3 Symmetric Pitchfork Bifurcation and Bifurcation Delay
We consider the reduced slow—fast system

et = f(z,y),

. (2.2.31)
y=g(y),
for z,y € R, again under the assumptions
£(0,0) =0, f(0,0) =0 and 9(0,0) > 0. (2.2.32)

In this section we assume that f and g are of class C3. If, unlike in the
case of the saddlenode bifurcation, 9, f(0,0) vanishes, several new kinds
of bifurcations can occur. These bifurcations are not generic, unless f and g
are restricted to belong to some smaller function space, for instance functions
satisfying certain symmetry conditions. We consider here the case where f is
odd in x and g is even in x:

f(=z,y) = —f(z,y) and  g(-=,y) = g(,y) (2.2.33)

for all (x,y) in a neighbourhood N of (0,0). We say that a supercritical sym-
metric pitchfork bifurcation occurs at (0,0) if

Oay £(0,0) >0  and  Opeef(0,0) < 0. (2.2.34)

The simplest example of such a system is

. 3
G (2.2.35)
y=1.

The line z = 0 is a slow manifold, which changes from stable to unstable as y
changes from negative to positive. For positive y, there are two new branches
of the slow manifold, of equation x = +,/y, which are stable (Fig. 2.6).

Similar properties hold for general systems satisfying (2.2.32), (2.2.33) and
(2.2.34). By rescaling  and y, one can always arrange for J,, f(0,0) = 1 and
Ozzzf(0,0) = —6. It is then straightforward to show that in a sufficiently
small neighbourhood A/ of (0,0),

e all points on the line x = 0 belong to a slow manifold, with stability
“matrix”

0:f(0,y)=ta(y) =y[1+ O(y)] , (2.2.36)

and thus the manifold is stable for y < 0 and unstable for y > 0, provided
N is small enough;

e there are two other stable slow manifolds of the form {z = +2*(y),y > 0},
where 2*(y) = /Y[l + 0,(1)]; the linearisation of f at these manifolds
satisfies

Do f(£2"(y),y) = a”(y) = —2y[1 + 0, (1)] ; (2.2.37)
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(Z/t, xi)

Yo I(yo)

Fig. 2.6. Dynamic pitchfork bifurcation. Solutions starting in (xo,yo) with zo > 0
and yo < 0 track the unstable manifold {x = 0, y > 0} until y. = II(yo), before
jumping to the stable branch z*(y).

e there are no other slow manifolds in N\;
e g(z,y)>0in N.

Consider now an orbit starting in (zg,y0) € N, with zg > 0 and yo <
0. It reaches an e-neighbourhood of the slow manifold in = 0 in a time
of order ¢|loge|. The new feature in this situation is that x; = 0 is itself
a particular solution of (2.2.31), and thus the slow manifold is actually an
adiabatic manifold. For this reason, x; approaches 0 exponentially closely,
and when the slow manifold becomes unstable at y = 0, a time of order 1
is needed for x; to move away from 0 and approach z*(y:) (Fig. 2.6). This
phenomenon is known as bifurcation delay.

In order to quantify this delay, one can define, for negative yg such that
(0,y0) € N, a bifurcation delay time

9(0,y)

In the particular case of the system (2.2.35), II(y9) = —yo. In the general case,
one easily sees that II(yo) = —yo + O(y3). The following theorem states that
trajectories starting in (zg,yo) € N track the line x = 0 approximately until
ye = 11(yo)

Theorem 2.2.4 (Dynamic pitchfork bifurcation). Let ¢ and N be suffi-
ciently small, and choose an initial condition (xo,v0) € N such that g > 0
and yo < 0. Then there exist c1 > 0 and

T(yo) = inf{y1 >0: /: aly) g, 0} . (2.2.38)

y1 = yo + Olellogel) ,
y2 = (yo) — Oellog ), (2.2.39)
Y3 = y2 + O(ellogel) ,

such that
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0<2<e fory

|y — 2% ()| < cre for y,

Yt S Y2, (2.2.40)
Ys (2.2.41)

for all times t for which (xy,y;) € N.

Proof.

e Since f(x,yo) < 0 for positive z, solutions of the associated system a’ =
f(x,y0) reach any neighbourhood of order 1 of x = 0 in a fast time of
order €. Thus, by regular perturbation theory, the orbit of the slow—fast
system starting in (xg, yo) enters any neighbourhood of order 1 of the slow
manifold x = 0 in a slow time of order €. From there on, Tihonov’s theorem
shows that an e-neighbourhood is reached in a time of order ¢|loge|, and
thus x4, = € at a time ¢; at which y,, = y1.

e First note that we can write

flz,y) = m[a(y) + b(x, y)xg] (2.2.42)
for some bounded function b. Let 7 = inf{¢t > ¢1: x; > e}. For t; <t < 7,
we have q W)
T a(y 9
E— = + O(e }x, 2.2.43
dy [9(07 Y) () ( )
and thus there is a constant M > 0 such that
cela(yeyn)—Me?]/e < < elalyeyn)+Me?]/e , (2.2.44)
where Y a(w)
a(u
aly, 1) = / du . (2.2.45)
v 9(0,u)

This shows that z; remains smaller than ¢ until a time ¢, at which
a(ye,,y1) = O(e?), so that ys, = yo = I(yo) + O(elloge).

e By continuity of f, for any sufficiently small constant co, f(z,y) > tza(ys)
for || < cp and yo <y < y2+co. Thus z; is larger than ge®¥2)(t=t2)/ and
reaches cg after a time of order e|log £|. Using the associated system and the
fact that f is positive, bounded away from 0 for x in any compact interval
contained in (0,2*(y)), one concludes that x; reaches any neighbourhood
of order 1 of the equilibrium branch z*(y) after a time of order . From
there on, Tihonov’s theorem allows to conclude the proof. a

Remark 2.2.5. The proof shows that a similar bifurcation delay exists for any
system for which f(0,y) is identically zero. Only the behaviour after leav-
ing the unstable equilibrium branch may differ, as it depends on the global
behaviour of f.
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2.2.4 How to Obtain Scaling Laws

The analysis of the dynamic saddle-node bifurcation in Section 2.2.2 revealed
a nontrivial e-dependence of solutions near the bifurcation point, involving
fractional exponents as in €'/3 and £2/3. These exponents were related to the
behaviour in /=y of slow manifolds near the bifurcation point.

It is in fact possible to give a rather complete classification of the scaling
laws that may occur for one-dimensional bifurcations. Such a classification
involves two steps: Firstly, analyse the power-law behaviour of slow manifolds
near a bifurcation point; secondly, study the equation governing the distance
between solutions of the slow—fast system and the slow manifold.

The first step is best carried out with the help of the bifurcation point’s
Newton polygon. Consider again the scalar equation

Ed—z = f(z,y) (2.2.46)

dy
where f is of class C” for some r > 2, with all derivatives uniformly bounded
in a neighbourhood N of the origin. We also require the bifurcation conditions

£(0,0) =9, £(0,0) =0 (2.2.47)

to hold. The function f admits a Taylor expansion in A of the form

Lo, f(0,0),  (2.2.48)

J:k=20
Jtk<r

with a remainder R(z,y) = o(||(x,y)||"), and foo = fio = 0. Assume for
simplicity® that f,.o # 0 and fy, # 0. Then the Newton polygon P is obtained
by taking the convex envelope of the set of points

{(j,k) eNG: fir #0or j+k>71}. (2.2.49)

Assume that f vanishes on a curve of equation z = z*(y), defined for y in an
interval of the form I = (—4,0], [0,d) or (—4d,0), such that |z*(y)| < |y|? for
some g > 0. We will call {(z,y): © = 2*(y),y € I} an equilibrium branch with
exponent ¢. It is well known that the Newton polygon then admits a segment
of slope —gq. For instance, in the case of the saddlenode bifurcation studied
in Section 2.2.2, there are two equilibrium branches with exponent 1/2, and P
has two vertices (2,0) and (0, 1), connected by a segment of slope —1/2.

The second step is to examine the behaviour of the distance z = x — z*(y)
between solutions of (2.2.46) and the equilibrium branch. The dynamics of z
is governed by an equation of the form

5This assumption is made to avoid situations such as flz,y) = z5/% — Yy, in
which » = 2 but fao(z,y) = 0, where the relation between Newton’s polygon and
slow manifold does not work.
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(a) (b) (<)
k Ak k
2 2
1
>\p[\ j p j p j
1 2 1 2 1 3

Fig. 2.7. Newton’s polygon for (a) the saddle-node, (b) the transcritical and
(¢) the asymmetric pitchfork bifurcation. The saddle-node bifurcation has branches
of exponent ¢ = 1/2, for which p = 1/2. The transcritical bifurcation has branches
of exponent g = 1, for which p = 1. The asymmetric pitchfork bifurcation has two
types of branches, with exponents ¢ = 1 and ¢ = 1/2, both with p = 1.

dz dz*(y)
S = o)z + by 2) —< 20

(2.2.50)

where a(y) = 0. f(x*(y), y) is the linearisation of f at the equilibrium branch,
and b is of order z2. The behaviour of a(y) near y = 0 can also be deduced
from the Newton polygon P. Indeed, Taylor’s formula implies that

Ouf(@*(y)y) = Y dfima* () 4+ ol + lyl™) - (2.2.51)
Jjz1,k=0
J+k<r
Generically (that is, unless some unexpected cancellation occurs) we will thus
have |a(y)| < |y|?, where

p=inf{q(j —1)+k:j>1,k>0,j+k<rand fjr #0} . (2.2.52)

Geometrically speaking, p is the ordinate at 1 of the tangent to Newton’s
polygon with slope —¢ (Fig. 2.7).

Definition 2.2.6 (Tame equilibrium branch). Let I be an interval of the
form I = (=6,0], [0,6) or (—4,6), and assume that f vanishes on an equilib-
rium branch {(z,y): x = z*(y),y € I} with exponent ¢ > 0. The equilibrium
branch is called tame if |0, f(z*(y), y)| < |y|P with p given by (2.2.52).

FEzxzample 2.2.7.

o If f(z,y) = —a? — y, then there are two tame equilibrium branches with
exponent ¢ = 1/2, and such that p = 1/2.

o If f(x,y) = (x—y)?, then there is an equilibrium branch of equation x = y,
whose exponent is ¢ = 1. This branch in not tame since a(y) = 9. f(y,y)
is identically zero, and thus p = oc.

The rational numbers ¢ and p are usually sufficient to determine the scaling
behaviour of solutions near a bifurcation point. An essential role is played by
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the following variant of the Laplace method, which allows to analyse solutions
of (2.2.50) when the nonlinear term b(y, z) is absent.

Lemma 2.2.8. Fiz constants yo < 0, and (o, c,p,q > 0. Then the function
Y
C(y,e) = eclvl”™ /e [sgoe—c'%'p“/e + |u|q_1e_c‘“|p+1/5 du (2.2.53)

satisfies

_ JelylrrTt foryo <y < —eV/FY

<(y)€) - {eq/(p+1) fOT’ _61/(p+1) < y g 0. (2254)

Using similar ideas as in the proof Theorem 2.2.2, we obtain the following
general result on the behaviour of solutions tracking a stable, tame equilibrium
branch, approaching a bifurcation point. If 2*(y) is not identically zero, we
may assume that it is decreasing near the bifurcation point, otherwise we
change x to —x.

Theorem 2.2.9 (Scaling behaviour near a bifurcation point). Assume
that z* : (—0,0] — R describes a tame equilibrium branch of f, with ex-
ponent g > 0, which is stable, that is, the linearisation a(y) = 0. f(z*(y),y)
satisfies a(y) =< —|y|P, where p is given by (2.2.52). Fix an initial condition
(zo,v0) € N, where yo € (—§,0) does not depend on € and xo — x*(yo) < €.
Then there is a constant ¢g > 0 such that the solution of (2.2.46) with initial
condition (xg,yo) satisfies

@y — " (ye) < ey P! for yo < ye < —coe™/PTY . (2.2.55)

If, moreover, there is a constant &1 > 0 such that f(z,y) <0 for =6 <y <0
and 0 < x — x*(y) < 01, then there exists ¢; > 0 such that

zy =< 9/ PF1) for —coe™ T Ly < e et/ PHY (2.2.56)
Proof.
o For yy <y < —coe/ Pt where ¢y will be determined below, we have
sj—; < —c_|ylPz 4+ by, 2) +ecy |yt (2.2.57)

for some constants c+ > 0. We know that |b(y, )| < M2z? for some M > 0,

but we will need a better bound in the case p > ¢q. In fact, Taylor’s formula
implies that there is a § € [0, 1] such that

1

Z_Qb(y5 Z) = 76£U$f(m*(y) + 9Z7 y) 9

2
% 3G — D frla*(y) + 022y + R(y), (2.2.58)
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where R(y) = o(z*(y)" =2 + 2”72 + y"). Using the definition (2.2.52) of p,
we obtain that whenever |z| < L|y|? for some L > 0, there is a constant
M (L) such that

by, 2)] < M(L)ylP~12 (2.2.59)

Since M (L) is a nondecreasing function of L, we can choose L such that

2LM (L) < c_. In order to prove the upper bound in (2.2.55), we introduce
T =inf{t > 0: |z > Lly,|?} . (2.2.60)

For t < 7, it easily follows from (2.2.57) and the definition of M (L) that

dz c_ _
Ed—y < —?|y\pz+5c+|y|q b (2.2.61)

so that, solving a linear equation and using Lemma 2.2.8,
2 < Kely 9771 (2.2.62)

for some K > 0, as long as y; < —/(P+1). The conclusion is then obtained
as in the proof of Theorem 2.2.2, taking 4" = 1 A (4MK/c_). The lower
bound is obtained in a similar way.

e For —coe'/PtD) <y < 16/ @Y where ¢; is determined below, we use
the scaling x = ¢/ PtD 3 ¢ = /P vielding the equation

Iy
(T; = e~ (PTa)/ (D) f 0/ (0D g 1/ (D) gy |
faves

for some remainder 7(z,y). By (2.2.52), we have (j —1)q¢+k > p whenever
fik #0or j+k > r —1, and thus the right-hand side of (2.2.63) is of
order 1 at most. In fact, we have

j—; =3 fud g+ o.(1), (2.2.64)
where the sum is taken over all vertices of the Newton polygon belonging
to a segment of slope —gq.

If f(xz,y) < 0 above z*(y), x+ must decrease as long as y; < 0, and it
cannot cross x*(y;). Hence & =< 1, whenever § = 0. Since (2.2.64) does not
depend on ¢ to leading order, & remains positive and of order 1 for g in a
sufficiently small interval [0, ¢1]. Going back to original variables, (2.2.56)
is proved. a

The behaviour after y; has reached the bifurcation value 0 depends on
the number of equilibrium branches originating from the bifurcation point. In
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Fig. 2.8. Dynamic transcritical bifurcation. (a) If the unstable branch lies above
the decreasing stable branch, solutions cross the unstable branch for y < —/¢ and
explode soon thereafter. (b) If the unstable branch lies below the decreasing stable
branch, solutions cross the new stable branch for y =< /g, before approaching it
again like /y.

the case of the indirect saddle-node bifurcation, no equilibrium branch exists
near the origin for positive y, and thus the orbits jump to some other region
of phase space (or explode). If one or several stable equilibrium branches exist
for y > 0, the behaviour of solutions can be analysed by methods similar to
those of Theorem 2.2.9. Rather then attempting to give a general classification
of possible behaviours, we prefer to discuss two of the most generic cases.

Ezample 2.2.10 (Transcritical bifurcation). Assume that f € C? satisfies, in
addition to the general bifurcation condition (2.2.47), the relation fo; = 0,
but with fa0, f11, fo2 # 0. The Newton polygon has vertices (2,0), (1,1) and
(0,2), connected by two segments of slope 1 (Fig. 2.7b). We thus take ¢ = 1
and look for equilibrium branches of the form

z=Cy(l+p(y)), p(0)=0. (2.2.65)

Inserting this in the equation f(x,y) = 0 and taking y — 0, we obtain the
condition

f20C% + f11C + fo2 =0 (2.2.66)

for C. Thus there are three cases to be considered, depending on the value of
the discriminant A = 3 — 4fa0 foo-

1.If A > 0, then (2.2.66) admits two solutions C+ > C_. For each of these
solutions, the implicit-function theorem, applied to the pair (y, p), shows
that there is indeed a unique equilibrium branch of the form (2.2.65). A
simple computation of 9, f (z,y) on each of these branches shows that they
have opposite stability, and exchange stability as y passes through 0.

2.If A = 0, then (2.2.66) admits one solution, but the implicit-function
theorem cannot be applied. The behaviour will depend on higher order
terms. The second part of Example 2.2.7 belongs into this category.
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\ﬁ
z*(y)

Fig. 2.9. Asymmetric dynamic pitchfork bifurcation. Solutions tracking the de-
creasing stable branch switch to the new branch z7i (y) after a time of order y/e.

3. If A <0, then (0,0) is an isolated equilibrium point of f.

Let us consider the case A > 0 in more detail. Assume that the stable
equilibrium branch approaching the origin from the left is decreasing. The
situation depends on the location of the unstable equilibrium branch, whether
it lies above or below the stable one (Fig. 2.8):

e If the unstable branch lies above the stable one, which happens for foq > 0,
then Theorem 2.2.9, applied for ¢ = p = 1, shows that z; tracks the equi-
librium branch at a distance of order e/|y;| until y = —cg+/e. Thereafter,
the trajectory escapes from a neighbourhood of the bifurcation point.

e If the unstable branch lies below the stable one, which happens for foq < 0,
then the theorem can still be applied and shows, in addition, that x; stays
of order /¢ until y = ¢14/2. For later times, an analysis of the equation
governing the distance between solutions and the new stable equilibrium
branch shows that x; approaches that branch like €/y;.

Example 2.2.11 (Asymmetric pitchfork bifurcation). Assume that f € C? sat-
isfies fo1r = fa0 = 0, but fs, fi1, foz # 0. Then the Newton polygon has
three vertices (3,0), (1,1) and (0, 2), connected by two segments of slope 1/2
and 1 (Fig. 2.7¢). A similar analysis as in the previous example shows the ex-
istence of an equilibrium branch z*(y) = —(fo2/f11)y[1 + 0,(1)], existing for
both positive and negative y, and of two equilibrium branches 27 (y) < \/m ,
existing either for y < 0 or for y > 0, depending on the sign of f11/fs0.

Consider the case where the branch 2*(y) is decreasing, stable for y < 0
and unstable for y > 0, and the branches z% (y) exist for y > 0. (Then the
latter two branches are necessarily stable, see Fig. 2.9.) The simplest example
of this kind is f(z,y) = (z + y)(y — 2?).

Theorem 2.2.9, applied for ¢ = p = 1, shows that z; tracks the equilibrium
branch z*(y) at a distance of order /|y until y = —cp+/e, and remains
of order /¢ until y = c;y/. At this time, z; is at a distance of order /4
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from the equilibrium branch =% (y). Since f > 0 for z*(y) < = < 2% (y), 2
increases. By the same method as in the previous example, one shows that x;
approaches % (y;) like ¢/ %3 /2 Note in particular that, unlike in the case of
the symmetric pitchfork bifurcation, there is no macroscopic delay.

2.2.5 Hopf Bifurcation and Bifurcation Delay

A Hopf bifurcation occurs if the Jacobian matrix 9, f(Z,y) at the bifurcation
point (Z,y) has a pair of conjugate eigenvalues +iwp on the imaginary axis
(with wy # 0). We assume here that all other eigenvalues of 0, f(Z,¥y) have
negative real parts. We can thus consider the reduced system

et = f(z,y),

for x € R?, where f(Z,7) = 0 and 9, f(Z,7) has the eigenvalues Fiwy.

The implicit-function theorem implies the existence, in a neighbourhood
Do C R™ of g, of a slow manifold {(z,y): x = 2*(y),y € Do}, with 2*(y) = Z.
Let us denote by a(y) £ iw(y) the eigenvalues of 9, f(x*(y),y), where a(0) =
0 and w(0) = wp. The associated system z’ = f(z,\) admits z*(\) as an
equilibrium (of focus type), which is stable if a(A) < 0 and unstable if a(A) > 0.
Depending on second- and third-order terms of the Taylor expansion of f,
there is (generically)

e cither a stable periodic orbit near z*(A) for a(A\) > 0 and no invariant set
near z*(\) for a(X) < 0 (supercritical Hopf bifurcation),

e or an unstable periodic orbit near 2*(\) for a(\) < 0 and no invariant set
near x*(\) for a(A) > 0 (subcritical Hopf bifurcation).

We refer to [GH90, p. 152] for the precise relation between criticality and
coeflicients of the Taylor expansion.
The reduced system on the slow manifold is given by

v =9 () y) - (2.2.68)
We are interested in the following situation. Let Y; be the solution of (2.2.68)
such that Y;» = gy for some t* € R, and assume that a(Y;) changes sign

from negative to positive as t crosses t*, with positive velocity, that is,
(Va(y),9(Z,y)) > 0. One can then construct an affine change of variables
r = 2*(y) + S(y)(2,%)T, such that the complex variable z satisfies an equa-
tion of the form

dz*(Yy)
dt '
where b(2,%,t,¢) = O(|2|? + ¢|z]), and W (Y;) is the first line of S(Y;) L.

If 2*(y) = 7 identically in y, then z; = 0 is a particular solution of (2.2.69),
and the situation is very similar to the one encountered when studying the

ez = [a(Yy) +iw(Yy)]z + b(2, 2, t,€) — W (Yy) (2.2.69)
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symmetric pitchfork bifurcation in Section 2.2.3. Solutions starting near the
slow manifold at a time ¢ for which a(Y},) < 0 approach zero exponentially
closely, and need a macroscopic bifurcation delay time after t = t* before
leaving a neighbourhood of order one of the origin. This delay time is given
by an expression similar to (2.2.38).

The new feature of the Hopf bifurcation is that if f and g are analytic,”
then a delay persists even when a*(y) depends on y. This can be under-
stood as a stabilising effect of fast oscillations around the slow manifold. The
system (2.2.69) and its solution can be analytically continued to a complex
neighbourhood of t = t*, so that we can define the analytic function

w(t) = /tl[a(YS) +iw(Y,)] ds . (2.2.70)

*

For real ¢ty < t*, we define
II(ty) = inf{t > t*: ReW(to) = Re¥(t)} . (2.2.71)
Neishtadt has proved the following result [Nei87, Nei88].

Theorem 2.2.12 (Dynamic Hopf bifurcation). There exist buffer times
t_ <t and ty = II(t=) > t* and constants c1,co > 0 with the following
property. Any solution of (2.2.67) starting sufficiently close to (z*(Yy,), Yz,)
satisfies

(@, ye) — (27 (Ve), V)| < cre (2.2.72)

for to + caelloge| < t < t1 — coellogel|, where t1 = M(tg) A to. If, moreover,
lxt, — 2> (Yi, )| s of order 1, then x; leaves a neighbourhood of order 1 of the
slow manifold at a time t; + O(e|logel).

This result means that for t_ < tg < t* — O(1), solutions experience a
bifurcation delay until time II(¢y), which is similar to the delay occurring for
the symmetric pitchfork bifurcation. For ty < t_, however, this delay saturates
at t4. The computation of the buffer times ¢4 is discussed in [DD91] and in
[Nei95]. Roughly speaking, (t_,t;) are the points furthest apart on the real
axis that can be connected by a path of constant ReV, satisfying certain
regularity assumptions.

Ezample 2.2.13. Assume that a(Y;) =t — ¢* and w(Y;) = wp > 0. Then
1
Re(t) = 5 [(Ret —t*)? — (Imt + wp)? + wp| (2.2.73)

is constant on hyperbolas centred in (¢t*, —iwp). We have II(t) = 2t* — ¢, and
the buffer times are given by t4+ = t* + wy.

"Strictly speaking, the reduced system (2.2.67) is usually not analytic, even when
the original system is, because of lack of regularity of centre manifolds. This is why
the analysis in [NeI87, Nei88] does not use centre manifolds, but keeps track of all
original variables. The results are, however, the same.
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Note finally that analyticity is crucial for the existence of a delay if z*(y)
depends on y. Neishtadt has shown that the delay is usually destroyed even
by C*°-perturbations.

2.3 Periodic Orbits and Averaging

The case where the slow—fast system admits an asymptotically stable slow
manifold corresponds to the simplest possible asymptotic dynamics of the
associated (or fast) system: All trajectories are attracted by an equilibrium
point. The reduced (slow) dynamics is then simply obtained by projecting the
equations of motion on the slow manifold.

If the asymptotic dynamics of the fast system is more complicated than
stationary, how should one proceed to determine the effective dynamics of the
slow variables? For quite a general class of systems, one can show that the
effective dynamics can be obtained by averaging the vector field g(z,y) with
respect to the invariant measure describing the asymptotic fast dynamics. We
focus here on the case where the asymptotic fast motion is periodic.

2.3.1 Convergence towards a Stable Periodic Orbit

Assume that the associated system

dj
ds

' = f(z,yo) (2.3.1)

has, for each fixed value of yo in an open set Dy, a periodic solution v*(s, yo),
with period T'(yo). We further assume that this orbit is asymptotically stable.
Recall that the stability of a periodic orbit is related to the linear system

f/ = 3zf(7*(87y0)>y0)f : (2'3'2)

Let Uf(s, sp) denote the principal solution of this system, that is, such that
& = U(s,50)&s,- The eigenvalues of the monodromy matrix U(T(y),0) are
called characteristic multipliers, and their logarithms are called characteristic
exponents or Lyapunov exponents. One of the multipliers is equal to 1, and
the corresponding eigenvector is the tangent vector to the orbit at s = 0. We
will require that the n — 1 other characteristic multipliers have a modulus
strictly less than unity, which implies the orbit’s asymptotic stability.

We further assume that v*(s, yo) is continuous in both variables (note that
the origin of time can be chosen arbitrarily on the orbit), and that there are
positive constants 77, T such that 77 < T(y) < T3 uniformly for y € Dy.

We turn now to the full slow—fast system

Ea'c:f(x,y),

y=g(z,y) . (233)
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It seems natural that this system should admit solutions (z;,y;) for which
x4 is close to the rapidly oscillating function v*(¢/e,y;). The dynamics of y;
would then be governed by an equation of the form

U = g(v*(t/e,yt),yt) s (2.3.4)

which has a rapidly oscillating right-hand side. The general philosophy of
averaging is to bring into consideration the averaged system

T(9)
y:gwwzféyé o(7*(5,9).9) ds . (2.3.5)

Introducing I'™(0,y) = v*(T'(y)0, y) allows to rewrite the averaged slow vector
field as

mmzémﬁﬁmww. (2.3.6)

We assume that the solution g, of (2.3.5) with initial condition gy = yo stays
in Dy for 0 < t < ¢1. Under these assumptions, Pontryagin and Rodygin have
proved the following result [PRG60].

Theorem 2.3.1 (Dynamics near a slowly varying periodic orbit). Let
xo be sufficiently close to I'*(0y,yo) for some 0y. Then there exists a function
Oy, satisfying the relation

1

T (y)

€6, = +0(e) (2.3.7)

such that the estimates
Tt :F*(Qtagt)+o(€) ’ (238)
yr = gc + O(e) o

hold for O(elloge|) < t < ty. The error terms O(e) in (2.3.7) and (2.3.8) are
uniform in t on this time interval.

We shall sketch the proof in the case of a two-dimensional fast variable
x € R2 Let n(f,y) be the outward unit normal vector to the periodic orbit
at the point I (0,y). In a neighbourhood of the periodic orbit, the dynamics
can be described by coordinates (6, r) such that

z=I"0,y)+rn(d,vy) . (2.3.9)
On the one hand, we have
et = f(I*(0,y),y) + A0, y) n(0,y)r + O(r?) , (2.3.10)

where A(6,y) = 9. f(I"(0,y),y). On the other hand, we can express e as
a function of 8 and 7 by differentiating (2.3.9) and using the equation for y.
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Projecting on n(f,y) and on the unit tangent vector to the orbit yields a
system of the following form, equivalent to (2.3.3):

. 1
el = —— +bp(0,7,y,¢)
Ty T e
67; = fT(ovrvyae)v (2311)

Y= g(F(eay) + rn(@,y),y) .

The functions by and f, can be computed explicitly in terms of A, I'*, n,
and their derivatives with respect to y. They both vanish for r = ¢ = 0, and
in particular the linearisation 9, f.(6,0,y,0) depends only on A(f,y). In a
neighbourhood of r = 0, 6 is thus positive and we can consider the equations

d’f‘ - fT(Q,T“,yﬁ)

@ =TT b0, .0
dy g(I'(0,y) +rn(0,y),y)
0~ T T,y 0)

(2.3.12)

)

instead of (2.3.11). Averaging the right-hand side over 6 yields a system of
the form

dr

3 = TWla@r+0@)],
pé (2.3.13)
1 i@+ oM +0@)],

where a(y) < 0. (In fact, a(y) is the Lyapunov exponent of the periodic
orbit v*(+,y).) This is again a slow—fast system, in which 6§ plays the role of
fast time. It follows thus from Tihonov’s theorem that 7 approaches a slow
manifold 7*(y) = O(e). For such 7, we are in a situation to which the standard
averaging theorem can be applied to show that r; — 7 and y; — ; both remain
of order € up to “times” 6, of order 1/e.

2.3.2 Invariant Manifolds

Theorem 2.3.1 is the equivalent of Tihonov’s theorem for slow manifolds. In
order to give a more precise description of the dynamics in a neighbourhood of
the family of slowly varying periodic orbits, it is useful to have an analogue of
Fenichel’s theorem as well, on the existence of an invariant manifold tracking
the family of periodic orbits.

To construct this invariant manifold, one can proceed as follows. Let IT be
the “time” (6 = 1)-Poincaré map associated with the equation (2.3.12). That
is, if the trajectory with initial condition (r,y) at # = 0 passes through the
point (7,7) at & = 1, then by definition (7,7) = II(r,y). If we add ¢ as a
dummy variable, the Poincaré map can be written in the form
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? R(T7 y? 6) )

G=y+e¥(rye), (2.3.14)
E=¢

Since for ¢ = 0, one recovers the dynamics of the associated system, one
necessarily has R(0,y,0) = 0, and 9, R(0, y, 0) has the same eigenvalues as the
monodromy matrix U(T'(y), 0) of the periodic orbit, except for the eigenvalue 1
associated with the variable 6.

Thus every point of the form (0,y,0) is a fixed point of the Poincaré
map, and the linearisation of II around each of these points admits 1 as an
eigenvalue of multiplicity m + 1, while the other n — 1 eigenvalues are strictly
smaller than 1. The centre-manifold theorem thus yields the existence of an
invariant manifold of equation r = e7(y, ), that is,

5?(3/ +eY (F(y,€), v, e),a) = R(er(y,€),y.¢) . (2.3.15)
A perturbative calculation shows that
(y,e) = [1— 8,R(0,y,0)] " 0-R(0,y,0) + O(c) . (2.3.16)

We can now return to the original equation (2.3.12). The set of images under
the flow of the invariant manifold r = e7(y, ) defines a cylinder-shaped in-
variant object, whose parametrisation we can denote as r = e7(f, y,¢). In the
original z-variables, the cylinder is given by the equation

I0,y,e)=T*0,y) +e7(0,y,¢)n(0,y) . (2.3.17)

The dynamics on the invariant cylinder is then governed by the reduced equa-
tions
1

e = —— +by(0,27(0,y,¢),y,¢) ,
T(y) (8,70, 3:€),9:€) (2.3.18)

y:g(f(G,y75)7y) .

Note that the term by(0,e7(0,y,¢),y,€) is at most of order ¢, so that we
recover the fact that €6 is e-close to 1/T(y).
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One-Dimensional Slowly Time-Dependent
Systems

In this chapter, we examine the effect of noise on a particular class of singu-
larly perturbed systems, namely slowly time-dependent equations with one-
dimensional state space. Such situations occur for instance for systems with
slowly varying parameters, or for slowly forced systems. Doing this will allow
us to develop the sample-path approach in a simpler setting, and often we will
obtain sharper estimates than in the general case.

The deterministic systems that we will perturb by noise have the form

' = f(zes). (3.0.1)
Passing to the slow timescale ¢t = s yields the familiar form
ex = f(x,t), (3.0.2)

which is a particular case of the general slow—fast system (2.0.1), in which the
slow vector field ¢ is identically equal to 1, and thus y; = ¢ for all ¢.

Since we assume x to be one-dimensional, we can always introduce a poten-
tial U(x,t) = U(z,es), such that f(x,t) = —0,U(x,t). Example 2.1.3 shows
that one can think of (3.0.1) as describing the overdamped motion of a par-
ticle in the slowly time-dependent potential U(x,es), in the limit of strong
damping (see also Section 6.1.1).

Typically, the function f(z,t) vanishes on a number of curves, the equi-
librium branches, corresponding to local maxima or minima of the potential.
These branches may intersect at certain bifurcation points. Between bifurca-
tion points, Fenichel’s theorem ensures the existence of adiabatic solutions,
tracking the equilibrium branches at a distance at most of order . Solutions
starting between equilibrium branches usually reach the e-neighbourhood of
a stable branch in a time of order e|loge|, cf. Tihonov’s theorem. Combining
this information with a local analysis near each bifurcation point generally
allows to obtain a fairly precise picture of the deterministic dynamics.

Adding white noise to the slowly time-dependent equation (3.0.1) results
in the non-autonomous Ité stochastic differential equation (SDE)
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dzs = f(xs,e8)ds + oF(xg,e5) dW . (3.0.3)

Here we consider o as another small parameter, while F' is a given function
of order 1. On the slow timescale, by the scaling property of the Brownian
motion, this equation becomes

1
day = — f(w t)dt + %F(mt,t) aw, . (3.0.4)

Our analysis will mainly follow the same steps as in the deterministic case.

e In Section 3.1, we examine the motion near stable equilibrium branches.
Starting with the equation linearised around the adiabatic solution track-
ing the equilibrium branch, and then incorporating nonlinear terms in a
second step, we show that with high probability, paths remain concen-
trated in neighbourhoods of order o of the deterministic solution. At the
heart of the presented approach lies the choice of the optimal “shape”
of these neighbourhoods, allowing for sharp bounds on the probability of
a sample path leaving such a neighbourhood early. These concentration
results also allow moments of the process to be estimated.

e In Section 3.2, we turn our attention to unstable equilibrium branches. In
this case, in a neighbourhood of order ¢ of the adiabatic solution tracking
the equilibrium branch, the noise term actually helps sample paths to
escape from the deterministic solution. The typical time needed to leave a
neighbourhood of order 1 of the unstable branch is of order e|log o|.

e Section 3.3 is dedicated to a detailed study of the dynamic saddle—node
bifurcation with noise, which is generic in dimension 1. Here a new phe-
nomenon is observed, which is due to the presence of noise: For large
enough o, paths may reach and cross the unstable equilibrium branch
some time before the bifurcation occurs.

e In Section 3.4, we determine the effect of noise on symmetric dynamic
pitchfork bifurcations. Here the main effect of the noise term is to decrease
the bifurcation delay, which is macroscopic in the absence of noise while it
is of order y/e|log o] for a large regime of non-vanishing noise intensities.

e Finally, Section 3.5 summarises results on two other types of dynamic
bifurcations, namely transcritical and asymmetric pitchfork bifurcations.

Throughout this chapter, we will work in the following setting. The
stochastic process {W;}i>4, is a standard one-dimensional Wiener process on
some probability space (§2, F,P). Initial conditions z( are always assumed to
be either deterministic, or square-integrable with respect to P and independent
of {W,}i>t,. All stochastic integrals are considered as It6 integrals. Without
further mentioning, we always assume that f and F satisfy the usual Lip-
schitz and bounded-growth conditions, which guarantee existence and path-
wise uniqueness of a strong solution {x;}; of (3.0.4), cf. Theorem A.3.2. Under
these conditions, there exists a continuous version of {x;};. Therefore we may
assume that the paths w — z4(w) are continuous for P-almost all w € 2.



3.1 Stable Equilibrium Branches 53

We introduce the notation P'0:*° for the law of the process {; }>¢,, start-
ing in x¢ at time tg, and use E 0 to denote expectations with respect to
Pto-%0, Note that the stochastic process {z;}+>, is an inhomogeneous Markov
process. We are interested in first-exit times of x; from space—time sets. Let
A CR x [to, t1] be Borel-measurable. Assuming that A contains (zg,tg), we
define the first-exit time of (x¢,t) from A! by

T4 = inf{t € [to, t1]: (x4, 1) & A}, (3.0.5)

and agree to set T4(w) = oo for those w € {2 which satisfy (2:(w),t) € A
for all t € [to,t1]. Typically, we will consider sets of the form A = {(x,t) €
R X [to,t1]: g1(t) < < g2(t)} with continuous functions g; < g2. Note that
in this case, 74 is a stopping time with respect to the filtration generated by

(T}t

3.1 Stable Equilibrium Branches

An overdamped particle starting near a local minimum of a static potential is
attracted by this minimum. Weak noise causes the particle to fluctuate around
the bottom of the well, but large excursions can only be seen on exponentially
long timescales. We will now show that a similar behaviour holds for slowly
moving potential wells.

We consider in this section the SDE

1
day =~ f(ae,t)dt + %F(zt,t) aw, (3.1.1)

in the case where f admits an asymptotically stable equilibrium branch z*(t).
This is equivalent to assuming that the potential U(x,t) admits a strict local
minimum at all times ¢. More precisely, we will require the following.

Assumption 3.1.1 (Stable case).

e Domain and differentiability: f € C3(D,R) and F € C(D,R), where D is
a domain of the form

D={(z,t):tel, di(t)<z<dat)}, (3.1.2)

for an interval I = [0,T] or I = [0,00), and two continuous functions
dy,ds : I — R such that ds(t) — dy(t) is positive and bounded away from 0
in I. We further assume that f, F and all their partial derivatives up to
order 2, respectively 1, are uniformly bounded in D by a constant M.

'For simplicity, we will often drop the second argument and refer to 74 as the
first-ezit time of xy from A.
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Fig. 3.1. Overdamped particle tracking a slowly moving potential well.

e Equilibrium branch: There are a continuous function x* : I — R and
some constant d > 0 such that di(t) +d < 2*(t) < d2(t) — d, and

Fla*(t),t) =0 viel. (3.1.3)

o Stability: Let a*(t) = 0, f(xz*(¢t),t). There exists a constant af > 0 such
that

a*(t) < —ag Vtel. (3.1.4)
e Non-degeneracy of noise term: There is a constant F_ > 0 such that
F(x,t) > F_ V(z,t) €D. (3.1.5)

Since M = {(=x,t): x = x*(t), t € I} is a uniformly asymptotically stable
slow manifold of the deterministic system (cf. Definition 2.1.1), Fenichel’s
theorem (Theorem 2.1.8) implies the existence of an invariant manifold M,
at a distance of order € from M. In fact, in this (1 4 1)-dimensional setting,
the invariant manifold consists of a particular solution of (3.1.1) for o = 0, of
the form (see (2.1.27))

a* (1)

o) +0(?) . (3.1.6)

Z(t,e) =a*(t) +¢

Since a*(t) is negative, Z(t,¢) is lagging behind the equilibrium z*(¢): It is
smaller than z*(t) if z*(t) is increasing, and larger if it is decreasing. One
can associate this behaviour with the following intuitive picture (Fig. 3.1): In
a slowly moving potential well, the overdamped particle settles in a position
slightly behind the bottom of the well, where the force, directed towards the
bottom of the well, compensates for the motion of the potential.

In the time-independent case, the theory of large deviations implies that
solutions starting near the bottom x* of a potential well tend to remain there
for long time spans, a phenomenon called metastability. The expected time
needed to reach a point x in which V(z) = V(2*) + H, often called Kramers’
time, is of order eQH/"Q7 and thus very large as soon as |z — z*| > 0.2

2Here we assumed that the potential well has non-vanishing curvature at the
bottom. Otherwise, the condition changes to |z —z*| > ¢%/?, where ¢ is the smallest
integer such that 9V (z*) # 0.



3.1 Stable Equilibrium Branches 55

Our main objective will be to characterise the noise-induced deviations of
sample paths of (3.1.1) from Z(¢,¢) in the time-dependent case. To this end
we set xy = Z(t,€) + yi, and observe that y; satisfies the equation

dy, = = [f(z(t,€) + . t) — f(Z(t,€), )] dt + %F(f(t,s) + e, t) AW

\[
[Fo(t,e) + Fi(ye, t,e)] dW, . (3.1.7)

M= ™| =

[alt,2)yr + blys t,2)] dt + =

Ve

where we have set

a(t,e) = 0. f(Z(t,€),t) = a*(t) + Ofe) ,
Folt,e) = F(z(t,e), 1) . (3.1.8)

Note that —a*(t) is the curvature of the potential at the bottom z*(¢t) of
the potential well, and —a(t,e) is the curvature at the adiabatic solution
tracking the potential well. The remainders satisfy |b(y,t,¢)| < M|y|?> and
|F1(yt, t, €)| < M|y| for sufficiently small y. Henceforth, we shall suppress the
e-dependence of a, b, Fy and F}.

The analysis can be simplified by using new coordinates, in which the
position-dependent diffusion coefficient F; vanishes.

Lemma 3.1.2 (Transformation of variables). Let y; = z; — Z(t,€). In
a neighbourhood of y = 0, there exists a near-identity transformation y =
7+ O(@%) + O(0?), casting Equation (3.1.7) into the form

dg; = %[&(t)gt +b(g, )] dt + (t)dW, , (3.1.9)

o
—F
\/g O
with |b(y,t)] < M(y2 +0?) and a(t) = a(t) + O(e) + O(c?). If, in addition, F
is twice continuously differentiable in x, with |0y, F| uniformly bounded, then
one can achieve |b(y,t)| < My?.

Proof. The function

Yy dz
hi(y,t) :/0 1+ Fi(z,t)/Fo(t)

(3.1.10)

satisfies hi(y,t) = y + O(y?) for sufficiently small y. It6’s formula shows that
U+ = h1(ys,t) obeys a SDE of the form

[LIEE

[a(t)7: + b(gr, )] dt + %Fo(t) aw, (3.1.11)

where a(t) = a(t) + O(e), and b(y,t) contains terms of order 2 and 2. In
case F is twice continuously differentiable with respect to x, the latter can be
eliminated by a further change of variables

dy, =
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§ =17+ c%ha(t), (3.1.12)

provided ho satisfies the differential equation
) 1-
cha(t) = a(t)ha(t) + gb(azhg(t),t) . (3.1.13)

The right-hand side vanishes on a curve h%(t) = —b(0,t)/(c2%a(t)) + O(a?),
corresponding to a uniformly asymptotically stable slow manifold if o is
sufficiently small. Thus by Tihonov’s theorem (cf. Theorem 2.1.7), Equa-
tion (3.1.13) admits a bounded solution. Combining both changes of variables
yields the form (3.1.9) with a(t) = a(t) + O(o?). O

Remark 3.1.3. In fact, it is also possible to replace Fy(t) in (3.1.9) by a con-
stant, using a time-dependent rescaling of space. However, the resulting change
of variables would no longer be near-identity. Carrying out the analysis for
general Fy(t) has the advantage of making the concentration results obtained
more transparent, as the domains of concentration are little affected by the
near-identity transformation.

For sufficiently small € and o, we may assume that a(t) is bounded above,
uniformly in I, by a negative constant ag. In the sequel, we shall simplify the
notations by dropping all tildes, which amounts to considering the original
equation (3.1.7) without the position-dependent noise coefficient F}(y,t).

We will proceed in two steps. In Section 3.1.1, we analyse the linear
equation obtained for vanishing nonlinear drift term b in (3.1.7). In Sec-
tion 3.1.2, we examine the effect of this nonlinear term. The main result is
Theorem 3.1.10, which gives rather precise estimates on the first-exit time of
sample paths from a strip surrounding Z(¢,¢), and of width proportional to
Fy(t)?/2]a(t)]. Finally, Section 3.1.3 gives some consequences on the moments
of Yt

3.1.1 Linear Case

In this section, we study the non-autonomous linear SDE

1 o
dy? = Za(®)y? dt + —=Fp(t) dW, 3.1.14
Y Ea( )y dt + NG o(t) t ( )

with initial condition yJ = 0, where we assume that a and Fy are continuously
differentiable functions from I to R, with Fy(¢) bounded below by F_ > 0,
and a(t) bounded above by —ag < 0. Its solution is a Gaussian process and
can be represented by the Ito integrals

t
g « S £
y) = ﬁ/o eB9)/E By (s) dWy (3.1.15)
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where a(t, s) = fst a(u) du is the curvature accumulated between times s and ¢.
Thus, for each fixed time ¢, 4 is characterised by its mean being zero and its
variance given by

2t
Var{y?} = = / e2t3)/epy(s)2 ds (3.1.16)
€ Jo
The variance can be computed, in principle, by evaluating two integrals. How-
ever, the expression (3.1.16) is not convenient to handle. An alternative ex-
pression is found by noting that Var{y{} = o?v(t), where v(t) is a solution of
the ordinary differential equation

e0 = 2a(t)v + Fy(t)? (3.1.17)

with initial condition v(0) = 0. The right-hand side of (3.1.17) vanishes on
the slow manifold of equation v = v*(¢) = Fy(t)?/2|a(t)|, which is uniformly
asymptotically stable. We thus conclude by Tihonov’s theorem that (3.1.17)
admits a particular solution of the form

_ Fy(t)?
2|a(t)|

¢(t) +0(e) (3.1.18)

where the term O(e) is uniform in ¢ € I (higher order terms in ¢ can be
computed, provided the functions are sufficiently smooth). Note, in particular,
that for sufficiently small ¢, there exist constants (; > ¢_ > 0 such that

CC <) <Gy vtel. (3.1.19)
The relation between ((t) and the variance of 3? is given by
Var{y}} = o?v(t) = o?[((t) — ¢(0)e** /e | (3.1.20)

where ((0) = Fy(0)2/2]|a(0)|+O(e) and a(t) = a(t,0) < —agt for t > 0. Thus,
the variance approaches 02((t) exponentially fast.

Remark 3.1.4. An expansion of ((t) into powers of € can also be obtained
directly from the definition (3.1.16), using successive integrations by parts.

Our aim is to show that sample paths of y? are concentrated in sets of the

form
B(h) = {(y,t): tel, |yl < hw((t)} , (3.1.21)

whenever we choose h > o. At any fixed time ¢ € I, the probability that
(yY,t) does not belong to B(h) can be expressed in terms of the distribution

function of the standard normal law, ®(z) = (27)~ /2 ffoo e~ /2 du, as

o\l v(t) o

PO (y;,t) ¢ B(h)} =29 (h qt)) < 2<I>(h) <e /207 (31.22)
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However, the probability that the sample path {ys}o<s<: leaves B(h) at least
once during the time interval [0, ¢] will be slightly larger. A convenient way to
write this probability uses the first-exit time

TB(n) = inf{s > 0: (y2,5) & B(h)} (3.1.23)

of 40 from B(h). The probability we are after is

0
PO 1) <t} = PO’O{ sup 1L > h} : (3.1.24)
o<s<t /C(s)

Although the event {735 < t} is more likely than any of the fixed-time events
{(y°,5) ¢ B(h)}, we still expect that

PO {75 <t} = Chyol(t,e)e™ /2" (3.1.25)

where the prefactor Cj,/,(t, ) is increasing with time.

We will present two ways to compute the prefactor Cj,,(t, ). The first one
only gives an upper bound, but has the advantage to be easily generalised to
higher dimensions. The second one allows C},/,(t,€) to be computed exactly
to leading order in ¢ and o, and will show that the upper bound derived by
the first method does not overestimate the prefactor too grossly.

The first approach is based on Doob’s submartingale inequality (Lemma
B.1.2) and its corollary, the Bernstein-type inequality (Lemma B.1.3)

2
]P’{ sup > 6} < Zexp{—t(s} , (3.1.26)
0<s<t 2 [y o(u)?du

stated here for stochastic integrals of Borel-measurable deterministic functions
¢ :[0,t] — R.

/ o) AW,

Proposition 3.1.5. For any v € (0,1/2) and any t € I, (3.1.25) holds with

Chyo(t,e) <2 {agg)w exp{vl;z [1+ (’)(5)]} . (3.1.27)

Proof. Fix v € (0,1/2). As ¢! is a Gaussian process but not a martingale due
to the explicit time dependence of the integrand in the representation (3.1.15),
we cannot apply the Bernstein inequality (3.1.26) directly and our main task
will be to approximate ¢ locally by Gaussian martingales. In order to do so,
we introduce a partition 0 = sg < 51 < -+ < sy =t of [0,¢], by requiring

t
—a(sjy1,85) =€y for 0<j<N-= Pas(y)r‘ . (3.1.28)

Then, by Inequality (3.1.26) and the definition of {(¢), for any j € {1,..., N},



3.1 Stable Equilibrium Branches 59
POO{7in) € [5;:5541) }

gPO’O{ sup /e*a(“)/eFo()
0

55 <8<S 41 o
h2
< 2expl ———e2elsirnsi)/e g
202 5;<8<s 541 C 3]+1

i _inf A C(s)ea(s)/g}

< 2exp{—2}22e—2V [1- O(m)]} , (3.1.29)

where the last line is obtained from the fact that {(s) is of order 1, which can
be seen from (3.1.18) and (3.1.17). The result now follows by summing the
above inequality over all intervals of the partition. ad

Note that optimising over v gives v = (¢2/h?)[1 + O(g)] ™!, which is less
than 1/2 whenever h? > 202 as necessary for the probability (3.1.25) to be
small. This choice of «y yields

Cro(tse) < 20 Pai ) Z [+ 0 )]W (3.1.30)

The second approach uses more elaborate results on first-passage times of
Gaussian processes through a so-called curved boundary (see Appendix C).

Theorem 3.1.6 (Stochastic linear stable case). There exist constants co,
ro > 0 such that, whenever

t _.
r(h/o,t,s) = % + ge_°°h2/02 <79, (3.1.31)

then .
PO {75y <t} = Chyolt,e)e™ /27, (3.1.32)

with the prefactor satisfying

Ch/o(t, ['a |h[1+(’)<(h/at€)+s+| ()|log( +h/0))].

(3.1.33)

This estimate shows that as soon as we take h/o sufficiently large, that is,
when the width of the strip B(h) is large compared to o+/((%), it is unlikely
to observe any excursion of a sample path outside the strip, unless we wait
for an exponentially long time. We thus recover the existence of metastable
behaviour known in the time-independent case. The result is compatible with
the classical Wentzell-Freidlin theory, which shows in particular that the first
exit from the neighbourhood of a potential well typically occurs after a time
exponentially large in the potential difference to be overcome. However, the
expression (3.1.32) is more precise, since (3.1.33) also gives the prefactor to
leading order, and the result is not only valid in the limit ¢ — 0.
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Note that Condition (3.1.31) amounts to requiring h/o to be large with
respect to log(t/e), and is automatically fulfilled whenever the probabil-
ity (3.1.32) is small. Fixing our choice of h > o, we see that the expres-
sion (3.1.32) is useful (in the sense of the error terms in (3.1.33) being small)
whenever log(h/o) < t/e < ech?/* 3 Also note that the prefactor Ch/o(t,€)
is necessarily monotonously increasing in ¢.

The proof of Theorem 3.1.6 can be divided into two steps. We first in-
troduce first-passage times at the upper and lower boundary of B(h), given
by

7o (h) =inf{t > 0: £y > h/C(t)} . (3.1.34)
The random variables 74 (h) are identically distributed, and the first-exit time
from B(h) is given by the minimum 75,y = 74 (h)A7_(h). We start by deriving
the distribution of 7 (h).

Lemma 3.1.7. If Condition (3.1.31) is satisfied, then the density of 74 (h) is
given by

0
aIPO’O{u(h) <t} =

— ex — 27

1
Vor ¢ o 202 v(t)
X {1+O(r(h/07t,5)+E+e_2“°t/s)} . (3.1.35)

la(t)] b { h? C(t)}

Proof. Instead of v}, we consider the process

t
7 / e )/ Fy(s) AW, (3.1.36)
0

e s

which has the advantage of being a Gaussian martingale. We denote its vari-
ance at time ¢ by

oi(t) = o2e™2aM/Ey(t) (3.1.37)
The first passage of y{ at h+/((t) corresponds to the first passage of z; at
the level d(t) = hy/C(t)e=*")/2 a so-called curved boundary. Some results on
first-passage time densities are given in Appendix C. We plan to use Corol-
lary C.1.6, which provides the relation

0 1 )
B () <t} = —co(t)e /20700 1 4 ) (3.1.38)
g

where the exponent d(t)?/202%(t) yields the exponent in (3.1.35). The pref-
actor co(t) is given by

ﬁ
=
+
S
=
™
o
+
S
—
|
[\
=]
(=)
X
~
™
O
=

(3.1.39)

3Recall that by Assumption 3.1.1, the curvature |a(t)| is bounded above and
below for ¢ € I, so that |a(t)| < ¢.
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and the remainder 7 satisfies

7::

(3.1.40)

2M1M2M30 4Mso n e_A2/4U2t
A A? o ’

where the quantities A, My, My and M3 must be chosen such that the fol-
lowing conditions are met for all ¢t > 0 and 0 < s < ¢

d(t)d'(t) — o(t)d' (t) = AV (£)(1 + /5(t)) (3.1.41)

d(t)o'(t) — o(t)d' (t) < Ms(1 + 6(t)>/?) , (3.1.42)
1+ 9(t) < Mad'(t) (3.1.43)

d(t) —d(s) d'(t) 27 (0(t) — 0(s))

s —os)  wm) ST (3.1.44)

A computation shows that we can choose A = O(h), M; = O(h/e), My =
O(e), and M3 = O(h/e), which yields the error term in (3.1.35). O

The following result relates the distributions of the one-sided first-exit time
7+ (h) and the double-sided first-exit time 75(h).

Lemma 3.1.8. The first-exit time 751, satisfies

POy <t} =2(1 = p)P*°{7:(h) <t} , (3.1.45)
where
0<p< sup P 7 (h) <t}. (3.1.46)
0<s<t

Proof. Let us write 74 as a short-hand for 74 (h), and recall that TB(h) =
7+ A 7_. By symmetry of y?, we have

PO Ao <t} =2[Pry <t} —PO{r_ <7y <t}].  (3.147)
Furthermore, the Markov property implies
PO’O{T, <714 < t} < EO’O{l{ﬂq}PT*’*hV C(T*){ﬂr < t}}

< ]P’O’O{T_ < t} sup P®~hv C(S){7'+ < t}

0<s<t

<PY7_ <t} sup P*{ry <t}, (3.1.48)
0<s<t

where the last line follows from the fact that solutions of the same SDE,
starting in different points, cannot cross. Finally, in the last line, we can
replace PO0{r_ <t} by PO0{r, < t}. O
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Proof (of Theorem 3.1.6). Now the proof of (3.1.32) and (3.1.33) follows from
Lemma 3.1.8 and Lemma 3.1.7, using the fact that

) _ Ty 60) aawye]
o0 [1 & ] ' (3.1.49)

Note that P*:°{r, <t} is bounded by a decreasing function of s. This implies
that the term p in (3.1.45) only contributes to the error terms in (3.1.33). O

Remark 3.1.9. The existence of a uniform lower bound F_ for the diffusion
coefficient F'(z,t) is actually not necessary. It is sufficient that the lower bound
¢_ of the function ((t) defining the width of B(h) be strictly positive, which
can be the case even if Fy(t) vanishes at some points. Then the error terms
may, however, depend on (_.

3.1.2 Nonlinear Case

We return now to a description of the original equation for y, = x; — Z(t, €),
which includes a nonlinear drift term (the noise-dependent diffusion coefficient
having been eliminated by the near-identity transformation of Lemma 3.1.2):

dy, = %[a(t)yt + by, t)] dt + %Fo(t) dw, . (3.1.50)
We may assume the existence of a constant dy such that the bound [b(y,t)| <
M (y? + o?) holds for |y| < dp.*
We will use an approach which is common in the theory of dynamical sys-
tems, and treat the term b as a small perturbation of the linearised equation.
Indeed, the solution of (3.1.50) can be written as the sum

=y +u (3.1.51)

where y? is the solution (3.1.15) of the linearised equation (3.1.14), while

1 t
! :g/ X ®9)/2h(y. s)ds . (3.1.52)
0

As in (3.1.21), we denote by B(h) the strip
B(h) = {(z,t): t € I, |z — z(t,e)] < h\/C(t)}, (3.1.53)

centred in the deterministic solution (Fig. 3.2), whose width scales with the
same function ((¢) as before, cf. (3.1.18). If we can show that as long as
the path x; stays in B(h), the term g} is small compared to y? with high
probability, then the distribution of the first-exit time 734 of x; from B(h)
will be close to the distribution of the first-exit time for the linearised process.
Implementing these ideas leads to the following result.

4The maybe unusual o-dependence of (the bound on) b is introduced in or-
der to handle the new drift terms arising from the transformation of variables
(Lemma 3.1.2).
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B(h)

t

Fig. 3.2. Concentration of sample paths near a stable equilibrium branch z*(t).
The shaded set B(h), shown for h = 30, is centred in the deterministic solution
Z(t,€), which tracks the equilibrium branch at a distance of order e.

Theorem 3.1.10 (Stochastic nonlinear stable case). There exist con-
stants hg,rg, co,c1 > 0 such that, whenever h < hg and

r(h/o,t,a) = % + ée_com/"z <79, (3.1.54)
then
Chyo(tie)e™ =1 /27" POy <t} < Chyo(t,e)e™™+1/27" | (3.1.55)
where the exponents ki are given by

ky =1—c1h,
- ' (3.1.56)
k_=1+cih,

and the prefactor satisfies

Chjolt ) = \/?O‘(t)g (3.1.57)

3

X {1 + o(r(h/a,t,s) tetht @ log(1 + h/a))} .

Proof. As |Yry,, | = h/C(T5(n)), we can write

PO,O{TB(h) < t} _ ]P)o,o{ sup |y3|
0 s<EATB(R) ¢(s)

> h} <Py+P, (3.158)

with
0,0 ‘yo‘
Po = PQ(H()) =P sup —= = HO 5 (3159)
o<s<t /C(8)
1
P, = P/(Hy) = IP’()’O{ sp %L Hl} , (3.1.60)
Oésgt/\TB(h) C(S)
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t

Fig. 3.3. Typical behaviour of a sample path starting at some distance from a
stable equilibrium branch z*(¢). The path stays in the shaded set B(h), centred in
the deterministic solution 3¢ starting at the same point as the sample path. The
deterministic solution converges exponentially fast to the adiabatic solution Z(¢,¢).

for any decomposition h = Hgy + H;. The probability P, has been esti-
mated in Theorem 3.1.6. For P;, we use the following deterministic bound

on |yi]/+/¢(s), valid for all s < 7g(), provided h < hg:=do/+/(+,
Wl 11 G M1 +0?)
Vi) Vs e o VT

Note that we have o < rZh? by Assumption (3.1.54). Thus, choosing H; =
2M (1 + 72)h2C4 /(ap\/C_) implies Py = 0. In addition, H; is significantly
smaller than Hy = h — H; = h(1 — O(h)). Therefore, the contribution of the
nonlinear term causes only an error term of order A in the exponent and in
the prefactor obtained for Fp.

As for the lower bound, whenever Hy — Hy > h, we can bound the prob-
ability below by Py(Hg) — Py(H;). We thus take the same H; as before, and
Hy = h+ H,. 0

/e by, u)| du < (3.1.61)

The result (3.1.55) can be interpreted as follows. For a fixed choice of
h > o, the probability to leave B(h) before time ¢ remains small as long as
la(t)|/e < e"*/2° | that is, up to the order of Kramers’ time. On the other
hand, given a time ¢, paths are unlikely to leave B(h) before time ¢ provided
h? > 202log(|a(t)|/e). Loosely speaking, we will say that typical sample
paths are concentrated in the set B(o).

The difference between the two exponents k4 and x_ in (3.1.55) actually
induces a more important inaccuracy than the error term in the prefactor.
This is due to the fact that we use the same strip B(h) as in the linear case,
although the nonlinear drift term b(y,t) will typically induce an asymmetric
distribution of paths around the deterministic solution.

In Theorem 3.1.10, we assumed for simplicity that z; starts exactly on the
adiabatic solution Z (¢, ). What happens if the initial condition xg lies at a dis-
tance d from Z(0,¢)? For § which are sufficiently small, but may be of order 1,
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the deterministic solution z°* starting in z approaches Z(t,¢) exponentially

fast. The linearisation a(t) = 0, f(28¢*,¢) thus approaches a(t) exponentially
fast, and is bounded away from 0 if § is small enough. One can define a neigh-
bourhood B(h) of z{°, using instead of {(t) a solution C(t) of the equation
ez = 2a(t)z + F(x{°", t)%; the difference ((f) — ((t) decreases exponentially
fast, and thus B(h) overlaps with B(h) as soon as t/e is of order log(d/h),
and for t/e > log(d/h), the difference between the sets becomes negligible
(Fig. 3.3). The same arguments as in the case 0 = 0 then show that (3.1.55)
still holds, with B(h) replaced by B(h). In particular, the exponential decay
of a(t) — a(t) implies that fotd(s) ds = a(t) + O(e), so that the prefactor still
has the form (3.1.57).

To complete the discussion, it is useful to have some information on the
motion far from equilibrium branches, that is, where the drift coefficient f(z,t)
is bounded away from zero. If we assume the diffusion coefficient F'(z,t) to be
bounded away from zero as well, it is always possible to construct a change of
variables which replaces F' by a constant, cf. Lemma 3.1.2 and Remark 3.1.3.
It is thus sufficient to consider the equation

1 o

The following result shows that sample paths starting far from equilibrium
branches are likely to reach a neighbourhood of order 1 of a stable branch in
a time of order €.

Theorem 3.1.11 (Stochastic motion far from equilibria). Assume that
there are constants 69 < d1 and 0 < p < &1 — &g such that f(z,t) < —fo <0
for all x € [6,01 + p] and t € [to,t1]. Let ¢ = 2(61 — o)/ fo and assume
e < (t1 —to)/c. Then

Pt {xs >y Vs € [to,to + ce]} < e—r/20” (3.1.63)
holds with k = fop®/2(81 — &o).

Proof. Define a process x) by

- %(i —to) + %WHO ,  t=to. (3.1.64)

By the comparison lemma (Lemma B.3.2), if §o < 2 < §; + p for all ¢ €
[to,to + cg], then z; < 2? for those t. Consider now the decomposition

(Eg:(gl

]P)t0761 {xs > 60 VS S [t07t0 + CE]}

< Ptoﬁl{ sup Wiy > } 3.1.65
ro<ogiptes v 0P ( )
+ Ptosd {xs > 0o Vs € [to, to + cg, sup <z

Wity < P} .
to<s<totee VE
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The first term on the right-hand side is bounded by e=P*/2¢e® The second
term is bounded above by

Pptod1 {50 <a¥ <8 +p— ?(s —to) Vs € [to,to+ cs]} =0, (3.1.66)

because 61 + p — @(s —tg) < dp for s =ty + ce. a

g

3.1.3 Moment Estimates

The results that we have obtained on the tail probabilities of the first-exit
time 7 also yield, via standard integration-by-parts formulae, estimates of
the moments of 75(,) and of the deviation |x; — Z(t,¢)| of sample paths from
the adiabatic solution.

The following, exponentially large lower bound on the expected first-exit
time is straightforward to obtain, and is in accordance with standard large-
deviation results.

Proposition 3.1.12. Let Assumption 3.1.1 hold with I = [0,00) as time in-
terval. Then

2
B {70 } > f%eﬂ’”/?f (3.1.67)
C

holds for all h < hgy, where ky =1 — O(h) and ¢ is a constant.

Proof. For any time t > 0, we can write

E% {70 } :/0 P {5 > s} ds
t
>/ [1— Chyols,e)e™ /27" ds . (3.1.68)
0

Instead of (3.1.57), we may use the estimate (3.1.30) for the prefactor
Ch/s(8,€), which is less precise but has the advantage to hold for all times s.
Bounding Cj,/,(s,€) by a constant times (s/)(h?/c?), the result follows by
optimising over ¢. O

In order to estimate moments of the deviation x; — Z(t, €) of sample paths
from the deterministic solution, we need to make additional assumptions on
the global behaviour of f and F'. For instance, in addition to Assumption 3.1.1
and the standard bounded-growth conditions, we may impose that

e f and I are defined and twice, respectively once, continuously differen-
tiable, for all x € R and t € I;

e there are constants My, Lo > 0 such that xf(z,t) < —Moz? for || > Lo;

e F(z,t) is bounded above and below by positive constants.
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The assumption of F' being uniformly bounded above and below allows the
transformation of Lemma 3.1.2 to be carried out globally, thereby eliminat-
ing the xz-dependence of the noise coefficient. We can thus still consider the
equation

[a(t)ye + blye, )] dt + \%Fo(t) aw, (3.1.69)
for the deviation y; = x; — Z(t,¢), where b(y, t) is bounded by M (y? + o?) for
small |y].

The assumptions on the large-z behaviour of the drift term allow the
probability of sample paths making excursions of order larger than 1 to be
bounded. Indeed, there are constants L{, M{ > 0 such that y?a(t) +yb(y,t) <
—M/y? for |y| larger than L{ (in the sequel, we shall drop the primes). An
application of the comparison lemma (Lemma B.3.2) then shows that

M | =

dy; =

t
IPO’O{ sup |ys| > L} < C(E + 1) e nL? /207 (3.1.70)

0<s<t

holds, for some constants C, k > 0, whenever L > L.
In this setting, we obtain the following estimate on even moments of y;;
odd moments can then be deduced by an application of Schwarz’ inequality.

Proposition 3.1.13. There exist constants c1,co > 0 such that, for all o
satisfying o|loge| < ¢ and all k > 1,

EOO |y, [V < B+ r(0,e,1)] P o C(0)F (3.1.71)
with an error term satisfying r(o,e,t) < co(o + €t)]loge].

Proof. We consider only the case k = 1, as the other cases can be treated
similarly. Let v = Kol|loge|'/?, for a constant K to be chosen below. Let ¢,
and ¢_ be upper and lower bounds on ((s) valid for 0 < s < ¢t. We may
assume that v2¢; < h3, where hq is the constant in Theorem 3.1.10. Consider
the event

A(y) = { sup 1%l ’y} . (3.1.72)

o<s<t 1/C(8)

We decompose the expectation of y? as E®%{y?} = E; + E,, where

By = EO’O{yflA(V)} R - EO’O{yflA(V)c} . (3.1.73)

The main contribution to the expectation comes from the term F;. Using the
representation y; = vy + y}, cf. (3.1.51), we can decompose it as

1/25 2
E, < (IEO’O{(y?)Q}”2 +]E0’O{(yt1)21,4(7)} ) . (3.1.74)

We immediately have E®%{(y?)?} < 02((t). Furthermore, using the fact that
1b(y,t)| < M(Jy|* + %), we can estimate
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1/2 1 rt ,
]EO’O{(ytl)QlA(v)} <MV +02)f/ c(t:9)/e gg (3.1.75)
€Jo

The integral can be bounded by a constant times €, and since ((t) is bounded
below, we may write

2
By < o¢(t) {1 + M10(1 + ii*ﬂ (3.1.76)

for some constant M7 > 0. The term Fs can be written, using integration by
parts, as

Es, :C(t)/ QZPO’O{ sup 5| 27\/z}dz. (3.1.77)
0 o<s<t v/C(s)

We split the integral at +, hg, and Lo/+/(_, and evaluate the terms separately,
with the help of Theorem 3.1.10 and (3.1.70). This yields a bound of the form

By < C(t)CC + 1) (3.1.78)

2 2 2
% |:(72 + :)e—n+72/202 + %e—n+h3/2o2 + 2%8—%[/3/20'2
+

Now choosing the constant K in the definition of « sufficiently large allows
F5 to be made negligible with respect to Fj. O

3.2 Unstable Equilibrium Branches

An overdamped particle, starting near a local maximum (or barrier) of a fixed
potential, moves away from the barrier with exponentially increasing speed
— unless it starts exactly on the top of the barrier: Then it just sits there
forever. The slightest amount of noise, however, destroys this effect, by kicking
the particle to one side or the other of the barrier, thereby accelerating the
first phase of its escape. We will now consider the analogous situation for
slowly moving potential barriers.
We consider in this section the SDE

da, = éf(xt,t) dt + %F(zt,t) aw, (3.2.1)
in the case where f admits a uniformly hyperbolic unstable equilibrium branch
x*(t). This is equivalent to assuming that the potential U(z,t) admits a strict
local maximum at x*(¢) for all times t. We thus require the same hypotheses
as in Section 3.1 to hold, except for the stability assumption which is replaced
by its converse.
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Fig. 3.4. Overdamped particle in equilibrium near a slowly moving potential barrier.

Assumption 3.2.1 (Unstable case).

e Domain and differentiability: f € C*(D,R) and F € C*(D,R), where D is
a domain of the form

D={(z,t):tel, di(t)<z<dat)}, (3.2.2)

for an interval I = [0,T] or I = [0,00), and two continuous functions
dy,dy : I — R such that do(t) — dy(t) is positive and bounded away from 0
in I. We further assume that f, F and all their partial derivatives up to
order 2, are bounded in absolute value by a constant M, uniformly in D.5

e Equilibrium branch: There is a continuous function x* : I — R such that
di(t) +d < z*(t) < dao(t) — d for some d > 0, and

flz*(t),t) =0 vtel. (3.2.3)

o Instability: Let a*(t) = O, f(x*(t),t). There exists a constant af > 0 such
that
a*(t) = ab Viel. (3.2.4)

e Non-degeneracy of noise term: There is a constant F_ > 0 such that
F(z,t) > F_ Y(z,t) €D. (3.2.5)

In the deterministic case ¢ = 0, Fenichel’s theorem (cf. Theorem 2.1.8)
can be applied and yields, as in the stable case, the existence of an invariant
manifold given by a particular solution

a*(t)
a*(t)

Z(te) = a*(t) +¢ + O(£?) (3.2.6)
of the deterministic equation. In contrast to the stable case, the adiabatic
solution precedes the unstable equilibrium x*(¢) (Fig. 3.4). This is similar to
a juggler’s movements when balancing a pool cue while walking around.

5Several results remain true if F is only once continuously differentiable, but the
assumption F' € C?(D,R) makes life simpler as it allows the z-dependence of F' to
be removed without introducing remainders of order ¢ in the drift term.
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oc=5-10"°

Fig. 3.5. Escape of sample paths from an unstable equilibrium branch. For each of
three different noise intensities, paths are shown for five different realisations of the
Brownian motion.

The invariant manifold is repelling. In fact, we can apply Tihonov’s theo-
rem (cf. Theorem 2.1.7) to the deterministic equation with reversed time, to
show that solutions approach Z(t, ) exponentially fast when looking backwards
in time. This exponential instability also implies that the time needed for
neighbouring solutions to depart from Z(¢, €) depends on their initial distance
Yo = 2o — &(0,¢). When |yo| is sufficiently small, the distance y; = x; — Z(¢, €)
behaves approximately like yoe™*/¢ and thus its absolute value reaches
order 1 in a time of order ¢|loglyo||. However, this time can be of order 1,
if |yo| is exponentially small, which is the basic mechanism responsible for
bifurcation delay.

In the presence of noise, y; obeys, as in the stable case, an equation of the
form

[a(t)ye + blys, )] At + —=Fy(t) AW, (3.2.7)

d =
Yt \/E

m | =

where, as before,

a(t) = 0, f(Z(t,€),t) + O(c?) = a*(t) + O(e) + O(c?)
Fo(t) = F(z(t,e),t) . (3.2.8)

The remainder satisfies |b(y,t)| < M|y|?, for sufficiently small y. If the diffu-
sion coefficient F'(y,t) is position-dependent, we transform it into the purely
time-dependent coefficient Fj(t), using the same arguments as in Lemma 3.1.2;
this slightly affects the value of M and accounts for the o?-dependent term
in a(t).

The dynamics is dominated by the diffusion term as long as |y| < op(t),
where p(t) = Fy(t)/+/2a(t). For larger |y|, the drift term takes over and helps
push sample paths away from the equilibrium branch. Our aim is to show that
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for o > 0, paths will typically leave a neighbourhood of order 1 of Z(t, €) after
a time of order ¢|logo| already, independently of the initial distance to the
unstable solution (Fig. 3.5). Below we present estimates of decreasing degree
of precision in three different regimes:

e In Section 3.2.1, we use results on small-ball probabilities for Brownian
motion to show that for h < o, sample paths leave a neighbourhood of
size hp(t) of Z(t,) as soon as a(t fo s)ds > (4/72)eh? /o>

e For slightly larger h, namely o < h < \/3 a neighbourhood of size hp(t)
is left in a time of order elog(h/c).

e Section 3.2.2 extends the results to the escape from a neighbourhood of
order 0, where ¢ is sufficiently small but independent of o; this escape
typically occurs after a time proportional to €log(d/o).

3.2.1 Diffusion-Dominated Escape

Consider first the solution ¢ of the linearised SDE

1 o
dy? = ~a(t)y? dt + —=Fy(t) dW, , 3.2.9
Yt - (t)y; dt + NG o(t) t ( )
obtained from (3.2.7) by omitting the nonlinear drift term b(y,t). As in Sec-
tion 3.1.1 above, we can take advantage of the fact that 3 is a Gaussian
process with zero mean and variance

t
Var{y} = = /Oe“(t’s)/sFo(s)st, (3.2.10)

where a(t,s) = f: (u) du. In contrast to the stable case, however, Var{y?}
grows exponentially fast in time. An integration by parts shows that

Var{y]} = o?e** /= [p(0)? — p(t)?e 72>/ 1+ O(e)] (3.2.11)
where Aot
I
)= s (3.2.12)

The behaviour of the variance is thus given by
t
202p(02 2D [1 4 O(t/e) + 0()] fort < e,
Var{y}} = ©
o?p(0)2e>*/e[1 4+ O(e™22M)/e) + O(e)], fort>e
3.2.13)

The standard deviation of 3 reaches hp(0) as soon as «a(t) ~ eh?/20? if
h < o, and as soon as a(t) ~ elog(h/o) if h > o.
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A similar behaviour can be established for the sample paths of the non-
linear equation (3.2.7). We denote by 7s(;) the first-exit time of y; from the
strip

Sh)y={(y,t):tel, |y <hp)}. (3.2.14)
The main result of this section is the following upper bound on the probability
that y; remains in S(h) up to time ¢.

Theorem 3.2.2 (Stochastic unstable case — Diffusion-dominated es-
cape). Assume |yo| < hp(0).

o Ifh <o, then for any time t € I,

P o > 0} < ef w0 L 2

where the exponent k(h/o) is given by

72 o2 h €
h =——=|1-0(—,/14+ — . 3.2.16
/o) = T 7212051+ 355 (3:210)
o Let u >0, and define C, = (2 + p)~ 12 Then, for any h such that
o < h < (Cuo)3+W/CHe) " and any time t € 1,

€

PO¥ {75y >t} < (Z)Mexp{—mua(t)} , (3.2.17)

where the exponent k, is given by

Ky = ﬁ {1 - 0(32“) - 0(@)} . (3.218)

Relation (3.2.15) shows that most paths will already have left S(h) for
times t such that a(t) > ex(h/o) L.

Estimate (3.2.17) allows the description to be extended to slightly larger
h, up to all orders less than /o. It shows that most paths will have left S(h)
whenever a(t) > (1 + p) log(h/o), where the admissible values for p depend
on h. For any v € (1/2,1), the choice p = (2v — 1)/(1 — v), which yields an
exponent «, close to 2 —1/v, allows h to be taken up to order o”.

Remark 3.2.58. As h approaches o from below, Estimate (3.2.15) ceases to be
applicable as the error term in (3.2.16) is no longer small. To close the gap,
we will derive the additional estimate

a(t) 1 —O((h+¢e)h?/o?) }
e log(1+ (2¢/m)h2/c2) |’

PO% {154 >t} < \/éexp{— (3.2.19)

valid for all A < o and all ¢t € I; see Proposition 3.2.6 below.
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The proof of Theorem 3.2.2 is based on the following consequence of the
Markov property, which we will use several times in the sequel.

Lemma 3.2.4. Let 0 = sg < 81 < --- < sy =t be a partition of [0,t]. For
k=1,...,N, let

P,=  sup ]P’S’“l’y{ sup s| < h} . (3.2.20)
ly|<hp(sk—1) Sp—1<S<Sk p(s)
Then
|ys| -
Po’y"{ su < h} <|I~A 3.2.21
Ogslit P(S) kl;[l " ( )

holds for any yo such that |yo| < hp(0).

Proof. Denote by Ay the event on the right-hand side of (3.2.20). As a direct
consequence of the Markov property, the probability in (3.2.21) can be written
as

PO:%o {ﬁl Ak} _ EO:yo{l{mkNgl Ak}IPSNil’ySNil {AN}}

N-1 N

< PNIPO,yo{ N Ak} < <[] (3.2.22)
k=1 k=1

O

Note that by taking the supremum over all y in (3.2.20), we overestimate
the probability. A more accurate bound would be obtained by integrating over
the distribution of y,, at each k € {1,...,N}.

The main point in proving Theorem 3.2.2 is to choose an appropriate
partition. Its intervals should be large enough to allow the linearised process
to leave S(h) with appreciable probability, but small enough to allow the
influence of the nonlinear drift term b(y,t) to be bounded.

We start by treating the case h < ¢. The key idea is again that the lineari-
sation yf is, at least locally, well approximated by the Gaussian martingale
e~/ €99 which is equal in distribution to the time-changed Brownian mo-
tion WVar(ew@)/gy?). Using the Brownian scaling property and a standard
estimate on small-ball probabilities for Brownian motion, cf. Appendix C.2,
we obtain, for small ¢ and h,

PO{[y| < hp(s) Vs < t}

~ PO’O{|WVar(C7a(s)/5yg)| < hp(O) Vs < t}

— ]P’O’O{ Var(e=*(M/y) sup [W| < hp(O)}
<s<1

<s

72 Var(e=*()/=¢)0 72 a(t) o?
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Making the argument rigorous and applying it to each interval of the partition,
yields the following result, which in turn implies (3.2.15) and (3.2.16).

Proposition 3.2.5. Assume h < o and |yo| < hp(0). Then, for any t € I,

BOW {75 > }geXP{TaS)Zi{lO(Z 1+a§t)>” (3.2.24)

Proof.

e Let 0 =35y < 81 <--- < 8y =t be a partition of [0,¢]. We again choose
this partition “equidistant with respect to o, that is, we require

sk, Sp—1) = €A for 1<k<N= {O;(At)—‘ , (3.2.25)

with A > 0 to be chosen later. On each time interval [s;_1, si], we write
the solution y, of (3.2.7) as the sum y, = y%° + y*1, where

yfﬂzysmammwf/ @ (5/% Fy () AW,
1 S

A AL (32.20
Sk—1

Then the quantity Py, defined in (3.2.20), can be decomposed as

P, < sup  [Pyo(y, Ho) + Pin(y, Hi)] , (3.2.27)
lyl<hp(sk—1)
where
— Sk—1,Y . ‘yf’ol
Pyo(y, Ho) =P sup  ——— < Hy o, (3.2.28)
Sk—1<8<sk p(S)

lyb| |ys|
Py 1(y, Hy) =Poe-1¥ sup 5 > Hy, sup — <hy,,
Sp—1<8<Sk p(S) Sp—1<8<Sk p(s)

provided Hy, Hy > 0 satisfy Hy — H; = h.

e Since only those sample paths ys which do not leave S(h) during the time
interval [sg_1,Sk), contribute to Py 1(y, H1), the effect of the nonlinear
term b(y,t) can be controlled. Note that for all sufficiently small h and all
S € [Sgp—1,Sk),

1 3 (s, u
e | €2 [ UM (0 du
Sk—1
2

< Mh? [eA — 1] sup pu)
Sp—1SUK Sk a(u)

(3.2.29)
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Thus, for h < hg, any k and all s € [sg_1, sk ), by our choice of the partition,

H
W < Mh2[e? —1][14 O(eA)] su Mz:fl.
p(s NTs(n)) : I 2] 0cuce a(u) 2

k,1
|ys/\7'5(h) ‘

(3.2.30)

This ensures Py 1(y, H1) = 0 provided we take Hy > H;.

To estimate the contribution of the Gaussian process y*°, we approximate
it locally, that is separately on each time interval [s;_1, sg), by a Gaussian
martingale. The latter can be transformed into standard Brownian motion
by a time change. Finally, it remains to bound the probability of Brownian
motion remaining in a small ball: For |y| < hp(sg—1),

k0
Py o(y, Ho) < Pro(0,Hp) = Pskl’o{ sup v, | < Ho}
SEp—1<8<sg p(s)

< Porr0femalose)/ey b0 < Hop(s) Vs € [sp—1, su] }

< ]P)Skl’o{ sup |W’Dk(3)/’5k(sk)‘ < Rk(H07U)} , (3.2.31)

Sk—1X8<Sk
where "
Ri(Ho,0) = "20,(s,)" > sup  p(s) (3.2.32)
o Sp—1<s< sk

depends on the variance 0?9, (s) of the approximating Gaussian martingale

e (s:sk-1)/e9 k0 Thig variance satisfies
0_2 Sk
0’2’(_)k(5k) — 7/ 672a(u,8k—1)/6F0(u)2 du
€ Jspa

120 e e PB)
zZ 0 p(Sk) |: e ]Skfluglsgsk p(Sk)Q ’

2

(3.2.33)

and, by our choice of the partition, the infimum in this expression behaves
like 1 — O(a(sg, sk—1)) =1 — O(eA). Thus,

Re(Ho0) < 22 [1 —e22) (14 O(e)] = R(Hy, 03 4) . (3234

Now Corollary C.2.2 on small-ball probabilities for Brownian motion im-
mediately implies

4 .
sup  Proly, Ho) < 2T /8R(Ho,05A) (3.2.35)

ly|<hp(sk—1)

We fix H; = H;. For small values of A, we have Hy = h + H; =
h[1 + O(hA(1 + O(A)))], and 1/R(Hy,0; A)? > 2A(c%/h?)[1 — O(A)]
follows. Denoting the right-hand side of (3.2.35) by ¢(4) and drawing
on Lemma 3.2.4, we can bound the probability of 75(;) exceeding ¢ by
q(A)YN~1. We use the trivial bound 1 for Py, since the last interval may
be too small for Py to be small. Optimising the error terms leads to the
choice A = (14 ¢/a(t))~*?h/o, which implies Estimate (3.2.24). O

3
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We now turn to larger values of h. The previous proof is limited by the
fact that the key estimate (3.2.35) requires R(Hp,o;A), and thus h/o, to
be of order 1 at most. A more robust, though less precise, bound can be
obtained from an endpoint estimate. At any fixed time ¢, the probability that
the Gaussian process ) lies in a small ball of radius hp(t), satisfies

0,0f1,0 1 . hp(t) 2hp(t)
POyl < ho(t)} =1 2<I>( NCTT )<\/2ﬂvar{y} (3.2.36)

where the variance Var{y?} of ¢? is given by (3.2.11). Applying similar esti-
mates on each interval of the partition leads to the following bounds, which
complete the proof of Theorem 3.2.2 and Estimate (3.2.19) of Remark 3.2.3.

Proposition 3.2.6. Assume |yo| < hp(0). Then, for allh < o andt € I,

a(t) 1—O((h+¢)h?/o?)
e log(1+ (2e/m)h?/c?) } . (3.2.37)

PO¥% {rsm =t} < eexp{

Furthermore, for any p >0, 0 < h < (0/(2 + p)T#/2)H+m/C+Hm) gnd t € T,

POv {rsm) >t} < () exp{—ﬂ#af)}, (3.2.38)

where

Fu= 1 i‘ . {1 - 0(51’“‘) - O(W)] . (3.2.39)

Proof. The beginning of the proof is the same as for Proposition 3.2.5. The
main difference lies in the choice of the spacing €A of the partition of the
time interval [0, ¢], defined implicitly by (3.2.25). While in the previous proof
we were able to choose A small, this is not possible for larger regions. This
results in the estimate (3.2.31) on Py o(y, Ho) not being precise enough. Thus
we start the proof by estimating Py, o(y, Ho) differently.

e Replacing the supremum of the (conditionally) Gaussian process y*° by
its endpoint yk 0 shows, for 1 <k < N,

Pro(y, Ho) < P**=¥{|yl%| < Hop(sk)} (3.2.40)
_ q)( ye? + Hop(s) ) _ q,( ye? — Hop(sy) )
o2v(Sk, Sk—1) o2v(Sk, Sk—1) ’
where the (conditional) variance o?v(sy, sy_1) of the endpoint yf};o satisfies

2
o2v(sp, Sp_1) = eQQ(S’“’S"‘*l)/E@k(sk) > o2 p(s)? [62471} inf As)
Sk—1X8<5k p(

k)’
(3.2.41)

bl
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cf. (3.2.33). Using the fact that in (3.2.40), the supremum over y is attained
for y = 0,8

2Hop(sk) Ho —1/2 p(sk)
Proly, Ho) < 27r02 sk Sk—1) o - s SI<lp< p(s)
9 k—1XSXSk

(3.2.42)
follows for all y satisfying |y| < hp(sg—1). Finally, by our choice of the
partition, the supremum in the preceding expression can be bounded by
L+ O(a(sk,sk—1)) = 1+ O(e4).

We choose H; = H;, where H; is defined in (3.2.30), so that the nonlinear
term becomes negligible, while Hy = h[14+O(h[e? —1][1+O(A)])]. Then,
for 1 <k < N, Py is bounded above, uniformly in &, by

2h _
q(A) = \/;U (22 1] 2 [140(eA)+ O(h(e® —1)(1+2A))] . (3.2.43)
We use again the trivial bound 1 for Py, since the last interval may be too
small for Py to be small. By Lemma 3.2.4, we obtain the upper bound

PO {75y >t} < q(A)leXp{—ait)lOgQ(AA)l} . (3.2.44)

The remainder of the proof follows from appropriate choices of A. In the
case h < o, the choice

A=tiog(14 » (3.2.45)
*2 g 70_2 e

with v = 2e/7 yields ¢(A) ~ 1/1/e, and implies (3.2.37). In fact, a better
bound can be found by optimising log q(A)~!/A over . The optimal ~y
is always larger than 2e/w, and tends towards 2e/m as h?/o? — 0; for
h?/o? — 7/2, the optimal « diverges, and log q(A)~!/A tends to 1. In the
case h > o, the choice

1+p h?
A= 5 log (l +p+ (72> (3.2.46)
yields
2 /h\ H o2\ ~Hn)/2
Ay </ —| — 1 —
q9(4) ﬂ(g) ( +uh2>
B2\ (1+m)/2
X [1+(’)(5A) +O(h<1+u+ 2) )} . (3.2.47)
o
The result (3.2.39) then follows from elementary computations. O

®Note that for y # 0, Py0(y, Ho) is approximately Py o(0, Ho)e_y2/2"2p(s’<)2.
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Remark 3.2.7. The term p/(1 + p) in the exponent of (3.2.39) is due to the
fact that we take the supremum over all y in (3.2.27). In fact, the probabil-
ity to remain in S(h) during [sk_1, sx] decreases when y,, _, approaches the
boundary of S(h). A more precise estimate would be obtained by integrating
over the distribution of y,, _, at each si_;, which should decrease each P} by
a factor h/o. However, in the sequel we will consider the escape from a larger
domain, where the drift term is no longer close to its linearisation, and we
will not obtain the optimal exponent anyway.

3.2.2 Drift-Dominated Escape

Theorem 3.2.2 implies that paths will typically leave a neighbourhood of order
h > o of the unstable invariant manifold = Z(¢,¢) after a time of order
elog(h/o). However, the result is valid only for h of order less than o'/2. We
will now extend the description to larger neighbourhoods, of the form

K@) ={(.t):tel, ly| <d}, (3.2.48)

where § will be chosen small, but independently of o. As soon as paths have
left the small strip S(h), the drift term will help push the sample paths further
away from Z(t,€). In fact, for ¢ small enough, we may assume the existence
of a constant kK = k(J) > 0, such that the drift term satisfies

la(t)y +b(y, )| = ra(t)]y| (3.2.49)
for all (y,t) € K(0). We set a,(t) = ka(t), ax(t) = ka(t), and define

_ k@ 1
pr(t) = NeRol \/Ep(f) . (3.2.50)

We also introduce the shorthands

pr(t) = if pus),  pult) = Oigrétpm(S) : (3.2.51)

The following theorem is our main result on the first-exit time 7x(5) of y; from

K(5).

Theorem 3.2.8 (Stochastic unstable case — Drift-dominated escape).
Fiz 0, k and p in such a way that (3.2.49) holds and pn > k/(1—k). Then, for
any T > 0, there exist eg > 0 and L(T, 1) > 0 such that, for all € < &g, all

L(T, p)

all t € (0,T), and for any initial condition (yo,0) € K(d), the bound

1) 6] (t) e_an(t)/e
0,90 b w/2 ol
PO {7c(5) 2 1} < O(t)~logee] (1 + = ) —— s (3253)
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O(t) = \/zp:(t) (;%)M . (3.2.54)

The probability in (3.2.53) becomes small as soon as

holds, with

§
ka(t) = a(t) > Elog(a> + E%log|log5| , (3.2.55)

where the second term on the right-hand side hardly matters because of Con-
dition (3.2.52). The optimal choice of x and p depends on the particular
situation. Generically, (3.2.49) is satisfied for some x € (0,1), and thus it is
best to choose the smallest possible u. In certain cases, however, Kk = 1 may
be a possible choice, but the need to take a finite g imposes a choice of kK < 1
for the theorem to be applicable.

The estimate (3.2.53) holds for ¢ of order 1 only. To extend it to even larger
values of ¢, we can use the Markov property to restart after a finite time 7.
This gives the following bound.

Corollary 3.2.9. Fix a T of order 1. Then, under the assumptions of Theo-
rem 3.2.8, for any initial condition (yo,0) € K(5) and for allt > T

PO L5y 2t} < exp{—a';(t) [1—O(elloge|) — O(e|1oga)}} , (3.2.56)

where the O(-)-terms depend on pu, T, C(T) and §.

The main idea of the proof of Theorem 3.2.8 is to compare solutions of
the original equation for y; with those of the linear one

1 o

Given an initial time s and an initial condition yg, the solution of (3.2.57) is
a Gaussian process of variance

2t
0?v.(t, 8) = %/ e2entw/e B(u)? du . (3.2.58)

S

A trivial bound for the function v, (¢, s), is given by

Bm(t)Qeza“(t’S)/E[l _ ef2a,ﬂ(t,s)/s] < ’Uﬁ(t,s) < ,5,.;(15)2620"‘@’8)/6 ) (3259)
Assume now that y; has left the small strip S(h) through its upper boundary
at time 7g5(). As long as y; remains positive, the comparison lemma B.3.2
shows that y; stays above the solution y; of the linear equation (3.2.57),
starting at the same point. In particular, if y; leaves K(0) without returning
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Yt

S(h)

TAL t
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W WW TS(h) T0 TK(5)
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Fig. 3.6. Assume the path y; leaves the diffusion-dominated region S(h) through its
upper boundary at time 7). For larger times, it is bounded below by the solution
y¢ of the linear equation (3.2.57), starting on the boundary at time 7s(), as long
as y¢ does not return to zero.

to zero, then y; must have left K(J) already at an earlier time (Fig. 3.6). We
will express this with the help of the stopping time

7§ = inf{u: yf <0}, (3.2.60)
which satisfies the following relation.

Lemma 3.2.10. Assume the original and linear processes y; and yy both start
in some yo € (0,9) at time s. Then, for all times t > s,
)

ps:volr >t >t < —m — . 3.2.61
{ K@) 0 } 2ro?v,(t, 8) ( )

Proof. By the choice of x, the comparison lemma B.3.2 implies y; > y; for all
t < 75y ANinf{u > s: y, > 0}. As a consequence, y; cannot reach 0 before yf°
does. Therefore,

P*Y {1cs) = t,7¢ =t} <POY{0 <yl <6 Vu € [s,1]} (3.2.62)

which is bounded above by P% {yF € [0,]}. Now, the result follows from
the fact that y is a Gaussian random variable with variance o2v,(t,s). O

Next we bound the probability that y; returns to zero before time t. The
following lemma actually provides more precise information on the law of 7§
We will apply it for initial conditions satisfying yo = hp(s).

Lemma 3.2.11. Let y¥ start in yo > /20p,(t) at initial time s. Then, the
probability of reaching zero before time t > s, satisfies the bound
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Povo {7 et 3.2.63
s:90 t} < expd — 2.
{TO < } exp{ 202v,(t, s) } ( )
Moreover, the density V" (t;s,yo) = %]P’S“y0 {7§ < t} satisfies
—ag(t,s)/e -
U (t;5,0) < \/z@a“(t)eie*yg/%zpmg : (3.2.64)
mo € Vg (ta 5)
Proof. Let us introduce the shorthand
2,20 (t,s) /e 2 1
= _ Y%°¢ Yo
202v,(t,s) ~ 202 pe(t)? ( )
The reflection principle (Lemma B.4.1) implies that
Proefry <t} = 2P {yy <0} 2‘1>< yOe%(tVS)/E) <e ®,  (3260)
) Th < = ) < = — e ~, L.
0 v o\/Us(t,8)
which yields (3.2.63).
Using the fact that v, (t, s) satisfies the differential equation
1
av,{(t, s) = - 24, (t)vi(t, s) + Fo(t)?] , (3.2.67)

facilitates taking the derivative of (3.2.66), and yields

2 _:a _ eam(t,s)/s
¢H(t§say0) = —=¢ HiL

NGl T o e
2
_ \/5101%@)6_%(@8)/556—5 , (3.2.68)

T Yo € \/vk(t,s)

The bound (3.2.64) then follows from the fact that the function = — Ze™=
is decreasing for = > 1.

O

These results already yield a bound for the probability we are interested
in, namely

5 o—an(tss)/e h? p(s)?
pohe(s) >t} < T 252 '

SCOESY Varopn() Vi—o 2aiae | P\ 202 5 (1)
(3.2.69)

The first term decreases in the expected way, but the second is at best
e—h?/207 > e_l/z(’, as we cannot choose h of larger order than o1/2. In order
to improve this bound, we have to take into account the fact that even when
returning to zero, paths will again be expelled of S(h), cf. Theorem 3.2.2; this
substantially decreases P*"0(5) {75 > t}.
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Proof (of Theorem 3.2.8).

e We first introduce some notations. We want to choose h slightly larger

than o; so we set
h =~o+/|loge| , (3.2.70)

where a suitable v of order 1 will be chosen below. One easily checks
that for such a choice, the condition on A in Theorem 3.2.2 follows from
Condition (3.2.52) on o. The various exit probabilities, used in the sequel,
are denoted by

Dy(s,y) =P {1c(5) >t} , (3.2.71)

@(s) = sup  P(s,y), (3.2.72)
ly|<hp(s)

Qu(s) = sup  Py(s,y) - (3.2.73)

hp(s)<lyl<o
When applying Lemma 3.2.10, we will use the shorthand
e—an(t,s)/e
V1 — e—20ax(ts)/e

We will start by estimating ¢:(s) as a function of (a bound on) @Q;. This
bound is then used to find a self-consistent equation for @;, which is solved
by iterations.

e Without loss of generality, we may assume that y; starts in y > 0. Consider
first the case 0 < y < hp(s). The strong Markov property allows us to
decompose

Dy(s,y) =P {75y =t} + PV {7c(5) 2 t, Ts() < t}

h g —a s)/e s
< (0’) e—an(ts)/e 4 | ’y{1{7—5<h)<t}Qt(TS(h))} , (3.2.75)

g(t,s) = (3.2.74)

where we used Theorem 3.2.2 on the diffusion-dominated escape to es-
timate the first term on the right-hand side.” Let Q,(u) be an upper
bound on @Q;(u) which is continuously differentiable and non-decreasing
as a function of u, and takes values in [0, 1]. Using a suitable variant of
the integration-by-parts formula (see Appendix B), the second term on
the right-hand side is seen to be bounded by

I
<h> emon(bo)le 4 ()/Qt )20 antus)/e gy (3.2.76)
g

We thus obtain the bound

qe(s) < <h> [Qe_a“(ﬂ/s / Q,(u ( ) eon(WS)/eqyl . (3.2.77)

g

"Recall that we have chosen p and & in such a way that r,, as defined in Theo-
rem 3.2.2, is larger than x for sufficiently small e.
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We turn now to the case hp(s) < y < J. Here we can decompose
By(s,y) =P 1ic(5) = t, 75 2t} + P {15y 2t 75 <t}, (3.2.78)

where Lemma 3.2.10 provides a bound for the first term on the right-hand
side. Again using the strong Markov property, the second term can be
bounded by

]P’S,l/{q—,c( >t Ty <t} Es’y{l{T )P T Yrg {TIC(5) t}}
t
< / [q:(u) + Q,(w)] Y™ (u; s,y)du,  (3.2.79)

where the density " (u; s,y) of 7§ can be estimated by Lemma 3.2.11.
In order to proceed, we need to estimate some integrals involving g(t, u)
and g(u, s). The first estimate is

1t 1 [t
g/ ap(w)e™ =/ gy, s) du < g/ ak(uw)g(u, s)du < g (3.2.80)
Let ¢ = e~ =(t5)/e Then, using the change of variable e=2%x(w:s)/e —
2(1 — ¢%) + ¢%, we can compute the integral
1/t ¢/ ™
= —ax(u,s)/e m
ax(u t,u)g(u,s)du = .
= [ astue g(t. u)g( m =T
(3.2.81)

A third integral can be estimated with the help of the change of variables
332 —1— e—2am(t,u)/5:

2

1 ‘ —ay (u,s -7 da
g/s a(w)e™ W)/ gt ) du < qs/ 1= (3.2.82)
? g - —& < ¢lo g (1 + N(t’S))e_o"’”(t’s)/s .
2 \ /1 — @2 ¢ €
We now replace ¢:(u) in (3.2.79) by its upper bound (3.2.77), and use

Lemma 3.2.11 to estimate the density ¥" (u; s, y). With the help of (3.2.80)
to bound the integrals, one arrives at

Q4(s) < Cog(t, s) + ce™ =)/

o (1) — 11
+ c/ - iu) Qy(u)emonlws)/e b + ;9(% s)| du,  (3.2.83)

where

1+p —
c=c(t,s) = 27m(h) L(t)e*“mﬁn(tf/%?ﬁn(tf
o

(3.2.84)
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Taking o sufficiently small, we may assume that Cy > 5. Furthermore, the

choice
N = 2 pu(t)
f pr(t)
guarantees that c(1 + ay(t,s)/e) < 2/5 for 0 < s <t < T and sufficiently

small e (recall that smaller ¢ implies larger h by our choice of h).
e We construct by iteration two sequences (a,)n>1 and (b, )n,>1 such that

(3.2.85)

Qi(u) < Cog(t,u) + ane =EW/E L b Wy € [s,1] (3.2.86)

holds for all n > 1. Using Q,(u) = 1 as a trivial bound in (3.2.83) and
applying (3.2.80) again, we see that (3.2.86) is satisfied with

ap =c and by=c. (3.2.87)

Replacing Q,(u) by the right-hand side of (3.2.86) shows by induction that
the same bound holds for n — n + 1 if

i1 = c[l + C;O (2 + a“?‘”) + %” (1 + a’“(js)ﬂ . (3.2.88)

b1 = cby, . (3.2.89)

Since A:=¢(1 4+ am(t,s)/s)/Q < 1/5, we obtain

. Co\y 1
Jim an = o [ACO +e(1+ 7)] <30+C0), (3.2.90)
lim by, =0, (3.2.91)
and thus

Quls) < Coglt,) + {1+ Ca)e™ /5 < S(1 4 3Ca)glt.s) . (3292)

Combining this estimate with the bound (3.2.77) for ¢(s) finally yields the
result, by taking the maximum of the bounds on Q¢(s) and ¢:(s), using
Cy = 5 and the definitions of A and ~. O

3.3 Saddle—Node Bifurcation

Up to now, we have considered the dynamics near uniformly hyperbolic, stable
or unstable equilibrium branches. We turn now to new situations, arising when
hyperbolicity is lost as one approaches a bifurcation point. In the picture of
an overdamped particle in a potential, this situation arises, for instance, when
a potential well becomes increasingly flat, until it disappears altogether in a
saddle-node bifurcation (Fig. 3.7).
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/7

Fig. 3.7. Overdamped particle in a potential undergoing a saddle-node bifurcation.

We consider in this section the SDE

1
day =~ f(ae,t)dt + %F(mt,t) aw, (3.3.1)

in the case where f undergoes an indirect saddle-node bifurcation at (x,t) =
(0,0). Precisely, we will require the following.

Assumption 3.3.1 (Saddle—node bifurcation).

e Domain and differentiability: f € C2(D,R) and F € C*(D,R), where D is
a domain of the form

D={(z,t): |t| <T, |z| <d}, (3.3.2)

with T, d > 0. We further assume that f, F' and all their partial derivatives
up to order 2, respectively 1, are uniformly bounded in D by a constant M .
e Saddlenode bifurcation: The point (0,0) is a bifurcation point,

£(0,0) =0, f(0,0) =0, (3.3.3)
satisfying the conditions
9:(0,0) <0 and 0:21(0,0) < 0. (3.3.4)
e Non-degeneracy of noise term: There is a constant F_ > 0 such that
F(x,t) > F_ V(z,t) €D. (3.3.5)

We can always scale z and ¢ in such a way that 9;f(0,0) = —1 and
0.2 f(0,0) = —2, like in the simplest example f(x,t) = —t —x2. As mentioned
in Section 2.2.2, by decreasing T and d if necessary, we can guarantee that
f vanishes in D if and only if (x,t) belongs to one of the two equilibrium
branches z% : [~T,0] — [~d, 0] or z* : [-T,0] — [0,d], which satisfy

2 (t) = TVt [1+ 0:(1)] - (3.3.6)
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Here the signs + refer to the linearisation of f, which obeys the relations

at (t)=0u f(x (), t) = £/]t|[1 + 0r(1)] - (3.3.7)

Thus the equilibrium branch z* () is stable, while 27 () is unstable.

The main result of Section 2.2.2, Theorem 2.2.2, describes the behaviour of
a particular solution Z(t, €) of the deterministic equation. This solution tracks
the stable equilibrium branch at a distance increasing with time, and reacts
to its disappearance only after a delay of order €2/3. More precisely,

T(t,e) — ™ (t) < % for =T <t < —coe?/?, (3.3.8)

Z(t,e) < gl/3 for —coe?/? <t <ty =123 , (3.3.9)

for some positive constants cg, ¢;. Moreover, Z(t,e) reaches —d at a time of
order £2/3.

Let us now consider the effect of noise on the dynamics. Since we work
in a small neighbourhood of the bifurcation point, it is convenient to use
coordinates in which the diffusion coefficient is constant.

Lemma 3.3.2. For sufficiently small d and T, there exists a change of vari-
ables ¥ = x/F(0,t) + O(2?) + O(0?) + O(e) transforming Equation (3.3.1)
mto 1

- 5 o

where f satisfies the same assumptions as f.

Proof. Define the function

T odz x
h(z,t) = = O(z?) . 3.3.11
w0 = | Fog ~ Fog O (3341
Then It6’s formula shows that Z; = h(wx,t) satisfies an equation of the
form (3.3.10) with a drift term given by
7 f(xa t) 2
h(z,t),t) = . 3.12
F(h(z.1).6) = 255 + O(0*) +O(e) (3:3.12)

The corresponding deterministic system admits a saddle-node bifurcation
point in a neighbourhood of order o2 + ¢ of the origin, as can be checked
by a direct computation, using the implicit-function theorem. It can also be
seen as a consequence of the structural stability of the saddle—node bifurca-
tion. It then suffices to translate the origin to the new bifurcation point, and
rescale space and time, in order to obtain a drift term with the same proper-
ties as f. O
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In the sequel, we will simplify the notation by considering Equation (3.3.10)
without the tildes.® For negative ¢, bounded away from 0, the results of Sec-
tion 3.1 show that sample paths are concentrated in a neighbourhood of order
o of Z(t,e). The main obstacle to extending this result up to ¢ = 0 is that
the uniform stability of z* (¢) is violated, since the curvature at the bottom
of the potential well tends to zero. As a consequence, the spreading of sample
paths will increase. For strong enough noise, paths are even likely to reach
and overcome the potential barrier, located in x% (t), some time before the
barrier vanishes.

We will divide the analysis into two steps. In Section 3.3.1, we extend as
far as possible the domain of validity of Theorem 3.1.10 on the concentra-
tion of sample paths near the deterministic solution Z(¢,¢). In Sections 3.3.2
and 3.3.3, we analyse the subsequent behaviour, when sample paths either fol-
low Z(t,¢) in its jump towards negative x, or overcome the potential barrier
already for negative t.

3.3.1 Before the Jump

The stochastic motion in a vicinity of the deterministic solution Z(t,e) can
again be described by introducing the deviation y; = x; — Z(¢, €). The relevant
quantity is the curvature a(t) = 0, f(Z(t,€),t) of the potential at Z(t, ¢).

As a direct consequence of (3.3.8), (3.3.9) and Taylor’s formula, we have

a(t) = —([t]*/? v e/?) for =T <t <t; = cie¥/3, (3.3.13)

indicating that the curvature of the potential at Z(¢,¢) stays bounded away
from zero up to time t1, although the potential well disappears already at
time 0. As in Section 3.1.1, we introduce a neighbourhood B(h) of the deter-
ministic solution Z(¢, ), defined by

B(h) = {(x,t): =T <t < t1, |[v—3(t,e)| < h/C(t)} - (3.3.14)

The function ((¢), which is related to the variance of the linearisation
of (3.3.10), is defined by the integral

1 t
(1) = ¢(~T)ex =T ¢ 2 / ealt)/e g (3.3.15)
-7

where «(t, s) = fst a(u)du and ((=T) = 1/2|a(—=T)| + O(g).® For negative t,
bounded away from zero, we have ((t) = 1/2|a(t)| + O(g). The behaviour of

8Mathematical textbooks must be littered with dropped tildes, much as Space
in Earth’s neighbourhood is littered with satellite debris.

9The initial value ¢(—=T) can be chosen in such a way as to match a previously
defined concentration domain of paths, if the stable equilibrium branch z* (t) already
exists for t < 7.
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¢(t) as t approaches zero can be determined by an integration by parts, and
an application of Lemma 2.2.8. The final result is

1 e

C(t) — W = ﬁ for —T < t < _0052/3 s (3316)
C(t)y<e /3 for —coe?/® <t <ty = %3 . (3.3.17)

It follows that the relations

1 1
t) < = 3.3.18
O = v = fa) (8.3.18)

hold for all ¢t € [-T,t1]. The set B(h) thus becomes wider as ¢t approaches
the bifurcation value 0, but stays of constant order in a neighbourhood of

order £2/3 of t = 0. We also introduce
((t)= sup C(s), (3.3.19)
—T<s<t

which satisfies C(t) =< ((t) for ¢ < t;. Theorem 3.1.10 admits the following
extension.

Theorem 3.3.3 (Stochastic saddle-node bifurcation — stable phase).
Let ty € [—T,0) be fized, and xo = T(to,e). There exist constants ho, 1o, ¢, ca >
0 such that, for all h < hOC(t)_3/2 and tg <t <t = ¢1e%/3 satisfying

1
r(h/o,e) = % + ge_“}ﬂ/"z <rg, (3.3.20)
one has
Chyo(t,e)e™ =120 L Ploswo frp 0 < ) < O (b, e)e+17/27° | (3.3.21)
where the exponents ki are given by
= 1= a0, (3.3.22)
ko =1+ chl()? o

and the prefactor satisfies

2 |a(t, to)| h
Chyolt,e) = \/?(50)'0 (3.3.23)

y e[[loge| + log(1 + h/0)] r(ho. £0\3/2
[1+0< ot to) Frh/e.e) +hd(E) )]'

Proof. The proof is essentially the same as the proof of Theorem 3.1.10, the
only difference lying in more careful estimates of the effect of the maximal
value of {(¢) and the minimal value of |a(t)|. The proof of Lemma 3.1.7 remains
unchanged, except for the error terms of ¢o(t) in (3.1.39). In fact,
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Fig. 3.8. Behaviour of sample paths near a dynamic saddle-node bifurcation. (a) In
the weak-noise regime o < /e, paths remain concentrated in the shaded set B(h)
centred in the deterministic solution; (b) in the strong-noise regime o > /¢, paths
are likely to overcome the unstable solution some time before the bifurcation.

oty = 1 €O) ~sla(tto)1/=
0= e |+ ) (3324

where (3.3.16) yields 1/{(t) = |2a(t)[[1 + O(e|t|=*/2)] = |2a(t)| + O(e|t| ™).
The error term O(e|t|~!) is responsible for the error term e|loge| in (3.3.23).
The remainder of the proof is similar, except that more careful estimates of the
terms occurring in (3.1.41)—(3.1.44) yield M; = O(h/e((t)), My = O(((t))
and M3 = O(h/e). The integral in (3.1.61), which deals with the contribution
of the nonlinear drift term, is bounded by

1 Mh2¢ .
- S(s) < const h2((t)3/? . (3.3.25)
VC(s) infrocusslalu)|
Thus the result follows by taking Hy of order h2((t)3/2. O

Theorem 3.3.3 shows that paths are concentrated in a neighbourhood of
order o+/C(t) < o/(|t|'/*Vel/6) of Z(t, ), as long as (t)*/? is small compared
to o~ 1. There are thus two regimes to be considered:

e Regime I: 0 < 0. = /. In this case, the theorem can be applied up to time
t1 :=c12/3, when the spreading of paths reaches order 0/51/6 (Fig. 3.8a).
In particular, the probability that paths have reached the t-axis before
time ¢, is of order Cy 4, /o (t1, g)e—conste/o”

e Regime II: 0 > 0. = y/¢. In this case, the theorem can only be applied
up to time —o*/3, when the spreading of paths reaches order 62/, so that
paths may reach the t-axis with appreciable probability (Fig. 3.8b).

In Regime I, which we shall call weak-noise regime, the behaviour of typical
sample paths does not differ much from the behaviour of the deterministic
solution up to time ¢;, and we will show in Section 3.3.3 that typical paths
reach © = —d about at the same time as Z(¢, ).
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Tt

Fig. 3.9. Behaviour of sample paths near a dynamic saddle—node bifurcation in
the strong-noise regime. Note the repeated attempts to reach the adiabatic solution
tracking the potential barrier.

In Regime II, which we shall call strong-noise regime, the situation is
different. Taking the largest allowed value Ay ax < |t|3/ 4 of h in Theorem 3.3.3
shows that for t < —o*/3, the probability to cross the saddle before time ¢ is
bounded by

Chmax/U(t7 E)e—COnStltl?’/?/a’Z . (3_3_26)

The result does not exclude (but does not prove either) that paths reach the
unstable equilibrium branch z* (¢) already at times of order —o%/3. We will
prove in the following section that this is indeed the case, and bound the
probability of the unlikely event that paths do not cross the potential barrier.

3.3.2 Strong-Noise Regime

We assume in this subsection that o > /e. Up to times of order —ot/3,
Theorem 3.3.3 shows that sample paths are concentrated near the adiabatic
solution Z(t,e) tracking the stable potential well at z* (¢), although their
spreading increases as the potential well becomes flatter with increasing t.
We will now show that, as time increases, it quickly becomes very unlikely
not to reach and overcome the potential barrier at 27 (), so that most paths
reach negative values of absolute order 1 some time before the potential well
disappears at time 0.
The analysis will be simplified by taking d and T small enough for the
relation
Ora f(x,t) <O (3.3.27)

to hold for all (z,t) € D, which is possible by Assumption 3.3.1.
An important rdle is played by an adiabatic solution Z(t, ) tracking the
potential barrier at 27 (¢) (Fig. 3.9). This solution is not uniquely defined, but
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we may select it, for instance, by imposing that Z(0,¢) = —e'/3. Reversing
the direction of time, and using the results of Section 2.2.4, it is not difficult
to show that

Z(t,e) < —e'/3 for —coe?/3 <t <0, (3.3.28)
B(t,e) — 2% (1) < % for —T <t < —coe/?, (3.3.29)

where it may be necessary to increase cg. This implies that the linearisation
of f at Z(t,€) satisfies

1
qON

The least favourable situation for overcoming the potential barrier occurs
when a sample path starts, at time —o*/3, near the upper boundary of B(h).
In order to reach —d, it has to cross first Z(¢,e), and then Z(t, ). The basic
idea is to consider that paths make a certain number of excursions, during
which they attempt to overcome the potential barrier. If each excursion has
a probability of success of, say, 1/3, then the probability not to overcome
the barrier during a given time span, containing N attempts, will be of order
(2/3)N = exp{—N log(3/2)}. Making these ideas precise leads to the following
result.

a(t) =0 f(@(t,e),t) < V/|t| vel? < |a(t)] < (3.3.30)

Theorem 3.3.4 (Stochastic saddle—node bifurcation — the strong-
noise regime). Let ty € [-T,0) be fized, and xg = Z(tg,e). There exist

constants 1o, c,c3 > 0 such that, whenever t € [ty,0] = [—c30*/3,0] and h
satisfy the conditions
Z(s,e) + h/((s) < d Vs € [to, 1] , (3.3.31)
and .
r(h)o,e) = % + ge—chz/az <ro, (3.3.32)
there is a constant k > 0 such that
3 |a(t, o)
Plorodys > —d Vs € [to, t]} < = - ’
{zs > s € [to, 1]} 2 exp{ Ks(|logcf\ Vlogh/o)
+ Chyo(t,e)e™ /27 (3.3.33)
where
2 |a(t, to)| b
C t,e) =4 ——————— 3.3.34
h/o( 7€> T c o ( )

« [1 +o(5“1°g5|z(1zgt$|+ hjo) —i—r(h/a,s))} .
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The two terms on the right-hand side of (3.3.33) bound, respectively, the
probability that zs does not reach —d before time ¢, while staying below
Z(s,e)+h+/((s), and the probability that x5 crosses the level Z(s, &) +h+/((s)
before time ¢.

The term |a(t,t5)| in the exponent behaves like 02/3(t — t5), and is thus
of order o2 as soon as t — t reaches order o*/3. Generically, d is of order 1,
and the condition on A is less restrictive for ¢ of order —o*/3, where it imposes
h = O(c'/3). The probability not to reach the level —d before time ¢ is thus
bounded by

2/3 :
o2/3(t — t2)} const o—const [a*/? : (3.3.35)

3
— expy —const
ellog o] €

2

which becomes small as soon as t—ty > |log o] /o?/3. In particular, the saddle
is crossed before the bifurcation occurs with a probability larger than

1-0 oA (3.3.36)
exps —cons ogo] " 7173 , 3.

which is close to 1 as soon as the noise intensity satisfies o > /e[logo|. In
special cases, it may be possible to choose arbitrarily large d, which allows for
larger values of h, and thus a smaller second term in the exponent.

The main part of the proof of Theorem 3.3.4 is contained in the following
estimate.

Proposition 3.3.5. Under the assumptions of Theorem 3.3.4,

Ploro{—d < zy < Z(s,€) + h\/((s) Vs € [to, t]}

3 |a(t, )]
<= — :
) eXp{ " e(log | V log /o)

(3.3.37)

Proof.

e We introduce again a partition tg = sp < 81 < --- < sy =t of [tg, t]. It is
defined by s; =ty = —c30%/3, where ¢35 will be chosen later, and

|t ta)]

oSk, Sp—1) = 0¢ forl<k<N= {
0

w +1. (3.3.38)

The constant ¢ will also be determined later. The same argument as in
Lemma 3.2.4 shows that the probability in (3.3.37) can be bounded by the

product Hszl Py, where

Py = sup P17 {—d <z, <Z(s,e) +h\/((s) Vs € [sk—1, K]} ,
x€l)_1
(3.3.39)
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with Iy_1 = [—d,Z(sg—1,€) + hy/((sk—1)]. We use the trivial bound 1
for Py (since —d is unlikely to be reached before time s1) and Py (since
the last time interval may be too short). Our plan is to show that for an
appropriate choice of g and ¢z, P, < 2/3 for 2 < k < N — 1, and thus the
probability in (3.3.37) is bounded by

N—-1
2 3 3 3 lau(t, t2)] 3
z . —Nlog - < = ——2 " log = . 3.4
<3> 2exp{ og2} 2exp{ e og2 (3.3.40)

In order to estimate Py, we should take into account the fact that, in
the worst case, x; has to cross Z(t,¢) and Z(t, €) before reaching —d. The
dynamics is thus divided into three steps, which turn out to require com-
parable times. Hence we further subdivide [sx—_1, sx] into three intervals,
delimited by times 51 < 5j,2 such that

- - - - 1
|a(sr, S2)| = |a(Bh,2, 8k,1)| = la(Sh,1, s6-1)] = F0e - (3.3.41)
To ease notation, we introduce the stopping times

5 =1inf{s € [sk_1, 8] T5s > Z(s,6) + h/((s)} ,
Tr,1 = Inf{s € [sp_1, sk): x5 < Z(s,€)},
b

[
[
Tro = Inf{s € [T 1, sk]: x5 < Z(s,¢€)
T3 = Inf{s € [Tg 2, sk]: x5 < —d}, (3.3.42)

corresponding to the times at which x4 crosses the various relevant levels.
By convention, these stopping times are infinite if the set on the right-hand
side is empty. Using the Markov property, we can decompose Py as

P, = sup ]P’S’“l’”’{mg, /\7',:r > sk}
zel_1

< sup ]Psk_l’z{Tk’l/\le_ >§k71} (3.3.43)
z€l 1

+ sup Eok-15% {1{TklgskI}PTkl’kal{Tkii/\Tk >Sk}}
c€lK_1

The probability appearing in the second term on the right-hand side can
be further decomposed as
Pk Tk {T}mg A T]:r > Sk}
< PR 1%Tk {Tk,Q A 7-}:" > §k72} (3344)
+E™ %k {I{Tk’zggkg}]p%,mmrk,z {Tk,3 A 7—;" > Sk}} .
We thus have to estimate the probabilities of three events, of the form

{7k A 75 > 3 }, each time assuming the worst values for initial time
and position.
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The first phase of dynamics is described by the variable y, = x5 — Z(s, €).
We may assume y;, , =:y > 0, since otherwise the first term on the right-
hand side of (3.3.43) is zero. The nonlinear part of the drift term is negative
by our assumption (3.3.27) on 9, f, so that y, is bounded above by

0. yeortemen/e | T [T cota/e qpy, 3.3.45
Ys ye +\/E/Skle u ( )

for all s € [sg, §k,1]. The expectation and variance of the Gaussian random
variable ygk , satisfy the following relations:

E{y2, ,} =ye 3, (3.3.46)
o2 [Bka - o? [1 - 6_29/3]
V. 0 _9 20(3p,1,u)/e du > inf e E—
ar{ysk,l} c /Sk—l € u ue[sklil1,§k,1] |2a(u)|

We may assume that |a(u)| is decreasing, so that the infimum is reached
for u = sp_1. By the reflection principle,

Poe-t{my ) > 8 b =1 — 2P 0¥ {yd <0}
0 0
1 2<I><— E{yg,cl} ) < 2]E{y§k,1}

\ /Var{ygkrl} JJom Var{ygkwl}

e—e/3 Sk—1
< \/EF \M«/Q\a(sk,lﬂ L (3.347)

To describe the second phase of motion, we use as variable the deviation
zs = x5 — z(s,€) from the deterministic solution tracking the unstable
equilibrium. It satisfies a similar equation as y,, but with a(s) instead of
a(s). Relation (3.3.30) implies the existence of a constant L > 0 such that
a(t) > |a(t)|/L. For similar reasons as before,

S
<0 =2 (BeTRa)/e i/ alsw)/e qw, 3.3.48
z Zg = 2, € +\E Tkle ) ( )
where a(s,u) = [ a(v)dv = |a(s,u)|/L. If |y-, | < |a(71)], then (3.3.29)
and (3.3.30) imply that 2, , is bounded by a constant times |a(7,1)|. Using
again the reflection principle, we obtain that

2 z
Th, 1,27, z = Tkl a
P #1{rio > 5ot < - Gm\/m(skq) . (3.3.49)

uniformly in 71 < 3p,1.
In order to describe the last phase of motion, we use the simple endpoint
estimate

P2k 2 L o s g} S PR20LZ0 S g} (3.3.50)
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An estimation of the corresponding Gaussian integral yields the bound

1 de—e/3L
V21 oV/1 —e=2¢/3L
e To conclude the proof, we choose the parameters c3 and ¢ in such a way

that Py < 2/3. It follows from the estimates (3.3.47), (3.3.49) and (3.3.51)
that

P20{z) > d}\f

%a(si1). (3.3.51)

Py

/N
DO =

Co +a(s
+0_0\/1(+2:/3L[h\/ Clsne) + d)e=e/3L 4 G(s_ 1)] (3.3.52)

for a constant Cy. The properties of a(t) and ((¢) imply the existence of
another constant C such that

1 h d ,
Pi<5+C [( + c§/22/3>e@/“ + 03/2] : (3.3.53)

We thus choose first ¢3 in such a way that Cg/z < 1/(12C4), and then g in
such a way that the term in brackets is also smaller than 1/(12C7). This
requires ¢ to be of order log(h/o) + |logo|, and gives P, < 2/3. O

In order to complete the proof of Theorem 3.3.4, we need to estimate
the probability that x; exceeds Z(t,e) + hy/((t), i.e., that it makes a large
excursion in the “wrong” direction, away from the potential barrier.

Proposition 3.3.6. Under the assumptions of Theorem 3.3.4,

Pt“’m“{ sup Ls 7 WN5E) —(5,¢) >h, inf x> d} < C'h/g(t,es)(fh?/m72 ,

to<s<t ¢(s) T to<s<t
(3.3.54)

where

2 |a(t,to)| h
Ch/o(tva) = \/;HE_:O)O_ (3355)

x {1 +0(5“1°g€|z(1:gt$|+ h/o)] +r(h/a,s)>} .

Proof. As a consequence of Lemma 3.3.2 and the fact that the nonlinear
part of the drift term is negative, we deduce from the comparison lemma
(Lemma B.3.2) that y; = s — Z(s,¢) is bounded above by

0 __ i /8 a(s,u)/e
W0 = e aw, (3.3.56)
Ve Ji, b

as long as x5 has not left the domain D. This shows in particular that the
probability in (3.3.54) is bounded above by
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0
pto0f sup —_ > pl. 3.3.57
{togspgt ¢(s) } ( )

The same arguments as in the first part of the proof of Theorem 3.3.3, but
without the nonlinear term, show that this probability can in turn be bounded
above by Cy /. (t, E)e_h2/2"2. This concludes the proof of the proposition, and
thus also the proof of the theorem. a

3.3.3 Weak-Noise Regime

In this section, we complete the discussion of the dynamic saddle—node bifur-
cation with noise by discussing the behaviour of paths after the bifurcation,
when ¢ < /e. Theorem 3.3.3 implies that at time ¢; = ¢;2/3, the paths are
concentrated in a neighbourhood of order oe~1/¢ of the deterministic solution
Z(t,e) =< /3. In particular,

on,to{xt } C\f/o' t1, € ) —conste/a? ) (3358)

We also know that the deterministic solution reaches the lower level x = —d
in a time of order £2/3. The description of the stochastic dynamics in this case
is somewhat complicated by the fact that a region of instability is crossed,
where paths repel each other. The following estimate is a rather rough bound,
which suffices, however, to show that solutions of the stochastic differential
equation are unlikely to jump much later than in the deterministic case.

Theorem 3.3.7 (Stochastic saddle—node bifurcation — the weak-noise
regime). There is a constant k > 0 such that for all zy < d and t; <t < T,
o2

t—1
P {a, > —d Vs € [t1,t]} < exp{ = [ " !

lloge| £2/3

- 1} } . (3.3.59)

Proof. Tt follows from the assumptions on f that
f(z,t) < —const (2 + £2/3) (3.3.60)

for all ¢ > t;. It is thus possible to compare the solutions of the original
equation with those of an autonomous one. The probability we are looking
for can be estimated in a similar way as in Proposition 3.3.5 by introducing a
partition of [¢1,t]. In this case, it turns out that when taking the intervals of
the partition of constant length ye%/3, a + of order [log | is sufficient to make
each P, smaller than e~©(</7") The probability in (3.3.59) is then bounded
by the product of all Pj. a

The probability that a path has not reached the lower level —d by time ¢
becomes small as soon as t —t; > 52/3|10g e|, that is, shortly after the deter-
ministic solution has reached —d.
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Fig. 3.10. Overdamped particle in a potential undergoing a pitchfork bifurcation.

3.4 Symmetric Pitchfork Bifurcation

Another interesting situation arises when a single-well potential transforms
into a double-well potential as time increases (Fig. 3.10). Then the overdamped
particle has the choice between falling into one of the new wells, or remaining,
in unstable equilibrium, on the top of the barrier.

We consider in this section the SDE

e = 2§, 0) e+ - F(ay, 1) AW, (3.4.1)

7

in the case where f undergoes a subcritical symmetric pitchfork bifurcation
at (x,t) = (0,0). The precise assumptions are the following.

Assumption 3.4.1 (Symmetric pitchfork bifurcation).

e Domain and differentiability: f € C3(D,R) and F € C?*(D,R), where D is
a domain of the form

D= {(a,t): [t <T, |a] <d}, (3.4.2)

with T, d > 0. We further assume that f, F' and all their partial derivatives
up to order 3, respectively 2, are uniformly bounded in D by a constant M .
e Symmetry: For all (z,t) € D,

flz,t) = = f(—=x,t) and F(z,t) = F(—=x,t) . (3.4.3)
e Pitchfork bifurcation: The point (0,0) is a bifurcation point,
f(0,0) =9, f(0,0) =0, (3.4.4)
satisfying the conditions
Ot £(0,0) >0 and 022 f(0,0) < 0. (3.4.5)
e Non-degeneracy of noise term: There is a constant F_ > 0 such that

F(x,t) > F_ V(z,t) €D. (3.4.6)
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We can scale x and ¢ in such a way that 9y, f(0,0) = 1 and 0,4 f(0,0) =
—6, like in the simplest example f(x,t) = tr — 2. As mentioned in Sec-
tion 2.2.3, by decreasing 7' and d if necessary, we can guarantee that f van-
ishes in D if and only if z = 0 or (z,t) belongs to one of the two equilibrium
branches © = +a*(t), t > 0, where z* : [0,T] — [0, d] satisfies

z*(t) = VE[1 + oy (1)] . (3.4.7)

The linearisation of f at = 0 is given by

a(t) =08, f(0,t) =t[1+ O(t)] , (3.4.8)
while the linearisation at @ = +x*(t) satisfies
a*(t) =0, f(Ea™(t),t) = —2t[1 + 0y(1)] . (3.4.9)

Taking T small enough, we can guarantee that a*(¢) < 0 for 0 < ¢t < T, while
a(t) has the same sign as t. In other words, the equilibrium branch z = 0
changes from stable to unstable as ¢t becomes positive, while the branches
+x*(t) are always stable.

The main result of Section 2.2.3, Theorem 2.2.4, states that any solution
starting at time ¢ty < 0 sufficiently close to 0 tracks the particular solution
x¢ = 0 at least up to the bifurcation delay time

T(ty) = inf{t > 0: a(t, to) > 0}, (3.4.10)

where a(t,s) = f: a(u) du. If x4, is of order one, then z; jumps, near time
II(tp), from the saddle at x = 0 to a neighbourhood of order ¢ of x*(¢), in a
time of order ¢|loge|.

Let us now consider the effect of noise on the dynamics. We first note that
the z-dependence of the noise coefficient F'(z,¢) can be eliminated by the
same transformation as in Lemma 3.3.2. The symmetries of f and F imply
that the new drift term still vanishes for = 0, so that no terms of order o2
need to be eliminated. We may thus consider the equation

1 o
instead of (3.4.1).

The results of Section 3.1 can be applied to show that, for negative times,
bounded away from zero, sample paths are concentrated in a neighbourhood
of order ¢ of the deterministic solution with the same initial condition. As ¢
approaches 0, the bottom of the potential well becomes increasingly flat, al-
lowing paths to spread more and more. In Section 3.4.1, we extend the domain
of validity of Theorem 3.1.10, to show that paths remain concentrated near
2 = 0 up to a certain time depending on the noise intensity (typically, that
time is of order /e[log o).

Sections 3.4.1 and 3.4.2 describe the subsequent behaviour of paths, from
the moment they leave a neighbourhood of the saddle until they approach one
of the potential wells at x*(t) or —a*(t).
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3.4.1 Before the Bifurcation

Let us consider a general initial condition (zg,tg) € D with ¢, < 0. The
deterministic solution z{°* starting in ¢ at time tq approaches 0 exponentially
fast, and remains close to 0 almost up to time II(¢y). The SDE linearised

around x8¢* has the form

1
dyf = Za(t)y} dt + % aw, , (3.4.12)

NG

where
a(t) = 0p f (29, 1) = a(t) + O(xoet:t0)/e) (3.4.13)

This implies in particular that, for to < ¢t < II(¢p),
t
a(t, o) = / a(s)ds = a(t, to) + Olaoe) . (3.4.14)
to

In analogy with previous sections, we define a neighbourhood of z{°* by

B(h)={(z,t) eD: to <t < T, |z — 2| < h\/((t)} , (3.4.15)
where .
_ 1 _
C(t) — C(tO)GZa(t,to)/E + g‘/ e2o¢(t,s)/5 ds (3416)
to

and ((to) = 1/]2a(to)|+ O(e). The behaviour of {(¢) can be analysed with the
help of Lemma 2.2.8 and is summarised as follows.

Lemma 3.4.2. There exists a constant cqg > 0 such that

1 €
Ct) - 2a(0)| XW fortg <t < —cov/e,
1
C(t) = = for |t] < cov/e (3.4.17)
¢(t) = igew”/f for cov/E <t < T(to) ,

where a(t) = a(t,0).

The set B(h) thus slowly widens as the potential well becomes flatter when
t approaches 0. It has a width of order he=/* for |t| < coy/€, and for t > /g,
its width grows exponentially as he~/4e*(1)/¢, Note that a(t) < > for t > 0.
We set again

C(t)= sup ((s) =<((¢t). (3.4.18)

togsgt

The generalisation of Theorem 3.1.10 takes the following form.
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(a) (b)

L L

Fig. 3.11. Sample paths of a stochastic pitchfork bifurcation, in the case f(z,t) =
tx — 3. The adiabatic parameter is ¢ = 0.02, and the noise intensities correspond to
the three qualitatively different regimes: (a) o = 0.00001 (Regime I), (b) o = 0.02
(Regime II), (c) 0 = 0.2 (Regime III). In each case, the deterministic solution is
shown for comparison.

Theorem 3.4.3 (Stochastic pitchfork bifurcation — stable phase).
There exist constants hg, 7o, ¢, co > 0 such that, for all h < ho((t)™! satisfying

r(h/o,e) = % + ée_c}ﬂ/"z <o, (3.4.19)
one has
Chyo(t,e)e ™" 120% L Plowo frp < 1} < O o (t,e)e™+1/27° | (3.4.20)
where the exponents ki are given by

Ky =1—ch?C(t)?,

N 3.4.21
Ko =14 coh?C(t)? ( )
and the prefactor satisfies
Chyolt,e) = \FM(MWh (3.4.22)
e[|loge| 4+ log(1 + h/o)] -
[I—FO( A0, to)] +r(h/a,5)+h2<(t)2>} .

Proof. The proof follows closely the proof of Theorem 3.3.3. The different
error terms are a consequence of the different behaviour of {(¢), and the fact
that f(x,t) = a(t)z + O(23) because of our symmetry assumptions. The term
a(t A 0,tg) in the prefactor is due to the fact that the first-passage density
decreases exponentially fast for ¢ > cgy/ because of the behaviour of ((¢),
compare (3.3.24). O

Theorem 3.4.3 shows that paths are concentrated in a neighbourhood of
order o1/((t) of xd¢* as long as ((¢) is small compared to o~!. One can
distinguish between three regimes.
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e Regime I: 0 < e /¢ for some K > 0. In this case, paths are concen-
trated around xd* as long as 2a(t) < K, and even longer if 2a(Il(ty)) =
2|a(to)| <« K. With high probability, one observes a bifurcation delay of
order 1 as in the deterministic case (Fig. 3.11a).

e Regime II: ¢ = &P/? for some p > 1. Paths are concentrated around
zdet as long as 4a(t) < (p — 1)elloge|, that is, up to a time of order
v/ (p — 1)e|loge|. This time can be considered as a microscopic bifurcation
delay (Fig. 3.11b).

e Regime III: 0 > \/e. The theorem can be applied up to a time of order
—o, when the spreading of paths reaches order /o. The potential being
quartic near t = 0, the spreading remains of order /o up to times of order
o after the bifurcation (Fig. 3.11c).

In the sequel, we will mainly consider Regime II. We will show that after
a time of order \/¢|log 0|, paths not only leave a neighbourhood of x = 0, but
also reach one of the two new potential wells at +2*(¢), in a time of the same
order.

3.4.2 Leaving the Unstable Branch

We consider now the dynamics in Regime II, that is, when e %/¢ « ¢ < VE.
Theorem 3.4.3 shows that paths stay in B(h) up to times of order \/e|loge|,
and that at time /g, their typical spreading has order oe /4t < gl/4,

We start by characterising the first-exit time from the diffusion-dominated
strip

S(h) ={(z,t) €D:t > /e, |z| <hp(t)}, (3.4.23)
where, as in Section 3.2.1,
1

V2a(t)

Since a(t) =< t, p(t) is decreasing for sufficiently small .
The following estimate is proved in exactly the same way as Proposi-

tion 3.2.6, taking into account the symmetries of f, which imply a smaller

nonlinear term.

p(t) = (3.4.24)

Theorem 3.4.4 (Stochastic pitchfork bifurcation — diffusion-domi-
nated escape). Let u > 0, and define C,, = (2 + p)~(F#/2 . Then, for
any initial condition (xg,tg) € S(h), any time t € [to, T], and any h such that

o < h < (t3C,ot )1/ Gt
h\" alt,to)
— — 4.2
(0> exp{ Ku 5 } , (3.4.25)

where the exponent k, is given by

Ky = ﬁ {1 - O(g‘“;“) - O(M)] . (3.4.26)

N

Pl {75y >t}
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Fig. 3.12. Sample path of a stochastic pitchfork bifurcation in Regime II. The path
is likely to remain in the set B(h) until time /e. It typically leaves the set K(k)
after at a random time T = 7Txc(,) of order y/e|logo|, after which it concentrates in
a neighbourhood A" (h) of another deterministic solution.

This result shows that sample paths typically leave S(h) as soon as
a(t, tg) > elog(h/o). Since a(t,ty) grows quadratically with ¢, the typical
exit time is of order y/elog(h/o). Once paths have left the small neighbour-
hood S(h) of the saddle, the drift term becomes appreciable, and helps push
paths away from the saddle. In order to describe this process, we introduce a
family of larger regions

f(i’ 2N m(t):c?} : (3.4.27)

K(k) = {(:c,t) €D:t > e,
where k € (0,1). We set a,(t) = ra(t) and ax(t,s) = ka(t,s). The assump-
tions on f imply that the upper and lower boundaries of K(k) are two curves
of equation x = £&(t), where

I(t)=+/(1—r)t[1+0(t)] . (3.4.28)

Using the same line of thought as in Section 3.2.2, we obtain the following
estimate on the law of the first-exit time 7).

Theorem 3.4.5 (Stochastic pitchfork bifurcation — drift-dominated
escape). Assume that ollogo|*/? < \/e. For all k € (0,1) and all initial
conditions (zg,to) € K(k),

' log o ay(t, to) e—an(t;to)/e
Pto,lo /»c 2 t < C(t |7 1 3 ’ 3.4.20
{Tcwy 2t} < C(1) = ( + = T (e ( )
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where

Clt) = —=\/a,(Di(t) . (3.4.30)

Proof. The proof is basically the same as the proof of Theorem 3.2.8. A slight
simplification arises from the fact that p(t) is decreasing. Since we have to
assume o < /¢ anyway, we choose h = 20+/|logo| and p = 2, which yields
the slightly different prefactor. O

We conclude that paths typically leave K (k) as soon as «,(t,tg) > ¢|log o|.
Since oy, (t,to) is close to xt?/2 for small ¢, this implies

Pl {1y > /Bcellogal} = (o logl) (3.431)

which becomes small as soon as ¢ > 1/k. In the regime e %/¢ < ¢ < |/, the
typical bifurcation delay is thus of order y/e|logo| (Fig. 3.12).

3.4.3 Reaching a Stable Branch

To complete the analysis of Regime II (that is, e~ /% <« ¢ < /&), it remains
to show that paths approach one of the two stable equilibrium branches +x*(t)
after they have left a neighbourhood (k) of the saddle. This can simply be
done by comparing the dynamics of sample paths leaving K(x), say, through
its upper boundary at time 7 = 7ic() > /€, with the deterministic solution
2847 starting at the same point.

The behaviour of :c?e“ can be analysed with the methods of Section 2.2.4.
We restrict the discussion to values of « in (1/2,2/3). The condition x < 2/3
guarantees that the potential is convex outside K(k), so that deterministic
solutions attract each other. The condition £ > 1/2 allows excluding the
possibility that 20" reenters K(x). We summarise the results in the following

proposition.

Proposition 3.4.6. Assume that k € (1/2,2/3). For sufficiently small T,
there exists n = 2—3k—o7(1), such that the solution z?Ct’T of the deterministic
equation et = f(x,t) starting at time T > /e in x = Z(7) satisfies

€
0 < z*(t) — 23" < const [

() - @(r»ewwﬂ (3.4.32)

for T <t < T. Furthermore, the curvature a™ (t) = 81.f(xfet’7, t) of the poten-

. det .
tial at ;""" satisfies

a*(t) < a”(t) < a*(t) + const E + tena(tﬂ/ﬂ . (3.4.33)

Finally, if " (t,s) = f; a™ (u) du, the function
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1 o 1" ourirs
)= L e ,/ 207 (1) 3.4.34
CT(t) T T2/ s, ( )
satisfies
1 e 1
M) - —— | < t ZenatT)/e| 4.
¢"(t) 2|aT(t)|’ cons [t?’ + te (3.4.35)

The bounds (3.4.32) imply that as soon as t — 7 > ¢/7, the particular
solution z°" approaches the bottom of the potential well like & /¢3/2. In fact,
all solutions m?Et’T starting on the upper boundary of (k) converge exponen-
tially fast to the same particular solution, approaching 2*(¢) like £/t3/2. The
bounds (3.4.33) show that a”(¢) < t. Thus it follows from (3.4.35) that (7 (t)
decreases like 1/t.

In analogy with the stable case, we introduce the set

<hVC ()}, (3.4.36)

which is centred at the deterministic solution xfet’T, and has a width decreas-
ing like h/v/t. The following analogue of Theorem 3.4.3 shows that sample
paths leaving K (k) at time 7 are unlikely to leave the set A7 (h) if h > 0. The
proof uses a slightly more precise estimate as mentioned in Remark C.1.5 of

Appendix C.1.

AT(h) = {(.I',t) eD:t 2 T, |J? _ x?et,‘r

Theorem 3.4.7 (Stochastic pitchfork bifurcation—approaching z*(t)).
There exist constants hg,rg,c,co > 0 such that, for all h < hoT satisfying

1
r(h)o,e) = % + ge—chz/az <ro, (3.4.37)
on the set {T < T}, one has

Ch/g(t,e)ef’th2/2a2 < ]PJT,G"E(T){TAT(h) < t} < Ch/a(t’g)efmr}ﬂ/mﬂ 7
(3.4.38)
where the exponents ki are given by

ke =1—coh/T,

3.4.39
ko =14coh/T, ( )

and the (random) prefactor satisfies

2 |a”(t,T)| h
Ch/o(t,e) = \/;Hs)g (3.4.40)

x {1 + o(a“logﬂ';(‘ff) ‘+ MoN L vihjo,e) + ﬁﬂ .




3.5 Other One-Dimensional Bifurcations 105

Note that several quantities in (3.4.38) depend on the random first-exit
time 7 = 7y (,). However, the result is understood to be valid on the set
{V/e < 7 < T}, and this restriction on 7 allows to bound all random quantities
by deterministic constants.

Since the deterministic solutions starting on the boundary of K(k) ap-
proach each other exponentially fast, the sets A”(h) start overlapping as soon
as na(t,7) > e. Together with the results of the previous section, this im-
plies that a time of order y/e|logo| is sufficient for most sample paths to
concentrate near the bottom of a potential well.

An interesting related question is whether paths, starting at some t5 < 0
in a given point xg, say with xy > 0, will reach the equilibrium branch z*(t)
or —z*(t). A simple answer can be given by comparing x; with the solutions
of the linear equation

o
Ve
Since f(z,t) < a(t)x for sufficiently small ¢ and positive z, z; is bounded
above by ¥ as long as x; > 0. The reflection principle thus implies

1
dad = ga(t)gc,? dt + —=dW, . (3.4.41)

Pz, > 0} = 1~ P {3s € [10,1): o, = 0}

1
<1- i]P’tO’””O{Hs € [to,t): 22 = 0}

=Plomo{z) >0} . (3.4.42)
Performing a Gaussian integral and using Lemma 3.4.2, one obtains
1 , 1 et/ _
§ < ]P)to"xo{xt 2 O} < 5 + O(O_e |a(07t0)/6> (3443)

for all t > 0. Since |a(0,t)| is of order t3, paths reach either potential well
with almost the same probability, provided o is not exponentially small.

In a sense, Regime II is the most favourable for an experimental determi-
nation of the bifurcation diagram, by slowly sweeping the control parameter.
Indeed, exponentially small noise intensities lead to an undesired bifurcation
delay, which fails to reveal part of the stable bifurcation branches. On the
other hand, noise intensities larger than /¢ yield a large spreading of paths
around the bifurcation diagram. The relation between bifurcation delay and
noise intensity can also be used to determine the noise level experimentally,
by performing experiments with different sweeping rates €.

3.5 Other One-Dimensional Bifurcations

3.5.1 Transcritical Bifurcation

The behaviour of sample paths when approaching a transcritical or a saddle—
node bifurcation point is quite similar. Depending on the noise intensity, paths
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either remain close to the stable equilibrium branch, or they cross the unstable

branch and escape. The weak-noise behaviour after passing the bifurcation

point is, by contrast, very different for the transcritical and the saddle—node

bifurcation. It moreover depends, as in the deterministic case discussed in

Example 2.2.10, on the relative location of equilibrium branches (see Fig. 2.8).
For simplicity, we discuss here the particular case of the SDE

1,4 9 o
The deterministic system has a stable equilibrium branch x* (¢) = [¢t| and an
unstable branch z% (t) = —|t|, touching at ¢ = 0. The linearisations of the
drift term f(z,t) = t> — 22 at these branches are a (t) = £2|¢|.

We have seen that the adiabatic solution Z(t, ) associated with the stable
branch satisfies, for some constant cg,

Z(t,e) — 2 () = % for t < —cov/E (3.5.2)
Z(t,e) < Ve for —cov/e <t < cgv/e, (3.5.3)
Z(t,e) — 2% (t) = —ftil for t > cov/e . (3.5.4)

The linearisation a(t) = 0, f(Z(t,€),t) = —2Z(t, €) of the drift term at Z(t,¢)
thus scales as a(t) < —(|t| V+/€) for all t. As usual, a(t, s) denotes the integral
of a(u) from s to t. Fixing some initial time ¢y = =T < 0, we can define ((¢)
exactly as in (3.3.15) and (3.4.16); it satisfies ((¢) < |a(t)|~!. The set

B(h) = {(z,t): t > to, |z —Z(t,e)| < h\/C(t)} (3.5.5)

thus has a maximal width of order he='/4, attained for t € [—co\/E, cov/2].
The function {(t) = SUP;, <ot C () grows like [¢|~! for ¢ < —co\/E, and stays
of constant order 1/4/¢ for subsequent times.

The analogue of Theorem 3.3.3 is the following.

Theorem 3.5.1 (Stochastic transcritical bifurcation — stable phase).
Let xog = Z(to,e). There exist constants hg,ro,c,ca > 0 such that, for all
h < hoC(t)~3/2 and t >ty satisfying

t—to) _,
r(hjo,t €)= % + (750)6%2/02 <ro, (3.5.6)

one has
Ch/a(t76)67N7h2/202 < ]Pto’xo{TB(h) < t} < Ch/o(tae)ein+h2/202 ) (357)
where the exponents k4 are given by
kip =1 —eahC(t)?

X 3.5.8
ko =1+ chl(t)*?, (358)
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(a) |z

Fig. 3.13. Behaviour of sample paths near a dynamic transcritical bifurcation.
(a) In the weak-noise regime o < ¢3/%, paths remain concentrated in the shaded set
B(h) centred in the deterministic solution; (b) in the strong-noise regime o > £3/4,

paths are likely to overcome the unstable solution some time before the bifurcation.

and the prefactor satisfies

Chyo(t,e) = \/za(tgtoﬂﬁ (3.5.9)

el|loge| +log(1l + h/o)) (h/o 2 \3/2
X [1+0< [t to)] +r(h/o,t,e) + h((t) )]

Theorem 3.5.1 shows that paths are concentrated in a neighbourhood of
order o/ (t) < o/(\/|t] Ve'/*) of Z(t, ), as long as {(t)3/? is small compared
to o~1. There are thus two regimes to be considered:

e Regime I: 0 < o, = ¢%/*. In this case, the theorem can be applied for
all (finite) times ¢, and shows that paths are likely to remain in B(h) if
o < h < €%/*. The maximal spreading of typical paths has order oe~1/4
(Fig. 3.13a). In particular, the probability that paths reach the t-axis is
bounded by Che, /0 (t, 5)6’60"5“3/2/”2.

e Regime II: ¢ > o, = £3/*. In this case, the theorem can only be applied
up to time —o2/3, when the spreading of paths reaches order o/3, so that
paths may reach the t-axis with appreciable probability (Fig. 3.13b).

The following result, which is proved exactly in the same way as Theo-
rem 3.3.4, shows that in Regime II, paths are indeed likely to cross the unstable
equilibrium branch.

Theorem 3.5.2 (Stochastic transcritical bifurcation — the strong-
noise regime). Assume that o > €34 and fivx —d < 0. Let zy = Z(tg,¢).
There exist constants cs, k > 0 such that, for allt € [t1,ts] = [—c30%/3, c30%/?],

3 la(t, t1)]
Ptoof > —dVs € [ty t]} < = — ! ) 3.5.10
o s € lto.l} 2eXp{ " llogol + flogey S = 510
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Proof. One starts by establishing the same upper bound as in Theorem 3.3.4,
see (3.3.33), which contains a second term bounding the probability of excur-
sions away from the unstable branch. However, owing to the particular nature
of the drift term in (3.5.1), the parameter h can be chosen arbitrarily large.
The choice h = 0°/3// makes the second term negligible. Its only effect is
then the term |loge| in the denominator of the exponent. O

The term |a(t, ;)| in the exponent behaves like 0%/3(t —t1), and is thus of
order o%/3 as soon as t — t1 reaches order 02/3. The probability not to cross
the unstable solution is thus of order

o4/3

(|log | + [log ]|

3
- exp{ —const
€

= )} . (3.5.11)

Two important facts can be noted:

1. In the strong-noise regime o > €3/, transitions are only likely in a time
window of width of order 0%/ around the bifurcation point. Indeed, paths
which have not reached the t-axis by time c30%/ are most likely attracted
again by the stable branch, and concentrate in B(o).

2. This is a first example where sufficiently strong noise induces, with prob-
ability close to 1, a radically different behaviour than in the deterministic
case. In combination with global mechanisms (for drift terms behaving
only locally as in (3.5.1)), this phenomenon can lead to organised noise-
induced behaviours such as stochastic resonance.

3.5.2 Asymmetric Pitchfork Bifurcation

In this last section, we briefly discuss the effect of noise on asymmetric dy-
namic pitchfork bifurcations. Consider for simplicity the particular case

1 9 o
The equilibrium branch z*(t) = —t is stable for ¢ < 0 and unstable for ¢ > 0
(and ¢ < 1). As t becomes positive, two stable equilibrium branches 2% (¢) =
++/t appear in a pitchfork bifurcation. The associated potential transforms
from a single-well to a double-well potential, the only difference with the
symmetric case being the fact that z*(t) depends on time.

As we have seen in Example 2.2.11, in the deterministic case o = 0, (3.5.12)
admits an adiabatic solution Z(t,e), tracking z*(t) at a distance of order
e/|t| for t < —\/e. For |t| < /e, T(t,€) remains positive and of order /e,
while for ¢t > (/¢ it approaches the upper equilibrium branch at 27 (t) like
e/[t]>/? (see Fig. 2.9). One can also show the existence of a deterministic
solution Z(t, €), tracking the saddle at z*(¢t) for ¢ > 0. It separates the basins
of attraction of the two potential wells, and satisfies Z(0, ) < —/¢ (Fig. 3.14).
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Fig. 3.14. A typical and a less typical sample path for the asymmetric dynamic
pitchfork bifurcation.

Let —a(t) denote the curvature of the potential at Z(¢, ). One easily shows
that there is a constant ¢y such that a(t) =< —|t| for |t| > co/e (and ¢ not
approaching 1). For |t| < cov/e, |a(t)] is at most of order /g, and it may
briefly become positive for some positive times. This slight peculiarity, how-
ever, happens on too short a time interval to have visible effects on the dy-
namics. Indeed, one shows that the function ((¢) defined exactly as in (3.3.15)
and (3.4.16), still satisfies ((t) < 1/(]t] V /€). The set

B(h) = {(z,t): t > to, |v — Z(t,e)] < h\/((t)} (3.5.13)

thus has a maximal width of order he~'/4, attained for times of order y/z.
Again, one obtains two regimes:

o Ifo < o.=e%* sample paths are likely to remain in B(h) for all times,
and thus to end up tracking the bottom of the right-hand potential well.

o Ifo > o0, =e%* sample paths have an appreciable probability of reaching
the adiabatic solution Z (¢, ¢) tracking the saddle. They are thus also likely
to visit the left-hand potential well.

The subsequent dynamics for o > o, is more difficult to analyse. As long
as the potential barrier is sufficiently low, sample paths may jump back and
forth between the two potential wells. It is not straightforward to obtain the
probability to end up tracking the bottom of the left-hand rather than the
right-hand well. We expect, however, that if the depths of the two wells are
different, sample paths are more likely to settle in the deeper one of the two
wells (which is the right-hand well for the drift term in (3.5.12)).
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Stochastic Resonance

In some of the examples studied in the previous chapter, the noise term was
able to induce transitions between equilibrium branches, with appreciable
probability, even some time before a bifurcation occurred. In fact, the existence
of a bifurcation is not even necessary — an avoided bifurcation, in which
equilibrium branches come close without actually touching, can be sufficient to
produce such transitions. In this chapter, we apply the methods just developed
to a much studied phenomenon involving noise-induced transitions, known as
stochastic resonance (SR).

SR occurs when a multistable system, subject to noise, displays an or-
ganised behaviour which is qualitatively different from its behaviour in the
absence of noise. A typical example is a bistable system driven by weak peri-
odic forcing, which, in combination with noise, induces close-to-periodic large-
amplitude oscillations between the stable equilibria. For instance, the SDE

day = [z, — 2 + Acoses] ds + o dW, (4.0.1)

describes the dynamics of an overdamped particle in a symmetric double-well
1,.2

potential U(z) = ix‘* — 5%, subject to periodic driving A coses and additive
noise. The potential U(x) has local minima in 2 = £1. In the absence of noise,
and when the amplitude A of the forcing lies below a threshold, solutions
of (4.0.1) always remain in the same potential well. The noise term may
cause the particle to switch potential wells. Roughly speaking, the expression
stochastic resonance refers to the fact that these interwell transitions are not
uniformly distributed in time, but show instead some trace of the periodic
forcing.

One of the difficulties in quantitative studies of SR arises from the fact
that several parameters are involved. Even in the simple example (4.0.1), there
are already three of them: noise intensity o, amplitude A and frequency ¢
of the forcing. SR is usually associated with some quantitative measure of
the system’s response being maximal for a certain noise intensity, depending
on the other parameters A and e. Most existing studies assume either the
amplitude A, or the frequency ¢, or both, to be small.
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The method of choice for a mathematical analysis depends on the regime
one is interested in. In order to compare the type of results obtained by the
sample-path approach and other methods, we have divided this chapter into
two parts as follows.

e In Section 4.1, we give a brief overview of the phenomenon of SR, discuss
various measures introduced to quantify it, and present some of the results
that have been obtained on their behaviour as the different parameters
vary.

e In Section 4.2, we apply methods from Chapter 3 to the study of sample-
path behaviour in the so-called synchronisation regime. We treat the case
of relatively large values of the amplitude A, slightly below the threshold
that would allow the particle to overcome the potential barrier in the
deterministic case. A sufficient noise intensity then causes nearly regular
transitions of the particle between both potential wells.

4.1 The Phenomenon of Stochastic Resonance

4.1.1 Origin and Qualitative Description

The concept of SR was originally introduced by Benzi, Sutera and Vulpi-
ani [BSV81] and by Nicolis and Nicolis [NN81], in order to offer an explana-
tion for the close-to-periodic appearance of the major Ice Ages. Various proxies
indicate that during the last 700000 years, the Earth’s climate has repeat-
edly experienced dramatic transitions between “warm” phases, with average
temperatures comparable to today’s values, and Ice Ages, with temperatures
about ten degrees lower. The transitions occur with a striking, though not
perfect, regularity, with an average period of about 92000 years.

The idea that this regularity might be related to (quasi-)periodic vari-
ations of the Earth’s orbital parameters was put forward by Croll [Cro75]
in 1864, and worked out during the first half of the twentieth century by Mi-
lankovitch [Mil41]. The slow variations of insolation, however, can only explain
the rather drastic changes between climate regimes if some powerful feedbacks
are involved, for example a mutual enhancement of ice cover and the Earth’s
albedo.

The simplest possible model for the variations of the average climate is an
energy-balance model, whose sole dynamic variable is the mean temperature 7'
of the Earth’s atmosphere. Its evolution is described by

ar _
cds_

where c is the heat capacity, and s denotes time. The incoming solar radiation
Ri,(s) is modelled by the periodic function

Rin(8) — Rout(T, s) , (4.1.1)

Rin(s) = Q(1+ K cosws) , (4.1.2)
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Fig. 4.1. Overdamped particle in a periodically forced double-well potential. In a
climate model, the two potential wells represent, for instance, Ice Age and temperate
climate. For subthreshold forcing amplitudes, resulting from variations in the Earth’s
orbital parameters, no transitions between wells occur, unless noise, modelling the
weather, acts on the system.

where the constant @ is called solar constant, the amplitude K of the mod-
ulation is small, of the order 5 x 1074, and the period 27/w equals 92000
years. The outgoing radiation Rou:(7,s) decomposes into directly reflected
radiation, and thermal emission. It thus has the form

Rout (T, s) = a(T) Rin(s) + E(T) (4.1.3)

where «(T) is called the Earth’s albedo, and E(T') its emissivity.

The emissivity, approximated by the Stefan—Boltzmann law of black-body
radiation E(T) ~ T*, varies little in the range of interest, and can be replaced
by a constant Fg. All the richness of the model thus lies in modelling the
albedo’s temperature-dependence (which is influenced by factors such as size
of ice sheets and vegetation coverage). The evolution equation (4.1.1) can be
rewritten as

ar = Eo ['y(T)(l + K cosws) + Kcosws] , (4.1.4)
c

where y(T) = Q(1 — «(T))/Ep — 1. In order that two stable climate regimes
can coexist, y(T) should have three roots, the middle root corresponding to

an unstable state. The authors of [BPSV83] take a pragmatic view and choose
to model (7T') by the cubic polynomial

T) = 6(1 - TTI> <1 - ;;) (1 - ;;) , (4.1.5)

where 17 = 278.6 K and T3 = 288.6 K are the representative temperatures of
the two stable climate regimes, and T, = 283.3 K represents an intermediate,
unstable regime. The parameter § determines the relaxation time 7 of the
system in the “temperate climate” state, taken to be 8 years, by

- =—24(T3) . (4.1.6)
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Introducing the slow time ¢ = ws and the “dimensionless temperature” = =
(T — Ty) /AT, with AT = (T3 —T1)/2 = 5 K, yields the rescaled equation of
motion d

Ed—f =—x(z — X1)(x — X3)(1 + K cost) + Acost . (4.1.7)
Here X; = (Th — T2) /AT ~ —0.94 and X3 = (T5 — T»)/AT ~ 1.06, while the

adiabatic parameter ¢ is given by
2(T3 — 1)

—wr——= 2 ~116x 1073 . 4.1.8
£ =WwT AT X ( )

The effective driving amplitude

 KTiTTy
A= YRVViE (4.1.9)

is approximately equal to 0.12, according to the value Eg/c = 8.77x 1072 /4000
Ks™! given in [BPSV83]. For simplicity, let us replace X; by —1, X3 by 1,
and neglect the term K cos 27t in (4.1.7). This yields the equation

ed—xzx—xB—I—Acost. (4.1.10)
dt
The right-hand side derives from a double-well potential, and thus has two
stable equilibria and one unstable equilibrium, for all A < A, = 2/3v/3 ~ 0.38.
The periodic forcing is thus not sufficient to allow for transitions between the
stable equilibria (Fig. 4.1).
The new idea in [BSV81, NN81] is to incorporate into the equation (4.1.7)
the effect of short-timescale atmospheric fluctuations, by adding a noise term,
as suggested by Hasselmann [Has76]. This yields the SDE

day = é[xt — 2} + Acost] dt+%th, (4.1.11)
here considered on the slow timescale. For adequate parameter values, typical
solutions of (4.1.11) are likely to cross the potential barrier twice per period,
producing the observed sharp transitions between climate regimes. This is
a manifestation of SR. Whether SR is indeed the right explanation for the
appearance of Ice Ages is controversial, and hard to decide. However, mod-
els similar to (4.1.11) have been analysed in different contexts, and SR was
discovered to act as an amplification mechanism in many physical systems
subject to noise, for instance ring lasers. It also plays a role in biology where
SR has been observed in neural systems, for instance.

Depending on forcing amplitude A and noise intensity o, the following
regimes are observed (Fig. 4.2):

o If A=0, the study of (4.1.11) reduces to the well-known problem of bar-
rier crossing in a static potential. The expected time between transitions is
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Fig. 4.2. Sample paths of Equation (4.1.11) for ¢ = 0.003 and different forcing
amplitudes A and noise intensities o. Solid lines indicate the location of the potential
minima and of the saddle. From top to bottom and left to right: A =0 and ¢ = 0.3,
A=0.1and 0 =0.27, A=0.24 and 0 = 0.2, A =0.35 and o = 0.2.

given by Kramers’ time (see Appendix A.6), which is exponentially large
in 2H /02, where H is the potential barrier height. For small noise inten-
sities, the distribution of waiting times between crossings is close to an
exponential distribution, with parameter equal to the inverse of Kramers’
time. Thus transitions asymptotically follow a Poisson point process (after
a proper rescaling of time).

If 0 < A <« A, the barrier height varies periodically, so that transitions
become more likely at some moments in the cycle than at others, yielding a
periodically modulated distribution of waiting times between transitions.
This effect is expected to be most pronounced when the Kramers time
equals half the forcing period. For smaller noise intensities, transitions are
rare, while for larger intensities, they become frequent within each period.
If A< A, but A. — A < A, the potential barrier becomes very low twice
per period. For sufficiently strong noise, transitions become likely twice
per period, and large-amplitude oscillations appear.

Since the introduction of the model, several measures have been considered

in order to quantify the effect:

Spectral characteristics: The time-autocorrelation function of the sig-
nal has a periodic component, producing peaks in its Fourier transform,
the power spectrum. Various quantities have been used to measure the
importance of this periodic component, such as signal-to-noise ratio, or
spectral power amplification.

Residence-time distributions: In the absence of forcing, the rescaled
waiting times between interwell transitions obey an exponential law in the
limit of small noise intensity. In the presence of forcing, the distribution of
residence times becomes a periodically modulated exponential, reflecting
the fact that transitions are more likely to occur at certain times in the
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cycle. Then resonance can be quantified by a suitable measure of concen-
tration of residence-times within each period.

e Sample-path properties: In some parameter regimes, typical sample
paths switch back and forth between the potential wells in a close-to-
periodic way, and it can be proved that sample paths converge (in a suit-
able sense) towards a deterministic periodic function as the noise inten-
sity o goes to zero. More generally, one can obtain concentration results
in a neighbourhood of such a deterministic function.

Various methods have been used to study these quantitative properties,
including spectral-theoretic methods (such as expansion of the probability
density in a basis of eigenfunctions of the unperturbed generator), linear re-
sponse theory, and large-deviation techniques.

In the sequel, we shall give an overview of some of these results, with an
emphasis on mathematically precise ones. We will concentrate on equations
of the type (4.1.11). Note, however, that SR appears in other types of systems
as well. Two simplified systems that have been studied in detail are

e the motion in a potential switching back and forth between two different
static configurations, first considered in [BSV81];

e a two-state Markovian jump process with time-periodic transition proba-
bilities, first considered in [ET82].

4.1.2 Spectral-Theoretic Results

For simplicity, we consider here again the special case of the system (4.1.11),
written in the form

dz, = [fU’(a:S) + Acos Qs] ds + o dW, , (4.1.12)

where U(z) = 1z* — 122 is the standard static symmetric double-well poten-
tial. A first variety of ways to quantify SR are based on the process’ power

spectrum

2
Sa(w) = lim ’/ lim Eforo{g,}e“"du| , (4.1.13)

t—oo 2t to——00

where A refers to the power spectrum’s dependence on the forcing ampli-
tude A. The limit tg — —oo is taken in order that the system be in a station-
ary state (and thus S does not depend on the initial state xg). In practice,
it is often more convenient to compute the power spectrum by invoking the
Wiener—Khintchin theorem, which relates the power spectrum to the process’
autocorrelation function,

Cal(t,s) = tgl—i>n—100 Eto’m"{xsxt} = Ca(s,t) . (4.1.14)

Note that, for ¢t > s, Ca(t, s) is given in terms of transition probabilities by
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Ca(t,s) = , lim //xp(z, tly, s) yp(y, s|zo, to) dy da . (4.1.15)
0——00

Then the Wiener—Khintchin theorem states that S4(w) is the Fourier trans-
form of t — Ca(t+ s, s), averaged over s.

Let us first consider the case without periodic forcing, i.e., A = 0.
The transition probabilities (z,t) — p(x,t|ly,s) are solutions of the Kol-
mogorov’s forward, or Fokker-Planck, equation 0;p = L{p with initial condi-
tion p(z, sy, s) = dy(x) (cf. Appendix A.4), where

9] o? 92
(Lop)(@) = - (U'(@)p(2)) + 5 5 5p(2) (4.1.16)

is the adjoint of the diffusion’s generator. Note that Lf is essentially self-
adjoint in L2(R, W (z)~!dx) with weight W (x)~! given by

1
W(z) = Ne—w(@/”z . (4.1.17)

We choose the normalisation N in such a way that W (z) is a probability
density, and denote the associated scalar product by (-, -}y-1. It is also well
known (see, for instance, [Kol00]) that the spectrum of L{ consists of isolated,
simple, non-positive eigenvalues

0=—-Xg>—-A1>—-)A>..., (4.1.18)

where

o the eigenfunction po(z) = W(z) associated with Ay = 0 is the invariant
density;
e the first non-vanishing eigenvalue —\; satisfies

A = %\/U”(l)\U”(ON e 21 14 0(0?)] (4.1.19)

where H = U(0) —U(—1) = 1/4 is the potential barrier height; the associ-
ated eigenfunction is of the form p;(x) = ¢1(x)W(z), where ¢1(z) is well
approximated by sign x;

e all eigenvalues A, for k > 2 are bounded away from 0 (by a constant
independent of ), i.e., there is a spectral gap.

The completeness of the basis of eigenfunctions immediately yields the
following representation of the transition probabilities

plas +tly,s) = S e MW () pe(y)pe(a) - (4.1.20)
k>0

Inserting this into the definition (4.1.15) of the autocorrelation function gives
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Co(s+1t,s) = Co(t,0) Ze*)"“‘tl where aj = /J}pk(l’) dzx .
k>0
(4.1.21)
The symmetry of the potential implies that eigenfunctions are even for even k
and odd for odd k, so that a, = 0 if k is even. The power spectrum is thus
the sum of Lorentzians

A
So(w):/ e W Cy(t,0)dt = 2 Z a? 2k
ke2Z +1 )‘k+

(4.1.22)

Because of the spectral gap, for small noise intensities (and small w) this sum
is dominated by its first term.

Consider now the periodically perturbed system (4.1.12). Its adjoint gen-
erator is the time-periodic differential operator

0
L*(t) = L{+ ALI(t) , where L7 (t) = cos Qt% . (4.1.23)

Floquet theory implies the existence of “eigenmodes” g (z,t), depending pe-
riodically on ¢ and satisfying

9]
() - &)qk(:ﬁ t) = —pai(e.t) - (4.1.24)
Similarly, the generator L(t) + 0; admits dual Floquet eigenmodes that we
denote by Gi(z,t). The eigenmodes gi(z,t) and characteristic exponents
depend on A and reduce to their static counterparts py(z) and A\x in the limit
A — 0. In particular, p is identically zero, and thus go(z, t) is a time-periodic
solution of the Fokker—Planck equation, describing the asymptotic dynamics
of the process.
The transition probabilities can be represented in terms of Floquet modes
as
p(z,s +tly, s) Ze ret g (y, 8)qr(w, s + 1) . (4.1.25)
k>0

A similar computation as above yields the expression

Ca(s+t,s) = Z e Mty (s + 1) Br(s) (4.1.26)

k>0

for the autocorrelation function, where the ay(u) and Bx(u) are periodic func-
tions, of period T' = 27 /{2, given by

ag(u) = /qu(x,u) dz (4.1.27)

Bk (u) = /xc}'k(m,u)qo(x,u) dz . (4.1.28)
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(a) (b)
Sa(w)

Fig. 4.3. (a) Qualitative behaviour of the power spectrum Sa(w): the periodic
forcing produces peaks in multiples of the forcing frequency §2; (b) typical plots of
the signal-to-noise ratio Rgn (o) (solid line) and spectral power amplification (o)
(broken line), as a function of the noise intensity o-.

A direct computation shows that the first dual Floquet mode is simply
Go(z,t) = 1, so that fp(u) = ag(u). The term k = 0 of the sum (4.1.26)
yields a singular component of the power spectrum

. 1 (7T . R
S (w) = / T/o ag(s +t)ag(s) e dsdt = 2m Z|O&o7g‘25[_(2(w) ,

LEZ
(4.1.29)

where Qg £ € Z , are the Fourier coefficients of ag(u). The amplitudes of the
delta-peaks in this singular component are a measure of the signal’s period-
icity. It is customary to consider the amplitude of the first peak,
o+A
Sa1= lim S8 (w) dw = 27|ag 1 |* . (4.1.30)
A—0 0O—A

The two most commonly used measures of resonance are the signal-to-noise
ratio

San |Q0.1]% A2 + §22
Ran = o~ J 4.1.31
SN SQ(Q) T Oé% )\1 ’ ( )
and the spectral power amplification
Sa |q.1]?
= 2T (4.1.32)

Note that for fixed parameters o, A and {2, the quantities Rgn and 77 depend
only on the expected position ag(t) in the “stationary” Floquet mode qo(z,t),
satisfying Oyqo(x,t) = L*(t)qo(z, t).

Several approximate calculations exist for the small-amplitude case A < 1
[Fox89, GMSS'89, JH89]. A straightforward expansion to linear order in A
(which can be viewed in the framework of linear response theory) yields

A ei_(lt efi_(lt o 5
_ A 9 A2) .
(1) = po(z) + 5 kz[ S nmim] (P ey () + O

(4.1.33)
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As a consequence,

~ o A Qe 8 2
Qo1 =5 ];1 m<]9k, %170>WF1 +0(A%) . (4.1.34)

Using the properties of the static eigenfunctions pg (), one obtains that this
sum is dominated by the term with & = 1, and that the matrix element
{p1,Ozpo)w—1 is proportional to A;/o2. This yields the expressions

A? AZ e
Rsn = Rgn(0) ~ const — A\ = const —e” /o= (4.1.35)
o o

Dt

n=mn(o) ~ constﬁm ,

(4.1.36)
for the signal-to-noise ratio and spectral power amplification. Each function
has a unique maximum, tends to zero exponentially fast in the limit of van-
ishing noise, and decreases like 0=* for large noise (Fig. 4.3b). The signal-to-
noise ratio is maximal for o2 = H, while the maximal power amplification is
reached when the Kramers time )\fl is of the order of the driving period, i.e.,
0% ~2H/log 271,

Though we are not aware of completely rigorous proofs of the above results
(that is, the error terms O(A?) in (4.1.33) are not precisely controlled), there
seems to be little doubt as to their validity, which has also been confirmed
experimentally.

Another limit that can be studied perturbatively is the adiabatic limit
2:=e¢ <« 1. Rather than working in the basis of eigenfunctions of the sym-
metric double-well system, it is then advantageous to expand the periodic
Floquet solution go(z,t) in the basis of instantaneous normalised eigenfunc-
tions pi(x,t) of L*(t). These satisfy, for each fixed time ¢,

L (O)pu(,t) = —Me(t)pi(a.1) - (4.1.37)

Let U(x,t) = U(z) — Axcoset be the time-dependent potential including
the effect of the periodic driving. We denote by x* (t) < xz§(t) < a7 (t) its
stationary points at time ¢, by hy (t) = U(x§(t),t) — U (2% (¢),t) the depths of
its two wells, and by w;(t)? = |0, U (2} (t),t)|, i € {—,0,+}, the curvatures of
U at its stationary points. Then it is known that

e Xo(t) =0, and po(z,t) = N(t)"le=2U@1/7" is the associated stationary
distribution;
e the first non-vanishing eigenvalue satisfies

t
Ai(t) = “’;fr) [w (B)e 2O/ Loy (1) -0/ [1+0(6?)] ; (4.1.38)
the corresponding eigenfunction has the form p;(x,t) = ¢1(x, t)po(z,t),
where ¢1(x,t) is close to —¢_, for < z}(t), and close to ¢ = 1/¢_, for
x > af(t), with ¢_ given by



4.1 The Phenomenon of Stochastic Resonance 121

# = wét; 024A(1) /0
- W4 t ’

e there is a spectral gap of order 1 between A;(¢) and all subsequent eigen-
values.

A(t) = hy (t) — h_(t) ; (4.1.39)

In the sequel, we shall work on the slow timescale et. Substituting the decom-
position qo(x,t) = >_;5¢ ck(t)pr(x,t) into the accordingly rescaled Floquet
equation yields the system

et =—Mr(t)ek — 2 Y (ks Pe)w1 co - (4.1.40)
>0

Orthonormality of the p, (with respect to the scalar product weighted by
W=z, t) = po(z,t)~1) yields (po,pe)w-1 = 0 for all £, so that co(t) = 1.
Now the existence of a spectral gap implies that for ¢ < 1, all ¢ with k£ > 2
are fast variables. By an infinite-dimensional variant of Tihonov’s theorem,
they remain thus e-close to a slow manifold given by ¢ (t) = O(e) Vk > 2. The
reduced dynamics on the slow manifold is described by the one-dimensional
effective equation

gty = —Ai(t)er —e(p1,p1)w-1 c1 — €(P1, Po)w-1 - (4.1.41)

Let us now show that this equation is equivalent to the two-state Markovian
jump process introduced in [ET82]. The scalar products in (4.1.41) can be
evaluated by first noting that

polx,t) = 20—13 sint(/ ypo(y,t)dy — x)po(x,t) , (4.1.42)

and then using the orthonormality conditions and their derivatives to obtain

) 24 .

(p1,P0)w-1 = — g Sint (p1, TPO)W -1 , (4.1.43)
) A .

(p1,p1)w-1 = o smt[(po,xpo)w_l - <p1,xp1>W_1] . (4.1.44)

The matrix elements can be estimated by the Laplace method. Below, the

~

notation a = b is used to indicate that a/b =1+ O(c?). It is also convenient
to introduce A(t) = A(t) — 202 log(w4 () /w—(t)). One obtains

x x
(prsopolw 1 = — (f;g)Jr :i_ﬁ((g/ﬂ : (4.1.45)
ar;i;(t)ez(t)/"2 + z* (t)e_z(t)/”2
AWM/ 1 oA/
w* (£)ed D/ g (t)e= AW/
B/ ¢ oA/

IR

(o, zpo)w -1 (4.1.46)

(p1,2p1)w-1 = (4.1.47)
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The reduced equation (4.1.41) thus takes the form

sinh(A o2)e; —
gé1 = —=Ai(t)er — s% sint (27 (t) — 2% (t)) il(gsAh((ti/(t)/)g?) ! . (4.1.48)

To show equivalence with the two-state process, we note that the popula-
tion of the right-hand potential well is given by

AW/o* L e (1)
eﬁ(t)/cf2 + e—ﬁ(t)/a2 ’

1%

et (t) =Pz, > zj(t)} (4.1.49)

Conversely, ¢1(t) can be expressed in terms of ¢4 () and c_(t) =1 —c4(¢) by
c1(t) = ey (e B0/ ¢ (1)edD/" (4.1.50)
A straightforward calculation, using A(t) = —Asint (% (t) —x* (t)) and
M) Zry(t)+r_(t), (4.1.51)
then shows that (4.1.48) is equivalent to the set of rate equations

eéy = —ry(t)eg +r-(t)e—,

4.1.52
et = ry(t)ey —r_(t)e_ ( )
with transition rates
t t
ro(t) = %e_%i(w . (4.1.53)

These rates are interpreted as instantaneous Kramers transition rates between
the two potential wells. The expected position ag(t) is given by

ao(t) =E®{x} = ey (t)a7(t) + c—(t)x= (t) , (4.1.54)
and satisfies the differential equation
ep(t) = =M (t)ao(t) + [r-(t)zh (t) + ro(O)z* (8)] [1 + O(eA)] . (4.1.55)
It can thus be written in the form

1+0() 1

aO(t) = 1 —e_A/Eg

t

/ MG/ (5)a% () 4 1y ()2 (5)] ds , (4.1.56)
t—2m

where we have set Algt, s) = fst A1(u) du, and A = A;(27,0). Note that A is

of the order e 2/min/?” where hpyin is the minimal depth the potential wells

attain.
We can now distinguish between two situations (Fig. 4.4):
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e =0.001

Fig. 4.4. Expected position oo (t) = E%{z.} (solid lines), for A = 0.3, 0 = 0.2, and
two different driving frequencies. The broken line is the forcing A cost. For ¢ = 0.001
(superadiabatic regime), ao(t) tracks the deepest potential minimum. For ¢ = 0.3
(semiadiabatic regime), ao(t) changes well near the instant of minimal barrier height.

In the superadiabatic regime ¢ < A, the system has enough time to cross
the potential barrier, and thus settles close to its static equilibrium distri-
bution po(x,t), while the potential slowly modifies its shape. As a conse-
quence, «g(t) adiabatically tracks its equilibrium value

r_(t)a (t) +ry(t)ar (t)

al(t) = RO . (4.1.57)

Disregarding the motion of the potential minima z% (), we see that og(t)
behaves like tanh(A(t)/0?), and has an amplitude of order tanh(A4/c?).
It follows that the signal-to-noise ratio and spectral power amplification
behave like

A
Rsn(0) ~ const tanh? <2>62hmi“/”2 ) (4.1.58)
o
1 A
n(o) ~ constﬁ tanh? (0‘2) . (4.1.59)

We recover the same small-amplitude behaviour as before, but see a satu-
ration effect at large amplitudes, due to the fact that the oscillations are
bounded by the interwell distance (cf. (4.1.54)).

In the semiadiabatic regime O(A) < € < 1, the system does not react as
quickly to changes of the potential. Increasing the driving frequency ¢ has
two effects on the behaviour of ag(t). Firstly, transitions between poten-
tial wells are delayed towards the instants of minimal barrier height; and
secondly, the amplitude of ag(t) decreases proportionally to 1/(1 +¢&/A).
In particular, the spectral power amplification now behaves like

1 A\ A2
n(o) ~ const Vel tanh? () EEh (4.1.60)

o2
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Note that n(o) still has a unique maximum, but when the amplitude A is
not a small parameter, the decay of the power amplification is rather slow,
and makes itself felt only for noise intensities o2 of order larger than A.

In the case of the switching potential, as well as for the corresponding two-
state process, the spectral power amplification can easily be computed exactly.
A detailed comparison between both cases is given in [IP02] for 02 < A. As
expected, in some parameter regimes, the power amplification of the two-state
model behaves qualitatively differently from its continuous-space counterpart,
as a consequence of intrawell fluctuations.

4.1.3 Large-Deviation Results

The spectral-theoretic results discussed so far all relate to the behaviour of
the expected position. It would be possible to study the properties of higher
moments by similar means. However, much more information is contained in
the sample-path behaviour of the process.

The theory of large deviations can be used to derive sample-path properties
in the quasistatic regime, that is, for driving periods comparable to Kramers’
time or larger. More precisely, consider the family of stochastic processes {z; }+,
satisfying

dzy = [z — 2} + Acos(2mt/T(0))] dt + o AW, (4.1.61)

with an initial condition zg. In this context, the forcing period T'(o) is assumed
to scale with the noise intensity in such a way that

lim o?logT(0) =\, (4.1.62)

for some parameter \ > 0 controlling the relative value of period and “instan-
taneous” Kramers’ time. The theory of large deviations allows one to prove
convergence, in an appropriate sense, of the rescaled process y; = (o) to
a deterministic function s — ¢(s, A, zg) in the limit of vanishing noise inten-
sity o.

Let U(z,t) = t2* — 322 — Acos(2nt/T(0))x denote the time-dependent
potential associated with the drift term in (4.1.61). Let z% (¢) again be the
positions of its two minima, z{(t) the position of its saddle, and let hy(t) =
U(z§(t),t)—U(a%(t),t) denote the depths of the two potential wells. Consider
for a moment ¢ as a fixed parameter, so that z (t) = 2% and hy(t) = hy.
The classical Wentzell-Freidlin theory (see Appendix A.5) shows in particular
that a sample path starting, say, at time ¢ = 0 in 2%, first hits 27, at a random
time 71 such that

lim o log E®*={rF} =2h_. (4.1.63)
Furthermore, for any constant § > 0,

lim PO#" {e@h-—0/0" < 7H < o@h-t0)/o"Y — (4.1.64)

o—0
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A sample path starting in the left-hand potential well is thus likely to remain
in that same well on all timescales shorter than e2"-/7". On larger timescales,
it is likely to visit the right-hand well, where it typically stays for a time of
order e2+/7° before returning into the left-hand well. If h_ # h, the relative
time spent in the shallower well tends to zero in the limit o — 0.

We return now to the time-dependent system (4.1.61). The asymptotic
behaviour, in the simultaneously taken limit of weak noise and exponentially
long driving period (4.1.62), is described by a deterministic function ¢ +—
@(t, A\, x), giving the position of the bottom of the well the particle is most
likely “inhabiting” at time ¢, when the forcing period is of order e/ o*. For an
initial condition z < a7(0) in the left-hand well, ¢(¢, A\, z) = «* (¢) until the
first time 71, when h_(t) becomes smaller than \/2 and the right-hand well
is deeper. Then ¢ switches from x* (t) to 7 (). It switches back to z* (t) at
the first time 75 > 71 at which h4(¢) falls below A/2 and the left-hand well
has again become the deeper one. Now, the pattern is repeated with switches
from x* (t) to x% (t) at times 79;_1, and switches back from 27 (t) to z* (t) at
subsequent times 79;, ¢ > 1. Thus, using 79 = 0, we can write

a* (t), ift € |12, T2i41) for some i >0,

Pt A x) = { (4.1.65)

x% (t), ift € [T2iq1, Togig1)) for some i > 0.

The definition is analogous for initial conditions z > x{(0) from the right-hand
well.

A typical result obtained by large-deviation theory is the following. For
any fixed S, p,d > 0,

S
lim PO@{/ |Zsr(0) — (5T (0), A\, @)|" ds > 5} =0. (4.1.66)
o= 0

That is, the LP-distance between sample paths and the limiting function ¢
converges to zero in probability as the noise intensity goes to zero (while the
forcing period simultaneously diverges like e "2). If hpin and hpax denote
the extremal depths of the potential wells, the following regimes can be dis-
tinguished:

e In the superadiabatic regime A > 2hpmax, ¢(t, A, z) is always the deepest
potential well, i.e., sample paths are always likely to be close to the deepest
minimum of U. Note that this does not forbid excursions to the shallower
well, which are in fact frequent, but short compared to the forcing period.

e In the intermediate regime 2hAn;,, < A < 2hmax, the limiting function ¢
switches from the shallower to the deeper well some time before the bar-
rier height reaches its minimum. This switching displays a hysteresis be-
haviour: Transitions from left to right and vice versa occur for different
values of the forcing.

e For A < 2hn,, the forcing period is smaller than the minimal Kramers
time, and thus no transitions between wells are observed in the weak-noise
limit, during any finite number of periods.
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An advantage of these large-deviation results is that they are valid in much
greater generality than discussed here. They can be extended to multidimen-
sional systems with an arbitrary (finite) number of attractors, which can be
more complicated than equilibrium points. These attractors are then organ-
ised in a hierarchy of cycles, which is used to define the deterministic limiting
function ¢. A limitation of these quasistatic large-deviation estimates is the
rather weak notion of convergence, which does not exclude excursions away
from the limiting function. A more refined description of transitions is given
by first-passage-time and residence-time distributions.

4.1.4 Residence-Time Distributions

The term residence time refers to the time elapsing between two successful
transitions from one potential well to the other. In the absence of forcing, a
transition time can be defined as the first time 7 at which a sample path
crosses the saddle, say from the left-hand to the right-hand well. The time
of the next successful crossing is then the smallest time 75 > 7 at which x;
reaches the saddle again, after having left a suitably chosen neighbourhood
of the saddle and having visited the right-hand well between times 7 and
7o (this is done in order to mask the effect of rapid fluctuations of sample
paths around the saddle). Continuing in this way, one obtains a sequence
{Tn}n>1 of successive crossing times; in the properly rescaled vanishing-noise
limit, their distribution is given by a Poisson point process. The residence-
time distribution is the large-n asymptotics of the distribution of differences
Tn+1 — Tn, and tends to an exponential distribution in the limit ¢ — 0.
Consider now the periodically forced system

dwy = [z — 2} + Acos(2nt/T)] dt + o dW; . (4.1.67)

If o =0and A < A. = 2/3/3, the system has exactly three periodic orbits,
two of them being stable and tracking the potential wells, the third one being
unstable and tracking the saddle. We denote this last periodic orbit, which
separates the basins of attraction of the two stable ones, by zP*(¢). In the
adiabatic case T > 1, xP®"(¢) tracks the saddle at z§(¢) at a distance of order
1/T, while for decreasing T', the orbit xP'(¢) oscillates with an amplitude
decreasing like (14 1/7)71.

In the presence of forcing, the noise-induced transitions between wells are
characterised by the first-passage times {7, },,>1 through the unstable periodic
orbit 2P (t). Again, the residence-time distribution is defined as the asymp-
totic distribution of differences 7,41 — 7,. Stochastic resonance can then be
quantified by the deviation of this distribution from an exponential one.

The problem of determining the residence-time distribution can be split
into two tasks:

e Find the (conditional) first-passage density
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0

aps’x’”‘“){r <t} (4.1.68)

p(tls) =
where 7 is the time of the first successful crossing from the left-hand to the
right-hand well, following a preceding transition in the opposite direction
at time s.
e Find the density ¥(s) of asymptotic arrival phases, which is a T-periodic
function of average 1/T, satisfying

t
P(t) = / p(t|s)y(s —T/2)ds . (4.1.69)
The shift by T'/2 reflects the fact that the two potential wells move half
a period out of phase, i.e., if ¥(s) is the density of arrival phases for
transitions from left to right, then (s — T/2) is the density of arrival
phases for transitions from right to left.

The density ¢(t) of the residence-time distribution is then obtained by de-
termining the density of the first-passage time when starting with an initial
condition chosen according to the distribution of arrival phases, i.e., by aver-
aging p(s + t|s) over the arrival phase s:

q(t):/o p(s + t]s)(s — T/2)ds . (4.1.70)

In the adiabatic regime 7" > 1, the residence-time distribution should
be well-approximated by the residence-time distribution of the two-state sys-
tem (4.1.52), which can be computed explicitly. In particular, for small driving
amplitude A < o2, one obtains [ZMJ90, CFJ98]

1
q(t) ~ Ne*“t/Tfé [1— ¢y sin(27t/T) — ¢z cos(2mt/T)] | (4.1.71)

where TH ~ e2H/7% iy the (static) Kramers time, and k,c1,co are constants
related to A/co? and T/TY, with ¢; and ¢y being of order (4/0%)?.

In the weak-noise regime o2 < A, on the other hand, quite a precise char-
acterisation of the residence-time distribution can be obtained from results on
the exit problem (see Appendix A.6). Equation (4.1.67) can be rewritten as a
two-dimensional system on the cylinder R x (R /TZ) as

dz, = [ast — 2+ Acos(27ryt/T)} dt + odW; , (4.1.72)
dy, =dt .
Consider the set D = {(z,y): ¢ < zP“(y)}, and fix an initial condition
(20,y0) € D. The exit problem consists in determining the distribution of the
first-exit time 7 of (x4, y;) from D, and of the first-exit location (z,,y,) € 9D.
Note that in our particular case, y, = yo + 7 (mod T') and z, = P (y,).
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A first approach to the exit problem relies on the theory of large deviations,
which relates properties of the exit law to the behaviour of the large-deviation
rate function and the quasipotential induced, see in particular Theorem A.6.2.
Two difficulties are inherent to the present situation:

e The system (4.1.72) is degenerate, in the sense that the noise only acts on
the z-variable.

e The quasipotential is constant on the boundary 0D, owing to the fact that
translations along the periodic orbit 2P (¢) do not contribute to the “cost”
of a path in terms of the action functional, because 9D is invariant under
the deterministic flow. This is a special case of a characteristic boundary.

The first difficulty turns out not to be too serious, because the distribution
of exit locations depends little on whether or not there is noise acting on the
y-variable. The second difficulty is more serious, as it implies that on the level
of exponential asymptotics, all points on the boundary are reached with the
same probability — an apparent contradiction with the quasistatic approach
of the previous section. The explanation lies, of course, in the subexponential
behaviour of the exit law, which becomes highly nonuniform in the adiabatic
limit.

Exit problems with characteristic boundary have been studied in detail.
In particular, Day [Day90b] discovered a striking phenomenon, that he called
cycling: As the noise intensity converges to zero, the distribution of exit lo-
cations does not converge, but rotates around the boundary, with an angular
velocity proportional to |loga|.

Though the theory of large deviations is not sufficiently precise to compute
the subexponential behaviour of the exit distribution, it is helpful inasmuch as
it shows that paths leaving the set D through a given subset of 9D most likely
track minimisers of the action functional. Generically, for paths reaching 0D
after n periods, the action functional has n minimisers, distinguished by the
number of periods they spend near the unstable orbit before crossing it.

The most precise result useful for our purpose is the following. Assume
the amplitude A is of order 1, and 0? < A. Let a(t) = —,,U(xP*"(t),t) be
the curvature of the potential at 2P (t), and

A= ;/OT at) dt (4.1.73)

the characteristic (or Lyapunov) exponent of the unstable orbit. Then, for any
A > /o, and t > ty, one can show [BGO4 BGO05a, BGO5b] that

pProtolr e[t t+ A} = / p(slto)ds [1+7(0)], (4.1.74)
where r(0) = O(y/o) and

0'(t
P)\T (G(t) — |10g O'|) Lei[e(t) 0(to)l/ATic(o ftrans(ﬂtO)

pltlto) = (o)
(4.1.75)

1
N(to)
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Because of the restriction on A, this result does not quite prove that the first-
exit time density is given by (4.1.75), but only allows for a coarse-grained
description of p(t|tp). For simplicity, in the sequel we shall identify p(¢|ty) and
D(t|to). The following notations are used in (4.1.75):

e Tk(o) is the analogue of Kramers’ time in the autonomous case; it has the
form

Ty(o) = Sov/7"

4.1.
ZevI7 (4176

where V is the constant value of the quasipotential on the boundary. The
prefactor has order o1 rather than 1, due to the fact that most paths
reach zP(t) through a bottleneck of width o around a minimiser of the
action functional. (Note that the width of these bottlenecks would be larger
if |A| were not of order 1.)

e Pyr(y) is a universal AT-periodic function, given by

AT & _ I -
o> > A(y—kAT) with  A(z) = 2e exp{ s }

k=—o00

Pyr(y) =

(4.1.77)
It thus consists of a superposition of identical asymmetric peaks, shifted by
a distance AT'. The kth term of the sum is the contribution of a minimiser of
the action functional tracking the unstable orbit during k& periods before
crossing it.! The shape of the peaks A(z) is given by the density of a
Gumbel distribution with scale parameter 1/2, describing the distribution
of the largest extreme of a large number of independent trials. The average
of Pyr(y) over one period is equal to 1, and its Fourier series is given by

_ mig/ AT TG\ origy/AT
Pap(y) =Y 2™ r<1 +7 )T (4.1.78)
qEZ
where I' denotes the Euler Gamma function.

e §(t) contains the model-dependent part of the distribution; it is an increas-
ing function of ¢, satisfying 0(¢t + T') = 0(t) + AT, and is given by

0(t) = const —|—/0 a(s)ds — %1og Z(((t))) , (4.1.79)

where v(t) is the unique periodic solution of the differential equation 0(t) =
2a(t)v(t) + 1, that is,

1 t+T t+T
v(t) = m/t exp{/s 2a(u) du} ds . (4.1.80)

'If we neglect boundary effects, we may assume that there are n = |t/T| min-
imisers of the action functional, and k should thus actually range from 1 to n.
However, extending the sum to all integers only yields a small correction which can
be hidden in the error term r (o).
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Fig. 4.5. Plots of residence-time distributions q(t) (full curves) as a function of
t/T, shown for ten periods. The vertical scale is dlfferent between plots. The broken
lines show the average behaviour of ¢(t), that is, without the periodic modulation
Qx1(t/T), scaled vertically in order to match the peak height. Parameter values are
V=05A=1land (a) T=2,0=02,(b) T=2,0=045 (c) T =10, 0 = 0.2
and (d) T'= 10, o = 0.45.

e firans(tto) accounts for the initial transient behaviour of the system; it is
an increasing function satisfying

L e )\(t t())
O(exp{ﬁww}) for A(t — t()) < 2|10g0'|,

e /\(t t())
- 0(2) for At —to) > 2|log o,
o

(4.1.81)
where L is a constant, describing the rate at which the distribution in the
initial well approaches metastable equilibrium.

ftrans(t|t0) =

The function 6(t) yields a natural parametrisation of time. Redefining
time in such a way that 6(¢) = At, one obtains the simpler expression of the
(approximate) first-exit time density

1
D(tlto) = Py (M — |10g‘7|)me_(t_tO)/TK(”)ftmns(t\to) . (4.1.82)

1
N(to)
After a transient phase of order |logo|, p(t|tg) becomes a periodically modu-
lated exponential. The cycling phenomenon manifests itself as the argument
Mt — |log o| of the periodic modulation.

The expression (4.1.82) gives an approximation of the first-passage-time
distribution for an initial condition inside the left-hand well. Note, however,
that it depends on the starting point xg only via firans(t|to) which can be
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neglected after a short time, and that the periodic part does not depend on
the initial time to. In order to apply (4.1.70) to compute the residence-time
distribution, we should consider initial conditions on the unstable periodic
orbit. But as only sample paths visiting the left-hand well contribute, we may
approximate p(t|tg) by p(t|to), at the cost of making a small error on tg.

For T <« Tk(o), one easily obtains that the normalisation is given by
N(ty) =1+0(T/Tk(0))+ O(r(c)), and that the solution of (4.1.69) is of the
form

1
P(t) = TP,\T()\t —[loga|) [1+ O(T/Tk(0)) + O(r(0))] - (4.1.83)
It follows that the residence-time distribution has the expression

a(t) = Qwu/T)%@e—t/TK(@fm (H[1 + O(T/Tic(0)) + O(r(e))] ,

) (4.1.84)
where the transient term firans(t) behaves like firans(¢]0) and Qa7 is a periodic
modulation described by the 1-periodic function

1 T
Qar(t) = f/ Par (AT + 5) — [log o) Par (A(s — T/2) — [log o) ds

T Jo

_ (A2T) k;m /O:O AT (t +u— k) AN (u —1/2)) du
M & 1

AT i . (4.1.85)
2 7 cosh™(\T'(t+1/2 - k))

After a transient phase of duration |logo|/A, the residence-time distribution
approaches a periodically modulated exponential distribution. The periodic
modulation t — @Qxr(t/T) has maxima in odd multiples of 7'/2, and the
larger the period, the more sharply peaked the function s — Qxr(s) becomes,
so that one recovers the strongly localised residence times of the quasistatic
regime.

An important aspect of the expression (4.1.84) of the residence-time dis-
tribution is that is controlled by two independent dimensionless parameters,
AT and T/Tk(o). While AT governs the concentration of residence phases,
T/Tx (o) determines the speed of asymptotic decay of ¢(t). For T <« Tk(0),
this decay is very slow, so that sample paths have an appreciable probability
to stay in the same potential well for several periods. As T approaches the
Kramers time Tk (o), the decay becomes faster (relatively to the period), until
the first peak of ¢(t) at T/2 dominates.? In this synchronisation regime, the
system is likely to switch wells twice per period.

2Though v (t) departs from its expression (4.1.83) when T/Tk (o) is not small,
one can show that this only results in a deformation of order 1/A\Tk (o) of Qar,
which is very small in the regime 02 < A considered here.
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4.2 Stochastic Synchronisation: Sample-Paths Approach

Consider again the standard example (4.0.1) of an overdamped Brownian par-
ticle in a periodically forced double-well potential. When the minimal Kramers
time, associated with the lowest value of the potential barrier height, is close
to half the forcing period, the process may display almost regular transitions
between the two potential wells, once per period in each direction. Thus, for
fixed forcing amplitude A € (0, A.), the forcing period allowing for such a
synchronisation behaviour must be exponentially large in 1/02.

The situation is different when the driving amplitude A approaches its
critical value A.: If A. — A is allowed to decrease with the noise intensity
o, synchronisation can be observed for moderately large forcing periods. In
terms of slow—fast vector fields, the situation of close-to-threshold driving am-
plitude corresponds to the existence of avoided bifurcations between the stable
equilibrium branches (the bottoms of the potential wells) and the unstable
equilibrium branch (the saddle). In this section, we show how the methods of
Chapter 3 can be extended to such situations of avoided bifurcations, in order
to yield results on the sample-path behaviour in the synchronisation regime.

4.2.1 Avoided Transcritical Bifurcation
Consider the stochastic differential equation
dzs = f(zs,es)ds + o dW; (4.2.1)
first for the particular case of the drift term
f(x,t) = f(x,t,e) =z — 2> — A(g) costt . (4.2.2)

We assume that the driving frequency ¢ is small, and that its amplitude A(e)
satisfies A(e) = A; — d(e) for some § = d(e) tending to zero with e. (Recall
that A, =2/ 3v/3 is the critical driving amplitude above which the potential
ceases always to have two wells.) As in the previous chapters, we will study
the SDE (4.2.1) on the slow timescale given by ¢ = ¢s.

Observe that 0, f(x,t) vanishes in +., where z. = 1/4/3, and that

flze+y,t) = Ac — A(e) cost — V3y? —y/°

— (o) + %(AC CENE - VER O + OGP . (4.2.3)

Near the point (z,0), the drift term vanishes for v/3y? ~ §(¢) + const t2.

e If § =0, we are in the situation of the transcritical bifurcation discussed in
Section 3.5.1. We know (see in particular Fig. 3.13) that in the weak-noise
regime o < £3/4, sample paths are unlikely to cross the saddle, while for
o> &3/4 they are likely to cross it, at a time of order —o2/3.
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If & > 0, the equilibrium branches of f no longer meet, but are separated
by a minimal distance of order §'/2. As a consequence, one expects that a
larger threshold noise intensity o. = 0. (&) is necessary to make transitions
likely. It will turn out that o scales like (6 V £)3/4.

We will now consider the SDE (4.2.1) for more general drift terms, satis-
3

Assumption 4.2.1 (Avoided transcritical bifurcation).

Domain and differentiability: f € C3(D,R), where D = (—d,d) x R, with
d > 0. We further assume that f and all its partial derivatives up to order 3
are uniformly bounded in D by a constant M.

Periodicity: There is a T > 0 such that f(x,t+T) = f(x,t) for all (x,t) €
D.

Equilibrium branches: There are continuous functions x* (t) < af(t) <
x (t) from R to (—d,d) such that f(x,t) =0 in D if and only if v = x}(t),
with i € {—,0,+}.4

Stability: The equilibrium branches z%.(t) are stable and the equilibrium
branch x}(t) is unstable, that is, for allt € R,

ai(t) =8, f(z3(t),t) <0,
ag(t) =0 f (x5(t),t) > 0 .

Avoided bifurcation at t = 0: There exists x. € (—d,d) such that

8xxf(33670) <0,
Dufxe,t) < O(t?) (4.2.5)
f(ze,t) =6+ art? + O(t3) ,

where a; > 0 and Oy f(2c,0) are fized (of order 1), while 6 = d(e) = 0
tends to zero as € — 0.

Avoided bifurcation at t = t.: Similar relations as (4.2.5), but with op-
posite signs, imply the ezistence of an avoided bifurcation near a point
(xl,tc.), where t. # 0.

Absence of other avoided bifurcations: There is a constant c¢g > 0 such
that x% (t) — x5(t) and x§(t) — x* (t), as well as the linearisations (4.2.4),
are bounded away from 0 if t (mod T') is not in a co-neighbourhood of 0
or te. Furthermore, f is bounded away from 0 outside a co-neighbourhood
of the three equilibrium branches.

(4.2.4)

3Part of these assumptions concern the local behaviour near the avoided bifur-
cation points, and are essential for the following results. Some other assumptions,
on the global behaviour, such as periodicity and number of equilibrium branches,
are made for convenience of the discussion, but are not needed in the proof of the
theorems.

41f the drift term f depends not only on x and ¢ but also on ¢, we need to assume

in addition that the equilibrium branches remain bounded away from =+d as € varies.
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@ [ i (b)

Fig. 4.6. (a) Location of equilibrium branches in Assumption 4.2.1. There are
two avoided transcritical bifurcations, at (0,zc) and at (tc, —xc). (b) Equilibrium
branches and associated adiabatic solutions near the avoided transcritical bifurcation
point (0, zc).

These assumptions imply in particular that
2 (1) — xe X xe — () < 62V |t (4.2.6)
near ¢t = 0 (Fig. 4.6), while
—a’ (t) < aj(t) < 62V |t]. (4.2.7)

Similar relations hold for the branches x* (t) and xf(¢) near t = t.. For sim-
plicity, we will further assume that each of the three equilibrium curves has
exactly one minimum and one maximum per period.

We first need to establish a few properties of the adiabatic solutions Z(t, )
and Z(t,e) of the deterministic equation ex = f(x,t), tracking, respectively,
the bottom x% (¢) of the right-hand potential well, and the saddle at z(t).
These particular solutions can be chosen to be T-periodic (this is easily proved
by studying qualitative properties of the system’s Poincaré map).

Proposition 4.2.2. The solution Z(t,c) crosses x% (t) exactly twice during
each period. There is a constant ¢y > 0 such that

% for —cog <t < —01(6\/5)1/2 ,
Z(t,e) —ai(t) < - (4.2.8)
i forcei(5vVe)/?<t< e,
and thus T(t,e) — x% (t) < [t| on these intervals. Furthermore,

Z(t ) —ze < (6Ve)Y? for|t| <cr(6Ve)/?. (4.2.9)

Otherwise, that is, if |t (mod T')| > c1, Z(t,e) = a7 (t) + O(e).



4.2 Stochastic Synchronisation: Sample-Paths Approach 135

The linearisation of f at T(t,e) satisfies

a(t) =0, f(z(t,e),t) < — (12 Vi ve)'?

(4.2.10)
for |t| < co, and is e-close to a’ (t) otherwise.

The solution Z(t,e) crosses x(t) exactly twice in each period. It satisfies
analogous relations as above, with opposite signs, when compared to x§(t).

Proof.

e The assertion on the number of crossings follows from the fact that deter-
ministic solutions are increasing when lying between x§(t) and 2% (¢), and
decreasing when lying above z% (t). Thus in a given period, any solution
can cross x (1) at most once for increasing 2 (), and once for decreasing

e The first relation in (4.2.8) is proved exactly as in Theorem 2.2.9, by
analysing the behaviour of y = x — 2% (). The proof of the second relation
is similar, once the order of Z(c1(6 V €)'/2,¢) is known.

e Ford < ¢, (4.2.9) can be established by carrying out the space—time scaling
r—1. = (Y3e/a1)/?z and t = (ye/a1)'/?s, with v = (2a1/|0pa f (2, 0)|) /2,
which yields a perturbation of order £/2 of the Riccati equation

% :%—1—52—2'2. (4.2.11)
One shows that solutions of this equation stay of order 1 for s of order 1,
implying that Z(t, ) stays of order €'/2 for s of order £'/2. Note that this
also implies that Z(t,e) has to cross z% (t) at a time of order £!/2.

e For 0 > ¢, one can proceed as in the proof of Tihonov’s theorem to show
that Z(t, ) tracks z% (¢) adiabatically at a distance of order £/§/2 at most,
which is smaller than §'/2.

e The assertion on a(t) follows from the fact that 9, f(zc + y,t) < —y near
(y,t) = (0,0) because of the assumption (4.2.5).

e Finally, the properties of Z(¢, €) are proved in the same way by considering
the time-reversed equation, in which stable and unstable branches are
interchanged. a

4.2.2 Weak-Noise Regime

We return now to the dynamics in the presence of noise. Equation (4.2.1) can
be rewritten in slow time ¢t = es as

1 o

For sufficiently weak noise, we expect sample paths starting at some time
to € [-T+co, —co] in the right-hand potential well to remain close to Z(t, ). In
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perfect analogy with all stable situations discussed in Chapter 3, we introduce
the function .
_ 1 _
C(t) — C(tQ)GZQ(t’tO)/S + 7/ e2a(t,s)/s ds, (4213)
€ Ji,
where a@(t,s) = fst a(u) du denotes the accumulated curvature over the time
interval [s, ¢], measured at the position of the deterministic particle at Z(, ).
We will use ((t) to characterise the deviation of typical sample paths from
Z(t,€). Note that one can choose the initial condition ¢(¢p) in such a way that
¢(t) is periodic, which yields a convenient extension of the definition of ((t)
to all times ¢ € R. Using Lemma 2.2.8 and (4.2.10), one obtains
1 1

¢(t) < 0] = B (4.2.14)

for |t| < co. Also note that, otherwise, ((t) is of order 1. Hence the set

B(h) = {(z,t): t € R, |z —Z(t )| < ha/C(8)} (4.2.15)

has a maximal width of order h/(5 V &)'/*, reached near multiples of the
forcing period T'. The function ((t) = sup;, <5<t C(s) first grows like 1/[¢[ for
to <t < —c1(dVe)'/2, and then stays of constant order 1/(5 V €)/? for all
subsequent times.

The following analogue of Theorems 3.3.3 and 3.5.1 is proved in exactly
the same manner as these two results.

Theorem 4.2.3 (Stochastic avoided transcritical bifurcation — stable
phase). Let g = Z(to,€). There exist constants hgy,ro,c,ca > 0 such that, for
all h < hoC(t)=3/% and t € [to, T — o] satisfying

r(h/o,e) = % + ée_dﬂ/‘ﬁ <rg, (4.2.16)
one has
Chyo(t,e)e ™ =M/205 L Ploswo frp o <t} < O (b, €)™ +17/27° | (4.2.17)
where the exponents k4 are given by

iy =1 —cahC(t)?

R 4.2.18
k_ =14 coh((t)*? ( )

and the prefactor satisfies

2 |a(t, to)| h
Cho(t,e) = \/;H&_O)'U (4.2.19)

clllogel +log(1+h/o)] |
X {1—1—(’)( &, to)] +r(h/o,e) + h((t) )]
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Fig. 4.7. Behaviour of sample paths near a dynamic avoided transcritical bifurca-
tion. (a) In the weak-noise regime o < (§ V £)*/4, paths remain concentrated in the
shaded set B(h) centred in the deterministic solution; (b) in the strong-noise regime
o>V 5)3/4, paths are likely to overcome the unstable solution some time before
the bifurcation.

As in the particular case § = 0, one can distinguish between two regime:

e Regime I: 0 < 0. = (0V 5)3/4. In this case, the theorem can be applied
for all times ¢ < T — ¢y, and shows that paths are likely to remain in
B(h) whenever 0 < h < hgo.. The maximal spreading of typical paths
has order /(6 Ve)'/* (Fig. 4.7a). In particular, the probability that paths
cross the saddle during one period is bounded by

Choo fo (£, 2)e™ 0t/ (4.2.20)

o RegimeII: 0 > 0. = (6Ve)3/%. In this case, the theorem can only be applied
up to times of order —o?/3, when the spreading of paths reaches order o2/3,
so that paths may reach the saddle with appreciable probability (Fig. 4.7b).

For 6 > &, the numerator 62 = /2 in the exponent of the crossing
probability indeed corresponds to the minimal potential barrier height, since
2% (0) — 23(0) =< 6%/2, and the potential U(z,t), associated with the drift term
f(z,t), satisfies

U(ze +y,t) — Uwe, t) < y> — dy (4.2.21)

near (y,t) = (0,0), as a consequence of (4.2.5). Thus the driving is sufficiently
slow for the crossing probability to be determined by the (static) Kramers rate
associated to the minimal barrier height.

On the other hand, for all § < ¢, the behaviour is the same as for § = 0.
This is a dynamical effect: The system behaves as if there were an effective
potential barrier of height £3/2, because the driving is not slow enough for
the particle to take full advantage of the barrier becoming low. This effect is
already present in the behaviour of the deterministic particle which approaches
the saddle not closer than order £'/2, cf. (4.2.9).
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Fig. 4.8. A sample path of Equation (4.2.1) for the drift term (4.2.2) in the strong-
noise regime o > (8 V )3/, The path switches from one potential well to the other
during time windows of width ¢%/3 around each avoided transcritical bifurcation
point.

4.2.3 Synchronisation Regime

We now complete the analysis of the strong-noise regime o > . = (6 V 5)3/ 4,
Theorem 4.2.3 shows that paths starting in the right-hand well are unlikely
to cross the saddle before times of order —o%/3. The study of the subsequent
behaviour is similar to the analysis of the strong-noise regime for the saddle—
node bifurcation, see Section 3.3.2. We can introduce constants dy, di, do such
that do < dy < . < dy < d, and

flz,t) < -1 for dg
Ora f(z,t) <0 for dy

1 and |t

|
4.2.22
dy and [t] ( )

< €0,
<

//\ //\

<
< Co-

Then the following result is proved in exactly the same way as Theorem 3.3.4.

Theorem 4.2.4 (Stochastic avoided transcritical bifurcation — the
strong-noise regime). Let tg € [T + co, —co] be fized, and xo = T(tg,€).

There exist constants rq, ¢, cs > 0 such that, whenevert € [t1,0] = [—c302/3,0]
and h satisfy the conditions
Z(s,e) + h/((s) < da Vs € [to,t] , (4.2.23)
and .
r(h/o,e) = % + ge_c’bz/az <o, (4.2.24)

there is a constant k > 0 such that

3 la(t,t1)]
Pt07$0 s do V to,t]y < 5 B 7
{zs > do Vs € [to, 1]} 9 exp{ Hg(|loga\ Vlogh/o)

+ Chyo(t,e)e™/27" (4.2.25)
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where

2 |alt, to)| b
Chyolt,e) = \/?(60)0 (4.2.26)

« {1+0(5“1°g5|z(12i8|+ hjo) +r(h/a,s)>} .

The numerator in the exponent in (4.2.25) behaves like ¢/3(t — t), and
is thus of order o%/3 as soon as t — t; reaches order o2/3. Therefore, the
probability not to cross the saddle is of order

o4/3

}+ const efconst/o'éi/s ) (4.2.27)

exp{ —const
5

ellog |
The second term on the right-hand side is due to the possibility that paths
escape through the upper boundary of D; generically, Condition (4.2.23) only
allows h to take values up to order ¢/3. In special cases, like for the drift
term (4.2.2), one can take arbitrarily large ds, and the second term can be
neglected.

Once z; has reached dy, one can apply Theorem 3.1.11 to show that xz;
will reach an h-neighbourhood of the bottom of the left-hand potential well
in a time of order e[logh|. From there on, the Markov property allows one to
restart the process in the left-hand well, and one can use a similar description
for the dynamics near z* (¢), until the next avoided bifurcation occurs at time
t.. In particular, z; is likely to jump back into the right-hand well at a time of
order 02/3 before t.. As a result, sample paths jump back and forth between
the potential wells during time windows of width /3 around times kT and
t. + kT (Fig. 4.8).

4.2.4 Symmetric Case

The techniques applied to the study of bistable systems with avoided saddle—
node bifurcations can also be applied to periodically forced systems with other
types of avoided bifurcations. Consider for instance the SDE

1
day = = [a(t)e, — o] dt + % aw, (4.2.28)
where
a(t) =0(e) +1—cost . (4.2.29)

The drift term derives from the symmetric double-well potential U(z,t) =
s2*—3a(t)z?, which has the well bottoms in +a(t)*/2. The wells are separated
by a barrier of height %a(t)Q, which becomes low periodically. One can thus
view the instants of lowest barrier height as the occurrence of an avoided

pitchfork bifurcation at the origin.
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(a) |z (b)

t t

Fig. 4.9. Behaviour of sample paths near a dynamic avoided pitchfork bifurcation.
(a) In the weak-noise regime o < & V €3, paths remain concentrated near the
deterministic solution; (b) in the strong-noise regime o > & V €2/3, paths are likely
to reach the saddle some time before the bifurcation.

In this case, one shows that the deterministic adiabatic solution Z(t,¢)
tracking the right-hand potential well behaves like [¢| V 61/ ¢1/3 near ¢ = 0.
The set B(h), defined as in (4.2.15), has width h¢(t)'/2, where ¢(t) again
relates to the linearisation of the drift term, and behaves as

1
1) X ———7=
W=5 VVe/3
near ¢ = 0. Thus its maximum process ((t) = SUPy, <5<t G (8) first grows like
1/t for tg < t < —(6Y/2 ve'/3), and then stays of constant order 1/(5V 2/3)

for all subsequent times. .
The analogue of Theorem 4.2.3 then states that, for h < ho((t) 1,

(4.2.30)

Chyo(t,e)e 11205 L Ploto Loy <t} < Oty e)e /27" (4.2.31)

holds with k4 = 1 F Cghé(t), and a similar prefactor Cj,,(t,¢).” There are
thus two regimes to be considered:

e Regime I: 0 < 0. = § V €2/3. In this case, the theorem can be applied for
all times ¢ from a neighbourhood of the avoided bifurcation at ¢ = 0, and
shows that paths are likely to remain in B(h) whenever o < h < o.. The
maximal spreading of typical paths has order o/(§'/2 v ¢'/3) (Fig. 4.9a).
In particular, the probability that paths cross the saddle is bounded by

Choyoejo(t, €)e™comtoe/o" (4.2.32)

e Regime II: 0 > 0. = 6 Ve?/3. In this case, the theorem can only be applied
up to time —o!/2, when the spreading of paths reaches order ¢'/2, so that
paths may reach the saddle with appreciable probability (Fig. 4.9b).

5The different power of ¢ (t) is due to the cubic form of the nonlinearity, compare
Theorem 3.4.3.
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Fig. 4.10. A sample path of Equation (4.2.28) in the strong-noise regime o >
5V £2/3. The path has a probability close to 1/2 to switch from one potential well
to the other during time windows of width ¢!/ around each avoided pitchfork
bifurcation point.

In the strong-noise regime o > o, the analogue of Theorem 4.2.4 states
that if t € [t1,t2] = [~c20'/?, cp0/?], then the probability for the process x;
not to reach the saddle up to time t satisfies

a(t, t1)]

Plorodg, to, 1]} <2 -
{zs > 0Vs € [to,t]} exp{ K€|loga|

} + Ch/g(t,a?)e*"“rhz/%2 )

(4.2.33)
The denominator in the first exponent is simpler as in (4.2.25), because we
only consider the probability not to reach the saddle. The exponent behaves
like o(t — t1), and is of order 0*/2 as soon as t — t; reaches order o'/2. The
probability not to reach the saddle is thus of order

o3/2

} . (4.2.34)

exp{—consti
ellog o]
The new aspect of this symmetric situation is that once paths have reached
the saddle, they have probability 1/2 to end up in the left-hand or the right-
hand potential well, once the avoided bifurcation has been passed. Paths may
in fact cross the saddle several times during the time window [¢, ¢3], but an
analogue of Theorem 3.4.5 shows that they are likely to leave a neighbourhood
of the saddle after time ¢5.
As a result, in the strong-noise regime, paths choose to switch or not to
switch wells, each time the potential barrier is low, according to a Bernoulli
process (Fig. 4.10).
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precise prefactors.
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Multi-Dimensional Slow—Fast Systems

In this chapter, we turn to the analysis of the effect of noise on general systems
of fully coupled, multidimensional slow—fast differential equations, of the form

ex = f(x,y) ,
v =g(z,y) .

To allow for the possibility that several independent sources of noise act on
each variable, we will perturb this system by adding position-dependent noise
terms, resulting from multidimensional white noise. The intensity of the noise
acting on the fast and slow components, respectively, is measured by small
parameters ¢ and ¢’. We will choose a scaling of the form

(5.0.1)

1 o
do; = - dt + —=F aw;,
Ty Ef(xtvyt) + NG (w4, y¢) AWy, (5.0.2)

dys = g(x,ye) dt + o' G (w4, y:) AW, .

In this way, 02 and (¢’)? each measure the relative importance of diffusion
and drift, respectively, for the fast and slow variables. We think of o = o(¢)
and ¢/ = o'(¢) as being functions of e, and we will further assume that
p(e) = o’(e)/o(e) is bounded above as ¢ — 0. This implies that the noise
acting on the slow variable does not dominate the noise acting on the fast
variable.

Compared to the one-dimensional situation examined in Chapter 3, several
new difficulties have to be dealt with in general systems of the form (5.0.2):

e The multidimensional nature of x allows for more complicated asymptotic
deterministic dynamics than stationary.

e The explicit dependence of dy; on the fast variable z; yields a richer slow
dynamics.

e The fact that noise also acts on the slow variable effectively introduces an
additional stochastic term acting on the dynamics of ;.
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As a result of these difficulties, we will not obtain an equally precise descrip-
tion as in the one-dimensional case. Still, our approach is based on similar
considerations as in Chapter 3.

e In Section 5.1, we consider the dynamics near uniformly asymptotically
stable slow manifolds. First we prove an extension of Theorem 3.1.10 on
the concentration of sample paths in an appropriately constructed neigh-
bourhood of the slow manifold. Then we discuss the possibility of reducing
the dynamics to an effective equation, involving only slow variables. Fi-
nally, we give some more precise estimates on the dynamics near the slow
manifold.

e Section 5.2 is dedicated to the situation arising when the associated (or
frozen) system admits an asymptotically stable periodic orbit for each
value of the slow variable.

e In Section 5.3, we give some results on multidimensional systems with
bifurcations. We first establish concentration and reduction results near
invariant manifolds, allowing, to some extent, to reduce the dynamics to
an effective equation, which involves only bifurcating modes. Then we
consider the effect of noise on dynamic Hopf bifurcations.

5.1 Slow Manifolds

Let {W}}+>0 be a k-dimensional Brownian motion. In this section, we consider
the slow—fast system of SDEs

1 g
= — 7F
dae = _f(we,yo) db + = F (i, 1) AW (5.1.1)

dy, = g(xe,ye) dt + o' G2y, y) AW,

with ¢/ = po, in the case where the deterministic system admits a uniformly
asymptotically stable slow manifold M. More precisely, we will make the
following assumptions.

Assumption 5.1.1 (Asymptotically stable slow manifold).

e Domain and differentiability: There are integers n,m,k > 1 such that
feC*D,R"), g€ C*D,R™) and F € CY(D,R"**), G € C}(D,R™*F),
where D is an open subset of R™ xR™. We further assume that f, g, F', G
and all their partial derivatives up to order 2, respectively 1, are uniformly
bounded in norm in D by a constant M.

e Slow manifold: There is a connected open subset Do C R™ and a contin-
uwous function x* : Dy — R™ such that

M={(z,y) € D: . =2*(y),y € Do} (5.1.2)

is a slow manifold of the deterministic system, that is, (x*(y),y) € D and
f(@*(y),y) =0 for all y € Dy.
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e Stability: The slow manifold is uniformly asymptotically stable, that is, all
eigenvalues of the Jacobian matrix

A*(y) = 0. f(z*(y), ) (5.1.3)
have negative real parts, uniformly bounded away from 0 for y € Dy.

We will also need a non-degeneracy assumption on F', which we will specify
in Assumption 5.1.4 below. (It is sufficient, but not at all necessary, to assume
that the diffusion matrix FFT be positive definite.) Recall that under the
above assumptions, Fenichel’s theorem (Theorem 2.1.8) ensures the existence
of an invariant manifold

M. = {(:r,y) €D:xz=12(y,e),y € DO} , (5.1.4)

where Z(y, €) = 2*(y) + O(e).

We will start, in Section 5.1.1, by constructing a neighbourhood B(h) of
M., extending the definition of Section 3.1.1, and proving a generalisation
of Theorem 3.1.10 on concentration of sample paths in this set. Section 5.1.2
contains the relatively long proof of this result. Section 5.1.3 considers the
problem of reducing the dynamics near M. to an effective m-dimensional
equation, and Section 5.1.4 gives more precise results on the dynamics in

B(h).

5.1.1 Concentration of Sample Paths

In order to define the domain of concentration B(h), we first consider a linear
approximation of the system (5.1.1) near the adiabatic manifold M.. To this
end, we use Itd’s formula (cf. Theorem A.2.7) to obtain that the deviation
& = xt — Z(yz,€) of sample paths from the adiabatic manifold satisfies the
SDE

dgy = day — 0,3(yr, €) dys + O((0”)?) dt (5.1.5)
= 2170l 2) + € 0) — 0,0, g0l ) + €, 1) + O(elo' )]

+ % [F(2(ye,€) + &y yt) — pVEDy T (ye, €)G(Z(y1, €) + &by ye) | AW
Note that the new drift term vanishes when & = 0 and ¢’ = 0, because of the
equation (2.1.26) satisfied by Z(y, ).

The linear approximation is obtained by considering (5.1.5) to lowest order
in &, neglecting the Ito-term O(g(0’)?), and replacing y; by its deterministic
counterpart yd°t. This yields the system

1 o g e
g} = EA(?J? te)E dt + ﬁFo(yf fe)dWy

dyp'®* = g(@(yi** e), yi*") dt

(5.1.6)
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where we have introduced the matrices

Alys€) = 02 f(2(y €), y) — €9y 2(y,€)0:9(2(y, €),y) »
Foly,€) = F(2(y,€),y) — pVed,(y,e)G(Z(y, ), y) - (5.1.7)
Note, in particular, that A(y,0) = A*(y) and Fy(y,0) = F(z*(y),y).

We now analyse the solution of the system (5.1.6) for a given initial con-
dition (£3,ydet) = (0,yde"). It can be represented as the Ito integral

£ (t,s)Fo(ydet, ) dW, , (5.1.8)
-7

where U (t, s) denotes the principal solution of the homogeneous linear system
g€ = A(ydet )¢, For fixed time ¢, £ is a Gaussian random variable of zero
mean and covariance matrix

Cov (&) / U(t,s)Fo(yde, e) Fo(yde, e)TU (t,5)T ds . (5.1.9)

The key observation is that X; = 072 Cov(£Y) obeys the slow—fast ODE

eX = Ay, o)X + X A(y,e)" + Foly,e)Foly,e)" |

v =9y, €),y) . (5.1.10)

This system admits a slow manifold of equation X = X*(y, ¢), where X*(y, ¢)
is a solution of the Lyapunov equation’

Aly,e)X + X A(y,e)" + Fo(y,e)Fo(y,e)T =0. (5.1.11)
Let us recall a fundamental result on such equations.

Lemma 5.1.2. Let A and B be square matrices of respective dimension n
and m. Denote their eigenvalues by aq,...,a, and by, ... by, . Define a linear
operator L : R™>™ — R™™ py

L(X)=AX + XB. (5.1.12)

Then the nm eigenvalues of L are given by {a; +b;}i=1, . n j=1,..m, and thus
L is invertible if and only if A and —B have no common eigenvalue.
If, moreover, all a; and b; have negative real parts, then for any matriz
C € R™ ™ the unique solution of the equation AX + XB + C = 0 is given
by
(oo}
X = / et*CePeds . (5.1.13)
0

!'Equivalently, one may consider the slow manifold to be given by the solution

X*(y) of Equation (5.1.11) with & = 0. This will yield the same invariant manifold
X(t,e) = X" (y) + O(e).
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Proof. First note that the integral (5.1.13) exists whenever all a; and b; have
negative real parts. The fact that X solves the equation AX + XB+C =0
is checked by a direct computation, see [Bel60, p. 175]. The assertion on the
eigenvalues of L follows from the theory of Kronecker products, see [Bel60,
Chapter 12, in particular Theorem 4]. a

Assumption 5.1.1 ensures that the eigenvalues of A(y, e) have strictly neg-
ative real parts for sufficiently small . Lemma 5.1.2 thus shows that (5.1.11)
admits a unique solution, given by the symmetric matrix

X*(y,e) = / eSA(y“E)FO(y,S)Fo(y,e)TeSA(y’e)T ds . (5.1.14)
0

This expression is called a controllability Grammian in control theory. Fur-
thermore, the lemma shows that {X*(y,e): y € Do} is a uniformly asymptot-
ically stable slow manifold. Thus Fenichel’s theorem implies the existence of
an invariant manifold {X (y,¢): y € Dy}, with

X(y,e) = X*(y,e) + O(e) . (5.1.15)

In fact, the remainder has the form eX;(y,¢) + O(g?), where X;(y,¢) obeys
the Lyapunov equation

Aly,e) X1+ X1A(y,e)" = X*(y,2) = 9,X*(y,£)9(2(y,€),y) . (5.1.16)

For sufficiently differentiable coefficients, the adiabatic manifold can be further
expanded into a series in €, each term of which satisfies a similar Lyapunov
equation.

Next we invoke a result from control theory to give a condition under
which X (y,¢) is invertible.

Lemma 5.1.3. The Grammian X*(y, ) is invertible if and only if the matriz
[Fo(y,s) A(y,e)Fo(y,e) ... A(y,E)"_lFo(y,a)] c Rk (5.1.17)
has full rank, that is, the pair (A(y,e), Fo(y,€)) is controllable.

Proof. The integrand in (5.1.14) being positive semi-definite, X*(y, ¢) is sin-
gular if and only if there exists a row vector w # 0 such that

weAWE) Fy(y,e) = 0 Vs >0. (5.1.18)

Evaluating successive derivatives of this relation in s = 0 shows, by analyticity
of s+ e54W:e) that (5.1.18) is equivalent to

wA(y, ) Fy(y,e) =0 Ve=0,1,2,... . (5.1.19)

By the Cayley—Hamilton theorem, this relation holds for all £ > 0 if and only if
it holds for £ = 0,...,n—1. This in turn is equivalent to the matrix in (5.1.17)
not having full rank. ad



148 5 Multi-Dimensional Slow—Fast Systems

Fig. 5.1. Example of a domain of concentration B(h) of paths around an adiabatic
manifold M., given by an adiabatic solution Z(t, €), for one slow dimension and two
fast dimensions.

If X*(y,¢) is invertible, the adiabatic manifold X (y,¢) is also invertible
for sufficiently small . In the sequel, we shall make the following, slightly
stronger non-degeneracy assumption:

Assumption 5.1.4 (Non-degeneracy of noise term). The operator norms
| X (y,e)| and | X (y,e)~ || are uniformly bounded for y € Dy.

Under this assumption, we may safely define the set

B(h) = {(z.y) € D: y € Do, (z — a(y,<), X(y, )~ (w — 3(y.2))) < h2} .

(5.1.20)
This set is a union of ellipsoids, centred in the adiabatic manifold M., whose
shape is determined by the symmetric matrix X (y,¢). We offer two graphical
representations of the situation. Fig. 5.1 shows a case with n = 2, m = 1,
in which B(h) is a tube-like object surrounding an adiabatic solution of the
deterministic system. Fig. 5.2 shows a case with n = 1, m = 2, where B(h)
has the shape of a mattress of variable thickness surrounding M..

Ezample 5.1.5 (Gradient system). Assume that f(z,y) = —V,U(x,y) derives
from a potential U, and F(x,y) = 1 (with £ = n). Then A*(y) and A(y,e),
being Hessian matrices of U, are automatically symmetric, and A(y,e) com-
mutes with X*(y, ¢). Hence the Lyapunov equation admits the solution

X*(y.e) = —%A(%E)_l 7 (5.1.21)

so that X*(y,e)”! = —2A(y,¢). The (mutually orthogonal) eigenvectors of
A(y,e) and its eigenvalues define respectively the principal curvature direc-
tions of the potential at y, and its principal curvatures. As a consequence, the
set B(h) is wider in those directions in which the potential is flatter, capturing
the effect that we expect larger spreading of sample paths in these directions.
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Y1

Fig. 5.2. Example of a domain of concentration B(h) of paths around an adiabatic
manifold M., for two slow dimensions and one fast dimension.

We return now to the original system (5.1.1). For a given initial condition
(z0,y0) € B(h), we define the first-exit times

TB(n) = inf{t > 0: (x¢,y:) ¢ B(h)} ,
oy = inf{t > 0: y; ¢ Do} . (5.1.22)

We can now state the main result of this section.

Theorem 5.1.6 (Multidimensional stochastic stable case). Under As-
sumptions 5.1.1 and 5.1.4, there exist constants g, Ag, ho,c,c1, L > 0 such
that the following relations hold for all e < g9, A < Ao, h < hg, ally € (0,1)
and all t > 0.

e Upper bound: Let xg = T(yo,€). Then

Ot K TATD, < ,E)e ’ 2, .
P%o:Y0 ) t ) <ot ¢ Ky h®/20 51.23

h/on,my, A

where the exponent k4 is uniform in time and satisfies
iy =71 —c1(h+ A+ mep?o?/h* + e e /(1 — )] (5.1.24)

and the prefactor is given by

2

(1+1)? [(1_7)_n+en/4_~_em/4] (H'(};) . (5.1.25)

+
¢ Ae

h/a,n,m,’y,A(t’ 5) =L

e Lower bound: There exists a time tg > 0, independent of €, such that for
allt >0,

PO (T <t} 2 Cpppm a(tE)e ™27 (5.1.26)

where the exponent k_ is uniform in time for t > ty and satisfies
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_=1+cy(h+ectro/e) (5.1.27)

and the prefactor is given by

_ 1 n em/4 _h2/402
Ch/onmA(t’E):L[l_ (e /4+As>e ho/4 } : (5.1.28)

e General initial condition: There exist do > 0 and t; < e|log h| such that,
whenever § < dy and we choose an initial condition (xg,yo) such that

Yo € Do and & = xg — f(yO»E) satisfies <507 (ym ) 150> < 52; then, for
all t 2 t2 2 tl,

Pm,yo{gs € [ta,t]: (zs,ys) & B(h } Oh/an . A(tv e)e*f_ﬁ+h2/2a’2 ’
(5.1.29)
with the same prefactor given by (5.1.25), and an exponent

R =y[1—ci(h+ A+ mep’o? /h® 4 de= 2D/ (1 — )] . (5.1.30)

The upper bound (5.1.23) shows that sample paths are likely to stay in
B(h) during exponentially long time spans (roughly of the order geh’/ 2"2),
unless the slow dynamics causes y; to leave the set Dy, in which the slow
manifold is defined. For instance, it might drive the system towards a bifurca-
tion point, where the slow manifold ceases to be attracting, and possibly even
ceases to exist altogether. In Section 5.1.4, we shall provide more precise es-
timates on the deviation of sample paths from deterministic solutions, which
give informations on the distribution of 7p,. If, on the other hand, the domain
Dy is positively invariant under the deterministic flow, then the first-exit time
Tp, is typically exponentially large, and so is 75()-

The small parameters A and « can be chosen arbitrarily in their domains,
but optimal bounds are attained for A small and ~ close to 1: This gives
the best possible exponent, at the affordable cost of blowing up the prefactor.
Since the exponents contain error terms of order h anyway, a convenient choice
is A = h,y = 1—h, which yields a prefactor of order h~("*1) and no additional
error in the exponents.

The bounds C* and C~ on the prefactor are certainly not optimal, in
particular the time-dependence of the actual prefactor can reasonably be ex-
pected to be linear, as in the one-dimensional case. Note that an upper bound
with the same exponent, but a smaller prefactor, holds for the probability that
the endpoint (24, y:) does not lie in B(h) at any fixed time ¢, cf. Lemma 5.1.14.
The fact that CT grows exponentially with the spatial dimension is to be ex-
pected, as it reflects the fact that the tails of n-dimensional Gaussians only
show their typical decay outside a ball of radius scaling with the square root
of n.

Finally, Estimate (5.1.29) shows that if the initial condition lies in a suf-
ficiently small neighbourhood of the adiabatic manifold, after a time of order
e|log h|, typical sample paths will have reached B(h), and they start behaving
as if they had started on the adiabatic manifold.
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5.1.2 Proof of Theorem 5.1.6

The first step of the proof is to perform the change of variables

Tt _m(y?et—'_ntag)—’_fta 5.1.31
_ ,det ( o )
Yye =Y +n

in the original system (5.1.1). Applying the It6 formula, and making a Taylor
expansion of the resulting system, one obtains the SDE

d§ = 1[A(yfm)ft + (&, e, t)] dE + % [Fo(yf®) + Fi(&,me,t)] AWy

dn, = [C(y 9NE + By )n: + (&, me,t)] dt
+0' [Go(yi") + G (&, e, )] AW (5.1.32)
where we have omitted to indicate the e-dependence of the functions for sim-

plicity. The matrices A(y) = A(y,e) and Fy(y) = Fy(y,€) are those defined
n (5.1.7), and

C(y) = C(y,e) = 029(2(y,€),y) ,
B(y) = B(y,e) = C(y)9y2(y, €) + 9y9(2(y,€),y) , (5.1.33)
Go(y) = Goly,e) = G(2(y,¢),y) -

The other functions appearing in (5.1.32) are remainders, satisfying

IF3(€n. )1 < Ma (€] + )
1616101 < M (I€] + ) .
666,01 < MaI€]2 + 1€l ] +mep?a?)
il <

My (Jl€1 + [Inll*)

for some constants My, M5 depending on M and the dimensions n, m. The
term mep?0? is due to the contribution of the diffusion term to the new drift
coeflicient when applying It6’s formula.

Remark 5.1.7. The term Fy(&,n,t) could be eliminated from (5.1.32) by a
change of variables of the form & = h(¢,n,t) if one could find a function
h satisfying the equation d¢h = 1+ Fy(&,n,t)Fo(ydet) 1. However, such a
function does not exist in general.

The solution of the first equation in (5.1.32) can be represented as
&=Ut)éo+ —= / (t,8) Fo(ydet) dWy (5.1.35)

1 t
+%/0 U(t,S)Fl(fsanmS)dWs-i-g/O U(t, $)b(Es, 75, 5) ds
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where U(t, s) is again the fundamental solution of e = A(yd*)¢ and U(t) =
U(t,0). Our strategy will be to control the behaviour of the first two terms on
the right-hand side as precisely as possible, and to treat the other two terms
as small perturbations. We will proceed in three steps:

1. First we consider the dynamics on a small time interval of length Ae,
where the process & can be approximated by a Gaussian martingale,
and 7; remains small.

2. Then we extend the description to timescales of order 1, patching together
intervals of length Ae.

3. Finally, we consider arbitrarily long time intervals (up to 7p,) by restart-
ing the process, with the help of the Markov property, at multiples of a
fixed time T.

Timescales of length Ae

We start by considering the dynamics on a fixed interval [s,t] of length Ae,
assuming yd¢* € Dy for all u < t. We denote by K i and K2 the upper bounds
on || X (y)| and || X (y)~|, respectively, valid for y € Dy. Further let Ko > 0
be such that |U(t, u)|| is bounded by a constant times exp{—Ko(t —u)/e} for
allt > u > 0. The existence of such a K follows from the asymptotic stability
of the slow manifold.

Instead of directly estimating (€., X (yu)~'&u), we start by considering the
behaviour of (¢, X (yd¢t)~1¢,), which can be written as

(€ X (y5°) H6u) = Qs ()Tl (5.1.36)

where 7', = U(s,u)&, and Qs(u) is the symmetric matrix satisfying
Qs(u)? = Ulu, )T X (331U (u, 5) . (5.1.37)

We now split 7, into the sum 7, = 70 + T} + 72, with
1) =U(s)é + — / (5,0) Fo(ydet) dW, (5.1.38)

T; \/>/ 8 v Fl(fvvnva ) v (5139)

1
T:= g/ U(s,0)b(&y, 1y, v) dv . (5.1.40)
0
Let us first focus on the Gaussian martingale 7. Since (5.1.10) implies
d -2
E@QS('“)

= U5, e X(*) — AR ) — KO A | U, 0)
= U(s,u)Fo(y3) Fo(yd)TU (s,u)T , (5.1.41)
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the covariance of Qs(u)Y? has the form

Cov(QuuT) = Qu(w) - [ Ul u(y) Faly U 5,07 v Qs ()

=01 - Qs(1)Qs(0)2Qs(w)] . (5.1.42)

For u € [s,t], |Qs(u)| is of order 1, while Q,(0)72 = U(s) X (y3")U(s)" is
exponentially small in Kos/e. Thus Qs(u)Y? behaves like the scaled Brownian
motion oW, for large u. However, Q,(u)Y? is not a martingale, so that we
first need to establish a bound on the supremum of Q;(u)Y?, and later use

the fact that Q4(u) and Q:(u) are close to each other, in order to estimate
the supremum of Q(u)7?.

Lemma 5.1.8. For every v € (0,1) and Hy > ah > 0, the bound

1 HZ — a2h?
Pf“’o{ sup [|Qs(1)T7[| = HO} < @_,WQXP{_WOQGQ} (5.1.43)

s<ult
holds uniformly for all & such that (£o, X (yo) ™ *&o) < a®h2.

Proof. Let 4 = ~/o?. The process {exp{7]|Qs(t)T?||?>}}. being a positive
submartingale, Doob’s submartingale inequality (cf. Lemma B.1.2) allows the
left-hand side of (5.1.43) to be bounded by

]pso,o{ sup QO 5 eﬁH&} < e MRS {INQMTTITY - (5.1.44)
s<u<t

The Gaussian random variable Q4(t)7} has expectation E = Q,(t)U(s)&
and covariance ¥ = ¢?[1 — RRT], where R = Q,(t)U(s)X (yget)/2. Using
completion of squares to compute the Gaussian integral, we find
A(E,(1-7%) "' E)

B0 {T10: (07717 — ©

(det[T—3X])1/2 (5.1.45)

Now det[ll — 5] > (1 —70%)" = (1 — )", and |RRT| = ||RTR]|| € (0,1).
This follows from the fact that X (yiet) — U (t) X (y3<)U ()T, being the covari-
ance (5.1.9) of &, is positive definite. It follows that

(B,(1-32)7' E) = (X(y5") ™" /2&, R" (1 - 72) 7' RX (y5°) /%)
< o®h?||RT (1 - 30°[1 — RR™])'R|| (5.1.46)
< a®h?([1 —=36%)|RTR| ™ +702) " < o®h?
for all & satisfying (£, X (vo)1&0) < a?h?. O

Remark 5.1.9. Properties of the Bessel process |[W;|| may yield an alternative
way to bound the probability in (5.1.43).
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Next we examine the effect of the position-dependent diffusion coefficient
Fi(&,m,t). To this end, we introduce the functions

v6) = = [ U0 K U | du
1 t

P(t) = - / Tr[U(t,u)" X (yi) U (t,w)] du, (5.1.47)

€Jo
o) =+ / 10t )| du. .

Note that ¥(t) and ©(t) are of order 1, while ¢(t) < n¥(t) is of order n. We
also introduce stopping times

7y =inf{u > 0: [|n.]| =}, (5.1.48)
e = inf{u > 0: (&, X (y0°") &) = h?}, (5.1.49)

where hy < h is a constant.

Lemma 5.1.10. The bound

R R U

sKUKEATE AT,

(HZ — 02 M2(K  h+ hy)20(t)) }

.
R M2 (K h + ) 2H20 () (5.1.50)

< exp{—

holds uniformly for all & such that (€0, X (yo) ™ &) < h2.
Proof. Let 7 denote the stopping time

=T Ay Ainf{u > 0: |Qs()Yh|| = Hi}, (5.1.51)

and define, for a given -y, the stochastic process =, = enllQs (T, (B0
being a positive submartingale, another application of Doob’s submartingale
inequality yields

P < e MRS (5, Y (5.1.52)

Ito’s formula (together with the fact that (dW,)TRTRdAW, = Tr(RTR)du
for any matrix R € R™**) shows that =, obeys the SDE

—_ g
d=y =27 %:u(ni)TQs(t)zU(svU)Fl(fua N, w) AWy,

2
+y %Eu Tr[RT Ry + 271 RY Ry) du (5.1.53)

where
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Ry = Qs()U(s,u) F1(Eus nuy u)
Ry = (1)) Qs(t)?U (s, u) F1 (s s u) -
The first term in the trace can be estimated as
Tr[R{ Ri| = Tr[R R} | (5.1.55)
< ME(€ull + ) T [Qu () TU (s, w)U (s, u) " Qu(1)]
< ME([|&ll + nall)* T U w) "X () T U (1 w)]
while the second term satisfies the bound
Tr[RQTRz] = ||F1(§u,nu,u)TU(s,u)TQs t 2T1||2 (5.1.56)
< M2 (lgull + lInall)® ®)[PPlQs T
= M} (&l + ||nu||>2||U<t,u> X(ysew Ut u)|[1Q (T

Using the fact that [|€,|| < K4 h, [|[n.| < b1 and [|Qs(1)TH|| < Hy hold for all
0 <u<tAT, we obtain

ES©{Zunr } (5.1.57)

2 u
< 1+71%M12(K+h+h1)2/0 ES©0{ =00}

(5.1.54)

x [Tr [U(t,0)" X (41~ U (£, v)] +271H12||U(t,v)TX(y?Et)*lU(t,v)H} dv
and Gronwall’s inequality (Lemma B.3.1) yields

E€0{ 2., } < exp{'lelez (Kyh+ hy)° [B(t) + 27, H20(1)] } . (5.1.58)
Now, (5.1.52) implies that P; is bounded above by

exp{—’h (H — o® M7 (K h + hy)?®(t)) + 297 0° M7 (K4 h + h1)2H12W(t)} ,
(5.1.59)
and (5.1.50) follows by optimising over ~;. O

Combining Lemmas 5.1.8 and 5.1.10 with the decomposition (5.1.38)-
(5.1.40), we obtain the following estimate on the probability of the quantity
(€4, X (yde*)~1¢,) making a large excursion.

Proposition 5.1.11. For all « € [0,1), all v € (0,1) and all p > 0,

sup IP’SO’O{ sup  (&u, X (43~ §u>>h2}

€0 ¢ {€0,X (yo)~1é0)<aZh? sSUSEAT,

< (le—m:;”/?exp{ 2h22 [1-0® = Mo(A+ (14 wh+ (b + RO ))}}

h? u2(1— MpA)
P(0)/4%(2) = 0 5.1.60
e o |~ saE(R T P ) (5.1.60)
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holds for all h < 1/u, with a constant My depending only on the linearisation
Aof f, Ki, K., M, ||Follco, and on the dimensions n and m via M.

Proof. Recall that (&,, X (yde)~1¢,) = ||Qs(u)Ty||?. Since we can only es-
timate ||Qs(¢)Yy||, we need to compare @ (u) with Qs(¢). Relation (5.1.41)
implies

t
QuPQu(0) 2 = 14 Qu(w? [ Uls, )Ry, D Fa(yi®,2) U5, )" do

u

=1+0(4), (5.1.61)

and hence ||Qs(u)7,|| can only exceed h if ||Q4(¢)7 .|| exceeds H, where

-1
H ::h(siggtHQs(u)Qs(t)_lH) =h(1-0(4)). (5.1.62)

Thus for any decomposition H = Hy + H; + Hs, the probability on the left-
hand side of (5.1.60) is bounded by

11»50’0{ sup  [|Qs() Y = H} <Py+ P+ P, (5.1.63)
SKUKENTENAT,
where
P, = IP’&J’O{ sup  [|Q.() || > H} (5.1.64)
sCUKEATENATY,

for ¢ = 0,1,2. The terms Py and P; have been estimated in Lemma 5.1.8 and
Lemma 5.1.10, respectively. As for P, since

sup  [|Qs ()T (5.1.65)

SKUSEATE ATy,

< K_My(K3h? + Ky hhy +mep®a?)(1+ O(A)O(t) = H, ,

P, vanishes whenever Hy > Hs. Thus we take Hy = 2H,, Hy = uhH for
0<p<1/hand Hy= H — H; — Hy. When estimating HZ, we may assume
MyhO(t) < 1, the bound (5.1.60) being trivial otherwise. O

To complete the discussion of the dynamics on timescales of order Ae, we

need to estimate the probability that 1, becomes large. Let V(u,v) be the

principal solution of 1) = B(yd°t ¢)n. The quantities

xP(t) = sup / ( sup ||V(s,v)||) du , (5.1.66)
0<s<tJOo Muguss

Y@@ = sup / (‘sup V(s.0)]?) du (5.1.67)
0<s<tJO  Muv<s

are measures of the rate of expansion of orbits in the slow directions. The
following bound is proved in a similar way as Proposition 5.1.11.
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Proposition 5.1.12. There exists a constant ¢, > 0 such that for all choices
of h1 > 0 satisfying hy < cnx(l)(t)’1

sup Pfﬂv‘){ sup nu|>h1}
€0 {€0,X(yo) &) <h? SSUSEATE(R)

2
_— mep
< 2e exp{ Frox@@ } (5.1.68)

X exp{ OUZ%/(; 132?28))(1) [1 — M XD () hy (1 + K2 Zi)} } ;

where ko > 0 is a constant depending only on | Flls, ||Glloos |Cllec and U,
while the constant M depends only on M, ||C||« and U. Note that ¢, may
depend on the dimensions n and m via M.

Proof. The solution of (5.1.32) satisfied by 7, can be split into four parts,
T = 15 + 1y + 1 + 175, where

nd =o' /u V(u,v)[Go(ys) + G1(&ps 0w, v)] AW,

nu \/>/ S U v FO( det) +Fl(£v’nv7v)] de 9

(5.1.69)
Ny = / V(u7 U)C(fu,nm 1}) dv )
0
=2 [ Stuo)b(em.o)dv,
€Jo
with
S(u,v) / V (u, w)C(y3eU (w, v) dw . (5.1.70)

Let 7 = 75() A 7y It follows immediately from the definitions of 75(;,), 7, and
the bounds (5.1.34) that

M2 1+ O0(Ae))x V() (K2h? + h?)
Ot t)(K3h* + K hhy + mepo?)

Hnu/\TH

(5.1.71)
Hnu/\f ||

<
<M

for all u € [s,t]. Here M’ depends only on My, U and ||C||s. Furthermore,
using similar ideas as in the proof of Lemma 5.1.10, it is straightforward to
establish for all Hy, H; > 0 that

H2(1 — O(Ae))
IP&”O{ sup M } <em/t exp{ 0
S el = 8(0)2]Go + G1 2 X (1)
H2(1 — O(Ae))
IP&”O{ su W= H } <e™fex {_ T ’
o lmll > P\ " Boecsl|Fo + BEXO ()

(5.1.72)
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where ¢g is a constant depending only on S. Then (5.1.68) is obtained by
taking, e.g., Hy = Hy = $hy — 2(My + M")xV (t)(K2h? + h} + mep?0?), and
using h1 < ¢, xV)(t)~1, where we may choose ¢, < 1/(2M}). O

Estimate (5.1.68) implies that ||n,| is unlikely to become much larger than
o(p+eE)XP ()2 for u < t.

Timescales of length 1

We still consider the situation where yy € Dy, but drop the requirement that
ydet € Dy for all u < t. The uniform-hyperbolicity assumption implies the ex-
istence of a § > 0 such that the slow manifold is also uniformly asymptotically
stable in the §-neighbourhood Dy (§) of Dy. Then the deterministic first-exit
time

7 = 7t (o) = inf{u > 0: i & Dy (6)) (5.1.73)

is strictly positive, and 75(p) A 7 < T%et whenever hy < 4.

We can now prove a version of Theorem 5.1.6 on timescales of order 1.

Proposition 5.1.13. Fiz a time t > 0 and a constant h > 0 in such a way
that h < clx(l)(t/\rgf)t)_l for a sufficiently small constant c¢; > 0 and x? (tA

) < (p?+¢) L. Then, for any o € [0,1), any v € (0,1) and any sufficiently
small A,

(t 5) —ky (a)h? /202

B (5.1.74)
holds uniformly for all & satisfying (€0, X (yo) ') < o®h?. Here the expo-
nents are given by

C,

n,m

(t 6) —r—(0)h?/20? < PgO’O{TB(h) < t}

nm’y

ki (a) =7[1 —a® = O(A) — O(mep®s”/h*) — O((1 + Xt A )R],
K_(0) = 1+ O(h) + O (e Hot/5) | (5.1.75)
and the prefactors satisfy

t 1 n m —K 2 0'2
Comn(tie) = LJ [G_WJF (en/* + 2em/4)er+(0h7/ } . (5.1.76)

Crom(tie) = (\/5}1 A 1)e—O(msp2) — (e"/4 + 4[&} em/4)e—Eh2/202 7
’ ™o

where & = 1 — O(e~Kot/2) — O(mep?c?/h?) — O((1 + xD(t A ) h).

Proof. We first establish the upper bound. Fix an initial condition (&0,0)
satisfying (€0, X (yo) ~1&) < a?h?, and observe that
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péos0 {TB < t} (5.1.77)
< ]P’go’ {rsoy <tAm}+ P07 <tAtse )
=P ) <tA Tgit ATy} + P07, <t A Tgit NTB(n) } -

To estimate the first term on the right-hand side, we introduce a partition
0=wup <wu < - <ug =t of the time interval [0,¢], defined by u; = kAe
for 0 < k < K = [t/(Ae)]. Thereby we obtain

K
]P’éO’O{TB(h) <tA T%it A ’7'77} < ZPgO’O{uk,l < 7B(h) < Uk A Tget A Tn} .
k=1
(5.1.78)
Before we estimate the summands on the right-hand side of (5.1.78), note
that by the boundedness assumption on || X (y)|| and | X~!(y)|, we have
X(yu)™t = X(y5") ™ + O(hy) for u < 75" A7, Thus the bound obtained in
Proposition 5.1.11 can also be applied to estlmate first-exit times from B(h)
itself:

P upmy < Ty < uk ATR ATy} (5.1.79)
< ]P’5°’0{ sup (&, X(y2H)718,) > h2(1 — O(hl))} .

U1 <u<uk/\7'%%t/\7n

The second term on the right-hand side of (5.1.77) can be similarly estimated
by Proposition 5.1.12. Choosing

p? = 8M7 [Ky+hy/(h(1— (’)(hl)))] T(EATES)/[1—O(hy) — MoA] (5.1.80)

and hy = h/ /Ko in the resulting expression, we see that the Gaussian part
of & gives the major contribution to the probability. Thus we obtain that the
probability in (5.1.77) is bounded by

2

ertg—‘ [(143_7”;”)71/2 exp{ 2h 51— a® —0(A) - (’)(h)]} + e/t

+ 2¢™/4 exp{ —

h2(1 = O(xW(t ATYR) — O(Ae) — O(mep®a? /h?)) H
P20 T O (L A |
(5.1.81)

where we have used the fact that @(t) < n¥(t), while ¥(¢) and O(t) are at
most of order 1. The prefactor e™<P” can be absorbed into the error term in
the exponent. This completes the proof of the upper bound in (5.1.74).

The lower bound is again a consequence of the fact that the Gaussian part
of & gives the major contribution to the probability in (5.1.74). To check this,
we split the probability as follows:
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P00 {1 < t) (5.1.82)
> P5°’0{7'§ <t T, = t} +P50’0{T5(h) <t,m< t}
= PfO'O{Tg <tA Tn} — P {T§ <1y < t} +P£O’O{T5(h) <t T < t}
> P50,0{7~_£ < t/\Tn} —IF’gO’O{Tn < t/\TB(h)} ,

where
Fe = inf{u > 0: (&, X (y1") 7 ¢,) = B2 (1 + O(h))}, (5.1.83)

and the O(hy)-term stems from estimating X(y,)~! by X(yd¢*)~! as in
(5.1.79). The first term on the last line of (5.1.82) can be estimated as in
the proof of Proposition 5.1.11: A lower bound is obtained trivially by con-
sidering the endpoint instead of the whole path, and instead of applying
Lemma 5.1.8, the Gaussian contribution can be estimated below by a straight-
forward calculation. The non-Gaussian parts are estimated above as before
and are of smaller order. Finally, we need an upper bound for the probability
that 7, <t A 75(x), which can be obtained from Proposition 5.1.12. a

The lower bound in (5.1.74) implies the lower bound (5.1.26) of Theo-
rem 5.1.6, as well as the upper bound (5.1.23) on timescales of order 1. It
remains to prove the upper bound on longer timescales, and the assertion on
general initial conditions.

Longer timescales

The approach used so far fails to control the dynamics on timescales on which
X (t) > 1, because it uses in an essential way the fact that n; = y; — yic*
remains small. Our strategy in order to describe the paths on longer timescales
is to compare them to different deterministic solutions on time intervals [0, 77,
[T,2T), ..., where T is a possibly large constant such that Proposition 5.1.13
holds on time intervals of length T', provided y; remains in Dj.

We will also need an estimate on the probability that (¢7, X (yr)~*ér)
exceeds h2. Proposition 5.1.13 provides, of course, such an estimate, but since
it applies to the whole path, it does not give optimal bounds for the endpoint.
An improved bound is given by the following lemma.

Lemma 5.1.14 (Endpoint estimate). If T and h satisfy the conditions
h < eixW (T AT~ and xP(T A 78) < (p? + €)1, we have, for every
€(0,1),

sup P£°~°{<§T7>?<yT>*lfT> > W2, 7p, > T}
ot (€0,X (yo)1E0)<

~

< Cpmry (T, e)e™ M2 /20% (5.1.84)

where
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=7[1-0(A) - O(h) — O(e KT/ (1 —~))],  (5.1.85)

mep?

Crmn(Tg) = ———— 4 4C}

2 2
(T e)e Rt (07207 (5.1.86)
(1 —7)/2 7

Proof. Let & = €9 +&} +¢€2, where €2 denotes the Gaussian contribution, that
is, the first two terms on the right-hand side of (5.1.35), and the two other
terms stand for the contributions of F; and b, respectively. We introduce
the notations 7¢ and 7, for stopping times defined like 7¢ and 7, in (5.1.48)
and (5.1.48), but with A and h; replaced by 2h and 2h;, respectively. The
probability in (5.1.84) is bounded by

PO L (g, X (y3) 7 er) = h(1-O(h)), 7y > T}+P%0L7, < T} . (5.1.87)

Let H? = h?(1 — O(hy)). As in the proof of Proposition 5.1.11, the first term
can be further decomposed as

P {(er, R(yse) Ver) > H2, 7y > T}
<P () 2| > Ho p + PO, > 1,7 < T}
+ PO || R () 26k > Hy, 7y > To7e > T
n pﬁo,O{j|X(yget)*1/2g%|| > Hy 7y > T, 7 > T} . (5.1.88)

where we choose Hy, Hy twice as large as in the proof of Proposition 5.1.11,
while HO =H — H1 — HQ.

The first term on the right-hand side can be estimated as in Lemma 5.1.8,
with the difference that, the expectation of £J. being exponentially small in
T/e, it leads only to a correction of order e=240T/¢ /(1 — ) in the exponent.
The second and the third term can be estimated by Proposition 5.1.13 and
Lemma 5.1.10, the only difference lying in a larger absolute value of the expo-
nent, because we enlarged h and h;. The last term vanishes by our choice of
Hs. Finally, the second term in (5.1.87) can be estimated by splitting accord-
ing to the value of 7325y and applying Lemma 5.1.10 and Proposition 5.1.13.

O

We are now ready to establish an improved estimate on the distribution of
TB(h)- As we will restart the process ydet whenever t is a multiple of T, we need
the assumptions made in the previous section to hold uniformly in the initial
condition yy € Dy. Therefore we will introduce replacements for some of the
notations introduced before. Note that x1) () = x\0 (¢) and x@ (£) = {2 (¢)
depend on yg via the principal solution V. We define

K@) = sup P (EATR (o)) (5.1.89)
yo€Do
KOt = sup X2 (EATH" (40)) - (5.1.90)

yo€Do
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In the same spirit, the ¥ (T)-dependent O(-)-terms in the definitions of
#4 (), " and the prefactors like C;f,, (T, ¢) are modified.

We fix a time T of order 1 satisfying X?(T) < (p?> +¢)~'. T is cho-
sen in such a way that whenever h < ¢; X" (T)~!, Proposition 5.1.13 (and
Lemma 5.1.14) apply. Note that larger T" would be possible unless p is of or-
der 1, but for larger T" the constraint on i becomes more restrictive which is

not desirable. Having chosen T, we define the probabilities

Pk(h) = PO’O{TB(h) < kKT N TDO},
Qr(h) = PO {(&r, X (yir) " ur) = W2, 7p, = kT'}. (5.1.91)

Proposition 5.1.13 provides a bound for P;(h), and Lemma 5.1.14 provides
a bound for Qq(h). Subsequent bounds are computed by induction, and the
following proposition describes one induction step.

Proposition 5.1.15. Let & < k4 (0) A k'. Assume that for some k € N,

i (h) < Dye "h/207 1
Py(h) < Dye " /2 5.1.92
Qu(h) < Dye "h*/20° (5.1.93)
Then the same bounds hold for k replaced by k + 1, provided
D1 = D+ Cpf (T, e)Dy, ﬁe(v—mh?/%? ; (5.1.94)
Diy1 2 Dy + Cppn (T €) . (5.1.95)

Proof. Let pr = (&rr, X (yrr) “&xr)'/2. We start by establishing (5.1.95).
The Markov property allows for the decomposition

Qr+1(h) < PO’O{TB(h) < kT, 1p, 2 ]{JT}
+ E070{1{76(}1)>kT}PkT7(§kT7O){pk+1 2 h’ TDD 2 (k + 1)T}}
< Qu(h) + Cryy (T, )™ #1257 (5.1.96)

where the superscript in P*T-(¢+7:0) .} indicates that at time k7 we also restart

the process of the deterministic slow variables &3¢ in the point yxr € Dy. In

the second line, we used Lemma 5.1.14. This shows (5.1.95).
As for (5.1.94), we again start from a decomposition, similar to (5.1.96):

Pioy1(h) =P 150y < kT A7p, } (5.1.97)
+ ]EO’O{1{TB(h)>kT}PkT’(§kT’O) {TB(h) < (k+1)T A1p, }} .
Proposition 5.1.13 allows us to estimate

Pk+1(h) g Pk(h) + EO’O{l{pkgh} [gp(pk) A 1] ‘ T’Do 2 kT}PO’O{TDO 2 k‘T} 5
(5.1.98)
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Wlth - 2 2 2 2 2
o(p) = Cpf (T, e)eT—RIN 207 gy (h7=pT) 207 (5.1.99)
Assumption (5.1.93) yields
PO pw <p| 7D, 2 KT} = ¢(p) (5.1.100)
where P
or(p):=(1 — Dye=F"/27) PO > T} . (5.1.101)

Then (5.1.94) follows by estimating the expectation in (5.1.98) with the help
of Lemma B.2.1 of Appendix B, taking 7 = p?, s = p?, t = h?, g(p?) = p(p)A1
and G(p?) = gi(p)- O

The following bounds can now be obtained directly by induction on k,
using as initial values the bounds Pj(h) from Proposition 5.1.13 and Q1 (h)
from Lemma 5.1.14.

Corollary 5.1.16. Assume that yo € Do, xo = T(yo,€). Then, for every time
t > 0, we have

Pro¥ {0,y <t ATp, } (5.1.102)

2

~ 1 t ,y o 5 R

<CH (T e)|1+Cpp(Toe)| =+ =) — L |e-@r—mh?/20
"77”7’7( ’E)[ i ( ’E)(2+T> 2(7_@}6

In addition, the distribution of the endpoint & satisfies

Provo{ (&, X () '&) = h®,7p, 2t} < an,m,'y(Ty €) Ll;,-‘ o= Rh?/20%
(5.1.103)
We can now complete the proof of Theorem 5.1.6.
Proof (of Theorem 5.1.6). We first optimise our choice of &, taking into ac-

count the constraint & < k4 (0) A k’. By doing so, we find that

~ 2 2 2h h2 20 5 “4
ﬁe*(2ﬁfﬁ/)h /30’ g 72 K4 / , ( 1. )
\Nl ere we haVe Set

Ky =7[1—=O(h) = O(A) = O(mep®) = O(e™/*/(1=7))] . (5.1.105)

Simplifying the prefactor in (5.1.102) finally yields the upper bound (5.1.23).
As for general initial conditions, cf. (5.1.29), one starts by establishing

S?X S -1 S
sp meo{ ap A X TE) 1}
€0+ (60, X (y0)~1£0)<82 0<s<tnp, (I + code™Hos/€)

t 1 7h2 2 Zp2 2
< | — I n/4 m/4\ —Rkh?/20 —&h?/20 1
h {AJ [(1 — /2 (" 42" e e , (5.1.106)
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where & = v[1—O(h) — O(A) — O(mep?a?/h?) — O(6)]. The proof differs from
the proof of Proposition 5.1.13 only in the definition of the set in which sample
paths are concentrated. This shows that after a time ¢; of order ¢|log h|, the
paths are likely to have reached B(h). Mimicking the proof of Corollary 5.1.16,
one can show that after any time to > t;, the probability of leaving B(h)
behaves as if the process had started on the adiabatic manifold, i.e.,

Pgo,o{ sup <557X(ys)71§s> > h2} < C;:m;y,A(t’g)einghQ/QUQ ,

ta<sKEATD
(5.1.107)
uniformly for all & such that (£, X (yo) ~'&) < §°. Here the prefactor is the
same as for the upper bound (5.1.23), and £ is given by (5.1.30). O

5.1.3 Reduction to Slow Variables

So far, we have shown that sample paths of the slow—fast SDE

1 g
do; = - dt + —=F d
w1 = 2 f @y di 2 Fae y) AW, (5.1.108)

dy, = g(@,ye) dt + ' G (x4, ) AW,

remain concentrated in a o-neighbourhood of an asymptotically stable adia-
batic manifold z = Z(y,¢), as long as the slow dynamics permits. This nat-
urally leads to the idea to approximate the system by the reduced stochastic
system

dy? = 9(z(yy,€), y7) dt + o' G(z(yy €), y7) AW, (5.1.109)

obtained by “projection” of the original system (5.1.108) on the adiabatic
manifold M.. The question is how well the process {y?}; approximates so-
lutions {y:}: of (5.1.108), and, in particular, whether this approximation is
more accurate than the approximation by the reduced deterministic system

Ay = g(2(y, ), yi*) dt . (5.1.110)

The following theorem provides estimates on the respective deviations between
det

ye, ¢ and yj
Theorem 5.1.17 (Reduction to slow variables). Let the system (5.1.108)
satisfy Assumptions 5.1.1 and 5.1.4. Fix an initial condition (zg,y0) =
(Z(y0,€),y0) on the adiabatic manifold. Let xV(t) and x?(t) be the quan-
tities defined in (5.1.66) and (5.1.67). Then there exist constants ki, K2, L
such that, for any choice of h, hy at most up to order X(l)(t)_l,
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posod s =l > 1)
0<sSEATB ()
t I{lhz
<L(1+-= m/4 _
(+5>e {GX"{ [(U’)2h2+02€](1+x<2)(t))}
Iﬁlgh%
— 5.1.111
+e"p{ (0’)2(1+X<2)(t))H (5-1.111)

and

pof s [t > )

0<s<tATD,
t KJQhQ
<L{1+=)em4 — L . (5.1.112
(+€)e eXp{ (0’)2(1+X(2>(t))} (5:1.112)

Proof. The proof resembles the one of Proposition 5.1.12. To show (5.1.112),
one first observes that 1 = y? — yd° obeys an SDE of the form

dnf = [B(y")nf + eyt nd)] dt + o' Gy, nf) AW, (5.1.113)

where B(y) is given in (5.1. 33), é(ydet, n?) is a nonlinear term of order ||1?||2,

and G(yi, n) = G(z(yf* + 17, ), 55" 4+ nf). Thus

t t
U :/ V(t,5)é( Set,ni’)dwo’/ V(t, )Gy, %) dW, . (5.1.114)
0 0

The norm of the two integrals is then bounded as in (5.1.71) and (5.1.72) on
short timescales, and on longer timescales by adding contributions of short
intervals. The proof of (5.1.111) is similar. The probability can be estimated
above by the sum of (5.1.112), and the probability of ||ys — y°| exceeding h
despite ||y0 — yd°t|| remaining small. This last contribution is then estimated
with the help of an SDE satisfied by ys — 3%, in which the noise term has
order o’h. O

The probability (5.1.111) becomes small as soon as h > a/e(1+x® (t))1/2
(taking hq large enough for the first term on the right-hand side to dominate).
Thus one can say that the reduced stochastic system provides an approxima-
tion of the slow dynamics to order ov/z(1 + x®)(t))'/2. The behaviour of
X(Q)(t) depends on the deterministic reduced dynamics: In stable situations,
for instance in the vicinity of an asymptotically stable fixed point or periodic
orbit, it remains bounded. In unstable situations, however, it can grow ex-
ponentially fast, with an exponent given by the (local) Lyapunov exponent
of the orbit, and thus the approximation is good only on timescales of order
log(oy/3)1-

The probability (5.1.112) becomes small as soon as hy > o' (14+x3) (t))/2,
where ¢/ = po. Thus for ¢’ > o4/ (that is, p > /¢), the reduced stochastic
system (5.1.109) provides a better approximation of the slow dynamics than
the reduced deterministic system (5.1.110). This can be understood as being
an effect of the stronger intensity of noise acting on the slow dynamics.
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5.1.4 Refined Concentration Results

In this section, we improve the results of Theorem 5.1.6 and Theorem 5.1.17
by giving a more precise description of the deviation of sample paths from
deterministic solutions (z{°*,yd¢*) on the adiabatic manifold. This is useful,
in particular, to control the first exit-time 7p, of y; from the domain Dy in
which the slow manifold is uniformly asymptotically stable.

As in the proof of Theorem 5.1.6, we use the change of variables

~(, det
Tt x(yt +nt7€) +€t ’
o (5.1.115)
Yt =Yg T,

which produces (compare (5.1.32)) a nonlinear perturbation of the linear sys-
tem

1
Ag) = — Ay dt + T Fo(yi*) W ,

NG
dn) = [C( 2EY + By )nd ] dt + o' Go(y) AWy . (5.1.116)

The coefficients are the matrices defined in (5.1.7) and (5.1.33). We can rewrite
this system in compact form as

d¢? = Ay ¢ dt + o Fo (yiet) dwy , (5.1.117)

where (¢°)" = ((6)", (n°)") and

At o Fo(ut)
Al L Ry = V° > . (5.1.118
W (C(y?et) B(y?et)> Wit = ( pGlo(yiet) ( )

The solution of the linear SDE (5.1.116) is given by

¢ =u Co+a/ U, 5)Fo(ydet) dw, (5.1.119)

where U(t, s) denotes the principal solution of the deterministic homogeneous
system ¢ = A(ydet)(. Tt can be written in the form

Ult,s) = (g((:j)) V(g’ S)) . (5.1.120)

Recall that U(t, s) and V (¢, s) denote, respectively, the principal solutions of
e€ = A(y**)¢ and 1) = B(y;*")n, while

S(t,s) / V(t,u)C(y3)U (u, s) du . (5.1.121)

The Gaussian process ¢{ has a covariance matrix of the form
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Cov((Y) =0 / U(t, s) Fo(yde) Folyd)TU(t, s)T ds
o [ X(t) Z(t)
=0 (Z(t)T Y(t)> : (5.1.122)

The matrices X (t) € R™*™ Y (t) € R™*™ and Z(t) € R™ ™ are a particular
solution of the following slow—fast system, which generalises (5.1.10):

eX = Ay X + XA(y)" + Fo(y) Fo(y)™ ,
eZ = AWy)Z +eZB(y)" +eXCy)" + VepFo(y)Goly)" (5.1.123)
Y =By)Y +YB(y)" + Cy)Z + Z"C(y)" + p*Go(y)Go(y)"
y=19(y,€),y) .
This system admits a slow manifold given by
X=X"(y),
Z=7Z"(y) = —VepA(y) " Fo(y)Goly)" +O(e) (5.1.124)

where X*(y) is given by (5.1.14). It is straightforward to check that this
manifold is uniformly asymptotically stable for sufficiently small €, so that
Fenichel’s theorem yields the existence of an adiabatic manifold X = X (y, ¢),
Z = Z(y,e), at a distance of order & from the slow manifold. This manifold
attracts nearby solutions of (5.1. 123) exponentially fast, and thus asymptot-
ically, the expectations of £Y(¢2)T and €9(n?)T will be close, respectively, to
o2 X (ydet, e) and o2 Z(yet, ¢).

In general, the matrix Y (¢) cannot be expected to approach some asymp-
totic value depending only on y{* and e. In fact, if the deterministic orbit
ydet is repelling, ||Y'(¢)|| can grow exponentially fast. In order to measure this
growth, we use again the functions

S
xP(t) = sup / ( sup ||V(s,v)||) du , (5.1.125)
0<s<tJO M ukuss
S
X (t) = sup / ( sup ||V(s,v)||2) du . (5.1.126)
0<s<tJO  Mugvs

The solution of (5.1.123) with initial condition Y (0) = Yy satisfies
Y(tY0) = V(YoV ()"
+p? /Ut V (£, 5)Go(ys*)Go(ye™) TV (¢, 5)" ds
+0((e+ pVe)x? (1)) . (5.1.127)

We thus define an “asymptotic” covariance matrix Z(t) = Z(t; Yo, ¢) by
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B X det7 € Z det7 €
Z(t: Yy, e) = ,(yt ) 2We) , (5.1.128)
Z(yie,e)t Y(t:Yo)
and use Z(t)~! to characterise the ellipsoidal region in which ((t) is concen-

trated. The result is the following.

Theorem 5.1.18 (Concentration around a deterministic solution).
Assume that | X (y3°t, ¢)|| and || X (yd°t, &)~ Y)| are uniformly bounded for 0 <
s < t and that Yy has been chosen in such a way that ||Y (s)7| = O(1/(p*+¢))
for 0 < s < t. Fiz an initial condition (xo,yo) with yo € Dy and xo = Z(yo, &),

and let t be such that yi°t € Dy for all s < t. Define
1/2
R(t) = | Zloq [1+ (1+ 1Y XD @O +xP @] . (51.129)

Let ¢F = (¢F,nf) denote the deviation of sample paths from the determin-
istic solution (Z(yi, e),yde). Then there exist constants €o, Ao, ho, L > 0,
independent of Yy, yo and t, such that

IP)ZEmyo{ sup <Cu»2(u)71<-u> = h2} < Cner;y,A(t, €)eiﬁh2/202

0<s<tATD,
(5.1.130)
holds, whenever € < g9, A < Ag, h < hoR(t)™! and 0 <~y < 1. Here

=y[1-0(+a+nrrRW)], (5.1.131)

t 1 (n+m)/2 (ntm)/4
Cosmanlte)=L{1+—)|(—— 4elntm)/al
Fmna(t:e) ( AE)K1—7> ’ }

Proof. The proof differs from the one of Theorem 5.1.6 only in a few points
on which we comment here. First we need bounds on the inverse of Z = Z(u),
which is given by

iy (X —Zy-1ZT)1  _X-1Z(Y - ZTX-1Z)!
zZ- e e
Y1ZT(X - Zy—1ZT)~1 (Y - ZT'X17)"1
(5.1.132)
Our assumptions imply that all entries are of order 1, except possibly the
lower right one, which may reach order 1/(p? +¢). When extending the proof

of Lemma 5.1.10, the functions @(t) and ¥(t) defined in (5.1.47) are replaced
by

#(0) = [ TTE) U020 U0 T W] do.

= /Ot||~7(U)TU(t, V)T Z() Ut )T (v)| dv, (5.1.133)
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where

™

1 0(}))
JWw) = ————=F1((y,v,¢6) = 5.1.134
W= e e <0<p> (4459

as long as (Cy, Z(u)"'¢(u)) < h?. Using the representations (5.1.120) of U
and (5.1.132) of Z7! and expanding the matrix product, one obtains the
relations

B(t) < B(t) + p° /Ot Tr[V(t,0)TY () 7V (t,0)] dv
+O((n+m)(1+xV @) +x2 1)

U(t) < U(t) 4 p? /OtHV(t,U)TY(t)_lV(tv)H dv
+O0(1+xP1) +xP@) . (5.1.135)

Finally, to extend the proof of Proposition 5.1.11, one needs to show that the
symmetric matrix Q(u), defined by

Qu)? = U(u, )" Z(u) " U(u, s) , (5.1.136)
satisfies ||Q(u)Q(t) || = 1 + O(A) for u € [t — Ae, t]. This follows from the
estimate

O(1/e)  O(A+p/Ve)
US,U]: get]: ’(Uiet TZ/{S,Q)T:
(5, 0) Pl Folyde" U (5,v) (O(MW@ OWHP?))

(5.1.137)
and the analogue of the differential equation (5.1.41). The remainder of the
proof is similar. O

Concerning the implications of this result, let us first discuss timescales of
order 1. Then the functions || Z[jo,j, x(!)(t) and x? (t) are at most of order 1,
and ||V (¢)~!|| remains of the same order as ||Y; '||. The probability (5.1.130)
becomes small as soon as h > o. Because of the restriction h < hoR(t)™1,
the result is useful provided ||Y || 0,4 < o~ 2. In order to obtain the optimal
concentration result, we have to choose Y according to two opposed criteria.
On the one hand, we would like to take the smallest possible Yy, in order
to obtain the optimal domain of concentration ((y, Z(u)~'¢,) < h?. On the
other hand, ||Y;!|| must not exceed certain bounds for Theorem 5.1.18 to be
valid. Thus we require that

Yo > [0® V (p* +&)] 1, (5.1.138)

(in the sense of positive definite matrices). Because of the Gaussian decay
of the probability (5.1.130) in o/h, we can interpret the theorem by saying
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Fig. 5.3. Domain of concentration of sample paths around an asymptotically sta-
ble periodic orbit (broken closed curve), lying in a uniformly asymptotically stable
adiabatic manifold.

that the typical spreading of paths in the y-direction is of order o(p 4+ /2) if
o < p++/z and of order o2 if 0 > p + (/€.

The term p is clearly due to the intensity o’ = po of the noise acting on
the slow variable. It prevails if p > o V y/g. The term /¢ is due to the linear
part of the coupling between slow and fast variables, while the behaviour in
o2 observed when o > p + /¢ can be traced back to the nonlinear coupling
between slow and fast variables.

For longer timescales, the condition h < hoR(t)~! obliges us to take a
larger Yy, while Y (¢) typically grows with time. If the largest Lyapunov expo-
nent of the deterministic orbit y{°t is positive, this growth is exponential in
time, so that the spreading of paths along the adiabatic manifold will reach
order 1 in a time of order log|o V (p? + ¢)|.

Example 5.1.19 (Asymptotically stable periodic orbit). Assume that y@°t is an

asymptotically stable periodic orbit with period T, entirely contained in Dy
(and not too close to its boundary). Then all coefficients in (5.1.123) depend
periodically on time, and, in particular, Floquet’s theorem allows us to write

V(t) = P(t)e?, (5.1.139)

where P(t) is a T-periodic matrix. The asymptotic stability of the orbit means
that all eigenvalues but one of the monodromy matrix A have strictly negative
real parts, the last eigenvalue, which corresponds to translations along the
orbit, being 0. In that case, x(!)(¢) and x(?)(t) grow only linearly with time,
so that the spreading of paths in the y-direction remains small on timescales
of order 1/(c V (p* + ¢)).

In fact, we even expect this spreading to occur mainly along the periodic
orbit, while the paths remain confined to a neighbourhood of the orbit on
subexponential timescales. To see that this is true, we can use a new set of
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variables in the neighbourhood of the orbit. In order not to introduce too
many new notations, we will replace y by (y,z), where y € R™~1 describes
the degrees of freedom transversal to the orbit, and z € R parametrises the
motion along the orbit. In fact, we can use an equal-time parametrisation of
the orbit, so that 2 = 1 on the orbit, i.e., we have z¢* =t (mod T'). The SDE
takes the form

1 o
dggt = gf(xt7yt,zt)dt+ %F(:Etayhzt) th )
dye = g(@e, ye, 20) At + ' Gl@e, Yo, 2¢) AW (5.1.140)

dz; = [1 + h(xtaytazt)} dt + U/H(xtaytvzt) dWy ,

where h = O(||ys | +]|z: —xd*||?) and the characteristic multipliers associated
with the periodic matrix 9,g(zet, 0, 28 ¢) are strictly smaller than one in

modulus. As linear approximation of the dynamics of & = z; — z°* and
N = ye — yp* =y, we take
de? = 1A(,zdet)go dt + L Fy(z8) aw,
0 = 245 NG t t
dn = [B(=")n) + C ()] dt + o' Ga (") AW, , (5.1.141)

dz) = dt + o' Ho(28%) dW; ,

which depends periodically on time. One can again compute the covariance
matrix of the Gaussian process (€7, 79, 20) as a function of the principal solu-
tions U and V associated with A and B. In particular, the covariance matrix
Y (t) of n still obeys the ODE

Y =B()Y +YB(2)T 4+ C(2)Z + ZTC(2)T + p*CGo(2)Go(2)" ,
i=1. (5.1.142)

This is now a linear, inhomogeneous ODE with time-periodic coefficients. It is
well known that such a system admits a unique periodic solution Y;”*, which
is of order p? + ¢ since Z is of order py/z + ¢ and p?GoG{ is of order p2.
We can thus define an asymptotic covariance matrix Z(t) of (£2,7?), which
depends periodically on time. If ¢; = (&, n:), Theorem 5.1.18 shows that on
timescales of order 1 (at least), the paths (; are concentrated in a set of the
form ((;, Z(t)71¢;) < h? (Fig. 5.3), while z; remains h-close to zd°t.

On longer timescales, the distribution of paths will be smeared out along
the periodic orbit. However, the same line of reasoning as in Section 5.1.2,
based on a comparison with different deterministic solutions on successive
time intervals of order 1, can be used to show that (; remains concentrated in
the set (¢, Z(t)71¢;) < h? up to exponentially long timescales.
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5.2 Periodic Orbits

In this section, we consider the effect of noise on slow—fast systems in which
the fast system admits, for each value of the slow variable, an asymptotically
stable periodic orbit. We have seen in Section 2.3.1 that solutions of the slow—
fast system then track the slowly varying periodic orbit at a distance of order ¢,
while the dynamics of the slow variables is well-approximated by the system
averaged over the fast motion along the orbit.

We will start, in Section 5.2.1, by considering the dynamics of the fast
variables only, for frozen slow variables. We establish concentration and re-
duction results similar to those of the previous section. Then we pass to the
general slow—fast case in Section 5.2.2.

5.2.1 Dynamics near a Fixed Periodic Orbit
We consider here an SDE of the form
dzs = f(zs)ds + oF(xs) dWs , (5.2.1)

where W is a k-dimensional Brownian motion, in the case where the deter-
ministic system & = f(z) admits an asymptotically stable periodic orbit. More
precisely, we will make the following assumptions.

Assumption 5.2.1 (Asymptotically stable periodic orbit).

e Domain and differentiability: There are integers n,k > 1 such that f €
C%(D,R™), and F € C*(D,R"**), where D is an open subset of R™. We
further assume that f, F and all their partial derivatives up to order 2,
respectively 1, are uniformly bounded in norm in D by a constant M.

e Periodic orbit: There is a periodic function v* : R — R™, of period T,
such that

() = F(*(5)) (5.2.2)

foralls e R.

e Stability: Let A(s) = 9,f(7*(s)), and let U(s) be the principal solution
of € = A(s)E. Then all eigenvalues but one of U(T) are strictly smaller
than 1 in modulus.

In a neighbourhood of the periodic orbit, we may introduce a system of
coordinates which separates the motions along the orbit, and transversal to
it, setting for instance

z=~*(TO) +r, (5.2.3)

where r is perpendicular to 4*(7'6). In the deterministic case, drawing on the
fact that f(y*(70) 4+ r) = 4*(T0) + A(T0)r + O(r?), one obtains evolution
equations of the form



5.2 Periodic Orbits 173

o1
0= = +0(Irl*),
i = A(TO)r + O(|r])?) .

(5.2.4)

Applying It6’s formula in the stochastic case yields a system of the form

1
db, = {T + bg(Os,7s; 0)} ds+ o Fy(0s,rs) dWs

drg = [A(TQS)TS + b, (05,755 0’)] ds + o F,.(0s,75) dWs .

(5.2.5)

The functions by and b, contain terms of order 2 and no?2. In principle, it
would be possible to eliminate the terms of order no? in b,, which are due to
the second-order terms in [t6’s formula, by a further change of variables. But
this will not be necessary for our purposes.

As we expect r; to remain small, it seems reasonable to approximate the
dynamics of (5.2.5) by the linear equation

dr? = A(T0%°) 0 ds + o F.(69,0) dW, , (5.2.6)

where 09t = 0y + s/T. The process r¥ is Gaussian, with zero mean and
covariance matrix 02X;, where X, satisfies the linear ODE with periodic
coefficients

X = AT X + XA(TO%)T + F.(09°%,0)F,.(69°,0)T . (5.2.7)

This equation admits a unique periodic solution XP®*(s), which describes the
asymptotic covariance of r¥. We are thus led to introducing the set

B(h) = {(0.7): (r, XP"(T0)""r) < W}, (5.2.8)

which has the shape of a filled torus surrounding the periodic orbit. In doing
so, we assumed that XP"(T0) is nonsingular for every 6. In the sequel, we will
need to assume that in addition, XP°"(T9)~! is uniformly bounded in norm.
A sufficient condition for this to hold true is that FFT be positive definite
along the orbit.

Theorem 5.2.2 (Stochastic motion near an asymptotically stable pe-
riodic orbit). If XP*(T0)~! is bounded in norm, then there exist constants
€0, Ao, ho, c1, L > 0 such that for all e < g, A < Ag, h < ho, v €(0,1), and
all s >0 oy

POy < s} <Oy als)eT 20 (5.2.9)

where the exponent k. is uniform in time and satisfies
Ky =7[1—ci(hllogh| + A+ o?/h?)] (5.2.10)

and the prefactor is given by

1+5)” Cnom h?
Chjonyals) 1 = ) [(1 =)™ + /4] (1+ 02) : (5.2.11)
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Proof. The proof resembles the proof of Theorem 5.1.6 for ¢ = 1. One first
bounds the probability that (r,, XPeT(T09¢%)~1r) exceeds h?, in a similar way
as in Proposition 5.1.11. Bounding the probability of 6, —#°* becoming larger
than h; is much simpler as in Proposition 5.1.12, because the linear part of the
equation for 6, — #9¢* vanishes. As a consequence, the functions X(i)(s) grow
only linearly with s. Another difference arises for the analogue of the endpoint
estimate in Lemma 5.1.14, because the last error term in the exponent is of
order e=250To /(1 — 4) instead of e~2%0T0/% /(1 — ). When completing the
proof by restarting the process at multiples of Tj, the optimal error term is
obtained by choosing Tp proportional to [log h|, which yields an error of order
h|log h| in the exponent. O

This result confirms that sample paths are likely to stay in B(h) up to
times of order ¢"*/2°” One is thus tempted to approximate the dynamics of

the phase 0, by the reduced equation
1
de? = Tds+aFg(02,0) dw, . (5.2.12)

Note that since #° lives on a circle, an examination of the Fokker—Planck
equation with periodic boundary conditions shows that this equation admits a
an invariant density of the form 14+O(a?). One expects that the distribution of
6% behaves approximately like a Gaussian with expectation s/T" and variance
of order o?s (which then has to be folded back to the circle). It is not difficult
to adapt Theorem 5.1.17 to obtain the following estimates.

Theorem 5.2.3 (Reduction to phase dynamics). There exist constants
K1, K2, L such that, for any choice of h, hy at most up to order 1/s,

2
I B e e =l 8
1

0SUSSATE ()
(5.2.13)
and
6 0 d Kahi
P 0{ sup ng _euetH > hl} < L(l +s) exp{— 5 } . (5.2.14)
ouss g°s

Proof. (5.2.13) follows from the fact that (; = 65 — 0 satisfies an equation of
the form

d¢s = bg (02 + s, 1s) ds + o [Fp(00 + (s, m) — Fy(02,75)] AW, . (5.2.15)

For s < 7p(n), the diffusion term is of order h + ||, and so the result follows
as in Proposition 5.1.12. The proof of (5.2.14) is similar (but much easier,
since the equation for 9 — #¢°* contains no drift term). O
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Estimate (5.2.14) shows that the spreading of the approximate phase 6°
indeed grows like oy/s around 09t = ) + s/T. Tt thus takes a time of order
1/0? for sample paths to spread uniformly along the periodic orbit.?

Since the probability to leave 75(p,) before time s is small whenever h > o,
and the upper bound (5.2.13) becomes small as soon as hi > o2h%s > o?s,
0% approximates the real phase 65 up to order o2y/s, and is thus a better
approximation of the real dynamics of 6, than §9°t.

5.2.2 Dynamics near a Slowly Varying Periodic Orbit

We return now to slow—fast SDEs of the form

1
dz; = gf(:ct,yt)dt + —=F(xy,y,) dWy

7
Ve (5.2.16)
dys = g(xe,ye) dt + o' G2, y) AW,

where we assume that the deterministic system =’ = f(z,y) admits an asymp-
totically stable periodic orbit for each fixed y. More precisely, we shall make
the following assumptions.

Assumption 5.2.4 (Slowly varying asymptotically stable periodic or-
bit).

e Domain and differentiability: There are integers mn,m,k > 1 such that
feC*D,R"), g€ C*D,R™) and F € CY(D,R"**), G € C(D,R™*F),
where D is an open subset of R™ xR™. We further assume that f, g, F', G
and all their partial derivatives up to order 2, respectively 1, are uniformly
bounded in norm in D by a constant M.

e Periodic orbit: There are an open subset Dy C R™, constants To > T7 > 0,
and continuous functions T : Do — [T1,Ts], v* : R x Dg — R"™, such that

Tt +T(y),y) =" (ty) and
O (ty) = fF(v" (£ ), v) (5.2.17)

for all (t,y) in R x Dy.

e Stability: Let A(t,y) = 0. f(v*(t,y),y) denote the linearisation of the fast
vector field at the periodic orbit. Then all characteristic multipliers but one
of the linear time-periodic equation & = A(t,y)&, for fized y, are strictly
smaller than one in modulus.

Recall from Section 2.3.2 that there exists an invariant tube tracking the
family of periodic orbits, whose parametrisation we denote by I'(6,y,¢) =
v (T(y)8,y) + O(e). The change of variables z = I'(#,y,e) + r, with 7 per-
pendicular to the orbit, yields a system of the form

2This fact is also compatible with spectral-theoretic results, which show that the
generator of (5.2.12) has a spectral gap of order o?.
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1 1 o
do, = g @ +b9(9t77“t>yt) dt + ﬁFO(QtaTtayt)th ,
1

_ o
dry = - (A0, yo)re + b (O, 71, 90) | At + —=Fp (0,7, ye) AWy, (5.2.18)

\/g
dye = §(0r, 74, y¢) At + 0’ G (0, 74, y¢) AW

where we have set A(0,y) = 0, f(I'(0,y,¢),y). The remainders b,.(6,7,y) and
be(0,7,y) contain terms of order |7||? and terms of order (n+m)o? stemming
from It0’s formula. The functions § and G are obtained by expressing g and
G in the new variables.

The dynamics of r; may be approximated by the linear equation

m\H

A(@td ,ytd )T’t dt + 71 (Gd O yd )dLLt 3 (5.2.19)
\/7
edet de

where (65", y£") is a solution of the deterministic system, restricted to the in-
variant tube parametrised by I'(,y, ). The process 1) is Gaussian, with zero
mean and covariance matrix o2X;, where X; is a solution of the deterministic
slow—fast system

eX = A(0,y)X + XA0,9)T + F(6,0,9)F(6,0,y)"

. 1
el = m , (5.2.20)
Y= g(evoay)

We already know from the previous section that for fixed y, this system admits
a periodic solution XP°*(6,y). This solution is asymptotically stable because
the principal solution associated with A is contracting. We may thus conclude
from Theorem 2.3.1 that (5.2.20) admits a solution of the form

X(0,y,¢) = XP(0,y) + O(e) . (5.2.21)
We thus proceed to define the concentration domain of paths as
B(h) = {(0,7", y): (r, X(0,y,¢)"'r) < h2} , (5.2.22)

assuming again that X (6, y, ) is invertible. This set is now a macaroni-shaped
object, with thickness of order h, surrounding the invariant tube (Fig. 5.4).
The following concentration result is proved exactly as Theorem 5.1.6.

Theorem 5.2.5 (Stochastic motion near a slowly varying asymptoti-
cally stable periodic orbit). If XP(0,y) ! is bounded in norm, there exist
constants g, Ag, ho, ¢, c1, L > 0 such that for all e < ey, A < Ay, h < hg and
all v € (0,1),

POo0w0 {rpgy < t} < C)f (t,e)e= el /2 (5.2.23)

h/on,m,y,A
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Fig. 5.4. Example of a macaroni-shaped domain of concentration of paths B(h)
around a family of asymptotically stable periodic orbits, for one slow dimension and
two fast dimensions.

where the exponent k. is uniform in time and satisfies
ke =71 —ci(h+ A+ (n+m)o?/h* +e /5 /(1 —7))], (5.2.24)
and the prefactor is given by

(1+1)?

+
¢ Ae

h/on,m,y,A (t’ 5) =L

[(1 — ) en/4 4 em/4] (1 4 Zi) . (5.2.25)

Remark 5.2.6. A natural question to ask is whether the dynamics of the full
system (5.2.18) can be approximated by the dynamics of the reduced system

1 1 o
de? = Z | ——— +bp(6°,0,y0) | dt + —=F,(0°,0,4°)dW,
t - T(y?)+ 9( ts ayt) +\ﬁ 9(1&7 7yt) t
dy? = §(62,0,90) dt + o' G(6,0,0) AW, . (5.2.26)

It turns out, however, that due to the coupling with the slow variables via
the period T'(y), the deviation 6; — 69 can grow relatively fast (on the slow
timescale). In the worst case, all information on the phase is lost after a time
of order ¢|log a].

Remark 5.2.7. Another interesting question, which we do not pursue in detail
here, is whether the dynamics of the slow variables can be approximated by
a reduced equation. A natural candidate is the averaged reduced equation

dgy = g(7}) dt + o'G(gy) AW, (5.2.27)

obtained by averaging g and G over the angle 6. To analyse the accuracy of
the approximation, one should start from Equation (5.2.18), and construct
a change of variables decreasing the order in ¢ of the 6-dependent terms.
One can then estimate deviations of the resulting process from the reduced
process 37?.
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5.3 Bifurcations

In this section, we turn to the effect of noise on slow—fast systems admitting
bifurcation points. We have already studied the effect of noise on the most
generic one-dimensional bifurcations in Chapter 3, and so we concentrate here
on specifically multidimensional effects. In Section 5.3.1, we consider situations
in which the number ¢ of bifurcating modes is smaller than the dimension n
of the fast variable. We give results on the concentration of sample paths near
invariant manifolds of dimension ¢, and on a possible reduction to a lower-
dimensional equation, containing only ¢ fast variables. In Section 5.3.2 we
consider the effect of noise on dynamic Hopf bifurcations.

5.3.1 Concentration Results and Reduction

Let us consider a slow—fast SDE in the usual form

1 o
do; = - dt + —=F aw;,
Ty 6f(ﬁf?t,yt) + NG (w¢,y¢) AWy, (5.3.1)

dyy = g(xs,ye) dt + o' G2y, y) AW,

in the case where the associated system admits a bifurcation point. More
precisely, we shall make the following assumptions.

Assumption 5.3.1 (Dynamic bifurcation).

e Domain and differentiability: There are integers n,m,k > 1 such that
fecC*D,R"), g€ C*D,R™) and F € CY(D,R™**), G € C}(D,R™*F),
where D is an open subset of R™ xR™. We further assume that f, g, F', G
and all their partial derivatives up to order 2, respectively 1, are uniformly
bounded in norm in D by a constant M.

e Bifurcation point: There is a point (Z,y) € D such that f(Z,y) = 0 and
the Jacobian matriz A = 0, f(Z,9) admits q eigenvalues on the imaginary
axis, with 1 < g < n. The n—q other eigenvalues of A have strictly negative
real parts.

As in Section 2.2.1, we introduce coordinates (z7,2) € R"" 7 x R?, with
2= € R™? and z € R in which the matrix 9, f(Z,y) becomes block-
diagonal, with a block A= € R®~9*(=4) haying eigenvalues in the left
half-plane, and a block A° € R9*%9 having eigenvalues on the imaginary axis.
We call the components of z bifurcating modes and those of x~ stable modes.
In the deterministic case ¢ = 0, we established in Section 2.2.1 the existence
of a locally attracting invariant centre manifold

M. ={(z",zy): 2~ =2 (2,y.¢), (z,y) €N} (5.3.2)

in a sufficiently small neighbourhood N of (Z,7) € R? x R™.
We can rewrite the system (5.3.1) in (27, z, y)-coordinates as
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g _

%Fi(xt 7Ztayt)th )
1 _ o _
dz = gfo(xt aztayt) dt + %Fo(xt 7Ztayt) dWy , (5~3-3)

dyt = g(l‘t_wztayt)dt+0/G(wt_7Ztayt)th .

R
dxt :gf (xtvztayt)dt+

Since x; describes the stable modes, we expect it to remain close to the func-
tion Z~(z,y,¢) parameterising the invariant manifold ./\/l ‘We thus consider
the deviation & = x; —Z~ (2, Y, €) of sample paths from M It satisfies an
SDE of the form

1~ ~
A7 = T (& mp) dt+ ZF (G o) W, (5:34)

where a straightforward computation, using It6’s formula, shows that

€ 2y =@ (zy.8)+€,2,y) (5.3.5)
— 8.2 (2,5.6) f° (@ (2,y,8) + £, 2,y)
— €0y (2,y,6)9(Z (2,,8) + £, 2,9) + O((m + q)o”) ,

the last term being due to the second-order term in It6’s formula. The invari-
ance of M, implies that all terms in (5.3.5) except for the last one vanish for

¢~ =0, compare (2.2.4). The linearisation of f~ at £~ = 0 can be approxi-
mated by the matrix

A7 (2,y,6) = 0o [T (37 (2,9,8), 2,y) — 0.7 (2,4, €) 00 [O(T7 (2,9,€), 2,9)
f63313?7(2,y,g)é)wfg(:_cf(z,y,s),z,y) . (536)
Since A~ (2,y,0) = 0,- f~(Z7,2,y) = A, the eigenvalues of A~ (z,y,¢) have
negative real parts, bounded away from zero, provided we take N and & small

enough. In the sequel, we shall no longer indicate the e-dependence of A~.
We now approximate the dynamics of (§; , 2, 4¢) by the linear system

1

df? _ gA ( det,yfet)ft dt+ F ( det’yfet)th ,

\f
€ 1 € € € €
dzft:gfo( —(pdet ydet oy det pdety gy (5.3.7)

dyp = g(T~ (25", y" €), 20yt dt

where Fy (z,y) = }?_(O7 z,y) is the value of the diffusion coefficient on the
invariant manifold. The process &) is Gaussian with zero mean and covariance
matrix X, , where X, obeys the slow—fast ODE

X" = Ai(zvy)Xi + XﬁAi('z»y)T + FOi(Zay)Foi(Za y)T
et = 2z (2,9,€),2,y) , (5.3.8)
Y= g(ii(zvyag)azay) .
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Fig. 5.5. Example of a bifurcation point, for one slow and two fast variables. The
bifurcation shown here is a saddlenode bifurcation, with arrows indicating the
stability of the equilibrium branches. Sample paths are concentrated in a set B(h)
surrounding the deterministic invariant manifold M..

Since all eigenvalues of A~ (z,y) have negative real parts, this system admits
a locally attracting invariant manifold X~ = X~ (z,y,¢) for (z,9) € N and ¢
small enough. We use this manifold to define the domain of concentration of
paths
B=(h) = {(z7,2,9): (z,y) €N,
(27 =27 (2,9,8), X (z,9,6) (2~ —2 (2,9,2))) < h*} . (5.3.9)

In the sequel, we will need the stopping times

T5_(ny = inf{t > 0: (a7, 20, 9:) € B~ (h)} , (5.3.10)
v = inf{t > 0: (2, y) ¢ N} . (5.3.11)

Then the following result shows that sample paths are concentrated in B~ (h)
as long as (2, y;) remains in N.

Theorem 5.3.2 (Multidimensional bifurcation). Assume that the norms
| X~ (z,y,¢)|| and | X~ (z,y,e)~Y)|| are uniformly bounded in N. Choose a
deterministic initial condition (z0,y0) € N, x5 = T~ (20,Y0,€). Then, there
exist constants hg, Ao, L > 0 and v € (0,1] such that for all h < hg, all
AL Agand all0 <y <1,

PIJ’ZO’yO{TB’(h) <tA TN} < Oh/a,n,m,q777A(ta 5)eiﬁh2/202 ) (5312)
provided ellog(h(1 —v))| < 1. Here the exponent satisfies
k=71 —0(4) = O(h*(1 —7)' " [log(h(1 = )] , (5.3.13)

and the prefactor is given by
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t t h?
Ch/a,n,m,q,y,A(t,E) = L(l + A6> (1 + 5) (1 + 02> (5314)

% {(1 — ) g/ g gm/d eq/4] _
Proof. Given constants hy, h, > 0, we introduce stopping times
Ty = inf{s > 0: |lys — y3|| > hy} , (5.3.15)
=inf{s > 0: [z, — 22| > h.} . (5.3.16)

Using similar ideas as in Proposition 5.1.11, one starts by proving that for §;
satisfying (5, X~ (yo, 20,€) "1&, ) < h?, one has

PE{ e hy}

0<s<SEAT— (n) AT

¢ h2(1— O(Ag))
v 1. m/4 o Y
s? [AW eXp{ 22+ X (#)

X {10(;&1)( ) hy <1+ Zz +Z§+(m+q);f;>>ﬂ . (5.3.17)

Y

where the x(¥(t) are the quantities introduced in (5.1.66) and (5.1.67), which
measure the growth of perturbations in the y-direction. Similarly,

I[Dgo_>z0;yo{ sup |25 — ZdetH }

0<s<tAT— (h)/\Ty

2(1 —
< 2{t-‘eq/4exp{—/<ao€h 2(1 — O(4e))
Az o2 (1)

X {1_0(@1)@);1 (1+Z§+Z§+(m+ )Zi))]} (5.3.18)

where the ng) (t) are defined analogously as the x(?)(¢), but for perturbations
in the z-direction.

Let T' > 0 be a constant that we will specify below. Choosing h, propor-
tional to h, h, proportional to (1-+y)(T)/<)Y/2h, and proceedlng as in Propo-

sitions 5.1.11 and 5.1.13, one obtains that for (£, , X~ (o, 20,€) "1&; ) < a?h?,
]P)EO_’ZO’yO{ sup <§;7X7(ysazsv<€)71£si> Z hz}
0<s<T AN
7Ii+ « 2 0'2

< Chjommaqa(Te)e (/2 (5.3.19)

holds with an exponent
@)

kT (o) =~ {1 —a? - 0(4) - (’)((1 + W)h)] . (5.3.20)

g
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The probability that <§E,X’(yT,zT,s)*1§;> exceeds h satisfies a similar
bound as in Lemma 5.1.14, with an exponent of the form

v afi-o - o (14 20 oY) asay

1—7

The main difference with the end of the proof of Theorem 5.1.6 lies in
the choice of the time T at which we restart the process when considering
longer timescales. It has to be such that both error terms y'2) (T)h/e and
e~2KoT/2 /(1 —4) in the exponents are small. In the worst case, perturbations
in the z-direction grow like e®+%/¢ for some K, > 0, and then XQQ)(T) is of
order Te?! +7T/¢_The optimal choice of T is then close to €6, where

om0 = [h(1 — )]/ CFHED) (5.3.22)

and this yields the error term h*(1 — 4)'~*[log(h(1 — 7))| in the expo-
nent (5.3.13), with v = Ko /(Ko + K4). O

Theorem 5.3.2 shows that sample paths tend to concentrate in a neighbour-
hood of order ¢ of the invariant manifold M. This suggests to approximate
the original system by its projection

1 __ o __
dZ? = gfo(x (ngy?7€)7zguyt0)dt+ %Fo(x (Z?7yt0,5),Z?7y?)th ’
dy? = 9(@™ (2, y¢€), 2 y)) At + 0’ G (7 (27,7 €), 20, w)) AW
(5.3.23)

called the reduced stochastic system. Being of smaller dimension, this system is
in general easier to analyse than the original equation. In particular, if ¢/ = 0
and z is one-dimensional (that is, ¢ = 1), we recover equations of the type
studied in Chapter 3.

In order to quantify the deviations of ¢ = (29,4?) from (2, ), we can
proceed similarly as in Section 5.1.3. However, we would like to avoid having to
compare with the deterministic solution, and instead compare both processes
directly. To do this, we need to take into account the fact that ¢! is a random
process. For a fixed initial condition ¢J € N, we define the (random) matrices

0 0
B = <azf oy f ) : (5.3.24)
€0,g9 €0yg o=z (20,49 ¢),2=20 y=y?
0
Q.2 = <am f) , (5.3.25)
681’9 x—:if(zg,y?,g),z:z?,y:y?

Observe that C'((Z,7),0) = 0 because of our choice of coordinates, so that
|C(¢P, €)|| will be small in a neighbourhood of the origin. We denote, for each
realisation ¢°(w), by V,, the principal solution® of

3Note that we may assume that almost all realisations ¢°(w) are continuous.
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dCy(w) = %B((f(w),a)(t(w)dt . (5.3.26)

We need to assume the existence of deterministic functions 9(t, s), d¢(t, s),
and a stopping time 7 < 75-(5,) such that

[Vo(t, )| <O(t,5) [Va(t, 5)C (L (w), e)|| < Dalt,s)  (5.3.27)

hold for all s <t < 7(w) and (almost) all paths (¢2(w))u>0 of (5.3.23). Then
we define

X(i —supf/ﬁsu

e
Osest (5.3.28)

Xg)(ﬁ) = sup 7/0 ( sup Jo (s, v))du

0<s<t € uLv<s
for i = 1,2, and the following result holds.

Theorem 5.3.3 (Reduction near bifurcation point). Assume that there
exist constants A, 99 > 0 (of order 1) such that ¥(s,u) < Yy and Vo (s,u) < Y
whenever 0 < s—u < Ae. Then there are constants hg, kg, L > 0 such that for
all h < ho[xM(t) v X(Cl)(t)]’l and all initial conditions (xy ,23,y) € B~ (h),

Pro 8L sup ||(zo ) — (2290 = )

O s<EAT
h 1
202 D (1) + hx & (8) + B2 (1)

S Cm,q(t,S)exp{no } . (5.3.29)

where .
Crq(tie) =L (1 + E>e(m+®/4 : (5.3.30)

Proof. The deviation ¢; = (z; — 2, y; — y?) satisfies an SDE of the form

a7 = T[T +bE G ()] i+ %ﬁ@;,chc?)dwt . (5331)
d¢; = 2[0(4,9)5; + B¢+ el Gn D] dt+ —= f G(& G ¢ AWy,

where ||b]| is of order [|€7[| + [|¢]|* + (m + q)o®, [lc] is of order [l§™[|* + [|¢]|?
and ||G|| is of order ||€~|| + ||¢||, while || F is bounded.

For a given continuous sample path {(?(w)}:>0, we denote by U, and V),
the principal solutions of e£~ = A~ (¢%(w))¢~ and e = B(C(w))¢. If we
further define

S.(t,s) = %/ Voo (t, u) O () U, (u, 8) du (5.3.32)
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we can write the solution of (5.3.31) as
-2 t S G(& w w O(w (W
G(w) = \[/ Vi(t,5)G (&5 (w), Gs(w), G5 (w)) AW (w)
/s (1, $)F(E5 (@), Gy (), CO(w)) AW, ()
! / Vult, $)el€s (@), Go(w), CO(w)) ds
/s (£, $)b(E= (@), Cs (), CO(w)) ds (5.3.33)

Concerning the first two summands in (5.3.33), note that the identities

Vo(t,s) = Vo (t,0)V,(s,0) 7

» i (5.3.34)
Su(t,s) = Su(t,0)Usu(s,0)"" 4+ Vi (t,0)Su(s,0)

allow to rewrite the stochastic integrals in such a way that the integrands
are adapted with respect to the filtration generated by {Ws}s>0. Now the
remainder of the proof follows closely the proof of Proposition 5.1.12; using
the relations (5.3.27). O

Theorem 5.3.3 shows that typical solutions of the reduced bystem (5.3.23)
approximate solutions of the initial system (5.3.5) up to order ch( )( Y2 +
o X(c)( t), as long as (V) (t) < 1/o. Checking the validity of Condition (5.3.27)
for a reasonable stopping time 7 is, of course, not straightforward, but it
depends only on the dynamics of the reduced system, which is usually easier
to analyse.

Ezample 5.3.4 (Pitchfork bifurcation). Assume the reduced equation has the
form

1 o
dz0 = = [y220 — (29)3] dt + == dw,
¢ =l - (@] dt+ o W (5.3.35)
dyy = dt,

i.e., there is a pitchfork bifurcation at the origin. We fix an initial time ty < 0
and choose an initial condition (zg,y0) with yo = to, so that y{ = ¢. In
Section 3.4 we proved that if o < /g, the paths {zs}s>¢, are concentrated,
up to time \/z, in a strip of width of order o/(|y°|"/? v £'/4) around the
corresponding deterministic solution.

Using for 7 the first-exit time from a set of this form, one finds that

Xg)(\f) is of order /£ +0? /¢ and that X( )(\@) is of order 1+ ¢ /3/4. Thus,
up to time /€, the typical spreading of z, around reduced solutions 2! is
at most of order ge'/* + 02 /,/z, which is smaller than the spreading of 20
around a deterministic solution. Hence the reduced system provides a good

approximation to the full system up to time /e.
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From then on, however, X(CZ) (t) grows like e until the paths leave a
neighbourhood of the unstable equilibrium z = 0, which typically occurs at a
time of order y/e|log o|. Thus the spreading is too fast for the reduced system
to provide a good approximation to the dynamics. This shows that Theo-
rem 5.3.3 is not quite sufficient to reduce the problem to a one-dimensional
one, and a more detailed description has to be used for the region of instability.

t? /e

5.3.2 Hopf Bifurcation

In this section, we consider the case where the fast system admits a Hopf bi-
furcation point. In order to keep the discussion reasonably simple, rather than
considering the most general case, we will restrict our attention to situations
in which

e the diffusion coefficient for the fast variable depends only on the slow
variable,
there is no noise term acting on the slow variable,
the slow variable is one-dimensional, while the fast variable and the Brow-
nian motion are two-dimensional.

We shall thus consider slow—fast SDEs of the form

1 o
oy = & dt + - F(y,) AW,
T €f(”ﬁt, ye) dt + NG (ye) dWe (5.3.36)

dyt = g(xfm yt) dt )
under the following assumptions.

Assumption 5.3.5 (Hopf bifurcation).

e Domain and differentiability: There is an open set D C R? x R and an
open interval I C R such that f: D —-R2, g: D =R and F: I — R?*?
are real-analytic, and uniformly bounded in norm by a constant M.

e Slow manifold: There is a function z* : I — R? such that (z*(y),y) € D
and f(x*(y),y) =0 for ally € I.

e Hopf bifurcation: The Jacobian matriz A*(y) = 0. f(x*(y),y) has complex
conjugate eigenvalues a*(y) £iw*(y). There is a yo € I such that a*(y) has
the same sign as y — yo, and dya*(yo) is strictly positive. The imaginary
part w*(y) is bounded away from 0 in I. Finally, g(0,y) > 0 fory € I.

e Non-degeneracy of noise term: F(y)F(y)" is positive definite for ally € I.

Neishtadt’s theorem (Theorem 2.2.12) shows that in the deterministic case
o =0, (5.3.36) admits a solution tracking the slow manifold at a distance of
order ¢, provided we make I small enough. Performing a translation of the
fast variables to this particular solution, we can achieve that the drift term f
vanishes in z = 0. The system can thus be written in the form
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1 g
day = [A(ye)ze + bz, y0)] dt + %F(yt) dwi , (5.3.37)

dye = g(z¢, ye) dt

where A(y) is e-close to A*(y), and b(z,y) is of order ||x||?>. We denote the
eigenvalues of A(y) by a(y) £ iw(y).

We still have the possibility of further simplifying the system by perform-
ing an appropriate linear transformation. We may choose this transformation
either in such a way that the diffusion coefficient becomes the identity matrix,
or in such a way that the linear part of the drift term assumes some canonical
form. We will opt for the second possibility.

Lemma 5.3.6. There exists a nonsingular linear transformation x = S(y, €)%,
casting the system (5.3.37) into the form

Ao = 2 [A) T+ Dl )] de+ Z=F () AW (5.3.38)

£
dy: = §(Z¢,y¢) dt

Aly) = (g(y) —@((;,)) : (5.3.39)

with a(y) = a(y) + O(e) and ©(y) = w(y) + O(e).

Proof. For any invertible matrix S(y), the transformation = S(y)Z yields a
system of the form (5.3.38) with

Aly) = S(y) " A(y)S(y) —S(y) ™' S' ()3 (E, v) - (5.3.40)
It is always possible to choose S(y) in such a way that S~*AS = (g *a“’) isin

canonical form. We may thus assume that A(y) is already in canonical form,
up to corrections of order ¢, but with different correction terms depending on
the matrix element (e.g., the diagonal elements differ slightly). It then remains
to eliminate these differences. This can be done by constructing S = (sl1 )
and A in such a way that the system

eS=AS—SA (5.3.41)

admits a bounded solution. Writing out this system in components, one ob-
tains two algebraic and two closed differential equations, which can then be
analysed by the methods we previously developed. a

In the sequel, we shall drop the tildes in (5.3.38), which amounts to con-
sidering the system (5.3.37) with A(y) in canonical form. We may further
assume, by translating y if necessary, that a(y) vanishes for y = 0.
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Consider now the linear approximation

1 o
dal = —A(yd)a) dt + —=F(y3t) dW; |
¢ 6(t)t wg(t) ¢ (5.3.42)

dyf* = g(0, 4" dt .

The Gaussian process x9 has zero expectation and covariance matrix o2 X (¢),
where X () satisfies the slow—fast ODE
X =AWX + XA@)" + F(y)F(y)",
eX (v) (v)" + F(y)F(y) (5.3.43)
9 =900,y) .

For negative y, bounded away from zero, we know from Section 5.1.1 that this
system admits an invariant manifold X = X (y,¢), where the matrix elements
of X(y, ) remain of order 1. The question now is to know what happens as y;
approaches zero, where the ODE (5.3.43) admits a bifurcation point.

Lemma 5.3.7. The system (5.3.43) admits a solution X (y:,¢) whose eigen-

values grow like 1/|y:| for yo < —+/e, and stay of order 1/\/c for |y;| < /2.

For y; > \/¢, the eigenvalues of X (yi,€) grow exponentially fast in y?/c.

Proof. Writing

X = (wl x2> ., Fy)F@yT= <§;8§ 2%3) , (5.3.44)

T2 T3
and substituting into (5.3.43), one obtains the system

ety = 2a(y)r1 + 2w(y)ze + di(y) ,
ete = 2a(y)zs + w(y)(zs — z1) + da(y) , (5.3.45)
exs = 2a(y)rs — 2w(y)zo + d3(y) .

In particular, the trace of X satisfies the equation

5% Tr X =2a(y) Tt X + Tr(F(y)F(y)") (5.3.46)

By our non-degeneracy assumption, the last term on the right-hand side is pos-
itive, bounded away from zero. Thus Tr X behaves just as ((¢) in Lemma 3.4.2.
It remains to prove that the eigenvalues of X behave like its trace. The eigen-
values can be expressed in terms of Tr X, x5 and z = z3 — x1 as

%[Trx + M} : (5.3.47)

The variables zo and z satisfy the system

(2)= (20 2t0) () (e Vo) - 639
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Fig. 5.6. Concentration sets of paths near a dynamic Hopf bifurcation point.

The square matrix has eigenvalues 2(a(y) £iw(y)), and is thus invertible near
y = 0. Equation (5.3.48) describes a particular (linear) case of a dynamic
Hopf bifurcation. Neishtadt’s theorem can thus be applied to show that both
variables remain of order 1 in a neighbourhood of y = 0, which completes the
proof. a

This lemma shows that the domain
B(h)={(z,y) €D:y eI, (x,X(y,e) 'z) <h®} (5.3.49)

has a diameter of order h for negative y, bounded away from zero, which
then grows and reaches order h/e'/* for |y| < /z (Fig. 5.6). For larger y, the
diameter of B(h) grows exponentially fast. Our aim is now to compare the
first-exit time 73(j,) of sample paths from B(h) with the first time

T(y) = inf{t > 0: y; > y} (5.3.50)

at which y; reaches a given value y. The following result shows that sample
paths are concentrated in B(h) as long as y; < /¢, provided o < /e

Theorem 5.3.8 (Stochastic Hopf bifurcation — stable phase). Fiz an
initial condition (0,y0) € B(h) with yo < +/e. Then there exist constants
€0, Ao, ho, c1, L > 0 such that for all e < eg, all A < Ag, all v € (0,1) and all
h < hO\/g7

L 1
PO {0y < T(VE)} € gopmme (5.3.51)

where the exponent Ky satisfies
Ky =71 —ci(A+h*/e)] . (5.3.52)

Proof. The proof resembles the proof of Proposition 5.1.13. The main differ-
ence lies in the estimate of the effect of nonlinear terms, see in particular
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Equation (5.1.65) in Proposition 5.1.11. On the one hand, the cubic nature of
the nonlinearity causes h to appear with a higher power. On the other hand,
the norm of X(y,e) and the term ©(t) grow as y; approaches zero. The ef-
fect of this growth can be controlled by replacing the bounds K4 by bounds
K (t,s), valid on the particular time interval under consideration. This yields
the error term h?/e. O

Consider now the dynamics after y; has reached /e, still assuming that
o < /. We now expect sample paths to leave the vicinity of the equilibrium
branch at z = 0 exponentially fast. The escape is diffusion-dominated in a set
of the form

Sh)={(z,y):y>ve, yel, |z| <hpy)}, (5.3.53)

where the appropriate definition of p(y) turns out to be

ply) = | — =~ (5.3.54)

Then one can prove the following analogue of Theorem 3.2.2 and Theo-
rem 3.4.4:

Theorem 5.3.9 (Stochastic Hopf bifurcation — diffusion-dominated
escape). Let >0, and set C,, = (2 + 1)~ F1/2)  Then, for any h and any
initial condition (z¢,y0) € S(h) such that o < h < (y3C,ot )Y/ BT - and
any y € I with y > yo V /5,

To,Y0 = h 2 a(y7y0)
Provdrsay > W)} < () exp{—m—— ¢, (5.3.55)

where a(y,yo) = fyyo a(z)dz, and the exponent k,, is given by

e o) o L] e

Proof. As in Proposition 3.2.5 and Proposition 3.2.6, we introduce a partition
of [yo, y] by setting a(yk, yx—1) = €A. On each interval of the partition, we ap-
proximate x; by a Gaussian process xf’o, obeying the linear equation (5.3.42)
with initial condition (xz(y, ,),%x—1). The main difference with the proof of
Proposition 3.2.6 lies in the estimation of the term Py ¢, bounding the prob-
ability that the linear approximation 2" remains small (compare (3.2.26)
and (3.2.40)). A simple endpoint estimate shows that

Peole, Ho) < P2 { |z || < Hop(u) }

THE p(y)?

< .
274 /det Cov (z];’(gk))

(5.3.57)
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Using the same representation of the eigenvalues of the covariance matrix as
in Lemma 5.3.7, we get

2 2
det Cov(ﬂvk’O ) > U—p(yk)z [ezA —1] inf plz)

7(yr) 2 Yk—1K2<Yk p(yk)Q
1
X|1-0 — ] - 5.3.58
[ (p(yk)4e4A ﬂ (5:3.58)
The remainder of the proof is similar to the proof of Proposition 3.2.6. a

The probability in (5.3.55) becomes small as soon as y is such that
a(y,yo) > (1 + p)log(h/o). Since a(y,yo) grows quadratically with y, we
can conclude that sample paths are likely to leave the domain S(h) after a
time of order /elog(h/o).

To complete the discussion, we should show that sample paths leave a
neighbourhood of order ,/y of the equilibrium branch as soon as y reaches
order y/ellogo|, and then, if the Hopf bifurcation is supercritical, approach
the periodic orbit originating in the bifurcation. This analysis having not yet
been worked out in detail, we shall limit ourselves to giving an idea of how
one could proceed.

Using the It6 formula to pass to polar coordinates, one obtains a system
of the form

1 o
th = g I:a(yt)rt + b'r(rh 9t7 yt)} dt + %FT(Ht’ yt) th ’

X o Fol6oy) (5.3.59)
dgt = g [w(yt) —+ bg('f’t, Qt,yt)] dt + %0,’“7?% th ,

where b, contains terms of order 72 and o2 /r, and by contains terms of order
r and 02 /r?, while F,. and Fy are of order 1. Note, in particular, that outside
S(o), the terms of order o2/r and o2 /r?, which are due to the second-oder
term in It6’s formula, become negligible with respect to the leading part of
the corresponding drift term.

In the analysis, we are mainly interested in the dynamics of r;. As the
motion of 6; occurs on a faster timescale as the motion of r; for small y;, we
expect the system (5.3.59) to be well-approximated by its averaged version

dry = ! la(ye)re + by (7o, ye)] dt + iﬁr(yt) dWy . (5.3.60)
€ Ve
Now this equation is similar to the equation describing a dynamic pitchfork
bifurcation, studied in Section 3.4.

Bibliographic Comments

The results in Sections 5.1 and 5.3.1 have been developed in [BGO03], while
the results of the other sections are presented here for the first time.
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There exist various related results on reduction of slow—fast stochastic
differential equations. The reduction to low-dimensional effective equations
near bifurcation points of stochastic ODEs or PDEs has been considered, e.g.,
in [B1603, BHO4]. The effect of noise on dynamic Hopf bifurcations has been
addressed in [SRT04] in the context of bursting in neural dynamics (see also
Section 6.3.2). The questions concerning averaging, encountered in particular
in situations with periodic orbits, are related to stochastic averaging, discussed
in particular in [Kif0la, Kif01b, Kif03, BK04].



6

Applications

In this last chapter, we illustrate the methods developed in Chapters 3 and 5,
by applying them to a few concrete examples. This will show what kind of
information can be obtained from the sample-path approach, and also which
aspects of the theory still need to be developed further.

In order to concentrate on physical implications, the examples we present

have been arranged by field of application, rather than by the type of mathe-
matical problem involved. In fact, it turns out that the same type of equation,
admitting an S-shaped slow manifold, appears in very different fields.!

In Section 6.1, we consider two important examples of second-order differ-
ential equations perturbed by noise: The overdamped Langevin equation,
for which we examine the accuracy of the Smoluchowski approximation,
and the van der Pol oscillator forced by noise.

In Section 6.2, we describe some simple climate models, which aim at estab-
lishing connections between the North-Atlantic thermohaline circulation
and warming events during Ice Ages. Here noise, modelling the influence
of unresolved degrees of freedom, may trigger transitions between climate
regimes, with far-reaching consequences.

Section 6.3 reviews some of the basic models for action-potential genera-
tion in neurons, and discusses the phenomena of excitability and periodic
bursting.

Finally, in Section 6.4 we examine the effect of noise on hysteresis in
a mean-field model of ferromagnets, and on the slow—fast dynamics of
Josephson junctions.

'This may be due, in part, to the fact that such bistable situations are in some

sense generic, especially the presence of saddle-node bifurcation points. It may also
be related to a widespread (and generally rewarding) tendency, when modelling a
specific system, to seek inspiration from similar phenomena in other fields.
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6.1 Nonlinear Oscillators

6.1.1 The Overdamped Langevin Equation

Langevin discussed the motion of a particle subject to viscous drag and white
noise [Lan08] (see [LGI7] for a translation and comments), in order to provide
an alternative derivation of Einstein’s formula for the mean square displace-
ment of a Brownian particle [Ein05].

More generally, consider a particle of unit mass moving in a potential U (x),
subject to a viscous drag with coefficient v and white noise of intensity oy.
Its dynamics is governed by the SDE

d%z, dz dW,

ds? + s + VU(zs) = o0 ds ’

(6.1.1)

also called Langevin equation by extension. For large damping, one often
considers this equation to be equivalent to the first-order equation

1
dws _ ——VU(zs)+ o0 dW, :
ds vy vy

(6.1.2)
The associated forward Kolmogorov equation is also called Smoluchowski
equation. Can we quantify how well the second-order system is approximated
by the first-order system?

As we have seen in Example 2.1.3, for large damping ~, and without the
noise term, one can write (6.1.1) in slow—fast form, using ¢t = s/ as slow time.
Incorporating the noise term one arrives at the SDE

1
dx; = — — dt
T e(yt xt) ) (6.1.3)

dyt = —VU(.’Et) dt + O'th 5
where ¢ = 0gy~/2 and ¢ = 1/42. This system is almost in the standard
form (5.0.1) considered in Chapter 5, the only particularity being that there
is no noise acting on the fast variables. Thus we cannot directly apply The-
orem 5.1.6 on concentration and Theorem 5.1.17 on reduction, which require
the noise term acting on the slow variables to be dominated by a noise term
acting on the fast ones. However, owing to the relatively simple form of the
system, it is still possible to derive analogous concentration and reduction
results.

We showed in Example 2.1.9 that in the deterministic case, the sys-
tem (6.1.3) admits an invariant manifold z = Z(y, ), where Z(y, e) satisfies
the PDE

e0,7(y,e)VU(2(y,¢)) = Z(y,¢) —y (6.1.4)

and admits an expansion of the form

Z(y,e) =y +eVU(y) + O(e?) . (6.1.5)
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Thus if we can show that sample paths of the stochastic process are concen-
trated near the invariant manifold, solutions of the original system should be
well-approximated by those of the reduced system

dy) = —VU(Z(y),¢))dt + o dW,; . (6.1.6)
In the limit € — 0, i.e., 7 — o0, this system becomes
dy) = —VU (@) dt + o dW; , (6.1.7)

which validates (6.1.2) since 2 = y on the slow manifold.

The following result estimates the probability of sample paths deviating
from the invariant manifold. For simplicity, we shall assume that second-order
derivatives of the potential are uniformly bounded in R™. The result is easily
extended to situations where the derivatives are only bounded in an open
subset D C R"™, by introducing an appropriate first-exit time.

Proposition 6.1.1. Assume that U : R™ — R s twice continuously differen-
tiable, and all its derivatives up to order 2 are uniformly bounded. Then there
exist ho, Ag,c1 > 0 such that for any p € (0,1), A < Ag and h < hy,

- h2
]P’x(yo’e)’y“{ sup ||zs — Z(ys, )| > h} < Chpalte) exp{ﬁz} , (6.1.8)
0<s<t eo

where
k= p[l —c1(A+ne(ea®/h*)h +e)] , (6.1.9)
and the prefactor is given by
t
Crpalt,e) = <1 + Ag) [(1—p)~/% +em/1] . (6.1.10)

Proof. The deviation & = x; — Z(yy, ) satisfies an SDE of the form

dft = é[—gt + b(«fu%)] dt + 0'[]1 + EGl(yt)] th ’ (6111)

where b(&, y) contains terms of order £||¢|| and ne?o? (the latter stemming from
second-order terms in It6’s formula), and G1(y) is bounded. The solution can
be represented as

t
o [feoran,
0

1t t ’
+ E/ e t=9/ep(g, y,) ds—l—sa/ e~ t=9/eG (y) AW, (6.1.12)
0 0

where the first term on the right-hand side is an Ornstein—Uhlenbeck process
with asymptotic covariance (e0?/2)1. The probability of this term becoming
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large can be estimated by splitting the time interval and then proceeding as
in Lemma 5.1.8. The remainder of the proof follows along the lines of the
proof of Proposition 5.1.13. Since the domain of concentration considered has
a constant diameter, and the linear term in (6.1.11) does not depend on y,
there is however no need to control the deviation of y; from its deterministic
counterpart. Also, it is not necessary to restart the process after times of order
1, as in the general case. a

The proposition shows that x; is unlikely to deviate from Z(y;, ) by much
more than oe!'/? = gy ~3/2. Note that this is smaller than in the standard
case, where the typical spreading of paths has order o, which is due to the
fact that the noise only acts indirectly on the fast variables via the coupling
with the slow ones.

Since z; is likely to remain close to Z(y,e), the reduced system (6.1.6)
should give, as expected, a good approximation of the slow dynamics. Esti-
mating the deviation of the slow variables directly shows that there exists a
constant L such that

lye — 92 < L[R2 D (#) + (B2 + nea®)x &) (1)] (6.1.13)

holds, whenever ¢ < 75y, is such that y(!)(¢) and X( )( t) are at most of or-
der 1/h, where x(M)(¢) and Xg)(t) are the analogues of the quantities defined
n (5.3.28), measuring the divergence of neighbouring solutions of the reduced
deterministic system. Thus, we can conclude that the Smoluchowski approxi-
mation is reliable with a precision of order o[y (¢) + (n + l)xg) (t)] up to
these times ¢.

6.1.2 The van der Pol Oscillator

Van der Pol introduced the equation now bearing his name in order to describe
the dynamics of a triode [vdP20, vdP27], and was also the first to use the term
relaxation oscillations [vdP26]. See, for instance, [PRKO01] for a brief historical
account of the oscillator’s discovery.

The van der Pol oscillator can be realised by the equivalent electric RCL
circuit depicted in Fig. 6.1. Its particularity is the nonlinear resistor denoted
r(v), whose resistance decreases when the voltage increases. Kirchhoff’s laws
imply that the voltage at the inductance, at the capacitor as well as at the
nonlinear resistor is given by

v=Ri+u=R(i; +i2+1i3)+u, (6.1.14)

so that

d
dv _

dt (Zl -|—’LQ +23)

du
dt

i
dt
d w du
= < dt2 d?}))+ch€' (6.1.15)



6.1 Nonlinear Oscillators 197

Fig. 6.1. Van der Pol’s oscillating circuit includes an inductance L, a capacitor C
and two resistors, one of them with a resistance depending on the voltage.

This second-order differential equation can be rewritten as

d?v 1 d/ Rv 9 1 du
v, - S - 1.1
m2+lKhﬂ<r@) ”)*“M’ RC &’ (6.1.16)

where w? = 1/LC. Scaling time by a factor wy eliminates the factor w3 from
the equation. The nonlinear resistance r(v) is a decreasing function of v, and
one usually assumes that r(v) is proportional to R/v?, where the propor-
tionality factor may be chosen equal to 1/3 by rescaling v. This yields the
dimensionless equation

d2z d/1 4 du
(23— = —y— 1.1
a2 +’ydt(3x x> +x T (6.1.17)

with v = wo/RC. For large damping v (cf. Example 2.1.6), this equation is
equivalent to the slow—fast first-order system
ex =y + ﬁ
TEYTET (6.1.18)
y =-r—u )

where ¢ = 1/42, and we have scaled time by a factor 7. The slow manifold of
this equation consists of three parts, connected by two saddle—node bifurcation
points, and the system displays relaxation oscillations (cf. Example 2.2.3).

Assume now that this system is perturbed by noise. If the noise term
were to act on the fast variable x, we would be in the situation considered
in Section 3.3, where we studied the saddle-node bifurcation with noise. In
particular, for noise intensities o > /¢, sample paths would be likely to switch
between stable slow manifolds already at a time of order ¢/3 before reaching
the bifurcation point. This would decrease the size of typical cycles.

Another situation arises when, say, the voltage u of the power supply is
random and described by white noise. Consider the SDE

1 3
dxt(yt+$txt>dtv
€ 3

dyt = —Tt dt + O'th .

(6.1.19)
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(y) (b)

Y Y

Fig. 6.2. Sample paths of the van der Pol Equation (6.1.19) with noise added on
the slow variable y, for e = 0.001 and (a) ¢ = 0.2, (b) o = 0.8.

The interesting part of the dynamics takes place near the saddle-node bifur-
cation points. Let (x.,y.) denote one of them, say, (xc,y.) = (1,—%). The
local dynamics of (%4, 9:) = (x¢ — @e, —(y: — Yc)) near this bifurcation point is
a small perturbation

1
dflf‘t - ( :l]t — .CL'?) dt

d:ljt =dt + Uth

(6.1.20)

of the normal form. Recall that in the deterministic case o = 0, there is
an adiabatic solution Z(§, ), tracking the slow manifold z*(y) = |y|*/? at
a distance increasing like /|| for §; < —%/3. The noise-induced deviation
& = & — Z(Yt, €) from this solution satisfies the SDE

a6 = ~[ali)6 — & — 30°0,,a(,<)] dt +og(G) AW, (6.1.21)

where the linearised drift term

a(y) = —22(y.e) (6.1.22)
behaves like —|y|1/2 for y < —e?/3, and the effective noise intensity
9(y) = =0,z (y,¢) (6.1.23)

behaves like |y|~1/2 for y < —€2/3. The linear approximation

1
dgl = ~a a(geN e At + ag(Fiet) AW, (6.1.24)

turns out to have a variance growing like o2/ |ydet|3/ 2. so that the typical

spreading of sample paths around the adiabatic solution in the fast direction
is of order oe'/?/|7;|*/*. There are thus two situations to be considered:
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e If o < &!/3, the maximal spreading of paths near the bifurcation point is
simply of order o, and thus smaller than the distance between adiabatic
solutions tracking the stable and unstable equilibrium branches, which
has order /3. As a consequence, sample paths are unlikely to make a
transition to the other stable slow manifold before passing the bifurcation
point (Fig. 6.2a).

e If o > ¢!/3 the typical spreading of paths becomes comparable to the
distance between stable and unstable adiabatic solutions for 1; of order
—0*/5¢2/5 and transitions to the other stable slow manifold become pos-
sible (Fig. 6.2b).

The situation is thus similar to the situation of noise acting on the fast
variable, only the threshold noise intensity necessary for early transitions to
happen is much higher, due to the fact that noise only enters indirectly via
the coupling with to the slow variables.

6.2 Simple Climate Models

Describing the evolution of the Earth’s climate over time spans of several
millennia seems an impossible task. Nonetheless, numerous models have been
developed, which try to capture the dynamics of the more relevant quantities,
for instance atmosphere and ocean temperatures averaged over long time in-
tervals and large volumes (for an overview of various climate models, see, for
instance, [Olb01]). Among these models, one distinguishes the following:

e General Circulation Models (GCMs), which are discretised versions of par-
tial differential equations governing the atmospheric and oceanic dynamics,
and including the effect of land masses, ice sheets, etc.

o Earth Models of Intermediate Complexity (EMICs), which concentrate
on certain parts of the climate system, and use a more coarse-grained
description of the remainder.

e Simple conceptual models, such as box models, whose variables are quan-
tities averaged over very large volumes, and whose dynamics are based on
global conservation laws.

While the first two types of models can only be analysed numerically, mod-
els of the third type are usually chosen in such a way that they are accessible
to analytic methods, and can be used to gain some insight into the basic
mechanisms governing the climate system. Still, even the most refined GCMs
have limited resolution, with high-frequency and short-wavelength modes be-
ing neglected.

Several means exist to include the effect of unresolved degrees of freedom
in the model. A first method, called parametrisation, assumes that the unre-
solved degrees of freedom can be expressed as a function of the resolved ones
(like fast variables are enslaved by the slow ones on a stable slow manifold
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of a slow—fast system). The parametrisation is then chosen on more or less
empirical grounds. This procedure is analogous to the one used in the kinetic
theory of gases. A second method consists in averaging the equations for the
resolved degrees of freedom over the unresolved ones, using, if possible, an
invariant measure of the unresolved system in the averaging process.

A third approach, which was — in the context of climate models — proposed
by Hasselmann in 1976 ([Has76], see also [Arn01]), is to model the effect of
unresolved degrees of freedom by a noise term. This approach has not yet been
rigorously justified, though some partial results exist (e.g. [Kha66, Kif0la,
Kif01b, Kif03, BK04, JGB™03]); in particular, deviations from the averaged
equations can often be proved to obey a central limit theorem. Anyhow, the
stochastic approach has by now been used in numerous case studies, and
has the advantage of providing a plausible model for certain rapid transition
phenomena observed in the climate system. The examples presented here have
partly been discussed in [BG02c].

6.2.1 The North-Atlantic Thermohaline Circulation

The dynamics of the Earth’s oceans is characterised by a complicated system
of surface, intermediate-depth and bottom currents, driven by thermal and
haline (i.e., salinity) differences. In particular, the North-Atlantic thermoha-
line circulation (THC) transports enormous quantities of heat from the tropics
as far North as the Barents Sea, causing the comparatively mild climate of
Western and Northern Europe. The northward Gulf Stream is compensated
by southward deep currents of cold water, originating for the most part from
deep-water-formation regions located in the Greenland and Labrador Seas.

It is believed, however, that the situation has not always been like that in
the past, and that during long time spans, the THC was locked in a stable state
with far less heat transported to the North (see for instance [Cro75, Rah95,
Mar00]). This on-and-off switching of the THC might be responsible for the
repeated occurrence of minor Ice Ages during the last several ten thousand
years, the so-called Dansgaard—Oeschger events.

A simple model for oceanic circulation exhibiting bistability is Stommel’s
box model [Sto61], where the North Atlantic is represented by two boxes,
a low-latitude box with temperature 77 and salinity S;, and a high-latitude
box with temperature T» and salinity Sy (Fig. 6.3). Here we will follow the
presentation in [Ces94], where the intrinsic dynamics of salinity and of tem-
perature are not modelled in the same way. The differences AT = T7 —T5 and
AS =51 — S5 are assumed to evolve in time s according to the equations

d 1

d F

(6.2.1)
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NIV
—0O- P
.
T17 51 T27 52
low latitudes Q(Ap) high latitudes

10°N—35°N | -« | B5°N—T75°N

Fig. 6.3. Stommel’s box model for the North-Atlantic thermohaline circulation.
Differences in insolation and an atmospheric freshwater flux induce differences in
temperature and salinity between low- and high-latitude boxes. The resulting density
difference drives a northward surface current and a southward bottom current.

Here 7, is the relaxation time of AT to its reference value 0, Sy is a reference
salinity, and H is the depth of the model ocean. F' is the freshwater flux, mod-
elling imbalances between evaporation (which dominates at low latitudes) and
precipitation (which dominates at high latitudes). The dynamics of AT and
AS are coupled via the density difference Ap, approximated by the linearised
equation of state

Ap = agAS — ap AT, (6.2.2)

which induces an exchange of mass Q(Ap) between the boxes. We will use
here Cessi’s model [Ces94] for Q,

L a,.
QAp) = —+ 340, (6.2.3)

where 73 is the diffusion timescale, ¢ the Poiseuille transport coefficient and V'
the volume of the box. Stommel uses a different relation, with Ap? replaced
by |Apl, but we will not make this choice here because it leads to a singularity
(and thus adds some technical difficulties which do not lie at the heart of our
discussion here).

Using the dimensionless variables © = AT/6 and y = agAS/(arf), and
rescaling time by a factor 74, (6.2.1) can be rewritten as

et =—(x—1) —E.T[l + 7% (x —y)2] )

. (6.2.4)

g=p—y[l+n°@-y)?],
where ¢ = 7,/7q, n? = 7a(ar0)?q/V, and p is proportional to the freshwater
flux F, with a factor agSy7q/(ar0H). Cessi uses the estimates n? ~ 7.5,
7 ~ 25 days and 7q ~ 219 years. This yields € ~ 3x10~%, implying that (6.2.4)
is a slow—fast system.
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4 strong circulation

weak circulation

[T T 1

Fig. 6.4. Bifurcation diagram of the reduced equation, shown here for n? = 7.5. For
freshwater fluxes in an interval u € (u—, p4 ), there are two possible stable states
for the thermohaline circulation. The upper branch corresponds to larger salinity
differences, and thus to a more important mass (and heat) transport to the North
Atlantic.

As already pointed out in Example 2.1.5, the slow—fast system (6.2.4)
admits a slow manifold of the form z*(y) = 1 4+ O(g), which is uniformly
asymptotically stable (for y in a bounded set). By Fenichel’s theorem, there
exists an invariant manifold x = Z(y,e) = 1 + O(e), on which the flow is
governed by the reduced equation

g=g(y.e),  with gly,e)=p—y[l+n°(Z(y,e)—y)? .  (6.2.5)

Note that an affine transformation brings g(y,0) = pu — y[l +n%(1— y)2] into
a more familiar cubic form, namely

(2 2 2, 1, X
=gl =+ =.0) = L2 2 1|u—ud. (6.2
g9(u,0) ng<3+n,0> n[u 3 27n}+[3n }u u (6.2.6)

Thus g(y,0) admits three roots if > > 3 and u belongs to an interval centred
in (p—, py), where

2 2, 2 [1,
e iy | 6.2.7
e = o2 3\/57]{377 } ) (6.2.7)

and one root if p & [u_, pi]. For p = p4, the system admits two saddle-node
bifurcation points. In other words, Stommel’s box model displays bistability
for freshwater fluxes in a certain range. If the freshwater flux, i.e., u, is too
small, then there is only one equilibrium point, corresponding to a small salin-
ity difference, and thus to a small mass exchange. If p is too large, then there
also is only one equilibrium, but this time it corresponds to large AS and Q.

Let us now turn to random perturbations of the equations (6.2.4), in which
the additional noise term will enable transitions between the stable states. We
consider the situation where the freshwater flux is perturbed by white noise,
modelling weather fluctuations which are basically uncorrelated, while the
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temperature dynamics is perturbed by an Ornstein—Uhlenbeck process.? The
resulting equations read

1

day = —[—(we = 1) — ez (L+n*(x, — ye)?)] dt + d&;

Ty 5[ (¢ ) Ext( + 0% (s — yt) )] +d¢, (628

dy = [ — (1 +n*(z — u)?)] dt + 02 dWE

where the Ornstein—Uhlenbeck process &; is given by
7 01 1

dé = —=&dt+ —dW; . 6.2.9
&t é_ft + N ( )

Note that we chose to adapt the noise intensity and relaxation time to the fast
timescale. This system can be rewritten in canonical form for fast variables
(z,€) and one slow variable y, with a fast drift term

f(x,&y) = <_(l‘ - 1) - 83?(1 + 772($ - 9)2) : 1?) , (6210)

a slow drift term
9@, y) = p—y(1+n’x—-y)?), (6.2.11)

and diffusion matrices
10
F = (1 o) ,  G=(01). (6.2.12)

The linearisation of the fast drift coefficient around the invariant manifold has
the form A (z,¢)T, with

A= (_(1) _z) +0(e) , (6.2.13)

and a direct computation shows that the solution of the Lyapunov equation
AX + XAT + FFT =0 is given by

1 1
X* = 2(11+7) 2(1;”) +0(e) . (6.2.14)
2(1+7) 2y

Recall that the asymptotic covariance of the process linearised around the
slow manifold is of the form o%(X* + O(e)). The term o}/2v is simply the
asymptotic variance of the Ornstein—Uhlenbeck process &;. The other matrix
elements describe the variance of xz; — 1, and the covariance of z; — 1 and &

2A different scaling of noise intensities arises when the perturbation acts on the
mass exchange term, as for instance in [Mon02].
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in the linear approximation. Theorem 5.1.6 then shows that sample paths of
the nonlinear system are concentrated in a set of the form

B(h) = {(x,f,y): (JZ - j‘(y75)7£))?(y75)71(3; - i'(yﬂc:)vg)T < h2} ) (6215)

where X (y,¢) = X*(y) + O(¢), whenever h > o1. We see in particular that
larger damping v yields a smaller spreading of typical sample paths.
The reduced stochastic equation has the form

dy) = [ =y (1 +n*(1 = y))?) + O(e)] dt + o2 AW , (6.2.16)

and describes, for appropriate p, a bistable one-dimensional system with noise.
There will thus be rare transitions between the two stable states, unless the
freshwater flux p is close to one of the two thresholds p4, and the probability
of transitions (in one direction) increases. The closer p gets to its lower critical
value p_, the more likely transitions from warm to cold climate in Northern
Europe become.

6.2.2 Ice Ages and Dansgaard—Oeschger Events

We already mentioned in Chapter 4 that the discovery of stochastic resonance
originated in an attempt to model the regular occurrence of major Ice Ages by
a stochastic differential equation. The climate during major Ice Ages, however,
has not been uniformly cold. The analysis of ice cores from the Greenland ice
sheet has revealed the existence of repeated sudden warming events, in a time
span between roughly 80000 and 10 000 years before present (Fig. 6.5). These
temperature increases are called Dansgaard—Oeschger (DO) events. A remark-
able aspect of DO events is that they appear to be governed by a 1470-year
cycle: Although they do not occur periodically, the time spans between DO
events are close to multiples of 1470 years [DJC93, Sch02b, Sch02a, Rah03].

One of the hypotheses that have been put forward to explain this cycle is
that DO events are caused by periodic changes in the freshwater flux driving
the North-Atlantic thermohaline circulation. Such a periodic change can have
various origins (cf. [TGST03]):

e Feedback: The atmospheric temperature gradient between low and high
latitude, which depends on the intensity of the THC, influences the north-
ward moisture transport (see for instance [PS02]).

e FEuxternal periodic forcing: The system is driven by a periodic change of
some external factor, e.g., the insolation (Milankovitch factors).

e Internal periodic forcing: The climate system itself displays a periodic
oscillation, due to its intrinsic dynamics, for instance as a consequence of
a Hopf bifurcation (see, e.g., [SP99]).

To describe the first situation, i.e., feedback, consider the following modi-
fication of (6.2.8):
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Fig. 6.5. Oxygen isotope (6'%0) record from the GISP2 Greenland ice core
drilling [GS97]. The isotope concentration gives an indication of the average temper-
ature in Greenland, shown here for a period between 60000 and 10000 years before
present. The vertical lines are equally spaced by 1470 years. Dansgaard—Oeschger
(DO) events are represented by rapid increases in the temperature. (Data provided
by the National Snow and Ice Data Center, University of Colorado at Boulder,
and the WDC-A for Paleoclimatology, National Geophysical Data Center, Boulder,
Colorado. http://arcss.colorado.edu/data/gisp-grip.)

1 o
dz; = - [—(xt —-1) - 601‘,5(1 + 0% (xy — yt)z)] dt + ﬁ awy ,

dye = [2e = ye (L + 07 (20 — 90)?)] At + 01 AW (6.2.17)
dzt = €h(xt7 Yt Zt) dt + \/50-2 th2 ’

where we have chosen a white-noise perturbation of = for simplicity. The
new feature is that the freshwater flux z; changes according to some, as
yet unspecified, function h of all variables. We also introduced three well-
separated timescales for the variations of temperature, salinity and freshwater
flux, whose ratios are measured by small parameters ¢y and ¢.

By Theorem 5.1.17, we may consider, at least up to some timescale, the
stochastic system projected onto the adiabatic manifold x = Z(y, z, &9 ), where
Z(y,z,e0) = 1+ 0O(eg). Speeding up time by a factor £, we arrive at the system

1
dy, = - (2t =y (L + 12 (1 — w)?) + O(eo)] dt + % awy,

Ve (6.2.18)

dzy = h(1 + O(e0), ys, 2¢) At + oo dW2 .

The drift term for the (now) fast variable y vanishes on the S-shaped curve
of equation z = y(1+n%(1—y)?) + O(gp), which contains two saddle-node bi-
furcation points. In fact, up to an affine transformation, (6.2.18) is equivalent
to the van der Pol oscillator, at least as far as the fast dynamics is concerned.
If the function A is positive in a neighbourhood of the upper stable equilib-
rium branch, and negative in a neighbourhood of the lower stable branch,
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Fig. 6.6. Examples of residence-time distributions in the cold stadial (a) and warm
interstadial state (b), for a period T' = 7 and values of the Kramers times chosen
to fit the observations.

the system will display relaxation oscillations (compare Section 6.1.2). For
sufficiently large noise intensity, Theorem 3.3.4 shows that transitions from
one stable state to the other one are likely to occur before the saddle—node
bifurcation is reached, that is, before the freshwater flux reaches its critical
value p4 or p_.

In order to describe the situations with external or internal periodic forc-
ing, rather than feedback, we take, instead of an additional dynamic variable z,
a time-periodic freshwater flux u(t) (see, e.g., [VBACT01, GR02]). This yields
a reduced equation

dy; = %[u(t) — (1 +7°(1 = )?) + O(eo)] dt + % dwy . (6:2.19)
The adiabatic parameter € is given by the ratio of the diffusion time scale
74 (219 years) and the forcing period of 1470 years, that is, ¢ ~ 0.15. The
behaviour depends essentially on the range of the freshwater flux p(t). If it
remains within the interval (p—_, py) in which the frozen system is bistable,
we are in a situation where stochastic resonance can occur.?

In Section 4.1.4 we computed the residence-time distribution for a sym-
metric bistable system subject to a periodic forcing. The only new feature
in the asymmetric case is that the first-passage-time distributions from the
left to the right equilibrium state and from the right to the left equilibrium
state can differ, due in particular to different values of the quasipotential. The
general expression for the densities of the residence-time distributions in the
two equilibrium states is

1 e t/Ti(o)
qx(t) = EeTtTftjr:ans(t) f; t/T). (6.2.20)
K

Here N is the normalisation making g4 (¢) a probability density. The T% (o)
are the Kramers times for leaving the respective equilibrium state, f, ()

3Note that SR has been proposed as a mechanism at work in other related fields,
e.g., in geodynamo models [LSCDMO05].
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are transient terms approaching 1 in a time of order [logo|, A is the Lyapunov
exponent of the unstable orbit separating the basins of attraction of the two
stable states, and T is the period of the forcing. The two quantities A, and
A_ =T — A, are phase shifts depending on the location of the most probable
exit paths, and the QAAT are universal periodic modulations given by

A AT 1
@r(t) == 2. cosh* \T'(t + A/T — k)) (6.2.21)

k=—o0

The difference between the residence-time distributions ¢4 (¢) in the two equi-
librium states is mainly due to the different values of the Kramers times
Tf(t(()'), which control the decay of the peaks. It is possible to find parameter
values reproducing the behaviour seen in Fig. 6.5, where the system typically
spends only half a period in the warm state, while in can spend several periods
in the cold state.

Note that both for a freshwater flux influenced by feedback or by external
periodic forcing, we started with a three-timescale system, that we reduced in
two successive steps. The climate system is characterised by a whole hierar-
chy of further timescales, with different periodic behaviours influencing each
other (see, for instance, [SPT02, KST04]). Singular perturbation theory al-
lows these timescales to be treated successively, provided they are sufficiently
well separated.

6.3 Neural Dynamics

Neurons communicate by generating action potentials, that is, abrupt changes
in the electrical potential across the cell’s membrane. These potential changes
then propagate away from the cell body along axons, essentially without
changing their shape. It is commonly admitted in neuroscience that the shape
of these spikes does not carry any information; rather, it is the frequency of
successively emitted spikes that is responsible for information transmission
between neurons.

Much effort has gone into the mathematical modelling of the generation of
action potentials. These are built up by flows of ions, mainly sodium, calcium
and potassium, through the cell membrane. The fast activation of ion channels
triggers a relatively slower process of inactivation, responsible for the ultimate
decay of the spike.

One of the first mathematical models capturing the dynamics of action-
potential generation is a four-dimensional ODE introduced by Hodgkin and
Huxley in 1952 [HH52], which is based on an equivalent electric circuit.* The

4Another class of neural models are the integrate-and-fire models, also based
on an equivalent electric circuit. In these models, firing occurs upon the membrane
potential reaching a threshold, and the membrane potential is reset afterwards. We
will not discuss this class of models here.
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evolution of the action potential v is modelled by the equation
Co = GNamSh(VNa —v)+ GKTL4(VK —v) 4+ GrL (VL —v) +i(t) , (6.3.1)

where the G, x € {Na, K, L}, are constant conductivities, the V,, are constant
reference potentials, and i(t) is an external current. The dynamic variables
m, h and n control, respectively, sodium activation, sodium inactivation and
potassium activation. They obey linear ODEs

Tm(v)h =m*(v) —m,
Th(v) h = h*(v) — h, (6.3.2)
) —

() =n*(v

)

in which the v-dependence of relaxation times 7, (v), € {m, h,n}, and equi-
librium values z*(v) are fitted to experimental data. The equilibrium values
are monotonous in v and approach constants in both limits v — +oc.

This model was later simplified to yield various two-dimensional approxi-
mations. These are based, firstly, on the experimental observation that 7, (v)
is much shorter than 7,(v) and 7,(v). The system can thus be reduced to
the slow manifold m = m*(v). Secondly, one observes that h + n is approxi-
mately constant, so that it suffices to keep one of these variable. This yields
a two-dimensional approximation of general dimensionless form

et = f(:c,y) +Z(t) )

= g(ey) | (6.3.3)

where x is proportional to the action potential v, and y is proportional to n.
The parameter € turns out to be (moderately) small because the relaxation
time of v is somewhat shorter than 73, (v) and 7, (v). For instance, the Morris—
Lecar model [ML81], which was devised for giant barnacle (Balanus nubilus)
muscle fibres, assumes that

f(@,y) = cm™(2)(1 —2) + coy(Vo — ) + e3(Vz —2) ,
-3 .34
9(x,y) = (w*(=) —y) Cosh( > , (6.3.4)

T4

where the ¢;, V; and x; are constants, and

m*(z) = % [1 +tanh(x ;;1)} ,
w*(z) = % {1 +tanh<x ;4“)} .

The function f(z,y) is also often fitted to experimental data rather than
deduced from the Hodgkin—-Huxley equations. In particular, the Fitzhugh—
Nagumo model [Fit61, NAY62] postulates

(6.3.5)
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f(xay):x71,3+y7

6.3.6
9(z,y) =a—pBr—yy, ( )

yielding a generalisation of the van der Pol equations.
Among the typical behaviours of action potentials, the following are of
particular interest to the mathematical modeller.

1. Ezcitability: A weak perturbation of a system at rest (called quiescent)
causes the generation of a spike, i.e., an abrupt increase of the action
potential, at the end of which the system returns to rest.

2. Bursting: The neuron activity alternates between quiescent phases and
phases of repetitive spiking, during which the period and amplitude of
spikes are slowly modulated.

An extensive classification of bifurcation scenarios in ODEs leading to
these and other spiking behaviours can be found in [Izh00]. Among the pos-
sible perturbations causing an excitable system to spike, one may consider
stochastic perturbations. See, for instance, [Tuc89] for an overview of stochas-
tic models in neuroscience, and [Lon93, PMO04] for studies of specific noise-
induced phenomena.

6.3.1 Excitability

A dynamical system is called excitable if it admits an asymptotically stable
equilibrium point, but is such that a small change in a parameter would make
the point unstable, while creating a stable periodic orbit. In other words, an
excitable system operates close to a bifurcation point, and is thus sensitive to
small perturbations away from the stable equilibrium.

One distinguishes between two types of excitability. In Type I, the period of
the stable periodic orbit diverges as the bifurcation parameter approaches its
threshold value. In Type II excitability, orbits of finite period appear as soon
as the bifurcation parameter crosses its threshold. The type of excitability dis-
played by a specific system depends on the nature of the involved bifurcation.

A typical bifurcation yielding Type I excitability is the saddle—node-to-
invariant-circle bifurcation. It occurs in the Morris—Lecar model for certain
parameter values. The slow manifold f(x,y) = 0 is typically S-shaped, con-
sisting of one unstable and two stable branches. These branches meet at
saddle-node bifurcation points. Assume the nullcline g(z,y) = 0 intersects
the unstable branch twice and one of the stable branches once (Fig. 6.7a).
The intersection with the stable branch is a stable equilibrium point of the
equations (usually a node), while the other intersections are unstable, at least
one of them being of saddle type. Assume further that both unstable mani-
folds of the saddle closest to the node are attracted by the node. When the
nullcline g(z,y) = 0 moves towards the saddle—node bifurcation point, one of
the two unstable manifolds shrinks until the saddle and the node meet and
then vanish. In the process, the unstable manifolds have been replaced by a
periodic orbit.
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(a)
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Fig. 6.7. Typical examples of excitable slow—fast systems. The intersections of
nullclines g(z,y) = 0 (dotted curves) and stable (full heavy curves) or unstable
(broken heavy curves) branches of the slow manifold f(z,y) = 0 are equilibrium
points, marked by small circles. (a) For Type I excitability, both unstable manifolds
of the saddle point are attracted by a close-by node. (b) For Type II excitability,
certain trajectories pass close to a stable equilibrium point, but then make a large
excursion before converging to this point. In both cases, a small displacement of the
nullcline can produce a periodic orbit.

It is possible to describe this bifurcation by an equivalent one-dimensional
equation for a variable 6, measuring the position on the unstable manifolds
or periodic orbit, respectively. A nonlinear transformation of space and time
brings the equation for # into canonical form

0 =(1—cosf)+ (14 cosO)A, (6.3.7)

where X is the bifurcation parameter (see, for instance, [Izh00, Theorem 1,
p. 1180]). Note that the right-hand side derives from a “washboard potential”

U@)=—-(1+N)0+(1—XN)sin6 . (6.3.8)

For A > 0, the right-hand side of (6.3.7) is always positive, so that 6 increases
monotonously, meaning that, in this case, there is a periodic orbit, and U(6)
is a monotonously decreasing function of the position 8. For A < 0, pairs
of stable and unstable equilibrium points appear, meaning that U () admits
pairs of minima and maxima. In that case, there are thus potential barriers,
placed periodically, of height of order |A|'/? (for small |\|).

Adding noise to the equation (6.3.7) makes it possible for solutions to
overcome the potential barriers, the expected time between transitions being
exponentially large in |\|'/2/¢? for noise intensity o. Each time a potential
barrier is crossed, the system relaxes to the bottom of the next potential well.
In the original variables, all potential wells correspond to the unique stable
equilibrium point, and the barrier crossings and subsequent relaxation events
correspond to spiking behaviour.
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One can determine the relation of the fictive bifurcation parameter A
in (6.3.7) to the actual parameters in the Morris-Lecar model in the fol-
lowing way. Assume that the nullcline g(z,y) = 0 lies at a horizontal distance
0 from the saddle-node bifurcation point (., y.) of the slow manifold. The lo-
cal dynamics near this bifurcation point is a small perturbation of the normal
form

(6.3.9)

_5_y7

y

where £ =  — z. and § = —(y — y.). The equilibrium points of the normal
form are located at & = +6/2, §j = —¢. If noise of intensity o/+/¢ is added to
the fast variable z, the effective dynamics is governed by the equation

—_

~ ~92 g
dz, = . [6— @] dt + ﬁth : (6.3.10)
The drift term § — 7 derives from a potential with a barrier of height propor-
tional to §%/2. In analogy with the results of Section 4.2.2, we conclude that
spikes are rare if 0 < 6%/, and frequent if o > §3/4.
A typical bifurcation yielding Type II excitability is the Hopf bifurcation.
It occurs, e.g., in the (unforced) Fitzhugh-Nagumo equations

et=x—a+y,

. (6.3.11)
y=a—pBr—yy.

The slow manifold is given by the S-shaped curve of equation y = z% — x.

The dynamics depends crucially on the location of the nullcline Sz + vy = «.
If it only intersects the unstable part of the slow manifold, then the system
performs relaxation oscillations like the van der Pol oscillator. If, however, the
nullcline intersects one of the stable branches of the slow manifold (Fig. 6.7b),
this intersection is a stable equilibrium point (of focus type if the intersection
is close to the saddle-node point on the slow manifold). Though it may not
be obvious from the picture, when the nullcline moves below the saddle—
node point, the system undergoes a Hopf bifurcation, and a periodic orbit of
rapidly growing diameter appears. The most important fact is that before the
bifurcation, there can be trajectories closely missing the stable equilibrium,
and making a large excursion before actually reaching the equilibrium point.
A small perturbation can induce another excursion, corresponding to a spike.

Consider for instance the case o« = z. + 6, =1, v = 0, where (z,y.) =
(1/v/3,—2/3v/3), is the location of the saddle-node bifurcation point, and §
is a small parameter. The local dynamics near the bifurcation point can be
described by the normal form

m
1
I
|
<
|
S

(6.3.12)
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(a) |2 (b)

Fig. 6.8. Dynamics of the normal form (6.3.12) describing the dynamics, near a
saddle—node bifurcation point, of a system displaying Type II excitability. (a) With-
out noise, trajectories starting above and to the left of the particular solution Z(g, €),
which delimits spiking and non-spiking behaviour, are attracted by the equilibrium
point z*. Those starting below and to the right escape a neighbourhood of the bifur-
cation point. In the original system (6.3.11), they ultimately converge to z*, having
made a large excursion which corresponds to a spike. (b) Noise can cause sample
paths to leave the vicinity of z*, cross Z(7, ) and thus produce a spike.

where Z = v/3(x — z¢), § = —V3(y — yc), and & = /3. Trajectories tracking
the stable slow manifold & = /=7 converge to a stable equilibrium point
2* = (§,—62). A special role is played by the trajectory of equation & =
Z(y, €) tracking the unstable slow manifold Z = —/—7. It separates the (local)
basins of attraction of z* and the orbits escaping to negative & (Fig. 6.8a).
In the global system (6.3.11), of course, these orbits ultimately return to the
equilibrium point, but only after having followed the lower stable branch of
the slow manifold. We can thus consider the trajectory Z(g,e) as delimiting
spiking and non-spiking behaviour.

Adding noise to the system results in sample paths making excursions
away from z*. Occasionally, a sample path will reach and cross Z(g,¢), and
the system will spike (Fig. 6.8b). Shape and duration of spikes will be close
to their deterministic value, but the time between spikes will be random, as
it is related to the activation process of going from z* to Z(g, €).

6.3.2 Bursting

A neuron is said to exhibit periodic bursting behaviour if it switches period-
ically between quiescent phases, and phases of repetitive spiking. Often the
shape and frequency of the spikes are slowly modulated, on a timescale which
is much longer than the timescale of individual spike generation. In this case,
the system can be modelled by a slow—fast ODE of the form

et = f(z,u),

i = gla,u) | (6.3.13)
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Fig. 6.9. Bifurcation scenario leading to elliptic bursting. For u1 < u < uz, the
system admits a stable equilibrium point, corresponding to a quiescent neuron, and
a stable limit cycle, corresponding to spiking. The slow dynamics increases u near the
quiescent state, driving the system to a Hopf bifurcation point. Near the limit cycle,
it decreases u, driving the system to a saddle—node bifurcation point of periodic
orbits. As a result, the system alternates between quiescent and spiking phases.

where x now stands for the dynamic variables associated with action-potential
generation, and u describes slowly changing parameters of the system, such
as the current i(t).

Periodic bursting can occur when the associated system %ms = f(zs,u)
admits a stable equilibrium point and a limit cycle for certain values of u. A
typical example is shown in Fig. 6.9, where 2 € R? and u € R:

e For u < uy, all orbits converge to a globally asymptotically stable equilib-
rium point x*(u).

e At u = wq, a pair of periodic orbits of opposite stability is created in a
saddle-node bifurcation of periodic orbits.

e For u; < u < ug, the system admits a stable equilibrium point z*(u), an
unstable and a stable periodic orbit.

e At u = us, the unstable periodic orbit collapses on the equilibrium point
in a subcritical Hopf bifurcation.

e For u > us, the system admits a limit cycle and an unstable equilibrium
point.

Assume now that the slow vector field g(z,w) is positive near z*(u), and
negative near the stable periodic orbit. A solution starting near z*(ug) for
some ug < uy will track the equilibrium branch z*(u) adiabatically: The neu-
ron is in a quiescent state. Owing to the phenomenon of bifurcation delay it
keeps tracking x*(u) for some time after passing the Hopf bifurcation point
at u = ug. Ultimately, however, the solution will depart from z*(u) and ap-
proach the periodic orbit: The neuron enters the spiking phase. Since g is
negative near the limit cycle, u decreases while the trajectory spirals around
the set of periodic orbits, yielding the slow modulation of the spikes. Finally,
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as u reaches ui, the periodic orbit disappears, and the neuron returns to its
quiescent state. Then the whole cycle starts over again.

Adding a noise term of small intensity o/+/¢ to the fast variables has two
main effects:

e The bifurcation delay occurring after the passage through the Hopf bifur-
cation point is decreased from order 1 to order y/e|logo|, shortening the
quiescent phase.

e For sufficiently strong noise, there is a chance that sample paths cross
the unstable orbit and approach the quiescent state, some time before the
saddle-node bifurcation of the periodic orbits.

The overall effect of noise is thus to shorten both the quiescent and the
spiking phases. The main reason for this shortening is the fact that noise
decreases the Hopf bifurcation delay. For o > /¢, it even becomes possible
for sample paths to escape from the quiescent state through the unstable orbit,
some time before the Hopf bifurcation point is reached.

6.4 Models from Solid-State Physics

Stochastic models appear in various fields of solid-state physics, e.g. in lasers,
which present many phenomena similar to neurons (see, for instance, [HN79]).
In this section, we discuss stochastic models occurring in two other fields of
solid-state physics, namely in mean-field models for ferromagnets, and in the
dynamics of Josephson junction.

6.4.1 Ferromagnets and Hysteresis

For a long time, hysteresis in ferromagnets was considered a purely static
phenomenon. As a consequence, it has been modelled by various integral op-
erators relating the “output” of the system to its “input”, for operators not
depending on the speed of variation of the input (see for instance [May91]
and [MNZ93] for reviews).

This situation changed drastically in 1990, when Rao and coauthors pub-
lished a numerical study of the effect of the input’s frequency on shape and
area of hysteresis cycles [RKP90]. They proposed in particular that the area A
of a hysteresis cycle, which measures the energy dissipation per period, should
obey a scaling law of the form

A~ A%EP (6.4.1)

for small amplitude A and frequency ¢ of the periodic input (e.g. the magnetic
field), and some model-dependent exponents « and . This work triggered a
substantial amount of numerical, experimental and theoretical studies, aiming
at establishing the validity of the scaling law (6.4.1) for various systems, a
problem which has become known as dynamical hysteresis.
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The first model investigated in [RKP90] is a Langevin partial differential
equation for the spatially extended, N-component order parameter (e.g., the
magnetisation), in a (#?)2-potential with O(N)-symmetry, in the limit N —
0o. Their numerical experiments suggested that (6.4.1) holds with o ~ 2/3
and 8 ~ 1/3. Various theoretical arguments [DT92, SD93, ZZ95] indicate that
the scaling law should be valid, but with « = 8 = 1/2.

The second model considered in [RKP90] is an Ising model with Monte-
Carlo dynamics. Here the situation is not so clear. Different numerical simula-
tions (for instance [LP90, AC95, ZZ195]) suggested scaling laws with widely
different exponents. More careful simulations [SRN98], however, showed that
the behaviour of hysteresis cycles depends in a complicated way on the mecha-
nism of magnetisation reversal, and no universal scaling law of the form (6.4.1)
should be expected. Though much progress has been made in recent years on
the mechanism of magnetisation reversal for quenched field (see [SS98], for in-
stance, and [dHO04] for a recent review), only few rigorous results on hysteresis
in the Ising model are available so far.

A third kind of models for which scaling laws of hysteresis cycles have
been investigated, belong to the mean field class, and include the Curie—
Weiss model. In the limit of infinite system size (see, for instance, [Mar79]),
the dynamics of the magnetisation can be described by the equation

ei = —z + tanh(B(z + A(t))) , A(t) = Acost, (6.4.2)

sometimes called Suzuki-Kubo (SK) equation. The right-hand side vanishes
on the slow manifold A\ = 8~ 'tanh™' 2 — z, which is S-shaped for g > 1.
There are two saddle—node bifurcation points at +(xc, A.), where

ze=+/1- 371, Ae = B tanh ™t /1T — =1 — /T - 3-1. (6.4.3)

The equation (6.4.2) was examined numerically by Tomé and de Oliveira
in [TdO90], where it was shown that the behaviour changes drastically when
the amplitude of the forcing crosses a threshold close to |A¢|, a phenomenon
the authors termed “dynamic phase transition”.

We have seen several examples of periodically forced bistable systems, such
as the Ginzburg-Landau (GL) equation

e =x—1>+ A1), A(t) = Acost, (6.4.4)

whose slow manifolds contain saddle—node bifurcation points. When passing
such bifurcation points, the solutions react after a delay of order £2/3 by
jumping to the other stable slow manifold. As a result, they converge to a
cycle in the (A, x)-plane, enclosing an area which obeys the scaling law

A Ay + €23 (6.4.5)

for sufficiently large driving amplitude A. Here A is a constant independent
of g, called the static hysteresis area. The same relation holds for (6.4.2), with
a different Ag.
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As pointed out in [Ra092], the difference between the scaling laws (6.4.1)
and (6.4.5) can be attributed to the existence of a potential barrier for the
one-dimensional order parameter, which is absent in higher dimensions. The
deterministic equation, however, neglects both thermal fluctuations and the
finite system size, whose effects may be modelled by additive white noise
(see for instance [Mar77, Mar79]). Noise, however, may help to overcome the
potential barrier and thus change the scaling law.

Let us thus consider SDEs of the form

1 o
dl‘t = gf(.lft, t) dt + \/g th 5 (646)
where f(z,t) is either equal to x — 2% + A(t), in the case of the GL equa-
tion, or to —x + tanh(8(x + A(¢))), for the SK equation. In each case,
we assume that the periodic driving has the form A(t) = Acost. Let
A. = |A| be the critical driving amplitude allowing to reach the saddle—
node bifurcation point, that is, A. = 2/3v/3 for the GL equations, and
Ae =+/1—=p3"1—p1tanh ™' /1 — 51 for the SK equations. We introduce
a parameter § = A — A., measuring the “imperfection of the bifurcation”
(cf. Section 4.2.1): For § = 0, the system effectively sees a transcritical bi-
furcation point. For § < 0, it encounters an avoided transcritical bifurcation,
while for § > 0, it successively passes two saddle-node bifurcation points,
separated by a distance of order §%/2.

We already analysed the deterministic case for A < A in Section 4.2.1, see
Proposition 4.2.2. The case A > A, can be analysed by very similar means.
One obtains the existence of constants 71 > v > 0 such that
o Ifd=A—- A, < e, the deterministic equation ez = f(z,t) has exactly

two stable periodic solutions 2P°"* and 2P~ and one unstable periodic

solution 2P°"Y. These solutions track, respectively, the two stable equi-
librium branches and the unstable equilibrium branch, at a distance not
larger than O(g]6|~/2 A /2), and enclose an area

Ale) xeA . (6.4.7)
All solutions which do not start on 2P°"° are attracted either by 22" or
by zP" .
o If§=A—A. > e, the deterministic equation ex = f(z,t) admits exactly

one periodic solution 2}, tracking the upper stable branch for decreasing

A, and the lower stable branch for increasing A. This solution is stable and
encloses an area A(e) satisfying

A(e) — Ag =< 23613 (6.4.8)

For vpe < § < 7€, the situation is more complicated, as there may be more
than three coexisting periodic orbits.

We return now to the study of Equation (6.4.6) with positive noise inten-
sity 0. For A < A., we know from Theorem 4.2.3 and Theorem 4.2.4 that
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Fig. 6.10. Hysteresis cycles in the three parameter regimes. (a) Small-amplitude
regime: If § = A — A. < voe and o < (|6] V €)>/4, typical cycles enclose an area
of order eA. (b) Large-amplitude regime: If § = A — A. > vie and 0 < /2514,
typical cycles enclose an area of order Ao + g2/3§1/3, (c) Strong-noise regime: In
cases of large noise intensity, typical cycles enclose an area of order Ag —o*/3, which
is smaller than the static hysteresis area Ajg.

sample paths are likely to stay close to the same stable equilibrium branch if
o < 0. = (|6] Ve)?/* (Fig. 6.10a). They are likely to switch from one branch
to the other if o > o, (Fig. 6.10c). The switching typically occurs at a time
of order 02/% before |A\(t)| = A, that is, when A — |A(t)] < o*/3.

We also know from Theorem 3.3.3 and Theorem 3.3.4 that for A — A. of
order one, a transition from late jumps (Fig. 6.10b) to early crossings occurs
when o becomes larger than o, = ¢'/2. It is not difficult to extend this result
to all A > A., in which case one obtains a threshold noise intensity of the
form o, = £'/2(§ v e)1/4. Again, for o > o, transitions already occur as soon
as A — |\(t)] =< o*/3.

Since the area of hysteresis cycles measures the energy dissipation per
period, it is of interest to determine its dependence on the parameters €, &
and o. This turns out to be possible, thanks to our relatively precise knowledge
of the sample paths’ behaviour. In the stochastic case, the hysteresis area is
itself a random variable, that can be defined as

1/2
Ale,d,0;w) = 7/ (W)X (t) dt . (6.4.9)
—-1/2
A key observation is that the deviation of the area from its deterministic
counterpart is given by

.A(E, (5,0‘;0.)) — A(s,é, 0) = — /1/2 (l‘t(w) — .Z‘?et))\’(t) dt , (6410)

—1/2
which is accessible because of the information we have on the behaviour of z; —
ret. Without entering into technical details, which can be found in [BG02b],

we may summarise the results as follows. There are three main parameter
regimes to be considered (Fig. 6.11), see also [BG02a).
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Fig. 6.11. Parameter regimes for dynamical hysteresis, shown, for fixed ¢, in the
plane (6 = A — Ac, o). For noise intensities o below a threshold depending on ¢
and e, the behaviour resembles the deterministic behaviour. For noise intensities
above this threshold, typical hysteresis cycles shrink by an amount depending on o.
Broken curves subdivide the three main regimes into smaller zones, in which we
obtain estimates of variable degree of precision.

Small-amplitude regime: § = A— A, < vyoe and o < (]6]Ve)3/* (Fig. 6.10a).
The random area A(e, d, o) is concentrated around its deterministic limit
A(g, 0,0) < Ae. More precisely, one can show that

— if § > —¢ or o < /?/[log|d||, the distribution of A(e, §,0) is close to
a normal distribution, with variance of order o2e;

— if § < —¢ and o > £'/2/|log|d||, the distribution of A(e, 6, o) is not nec-
essarily close to a Gaussian, but its expectation differs from A(g, 6, 0)
by at most O(c?|log|d||), and the standard deviation of A(e,d, o) is of
the same order at most. Finally, the tails of the distribution of A(e, §, o)
decrease exponentially with an exponent of order o2 |log|d||.

Large-amplitude regime: § = A — A, > v1e and o < £'/26%/4 (Fig. 6.10Db).

The random area A(g, d,0) is concentrated around its deterministic coun-

terpart A(e, §,0), which satisfies A(e, §,0) — Ag < €2/35'/3. More precisely,

one can show that

— if ¢ < 9/66%/12, the distribution of A(e,d,0) is close to a normal
distribution, with variance of order o2¢1/35%/6:

— i %/665/12 < o < £1/261/4, the distribution of A(e, §,0) is not neces-
sarily close to a Gaussian, but it is concentrated in an interval of size
£2/351/3 around A(e, 6, 0).

Strong-noise regime: Either § < ¢ and ¢ > (|§] V €)3/4, or § > ¢ and

o > e'/251/* (Fig. 6.10c).

The random_area A(e, §, ) is concentrated around a deterministic refer-

ence value A, satisfying A — Ay =< —o*/3. More precisely, one can show

that R

— if either § < € or o > §3/4, the tail probability P{A(¢,d,0) — A > H}
decays exponentially, with an exponent of order H/o?|log o|; while the
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Fig. 6.12. The resistive-capacitive-inductively shunted model of a Josephson junc-
tion. The ideal junction is traversed by a current i. sin ¢. The other elements of the
equivalent circuit model imperfections in the junction and its wiring.

tail probability P{A(e,d,0) — A< —H} decays exponentially with an
exponent of order H3/?/a?; R

— if§ > e and o < 6%/4, the tail probability P{A(¢, §,0) — A > H} decays
exponentially, with an exponent of order H/o?|log(c*/35=1/2)|; while
the tail probability P{A(e, d,0) — A< —H} decays exponentially with
an exponent of order H3/? /g2

The most interesting aspect of these estimates is that noise of sufficient
intensity decreases the hysteresis area, and thus reduces the energy dissipation
per period.

6.4.2 Josephson Junctions

Josephson junctions are devices made of two pieces of superconductor, which
present nontrivial current—voltage characteristics. The state of the junction is
described by the so-called Josephson phase ¢, which corresponds to the phase
difference of the complex wave functions of Cooper pairs in the two supercon-
ductors. An ideal junction can function in two states: In the superconducting
state, the Josephson phase  is constant, and a current proportional to sin ¢
flows through the junction without any resistance. In the resistive state, the
phase ¢ is not constant, and a voltage proportional to the derivative ¢ appears
across the junction.

In practice, Josephson junctions do not behave in this idealised way, but
show some parasite resistance, capacitance and inductance. We consider here
the resistive-capacitive-inductively shunted junction (RCLSJ) model, which
is based on the equivalent circuit of Fig. 6.12. The ideal Josephson junction
is traversed by a current i.siny, where i, is a constant. The voltage v at
the junction is given by the phase-voltage relation (h/2e)(dy/dt). Kirchhoff’s
laws thus yield the equations
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(a) ¢

(b)

Fig. 6.13. Solutions of equations (6.4.16), describing the dynamics of a Josephson
junction in the overdamped regime, for @ = 5, J = 1.5 and € = 0.01, (a) without
noise, (b) with noise of intensity o = 0.5 added to the fast variable.

.*C@+E+' sinp + 1
i= TR e sin @ + ig ,
hde  dis .
_—7:L7

YT ot a Tt

for the dynamic variables, i.e., the Josephson phase ¢ and the current i
(cf. [NP03]). Passing to dimensionless variables, and rescaling time, this sys-
tem can be rewritten in the form

,6’72¢+fy<,b+sing0:<]ffs,
gb:ajs—i—ls.

(6.4.11)

(6.4.12)

Here J = i/i. and Iy = is/i. are dimensionless currents, « = 2ei.L/h repre-
sents a dimensionless inductance, 3 = 2ei, R2C/h is called Stewart-MecCumber
parameter, its inverse measures the dissipation, and v = Rs/R. Introducing

the variable
1+~

2
S S e o (6.4.13)
e a
allows the system (6.4.12) to be rewritten in the form
+ 1+ — + ——p+sinp=u,
By @ < a)w o ¢ ¢ (6.4.14)
at=J —sing .

Note that u vanishes if and only if all the current flows through the ideal
junction. The parameters o and v measure, respectively, the relaxation times
of u and of ¢ . If v <« «, (6.4.14) is a slow—fast system. Scaling time by a
factor « and setting € = y/a, we can rewrite it as

/659021#_ (1—"_56)%07
ep=u—a lp—singp, (6.4.15)
uw=J—singp,
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(a) (b)

Fig. 6.14. The potential v — U(¢,u), for @ = 10, and (a) v = w/a ~ 0.31,
and (b) u = 0.46, slightly before the leftmost well disappears in a saddle-node
bifurcation.

where @~! = a~! + ¢. The slow manifold is thus given by the two equations

Y = (14 Be)p and u = &~ Ly +sinp. If @ > 1, it admits several stable and
unstable branches, connected by saddle—node bifurcation points.

The simplest situation to analyse is the strong-damping case # < 1. Then
the variable ¢ is an order of magnitude faster than 1, and converges to
1 4+ O(B). One can thus replace (6.4.15) by the reduced system (written for
simplicity for 8 = 0)

e = u— & — sing = — O U@W,u) |

oy (6.4.16)
w=J—siny,
where we have introduced a potential
a2
Up,u) = % —cost . (6.4.17)

The dynamics depends crucially on the value of the current J. If |J| < 1,
the system has at least one asymptotically stable equilibrium point, which
corresponds to a superconducting state since ¢ = 0. If |J| > 1, then u varies
monotonously, and v tries to track the slow manifold. If @ > 1, the phase
repeatedly jumps from one stable branch of the slow manifold to the next
one, each time it passes a bifurcation point (Fig. 6.13a).

Adding noise to the system allows the sample paths to jump from one piece
of stable slow manifold to the next one, already some time before reaching
the saddle-node bifurcation point (Fig. 6.13b). This is the same effect as
discussed for stochastic resonance in Chapter 4 and can be analysed by the
same methods.

For weak damping, the dynamics can be more complicated. The associ-
ated fast system then describes the underdamped motion of a particle in the
potential (6.4.17), and inertial effects may cause the particle to cross several
potential valleys in a row. This can be seen by analysing the behaviour of the
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unstable manifold of a saddle, when approaching a saddle—node bifurcation.
While for large damping the unstable manifold is always attracted by the
next potential minimum, for smaller damping it may bridge several potential
wells before reaching an equilibrium. When weak noise is added to the system,
sample paths escaping from the potential well slightly before the bifurcation
occurs are likely to track the unstable manifold of the saddle, ending up in
the same potential well as the deterministic system would have. Again, the
methods developed in the course of the book will allow for a description of
the sample-path behaviour when overcoming the potential barrier.



A

A Brief Introduction to Stochastic Differential
Equations

A.1 Brownian Motion

Brownian motion can be constructed as a scaling limit of a symmetric random
walk,
[nt]

= lim — Y X; Al1
Wy n;ﬂ;o\/ﬁ; i s ( )

where the X; are independent, identically distributed real-valued random vari-
ables of zero mean and unit variance, and the limit is to be understood as
convergence in distribution. An equivalent definition of Brownian motion is
the following one.

Definition A.1.1 (Brownian motion). 4 one-dimensional standard Brow-
nian motion, or Wiener process, is a stochastic process {W,}i>0, i.e., a col-
lection of real-valued random variables, satisfying the three conditions

1. WO = O,‘

2. Independent increments: For all t > s > 0, the increment Wy — Wy s
independent of {W }o<uss;

3. Gaussian increments: For allt > s > 0, the increment Wy—Wj is normally
distributed with zero mean and variance t — s.

Using, for instance, Kolmogorov’s continuity theorem, one shows that
{Wi}i1>0 admits a continuous version. Thus we may assume that the sam-
ple paths t — W;(w) are continuous, and use ({2, F,P) as probability space,
where 2 = Cy([0,00),R) is the space of continuous functions f : [0,00) — R
with f(0) = 0. However, the sample paths of a Brownian motion are almost
surely nowhere differentiable.

In the sequel we will also deal with Brownian motion starting at an arbi-
trary time tg in some point xy. Such a Brownian motion is easily constructed
from standard Brownian motion {W;};>¢ by considering {zo + Wi, 1t }i>0-
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Whenever not starting in (tg, o) = (0,0), we indicate this by writing P*0-*o
instead of P = P00,
The following properties follow immediately from the definition A.1.1:

o Markov property: {W;}i>0 is a Markov process, i.e.,
P{Wits € A| Wy, u<t =P{Wips € A| W}, (A1.2)

for any Borel set A and all ¢,s > 0, and the transition probabilities are
Gaussian:

(y—=)?/2s
ey (AL3)

P{W,. € A| W, =2} = PHo{WW,.. A:/ef
(Wi e AW, =2} {HG}A\/%

for any Borel set A, and all ¢,s > 0.

e Scaling property: For any ¢ > 0, {cW, /2 }i>0 is a standard Brownian mo-
tion.

o Gaussian process: {Wi}i>o is a Gaussian process (i.e., all its finite-
dimensional marginals are Gaussian random variables), of zero mean, and
covariance matrix

Cov{Wy, W} =E*{W,W,} =t As (A.1.4)

for all ¢,s > 0. Conversely, any mean-zero Gaussian process satisfy-
ing (A.1.4) is a standard Brownian motion.

Let Fy = o{Ws, 0 < s <t} CF be the o-algebra generated by all events
of the form {a < W, < b}, 0 < s <t, a < b, that is, events depending only on
the behaviour of the Brownian motion up to time ¢. Then F; C F;, whenever
s < t. The family {F;};>0 is called the canonical filtration generated by the
Brownian motion.

A random variable 7 : 2 — [0,00] is called a stopping time with respect
to the filtration {F;}1>0 if 771([0,1]) ={w € 2: 7(w) <t} € F, for all t > 0.
A typical example of a stopping time is the first-exit time

T4 =inf{t >0: W; & A} (A.1.5)

from an open! set A 3 0: Indeed, the knowledge of the Brownian motion up
to time ¢ suffices to decide whether or not 7 < ¢t. By contrast, the last time
sup{t < 1: W; € A} the Brownian motion is in a (measurable) set A, is an
example of a random time which is no stopping time, as in order to decide
whether 7(w) < t holds we would have “to look into the future” beyond time ¢.
With a stopping time 7, we associate the pre-t o-algebra F,, defined by

AeF; if and only if ~ AN{r <t} € F foralt>0. (A.1.6)

A stochastic process having the so-called strong Markov property can be
“restarted” at any stopping time 7:

'For a general Borel-measurable set A, the first-exit time 74 is still a stopping
time, provided the canonical filtration is completed by the null sets.
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Theorem A.1.2 (Strong Markov property). For any bounded measurable
function f:R — R, and any stopping time 7 satisfying P{T < oo} =1,

EOO{f(Wris) | Fr} =EOW-{f(W))} . (A.17)

A k-dimensional standard Brownian motion is a vector (T/Vt(l)7 cee Wt(k))
of k independent one-dimensional standard Brownian motions, and the un-
derlying probability space can thus be chosen as the k-fold product space of
the space (£2,F,P) of {W,;}+>o0.

A.2 Stochastic Integrals

In order to give a meaning to a stochastic differential equation which is gen-
erally understood as an integral equation, one starts by defining integrals of
the form

/t h(s,w)dWs , (A.2.1)
0

where the integrand may depend on the realisation of the Brownian motion
only up to time s, that is, w +— h(s,w) is assumed to be measurable with
respect to Fy for each s. Since the Brownian motion is almost surely nowhere
differentiable, and thus not of bounded variation, the integral (A.2.1) cannot
be defined as a Riemann—Stieltjes integral. The following construction is due
to It0. As usual in integration theory, one starts by defining the integral for
elementary integrands, and then extends the definition to a larger class of
integrands by a limiting procedure.

Definition A.2.1 (Elementary function). Fiz a constant T > 0. A func-
tion e : [0,T] X 2 — R s called elementary if there is a (deterministic)
partition 0 = tg < t1 < --- <ty =T of the time interval [0,T] such that, for

all s € 10,7,
N-1

e(s,w) = Y en(W) 40 (5) (A.2.2)

k=0
where ey, : 2 — R is F;, -measurable for all k.

Definition A.2.2 (It6 integral for elementary functions). Let e : [0, T| x
2 — R be elementary. Then the 1td integral of e on [0,T] is defined by

N-1

/O e(s)dW, = /O e(s,w) dW,(w) = ;::0 en(W) Wiy, (w) — Wi, ()]
(A.2.3)

Proposition A.2.3 (Itd isometry). Let e be an elementary function of the
form (A.2.2), such that e, € L*(P) for all k. Then

]E{ (/OT e(s) dW5>2} = /OTIE{e(s)Q} ds . (A.2.4)
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The Ito isometry, which is an isometry between the two Hilbert spaces
L?(Ajo,r) ® P) and L*(P),? allows to extend the definition of the It6 integral
to the class of all functions h : [0,7] x 2 — R such that

e (t,w) — h(t,w) is jointly measurable, i.e., measurable with respect to
B([0,T)) ® F, where B([0,T]) denotes the Borel o-algebra on the time
interval [0, T7;

e his Fy-adapted, that is, w — h(t,w) is Fy-measurable for each t € [0, T7;

e | satisfies the integrability assumption

/TE{h(s)2} ds < 0. (A.2.5)
0

Any h of this form can be approximated by a sequence of elementary
functions {e(™},,>1, in the sense that

lim TE{(h(s) — e (5))*}ds = 0. (A.2.6)
0

n— oo

Proposition A.2.3 shows that the limit

n—oo

T T
lim [ ™ (s)dW,= / h(s)dW, (A.2.7)
0 0
exists in L?(PP), and does not depend on the particular choice of the approxi-
mating sequence {e(™},>;.

Definition A.2.4 (It6 integral). The limit (A.2.7) is called the It6 integral
of h on [0,T). For any interval [a,b] C [0,T], one sets

b T
/ h(s) dW, == /O Ly (s)h(s) AWV . (A.2.8)

Obviously, the It6 integral defines a linear, additive functional on the space
of admissible integrands. Moreover, the random variable X; = fg h(s)dWy is
Fi-measurable, has zero expectation, and variance

Var{X;} = /Ot h(s)*ds , (A.2.9)

and there exists a continuous version of the stochastic process {X;}i>0, so
that we may assume that X;(w) depends continuously on ¢. Furthermore, the
stochastic process {X; };>¢ is a martingale, meaning that X, is F;-measurable
for all ¢t and E{X;|Fs} = X, holds, whenever s < t.

2Here Alo,7] denotes Lebesgue measure on the interval [0, #].
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Remark A.2.5. The definition of the It6 integral can be extended to integrands
satisfying only

P{/OT h(s)*ds < oo} =1 (A.2.10)

instead of (A.2.7) by defining the stochastic integral as the limit in proba-
bility of stochastic integrals of elementary functions, but then the properties
involving expectations, in particular (A.2.9), may no longer hold true.

Remark A.2.6. Multidimensional It6 integrals can be defined component-wise
in the obvious way.

Consider now the process

X: = Xq —I—/ f(s)ds +/ g(s)dWs , (A.2.11)
0 0

where f,g:[0,T] x 2 — R satisfy the same measurability assumptions as h
above, and

IP’{/OT|f(s)|ds<oo}:IE”{/OTg(s)st<oo}:1. (A.2.12)

For simplicity, we assume here that the initial value X is not random. One
may include the case of random initial values, independent of the Brownian
motion, by adequately enlarging the filtration {F;}¢>o.

Theorem A.2.7 (Itd formula). Let u : R x[0,T] — R be twice continuously
differentiable in its first argument, and continuously differentiable in its second
argument. Then the process Yy = u(Xy, t) satisfies

‘Tou ou 10%u 5
Y= u(Xo,0)+ [ F )+ X9 + 5 55 (Xuwsha(s) | ds
t
+ @(XS,S)Q(S) dw . (A.2.13)
0 ox

It is customary to write (A.2.11) and (A.2.13) in differential form as

ou Ou 10%u 9
dY, = S0 dt+ 22 dX 4 5 5 (dX)
Oou Ou 10% , ou

The first two terms on the right-hand side of (A.2.15) are natural, since they
also exist in the deterministic case. The additional term containing the second
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derivative of u with respect to = is interpreted as reflecting the fact that
“(dX0)? = g()2(AW;)? = g(t)2de".

In the case of an n-dimensional stochastic processes (Xt(l), e 7Xt(n))7 de-
fined component-wise, with the help of the same Brownian motion,

X = fO@) dt + gD () dw, (A.2.16)
and a function u : R™ x [0,T] — R, satisfying the analogous assumptions, the
real-valued stochastic process Y; = u(Xt(l), e ,Xt("),t) satisfies

dy; = dt —dX )W (t)dt . (A.2.17
t= + Z ]Zl 8%3% t)g () dt ( )

Finally, should the Xt(i), i =1,...,n, involve different, independent Brown-
ian motions Wt(j), j=1,...,n, then Yyt = u(Xt(l), .. .,Xt("),t) is calculated
according to the general scheme

L1 N ; :
v, = dt+z Zaiu(dXt())(dXt(”), (A.2.18)

xiaxj
using the substitution rules (dt)(dt) = (dt)(th(i)) = (th(i))(dt) = 0 and
(@w, ) (@w?) = 6;;dt.

Example A.2.8. A few classical examples where the 1t6 formula allows to com-
pute specific stochastic integrals are the following.

1. The relation d(W2) = dt + 2W; dW; implies
t 1., 1
W, dW, = W2 — ~t. (A.2.19)
o 2 2

2. The relation d(tW;) = Wy dt + t dW; yields the integration-by-parts for-
mula

/Ot sdWy = tW, — /Ot Wsds . (A.2.20)

3. Let dX; = h(t) dW; — $h(t)? dt. Then Y; = e+ satisfies the equation
dY; = h(t)Y; dW; . (A.2.21)
In particular, Y; = eWe—t/2 obeys the equation dY; = Y; dW;. The expo-

nential martingale Yy is thus to be considered as the exponential of the
Brownian motion W;. It is called the Doléans exponential of W;.



A.3 Strong Solutions 229
A.3 Strong Solutions

Having defined stochastic integrals, we can finally give a meaning to stochastic
differential equations of the form

dﬂ:t = f($t, t) dt + F(l’t, t) th 3 (ASl)

where f, F : R x [0,7] — R are jointly measurable deterministic functions of
x and t.

Definition A.3.1 (Strong solution). A stochastic process {xi}iepo,r) 15
called a strong solution of the SDE (A.3.1) with initial condition xo if

o {xi}iciom i {Fi}ecio,r-adapted;
e The integrability condition

IE”{/OT|f(xS7s)|ds < oo} = P{/OT F(xs,5)*ds < oo} =1 (A3.2)

is satisfied;
e Foranyte[0,T],

¢ t
Ty = Tp —|—/ f(zs,s)ds —l—/ F(xs,s)dW; (A.3.3)
0 0

holds with probability 1.

The following result is obtained by Picard iterations, as in the deterministic
case.

Theorem A.3.2 (Existence and uniqueness of strong solutions). As-
sume that the following conditions hold for all t € [0,T):

e Local Lipschitz condition: For any compact A C R, there is a constant
K 4 such that

[f (2, t) = fy, )] + [F(x, 1) = Fly, )] < Kalz -y (A.3.4)

for allz,y € A and all t € [0,T).
e Bounded-growth condition: There is a constant L such that

af(x,t) + F(z,t)? < L*(1 + 2?) (A.3.5)

for allz,y € R and allt € [0,T].

Then the SDE (A.3.1) admits an almost surely continuous strong solution
{@t}iepo, ) This solution is pathwise unique, in the sense that if {4 }eejo 1]
and {Yi }rejo, 1) are two almost surely continuous solutions, then

IP’{ sup |z — ye| > O} =0. (A.3.6)

0<t<T
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We denote by P the law of the solution of (A.3.1), starting in z( at
some time ty € [0,7], and by Eo:%0 expectations with respect to Pt:%0. The
solution x; satisfies the strong Markov property, that is, for any almost surely
finite stopping time 7, and any bounded measurable function f : R — R,

BO{f(on) | £} =B (@)} onthest (<) (AT

Ezample A.3.8 (Linear SDE). Let a,b, F : [0,T] — R be bounded, measur-
able deterministic functions. Then the linear SDE

dz, = [a(t)z, + b(t)] dt + F(t) AW, (A.3.8)

admits a strong solution. Let a(t,s) = f; a(u) du. 1t0’s formula shows that
the solution with initial condition z;, = o can be written as

t t
x; = woetto) —l—/ e“t9)p(s) ds +/ S B (s) AW, . (A.3.9)
to to
In the particular case a(t) = —v, b(t) =0, F(t) = 1, its solution
¢
x; = mge 1t —|—/ e =) qw, (A.3.10)
to

is called an Ornstein—Uhlenbeck process.

A.4 Semigroups and Generators

Consider, for simplicity, an autonomous, n-dimensional SDE

admitting a pathwise unique strong solution {z;}+>¢ for any initial condition
(0,z). One can associate with it a family {T%};>¢ of linear operators, acting
on bounded, measurable functions ¢ : R™ — R, as

Tipo(x) = Eo’x{go(xt)} . (A.4.2)

The Markov property, together with time homogeneity, implies that the
{T};}1>0 form a semigroup:

TtTS = Tt+s Vt, s = 0. (A43)

Each linear operator T; has the following properties:

1. It preserves the constant functions.
2. It maps non-negative functions to non-negative functions.
3. It is a contraction with respect to the supremum norm.
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4. Tt maps the set of bounded, continuous functions into itself (weak Feller
property).

5. Under additional assumptions, for instance if the matrix F(z)F(z)T is
positive definite for all x, it maps bounded, measurable functions to con-
tinuous ones for ¢ > 0 (strong Feller property).

The (infinitesimal) generator of the semigroup is defined as the operator L
such that

Lip(x) = lim M : (A.4.4)

for all ¢ for which this limit exists for all z. It6’s formula, and the fact that
stochastic integrals have zero expectation, imply that the generator is the
differential operator

L= }:ﬂ }: %ﬁ% (A.4.5)

B,j=1

where d;;(x) are the matrix elements of D(z):= F(x)F(x)". Indeed,
¢
Tiplo) - 9(o) =B (o)} - o(o) =E%{ [ Lotoas|.  (a40)
Note that u(z,t) = Typ(x) satisfies the partial differential equation

B,
o, t) = Lu(z, 1), (A4.7)

called Kolmogorov’s backward equation. Under suitable regularity assump-

tions, (A.4.7) admits, for each y, a particular solution with initial condition
u(x,0) = 0, (). Denote this solution by p(y, t|x,0). In that case,

PO {z, € A} = Ty1a(z) = / p(y, tlx,0)dy , (A.4.8)
A

which shows that y — p(y, t|z,0) is the density of the transition probability
of the Markov process defined by = — x;.

The semigroup {7} }+>0 admits a dual semigroup {S; }+>0, acting on o-finite
measures on R"™, as

Sip(A) = /n PO {2, € A}p(dz) = PO {z, € A} . (A.4.9)

Its generator is the formal adjoint of L, given by

Zay fily Z 3%3% dij(W)e(y)) . (A.4.10)
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For probability measures admitting a sufficiently smooth density p, the time-
evolved density p(y,t):=S:p(y) satisfies Kolmogorov’s forward equation, or
Fokker—Planck equation,

and so does the transition-probability density p(y, t|z,0), considered as a func-
tion of (y,t). If the stochastic process z; admits an invariant density pg, then
it obeys the equation L*pg = 0.

Ezample A.4.1 (Gradient system). Consider an SDE of the form
dz; = —VU(z)dz + o dW; , (A.4.12)

where U is a twice differentiable potential, and ¢ is a constant. The generator
and its adjoint are given by

2 2
L:fVU~V+%A and  L* :AU+VU~V+%A. (A.4.13)
If the potential grows sufficiently quickly at infinity, the stochastic process
admits an invariant density given by

1
po(x) = Ne_ZU(”)/”2 , (A.4.14)

where A is the normalisation. In particular, the Ornstein—Uhlenbeck pro-
cess (A.3.10) admits a Gaussian invariant density as the potential U(x) is
quadratic.

A.5 Large Deviations

Let W7 = oW, denote the scaled Brownian motion. By the Laplace method,
P{WZ € A} behaves like exp{—inf,c4 2%/20%T} for small o, in the sense
that

1
Jim o?logP{Wg € A} = ~5F ggggﬂ (A5.1)

holds for all sufficiently regular sets A with non-empty interior. Similarly, the
reflection principle shows that

: 2 o L2
;11%0 logIP’{OzltlgT we > L} 5T - (A.5.2)
The relations (A.5.1) and (A.5.2) are two examples of large-deviation esti-
mates.

In the sequel, C = C([0,T],R™) denotes the set of continuous functions
from [0,T] to R™, and H; = H([0,T],R™) is the Sobolev space of abso-
lutely continuous functions ¢ : [0,7] — R™, possessing a square-integrable
derivative and satisfying ¢(0) = 0.
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Definition A.5.1 (Large-deviation principle). A functional I : C —
[0,00] is said to be a good rate function if it is lower semi-continuous and
has compact level sets. A stochastic process {x }iepo,m) s said to satisfy a
large-deviation principle with rate function I if

—inf I < liminfo? 10gP{x” € F} < limsup o2 logP{xU € F} < —inf]
Ie o—0 o—0 T

(A.5.3)
holds for any measurable set of paths I' C C.

In many applications, the infima over the interior I'° and the closure I’
coincide, and thus the limit of 02 logP{2? € I'} exists and is equal to their
common value.

Theorem A.5.2 (Schilder’s Theorem). The scaled Brownian motion
{W¢ }epo,m) satisfies a large-deviation principle with the good rate function

LT,
- O] dt ; H

I((p) _ 9 /O ||<ptH ) Zf@ € 1, (A54)
400, otherwise.

The Euler-Lagrange equations show that the minimisers of I are lin-
ear functions ¢; = ct. This can be interpreted as meaning that the “most
probable paths” in I' are straight lines. For instance, in (A.5.1), I' =
{¢: or € A}, and the minimiser is ¢; = (¢/T)infyeca z. In (A.5.2), one has
I' = {p: supggscr 9t > L}, and the minimiser is p; = Lt/T.

Consider now a general diffusion of the form

daf = f(z7)dt + o F(27) dW; (A.5.5)

with an initial condition xo. We assume that f and F satisfy the Lipschitz
and bounded-growth conditions of Theorem A.3.2, and that the diffusion ma-
trix D(x) = F(z)F(x)" is positive definite.®> Then the analogue of Schilder’s
Theorem A.5.2 is the following.

Theorem A.5.3 (Large-deviation principle for solutions of SDEs).
The stochastic process {x7 }1cjo,1) satisfies a large-deviation principle with the
good rate function

T
J(p) = %/0 (@1 = f(e)) D) " (pr — fer))dt, if € w0 + Hy,
400 , otherwise.

(A.5.6)

3If the diffusion matrix happens to be positive semi-definite only, {xf }eepo,
still satisfies a large-deviation principle with a good rate function J, but J is given

by a variational principle and can generally not be represented in an explicit form
like (A.5.6).
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The minimisers of J satisfy Euler-Lagrange equations, which are equiva-
lent to the Hamilton equations deriving from the Hamiltonian

Hip. ) = 36" D)y + £()" (A5.7

Here 1 = D(p)71 (¥ — f(¢)) is the conjugate momentum of ¢, so that the
rate function takes the form

J(p) = % /O Vi D)y dt (A.5.8)

A.6 The Exit Problem

Consider again the family of diffusions
dz{ = f(z7)dt + o F(z7) AW, (A.6.1)

with f and F satisfying the same conditions as in the previous sections. In
addition, we assume that the diffusion matrix D(z) = F(z)F(z)7T is uniformly
positive definite. Let D C R™ be a bounded, open set with smooth boundary,
and fix an initial condition z§ = x¢ in D. The aim of the exit problem is to
determine the distributions of the first-exit time

77 =713 =inf{t > 0: af ¢ D} (A.6.2)

of 7 from D, and of the first-exit location x%, € OD. In principle, the laws
of 77 and x%, can be determined by solving PDEs, involving the generator
L = L7 of the diffusion.

Proposition A.6.1. Let ¢ : D — (—00,0], g : D = R and ¢ : 9D — R be
bounded, continuous functions, and let y{ = fot c(x9)ds. Then

o

u(z) EO’I{w(xL)ey:" - /0 ' g(x7)ev? dt} (A.6.3)

s the unique solution of the Dirichlet problem

Lou(z) + c(z)u(z) = g(x) forx € D, (A.6.4)
u(z) = ¢(x) for z € OD. o
Two special cases are of particular interest for the exit problem.
1. u(z) = E%*{r9} is the unique solution of the PDE
Lu(x) = -1 forx €D, (A.6.5)
u(z) =0 for z € 0D.
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2. For a continuous function ¢ : 9D — R, v(x) = E®*{¢)(2%,)} is the unique
solution of the PDE

{L v(iz) =0 forz €D, (A.6.6)

v(z) =¢(z) for z € dD.

Solving equation (A.6.6) for a sufficiently large set of functions ¢ allows

to determine the law of first-exit locations. This, however, is possible only in
very specific cases.

An alternative approach is the theory of large deviations, which yields

partial information on the exit problem, without the need to solve a PDE.
Indeed, let

Vi, y;s) = nf{J(p): ¢ € C([0, 5], R"), 00 =z, 05 = y} (A.6.7)

be the “cost” required to bring the system from x to y in time s. Then
Theorem A.5.3 implies

lin%) o?log P {17 <t} = inf{V(z,y;s): s € [0,t],y ¢ D} . (A.6.8)

In order to obtain more precise information, one needs to make additional
assumptions. Consider the case where D is contained in the basin of attraction
of an isolated, asymptotically stable equilibrium point x* of the deterministic
system & = f(x). The function

V(z"y) = mnf V(2" y;1) (A.6.9)
is called the quasipotential of the system.? An important réle is played by its

infimum

V = inf * A6.1
V= inf V("y) (A.6.10)

on the boundary of the domain D.
Theorem A.6.2. For all initial conditions x € D and all § > 0,

lim PO {e(V=9/7" < 77 < VHO/7"} — (A.6.11)

and -
lim o*log E** {77} =V . (A.6.12)

Moreover, for any closed subset N C 9D satisfying infyen V(z*,y) >V,
: 0,z o o
lim P@*{a7. € N} =0. (A.6.13)
If y — V(a*,y) has a unique minimum y* on 0D, then, for all § > 0,
: 0,z ok _
;IL%P {Iz% —y*[| <6} =1. (A.6.14)

4Note that, so far, we dealt with a finite time horizon T only. The rate functions
J = Jjo,r) depend on T', and the infimum in (A.6.9) actually involves different rate
functions for different .
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This theorem shows that sample paths are likely to leave D near the point
on the boundary with the lowest value of quasipotential, in a mean time of
order ¢¥/?°. This does not completely characterise the distribution of 7°.
However, Day has shown that this distribution tends to an exponential one in
the limit of vanishing noise, that is

lin}J PO*{77 > sEO"{r7}} =e™". (A.6.15)

Ezxample A.6.3 (Gradient system — continued). Consider again the case f(z) =
—VU(z) and F(z) = 1. If 2* is a non-degenerate minimum of the poten-
tial U, and y is such that U(y) < min.esp U(z), then the function ¢ with
limy, o ¢ = z*, ¢r = y, and going against the deterministic flow, i.e.,
&1 = VU (ipy) is the unique minimiser of the rate function, contributing to the
quasipotential V(2*,y).% The resulting value for the quasipotential is simply
given by twice the potential difference,

V(z*,y) =2(U(y) = U(z")) . (A.6.16)
The expected first-exit time is thus of the order e2H/ "2, where H is the min-

imal potential difference to be overcome to leave D. This result is known as
Arrhenius’ law.

Many generalisations of the above results exist. In particular, for gradient
systems, the subexponential behaviour of the expected time needed to leave
a potential well, by crossing a saddle, was first determined by Eyring [Eyr35]
and Kramers [Kra40]. The geometry of well and saddle enter into the prefactor
in the following way:

2 [|det 0z, U(2)] Q2[U(2)~U(a*)]/o?

0,20 f -0 ~u
BT = S\ det U (o)

(A.6.17)

holds in the weak-noise limit o — 0, where 0,,U(z) and 9,,U(x*) denote the
Hessian matrices of the potential function U at the bottom x* of the well and
at the saddle z, respectively, and A;(z) is the unique negative eigenvalue of

0uaU(2).
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A.6 The Exit Problem 237
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can be found in [HL84], [Ris89] or [vK81], for example.
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equilibrium point) [Day90a, Day92, Day94, Day96]. See also related results
by Maier and Stein [MS93, MS97].
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Some Useful Inequalities

B.1 Doob’s Submartingale Inequality and a Bernstein
Inequality

Definition B.1.1 (Submartingale). Let (2, F,P) be probability space with
a filtration {F;}i>0 of F, and let {M;}i>0 be an {F;}i>o0-adapted, integrable
stochastic process on that probability space, i.e., M; is Fi-measurable and
E|M;| < oo for allt. The stochastic process {M;}i>0 is called a submartingale,
if E{M|Fs} > M, for all s < t.

The following classical estimate allows to estimate the probability that a
positive submartingale exceeds a level during the time interval [0,¢] with the
help of its expected value at the endpoint.

Lemma B.1.2 (Doob’s submartingale inequality). Let {M;};>0 be a
positive submartingale with (right-)continuous paths. Then, for any L > 0
andt >0,

1
]P’{ sup My > L} < ZE{Mt} . (B.1.1)

0<s<t

As a consequence of the preceding inequality, we obtain the following es-
timate for stochastic integrals with deterministic integrands.

Lemma B.1.3 (Bernstein-type inequality). Let o(u) be a Borel-measur-
able deterministic function such that

@(t):/o o(u)?du (B.1.2)

exists. Then

IP{ sup /0 o(u) AW, > 6} < eXp{—Q(g?t)} . (B.1.3)

0<s<t
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Proof. Let P denote the left-hand side of (B.1.3). For any v > 0, we have

S 72
P= ]P’{ sup exp{'y/ o(u) qu} > e%} < ]p{ sup M, > 676—745(75)} ’
0<s<t 0 0<s<t
(B.1.4)

where .

M, = exp{/os yo(u)dW,, — %/0 Y2 o(u)? du} (B.1.5)

is an (exponential) martingale, satisfying E{M;} = E{My} = 1, which implies
by Doob’s submartingale inequality, that

1 1
P{ sup M, > A} < TE{M]} = 5 . (B.1.6)
0<s<t A A
This gives us
2
P e 00 (B.1.7)
and we obtain the result by optimising (B.1.7) over ~. ad

B.2 Using Tail Estimates

Consider a random variable 7 which has a density with respect to Lebesgue
measure. Given an upper bound on the tails of the distribution of 7, we want to
estimate E{1}o4)(7)g(7)} for sufficiently well-behaved functions g. Integration
by parts allows to express the expectation with the help of the distribution
function, and enables us to use the bound on the tails of the distribution. The
following lemma provides such an estimate, without assuming the existence
of a density.

Lemma B.2.1 (Using tail estimates). Let 7 > 0 be a random variable
satisfying Fr(s) = P{r < s} = G(s) for some continuously differentiable
function G. Then,

t

E{1p.(1)g(T)} < g(s)[Fr(s) = G(9)]|,_, +/0 g(s)G'(s)ds  (B.2.1)

holds for allt > 0, and all piecewise differentiable, non-decreasing functions g.

Proof. First note that, whenever g is differentiable on an interval (s,t), Fu-
bini’s theorem allows to write

/St g (W)P{r > u}du = E{/Si/:r g (u) du}
=E{g(tAn7)} —E{g(s A7)} (B.2.2)

— E{1()(N)g(m)} + g(t)P{r > t} — g(s)P{T > s5}.
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Then, integration by parts then shows

t

E{1fy.0(1)g(7)} = / g (W1 = Fr(w)] du— g(u)[1 - Fr(u)][,_,

t

< / g(w)G (v) du+ g(u)[Fr(u) — G(u)] |u=s , (B.2.3)

where we have used F:(u) > G(u). By additivity, the same estimate holds on
any interval (0,¢), which proves (B.2.1). O

B.3 Comparison Lemma

In the context of stochastic differential equations, the following variant of
Gronwall’s lemma is particularly useful, as it does not require differentiability.

Lemma B.3.1 (Gronwall’s inequality). Let ¢,¢ : [0,00) — [0,00) be a
continuous functions, satisfying

o(t) < L+ K/t P(s)p(s)ds for allt >0, (B.3.1)
0

with constants K, L > 0. Then,

o(t) < KeXp{L/Ot P(s) ds} for allt > 0. (B.3.2)

The following lemma allows to compare the relative position of solutions
to two different stochastic differential equations, where initial conditions and
drift coefficients can be different, while the diffusion coefficients are assumed
to be the same.

Lemma B.3.2 (Comparison lemma). Let

‘ 4 t ' t _
e =2l + | fie®,s)ds +/ Pz, s)dW,, i=1,2, (B33)
0 0
denote the solutions of two one-dimensional stochastic differential equations,
where we assume that the drift and diffusion coefficients are Lipschitz contin-
wous,' uniformly in t. If both,

e the initial conditions are almost surely ordered: xgl) < 9382) P-almost surely,
e the drift coefficients are ordered: fi(x,t) < fo(x,t) for all (z,t),

then
Pl{aV <aPvil =1. (B.3.4)

'The assumption of Lipschitz continuity of drift and diffusion coefficient in the
preceding lemma can actually be relaxed, see [KS91, Proposition 2.18 of Section 5.2].
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B.4 Reflection Principle

Consider a Brownian motion Wy, starting in some —b < 0. We are interested
in its first-passage time 79 = inf{t > 0: W; > 0} at level x = 0. Using the
strong Markov property and starting Brownian motion “afresh” at time 7
shows

PO b7 <t}
=PO by < t,W; >0} + PO~ {ry < t,W; < 0} (B.4.1)
=EO {1y PO, > 01} + EO {1y POO{W, < 0}} .

The distribution of the Brownian sample path, starting in 0, being invari-
ant under reflection at level x = 0, immediately implies André’s reflection
principle for Brownian motion,

PO {7y <t} = 2E" {11,y PTOO{W, > 0}} = 2P0 {W, > 0}, (B.4.2)

which allows to express the distribution of the first-passage time to a constant
level with the help of a Gaussian distribution. Also note that differentiating
the right-hand side with respect to ¢ yields an exact expression for the first-
passage density; cf. Appendix C on first-passage densities to non-constant
boundaries.

The preceding argument only uses the strong Markov property and the
symmetry of the distribution of the sample paths with respect to the level to
be crossed. Thus the following generalisation is immediate.

Lemma B.4.1 (Reflection principle). Let z; be a (real-valued) strong
Markov process with continuous sample paths. Assume that the distribution
of xy, if started in 0, is symmetric, i.e., that the processes xy and —x; (both
starting in 0) have the same distribution in path space. Then, when starting
in —b < 0, the first-passage time 1y at the level x = 0, satisfies

PO {7 < t} = 2P% {2, > 0} . (B.4.3)

Remark B.4.2. We will typically apply the reflection principle for processes
x¢, which are given as the solution of a SDE

d.’L't = f(.’['t,t) dt + F(.’Et7t) th s To = —-b<0. (B44)

Then the symmetry assumption of the preceding lemma amounts to assuming
f(=z,t) = —f(z,t) and |F(z,t)| = |F(—=x,t)| for all z and ¢. Note that the
requirement of the drift coefficient being odd is in particular satisfied for linear
drift coefficients f(z,t) = a(t)x.
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First-Passage Times for Gaussian Processes

C.1 First Passage through a Curved Boundary

Let v(t) be continuously differentiable on [0,00) and satisfy v(0) = 0 and
v'(t) = vg > 0 for all £ > 0. Consider the Gaussian process

2 = o/ot VU'(s) dWs (C.1.1)

whose variance is o2v(t). We will consider z; as a Markov process and intro-
duce the notation P5*{z, € -} = P{z; € -|zs = z}, t > s, for its transition
probabilities. Their densities are given by

6 S, T
y— ot yls, x) = @P 2 <y}

_1 1 et (C.12)

o\ /2mu(t, s)

where v(t, s) = v(t) — v(s).
Let d(t) be continuously differentiable on [0, 00) and satisfy d(0) > 0. The
object of the “first-passage problem” is to determine the density

Y(t) = %}P’O’O{T <t} (C.1.3)
of the first-passage time 7 = inf{s > 0: z; > d(s)}. For the sake of brevity, we
will call ¥(¢) the first-passage density of z; to d(t). Note that in the case of a
constant boundary d(t) = dy, the first-passage density v (¢) can be obtained
exactly from the reflection principle (Lemma B.4.1). For Brownian motion, the
problem of determining the first-passage density to a straight line, i.e., a linear
boundary, is equivalent to finding the density of an inverse Gaussian random
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variable, and in case the boundary is declining, the exact expression is known.!

The case of general boundaries is often referred to as curved boundary.

For curved boundaries, the first-passage density can be estimated with the
help of certain integral equations satisfied by (t). Let ¢(t) = ©(t,d(t)|0,0)
denote the value of the density of z; at d(t) and let ¢(t|s) = ¢(t,d(t)]s, d(s))
denote the transition density at y = d(t) for paths starting at time s in
x = d(s). For any y > d(t), the Markov property enables us to write

t
POz >y} = / PS4 {2, > ylep(s)ds . (C.1.4)
0

Differentiating with respect to y and taking the limit y \, d(t) yields

6(t) = /0 B(t]5)0(s) ds . (C.1.5)

A second integral equation satisfied by () can be obtained by differentiat-
ing (C.1.4) twice with respect to y, before again taking the limit y \, d(¢).
Combing the resulting equation with (C.1.5) yields

<

—~
~

~—
Il

bo(t) (1) — / b(t, 5)6(t]s)p(s) ds (C.16)

] = _U(t)(i(%) : (C.1.7)
ts) v/(;] = —U(t75);5(i$:3> : (C.1.8)

with d(t,s) = d(t) — d(s). In the particular case of a standard Brownian
motion, that is for o = 1 and v(t) = ¢, Equation (C.1.6) has been established
in [Dur92, Appendix by D. Williams|. The general case is easily obtained from
the fact that z; = oW, in distribution.

Equation (C.1.6) suggests that the first-passage density can be written in
the form

where

1 2 2
W(t) = —c(t)e” D7 /2070() (C.1.9)
o
where ¢(t) is a subexponential prefactor. In fact, the following bound on ¢(t)

follows immediately from (C.1.5) and (C.1.6).
Lemma C.1.1. Let co(t) = bo(t)/+/27v(t). Then (C.1.9) holds with

1 ~
|e(t) — co(t)] < sup |b(t,s)| . (C.1.10)
2mo(t) ogs<t
'If the boundary is linear but ascending instead of declining, the first-passage
distribution is improper in the sense, that there is positive probability of not hitting
the boundary at all.



C.1 First Passage through a Curved Boundary 245

Remark C.1.2. Note that Lemma C.1.1 does not require v'(¢) to be bounded
away from zero as t varies.

If, for instance, v(t) and d(t) are twice continuously differentiable, then
s — b(t,s) is easily seen to be bounded, and thus ¢(t) behaves like v(t)~3/2
near t = 0.

Taking advantage of the fact that o is a small parameter, we can compute
an asymptotic expansion for ¢(t), valid on a finite, but exponentially long
time interval. Writing &(t, s) = b(t,s)//2mv(t, s), we see from (C.1.6) that
¢(t) must be a fixed point of the operator

(Te)(t) = colt) — l/0 é(t, s)c(s)e_"(t’s)/z‘72 ds, (C.1.11)

g

P T BT T N T BT
Remark C.1.3. The exponent r(t,s) is non-negative and vanishes for s = ¢.
If r(t,s) does not vanish anywhere else, then the main contribution to the
integral in (C.1.11) comes from s close to t. In the generic case J,r(t,t) # 0,
the integral is at most of order o2. If the functions involved are sufficiently
smooth, one easily sees that the integral is of order o3. If r(t, s) vanishes in
a quadratic minimum in s = t or elsewhere, then the integral is at most of
order o.

The most probable path reaching z at time ¢ is represented by a straight
line in the (v, z)-plane, cf. Section A.5. Thus 7 (¢, s) vanishes for some s # ¢
if and only if the most probable path reaching d(t) as already reached d(s).
In that case, there exists a time u € (0,t) such that the tangent to the curve
(v(s),d(s))s>0 at (v(u),d(u)) goes through the origin, i.e., (d(u)/v(u))’ =0
This situation can be excluded under a convexity assumption on d(t), which
is automatically satisfied in the adiabatic case.

d(s)®> d(t)® | d(t,s)? v(t)v(S)[(S) d(t)r, (C.1.12)
t

The following lemma establishes the existence and some properties of a
fixed point of (C.1.11).

Lemma C.1.4. Assume that there are constants A, My, Ms > 0 such that the
conditions

d(s)v'(s) —v(s)d'(s) = AV (s)(1 + v/v(s)) , (C.1.13)
&t s)| < My, (C.1.14)
Mo (s) > 1+ v(s) , (C.1.15)

hold for all 0 < s < t. Then (C.1.9) holds with a prefactor c(t) satisfying

e 14u(t)3? v(s)3/?
1) —co(t)] < LAY A A ,
|e(t) — co(t)] 1—c o(t)3/? oililit 1 +U(5)3/260(3)

(C.1.16)
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whenever

7A2/402 AM.
e::2M1<e t+ 2U)<1

- T (C.1.17)

Proof. We shall prove that 7 is a contraction on the Banach space X of
continuous functions ¢ : [0,t] — [0, 00), equipped with the norm

lell = sup
0<s<t

(C.1.18)

U83/2 ‘

1+ v(s)3/2 c(s)

For any two functions ¢, co € X, we have by (C.1.14)

My ["1+wv(s)3? 2
Teat) = T (6] < oo — a5 [ A2 0927 ds (€19

Using Assumption (C.1.13), we obtain

d(s) d(t) /t d(u)v' (u) — v(u)d’(u)
5) oVl —y ”(S)] , (C.1.20)

and thus

’I“(t,S) > A2|: v(t,s) +4( ’U(t) B U(S))2:| > AQU(t7S) |:1 + 1:| .
v(t)v(s) v(t, s) v(t) v(s)
(C.1.21)
For the sake of brevity, we restrict our attention to the case v(t) > 2. We
split the integral in (C.1.19) at times s; and sy defined by v(s;) = 1 and

v(s2) = v(t)/2. By (C.1.15), the integral on the first interval is bounded by

s [ee) — 2
2/ 1 13/2 e—A2/402v(s) ds < 4Mso / ﬂdy < 8M220' e_A2/402 .
o v(s) A2/402 VU A

(C.1.22)
The second part of the integral is smaller than 2te=4°/47" because r(t,s) >
A?/2 for 51 < s < 55, while the last part is bounded by

t 3/2 t 5/2 2

/ - A%u(t,9)/20%0(0) g < 2 / Mz/ o (5)e~ AM(t9)/2070(0) g 25/ JV;/N .
S2 /U(t) S2 A

(C.1.23)

This shows that 7 is a contraction with contraction constant e, and the result

follows by bounding ||¢c — ¢o|| = ||7™c — 70| by a geometric series. Here 0

denotes the function which is zero everywhere. O

Remark C.1.5. The proof shows that if, in addition to (C.1.13)—(C.1.15), the
bound
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Miv'(s) = 1+ v(s) (C.1.24)
is satisfied for all s such that v(t)/2 < v(s) < v(t), then (C.1.16) holds with

(C.1.25)

4M20 t _A2/4052 8M1MéO’
€2M1<A2+0_)e / +T

This result is useful in certain situations involving bifurcations, in which one

may obtain a substantially smaller value of M) than of M.

Corollary C.1.6. Let the assumptions of Lemma C.1.4 be satisfied and as-
sume in addition that there exists a constant Mz > 0 such that

d(t)'(t) —v(t)d'(t) < Ms(1+0v(@)*?)  forallt > 0. (C.1.26)

Then

€ M2M3 € M2M3:| (C 1 27)

Co(t)[l_l—e B }gc(t)sco(t)[ul_e A

holds for all t > 0 such that e = €(t) < 1, where € is defined by (C.1.17).

Proof. The proof follows directly from the bounds (C.1.26) and

L+o(®)3? 1 V271 M,

v(t)3/2 co(t) T A7 (C.1.28)

the latter being a consequence of (C.1.13) and (C.1.15). O

C.2 Small-Ball Probabilities for Brownian Motion

For d-dimensional standard Brownian motion W5, the distribution function of
the first-exit time 7, = 7o) from a centred sphere B(0,r) of radius 7 can
be expressed with the help of an infinite series, see [CT62, Theorem 2.

Theorem C.2.1. Fiz r > 0. Then, for any t > 0,

o0
P{r, >t} =P{ sup |[Wil| <7} = €gretart/>" (C.2.1)
0 t

$8S =1

where qq1, | = 1, are the positive roots of the Bessel function J,, for v =
d/2 — 1, and the prefactors are given by

v—1

_ 1 dq,
2”711—'(1/ + 1) Ju_H(qd,l) '

€d,l (C.2.2)



248 C First-Passage Times for Gaussian Processes

We apply the preceding theorem to one-dimensional Brownian motion, i.e.,
for d = 1. In that case, the positive roots of J, are ¢1; = (21 — 1)7/2, and we
find J,41(q1y) = 2(20 —1)71/2(=1)!"1. Thus the series (C.2.1) is alternating,
and the summands decrease in absolute value. This immediately implies the
following estimate, which is useful for “small balls”, namely for small 7.

Corollary C.2.2. For d =1 and any r > 0,

4
P{ sup [W,| <r} < ;e**/sﬁ . (C.2.3)

0<s<1
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attractive
locally 25,28
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Gronwall’s inequality 155,241
Gumbel distribution 129

Hamilton equation 234
Hodgkin—Huxley equation 13,207
Hopf bifurcation 43,185,213
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