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Abstract

We investigate the behaviour of a chain of interacting Brownian particles with one end fixed and the
other end moving away at slow speed ¢ > 0, in the limit of small noise. The interaction between particles
is through a pairwise potential U with finite range b > 0. We consider both overdamped and underdamped
dynamics.
© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

The behaviour of a Brownian particle moving in a potential well and acted upon by a linearly
increasing force is widely used to model the mechanical failure of molecular bonds arising in
dynamic force spectroscopy experiments [19,9,20,13]. This began with the work of Bell [4] and
was developed further by Evans and Ritchie [10].

Let g; denote the length at time s of a bond that is fixed at one end and has a harmonic spring
attached to the other. If the spring moves linearly at speed ¢ > 0, the motion of g is typically
modelled according to an SDE of the form

dgy = (=U'(gs) + &s5) ds + o dW,

where U (q) denotes the bond energy (e.g. Lennard-Jones potential), Wy is a standard Brownian
motion and o > 0 is the (small) noise intensity. Note that this model assumes the motion is
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overdamped. Rupture of the bond corresponds to the first time g; escapes from the stable well
of the effective, time-dependent potential, H (g, e¢s) = U(q) — es q. The effect of the external
force is to lower the barrier height of H, thus making escape more likely. The main objective is
to study the distribution of first-breaking times and how the mean first-breaking time scales with
the pulling speed ¢. Typically, two pulling speed regimes are considered.

For very slow pulling, the particle is able to escape the well through a large deviation event
before the potential has changed significantly and the energy barrier is still large. In order
to apply the standard theory valid for time-independent potentials [16,11,7,12], the adiabatic
approximation is used: at any given time s, the bond has an instantaneous rate of rupture,
k(s), and the probability of survival until time s, denoted P(s), decays according to P(s) =
—k(s)P(s). Note that 1/k(s) is given by the usual Eyring—Kramers formula [16,11,7] applied to
H attime s.

As the speed of pulling increases, the energy barrier at the time of rupture becomes smaller. If
pulling is sufficiently fast, the barrier may be close to vanishing completely when rupture occurs.
This means that the external force, given by &s, is almost equal to the maximum slope of U,
which occurs at the point of inflection between its minimum and maximum, i.e. maximum slope
is U’ (cp), where U” (co) = 0. For times s at which &s is close to this critical force, the effective
potential H is almost cubic near its minimum. This leads to a different rupture rate than that
given above, although still calculated within the Kramers framework.

It is interesting to consider what happens as the pulling speed increases yet further and the
Eyring—Kramers formula is no longer applicable, nor the adiabatic approximation underpinning
the above approach. In this paper, we consider this situation in a model related to that above.
More precisely, we consider a chain of two identical bonds in series with one end fixed and the
other being pulled at a constant rate ¢. Both overdamped and underdamped dynamics are treated.
We are interested in which of the two bonds breaks first and how this depends on ¢ and the
noise intensity o. As above, the dynamics near the inflection point of the bond energy U play
an important role and will be the focus of our analysis. Roughly, we find that for ¢ > o*/3, the
right-hand bond breaks first, while for ¢ < o*/3, both have an equal probability of breaking in the
limit of small noise. Thus ¢ = o*/3 represents the threshold at which the adiabatic approximation
becomes valid.

To our best knowledge, the first work to tackle rigorously such models of bonds under an
external, time-dependent force was [2]. There the authors consider a similar model of two bonds
in series as above, but with an additional assumption that U is cut-off strictly convex. The
breaking event corresponds to the first time one of the two bonds exceeds the range of U. Roughly
speaking, it is shown that for ¢ > o, the chain always breaks on the right-hand side, whereas
for ¢ < o, each bond has an equal chance to break in the small noise limit. Thus the threshold
between the different types of behaviour is different from that found in the present work, where
the bond energy U is taken to be smooth (but also with finite range). In principle, the results
of [2] can be extended to arbitrarily many bonds in series [1].

The behaviour of several bonds in series has also been considered by many authors, for both
time-dependent and time-independent external forces. The situation when the external force is
constant, i.e. one initially stretches the chain by some amount and then fixes both endpoints, has
been considered for harmonic potentials [18] and Lennard-Jones potentials [21]. In the harmonic
case, it is shown analytically and numerically that the probability to break at either endpoint
is half that of breaking at any non-extremal point, which all have the same probability. In the
Lennard-Jones case, the motion is not assumed to be overdamped, i.e. the authors consider the
equation
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oH .
mi;(s) = —mydi(s) — 9q, 4O+ V2yWis), 2<i<N -1,

where the W; are independent Brownian motions, g(s) = (g; (s))lN: 1 € RV is the chain
configuration, with g; and gy constant, and H is the total potential energy of the chain. It is
assumed beforehand that one bond is close to breaking and all others are close to minimal energy
so that a quadratic approximation can be used for H. Then the breakage rate is calculated,
alongside simulations, using a multi-dimensional version of Kramers’ theory developed by
Langer [17]. These show that the breakage rate is lower the closer the chosen weak bond is
to the chain endpoints. However, the simulations also show that the harmonic approximation for
H may fail for bonds near the breaking bond, which the authors there suggest may explain some
discrepancies between the theory and simulations. As they point out, Langer’s theory, as well as
the classical Kramers theory for a single particle, requires a harmonic approximation for H.

The case of a chain with one end fixed and a linearly increasing force applied at the other
end has been considered by Fugmann and Sokolov in [14,15] to model the mechanical failure
of a polymer chain. More precisely, they consider the vector g (s) = (g; (s))lN: o € RN+ with
qo = 0, which evolves according to the SDE

dOH
dgi(s) = —a—q_(q(S), es)ds +o dW;(s), 1<i<N,
l

where H (g, ¢s) is the time-dependent potential energy of the chain, given by

H(g.es)= ) Ulgi—aq))—esaqn,
0<i<j<N

and U is the Morse potential. A break is said to occur when ¢ (s) overcomes an energy barrier of
the effective potential, H. Numerically, they show that for a high pulling speed, ¢, only the right
half of the chain contributes to the breaking event and the probability increases as you move
towards the right. For smaller ¢, they show that the breakpoint is more uniformly distributed
along the whole chain. In their analysis, they assume that the rupture dynamics of different bonds
are independent and then apply the one-dimensional theory. The only thing left to do then is to
analyse how much force each bond feels, which depends on the pulling speed. For lower pulling
speeds, it is assumed that each bond feels the same force, whereas for higher pulling speeds the
chain is approximated by a harmonic chain.

This paper is organised as follows. In Section 2, we introduce our model and deduce Eq.
(2.2), which is our main object of study. Our results are then stated in Theorems 2.1-2.3. In
Sections 3-5 we give the proofs.

The following notation is used in this paper:

e By x1(¢, &) < x2(¢, €) we mean that for two functions x1 (¢, €), x2(z, €), defined for ¢ in an
interval 7 and 0 < & < g, there exist constants ¢4+ > 0 such that

c_xa(t, &) < x1(t,8) < cyxa(t, &)

forallt € I and 0 < & < ¢gg.

e By 0, (1) we mean that lim,_,g 0, (1) = 0.

e x; < x, means that there exists a constant ¢ > 0 such that cx; < xp forx;, x > O sufficiently
small.

e x| < xp means that x; = o(x2).

e We shall write P90 to denote probability conditioned on the relevant process starting at time
fp in position gg.
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2. The model and main results

Three particles, g1, ¢ and gg in R, interact with each other via a pairwise potential U. We
assume that U is smooth with finite range » > 0 and a unique minimum at 0 < a < b, with
U’ (a) > 0. We also assume that there is a unique co € (a, b) such that U”(cg) = 0. The particle
q is fixed at the origin and the position of g at time s > 0 is given by gg(s) = 2a(l + &s),
where ¢ > 0 is a small parameter. We study the behaviour of the middle particle, with position
at time s given by ¢;. Initially, it has position gg = a so that the distance between neighbouring
particles is a. The middle particle evolves according to an SDE of the form

dgy = ps ds,
e’ dps = —ps ds—%(ps,qs,es) ds + o dW,,

where W; is a standard one-dimensional Brownian motion with Wy = 0, o > 0 is the noise
intensity, 8 € R and H(p, g, €s) is given by

2
H(p,q, es) = % FU@Q) + UQa(l +e5) — q).

Rescaling time as t = ¢s, this is the same in law as solving

dg; = épt dr,
P ldp, = — Ly ar = LI ndr+ -2 aw, D
t PR ¢ 9g P, qr, NG te
The length of the chain (g1, q, gg) increases linearly with ¢. Clearly, if we wait a long enough
time, the distance between ¢ and at least one of its neighbours must become greater than the
range of U. In this case, these particles no longer interact and the chain can be considered broken.
Since U has a minimum at a, it is energetically preferable for g to move towards either gy, or gg.
Letting ¢ = ¢(0), our aim is to determine how the speed of pulling affects which of these two
possibilities occurs in the limit as o | 0.
We easily check that the configuration of equally spaced particles satisfies 9, H = 0, quH >
0 until time o, where a(l + #9) = co. Thus until this time it is a stable configuration and so
we expect g, ~ a(l + tp). For t > 1y, this configuration becomes unstable and new minima
emerge. So we expect g; to quickly move away from the chain midpoint and towards one of
these newly formed minima. Note that as a function of ¢, H is symmetric about ¢ = a(l + t),
but its time-dependence introduces asymmetry as we shall see. Once g, has approached one of
these new minima, we expect it to stay there as the energy barrier to escape becomes higher. The
evolution of the chain, therefore, is determined by its behaviour around the bifurcation of H at
t = 19, which we shall now consider.
Letting z;, = a(l +t) — gq;, we express the term d H/0q appearing in (2.1) in terms of z. By a
Taylor expansion in space, we find

oH

%(p“ g, 1) = U'(q;) —U'Qa(l+1)—q)

Ula(l+1)—z) —U'(a(l+1)+z)
—2U"(a(1 + 1))z — %U“‘)(a(l + 1))z,

1
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Assuming that there is 0 < T < g such thatfor ¢ € [t — T, 10 + T1, U@ (a(1 + 1)) is negative
and bounded away from zero (see comment below), we have by a Taylor expansion in time,

1
—2U"(a(1 +1))z; — §U(4)(a(1 + 1))z} ~ 2a(t — t9)z; — Czy.

We remark that this assumption about U @ (a(1 + 1)) should not have much effect. At most, the
right-hand side above would have a “4Cz;” term appearing, but in either case this term is very
small for z and ¢ — 1y close to zero, which is where most of our analysis will take place.

Making the space and time transformations ¢ = a(l +¢) — g, p =a — p/eandt =1t — 19,
as well as normalising constants to one, we arrive at the SDE

dg; = p; dt,
ePdp, = —p, dr + l(tq, - q,3 +¢e)dr + 7 dw;. 22)
e Ve

This will be our main equation for the rest of this paper. By the above discussion, understanding
how its solution behaves will be a good indication of the behaviour of the original chain. Eq. (2.2)
represents the motion of the particle ¢ in the potential (1/e)V (g, t) = (1/&)(— %tq2 + 41_1‘14) with
an additional +1 force giving the particle a small bias towards the right. This force comes from
pulling the chain (g, ¢, gr) and corresponds to the fact that in the absence of noise, ¢ does not
just stay at the chain midpoint a(1 + t), but lags behind by a small amount.

Rephrasing the discussion after (2.1), the function V represents the energy of a given
chain configuration. For negative times, the origin, corresponding to equally spaced particles,
minimises V. When ¢t = 0, V undergoes a symmetric pitchfork bifurcation at the origin. For
positive times, V has two minima located at ++/. For ¢ > 0 large enough these minima at 4/7
correspond to the configurations where ¢ is a distance a from gy or gg, respectively, and more
than b from the other. In terms of (2.2), the aim of this paper can be roughly stated as to determine
whether ¢ moves towards ++/7 or —/7 as t becomes positive, which corresponds to the chain
‘breaking’, and how it is affected by the speed of pulling.

There are several ways in which one may rigorously define the chain to break. One possible
definition is that the chain breaks as soon as the distance between ¢ and one of its neighbours
exceeds the range of the pairwise potential U. Then the chain either breaks on the right- or left-
hand side, depending on whether gg — q¢ > b or ¢ — qr > b, respectively. This was used in [2].
Alternatively, one may consider the chain to break as soon as the chain configuration reaches
a neighbourhood of one of the energy minima that emerges after the bifurcation. In the above
formalism, this means the process ¢; reaching a neighbourhood of 4-+/7. We shall avoid making
this choice by instead giving a precise description of the behaviour of ¢, that contains more
information than any of these possible definitions.

Eq. (2.2) in full is not something we can treat. But there are two obvious simplifications:
the first is to omit the q,3 term in the equation for p, leading to a linear equation that can be
solved explicitly; the second is to neglect mass, taking é#dp = 0, and consider the overdamped
equation. We treat both of these and obtain satisfactory results.

Taking 0 = e**1/2 for « > —1/2, we firstly consider the linear SDE

dg) = p? dr,
1 (2.3)
efdp) = —p dr + g(tq,o + &) dt + &% dW,.
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Denoting by P* the law of the solution with vanishing initial condition at time s < 0, we have
the following result.

Theorem 2.1. Let q? be the solution of (2.3). If o > 1/4 then
lim lim inf P* <lim g) = +o0) =1,
el0 s—>—00 =00
while if o < 1/4 then
lim lim inf P* <hrn q° = —|—oo) = lim lim inf P <hm q° = —oo) =1/2.

el0 s—>—00 el0 s—>—00 t—

This theorem shows that the threshold between fast and slow pulling regimes is given by
o = 1/4 and is independent of 8. However, we also note that if we start the processes at a finite
negative time —7, then neglecting mass does have an effect, but only for § < 0. Indeed, for
—1 < B < 0 and zero initial conditions, the threshold becomes a = (1 4+ 8)/4 (see [1]). This
result has some clear limitations: for r > 0, q,o shoots off quickly to 00 as the drift becomes
ever more repelling, while the solution of (2.2) is prevented from doing this by the nonlinear term
and so is more likely to return to the origin.

Secondly, we neglect the mass term e”dp in (2.2) and consider the one-dimensional over-
damped equation

1 o
dg; = —(tq: — g7 + &) dt + — dW,. 2.4
qt 8(% q; €) «/5 t (2.4)

Again letting P° denote the law of the solution with vanishing initial condition at time s < 0, we
have

Theorem 2.2. Let g; solve (2.4). There exist constants c1,y > 0 such that if t; = c14/€|Ino]|
then

(1) (Fast Pulling) for any c*/*|Ino|*? « e(0) < 1,
lim lim inf P* (mf AL y) =1.
0|0 s—>—00 n<t t
(2) (Slow Pulling) for any *|Ino |3 Selo) K o*31Ino|~13/0,
1
lim Ii P* f— —=l=0
el (1 77 - 7) =3

and

=0.

lim lim sup |P* supﬂ < —y !
00 s——c0 n<t Vi 2

As will be clear from the proof of this theorem, the result also holds if we replace the ¢ in
brackets in (2.4) by a term of the form ke for any constant k > 0. This will be used in the proof
of Theorem 2.3 below.

Letting 0 = %1/ above gives o = 1/4 as the threshold between the different regimes, as
found in Theorem 2.1. We also remark that the threshold between fast and slow pulling regimes
here differs from that in [2], where it is roughly ¢ = o. This difference can be attributed to the
bifurcation of V': for t near zero, V is almost flat and so the additional 41 force requires slower
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pulling, or stronger noise, to be counteracted than it does in [2], where the potential has positive
curvature bounded away from zero.

Having considered two simplifications of (2.2), we finally return to the full solution itself.
Intuitively, by taking B large, the effect of the mass term & should become small and the solution
should behave like that of the overdamped equation (2.4). So if we show that for suitably large
B, the difference between the two solution stays small, we can use Theorem 2.2 to tell us about
(2.2). This leads us to the following result.

Theorem 2.3. Let q; solve (2.2) with B > 2. There exist constants c1, y > 0, independent of B
and o, such that for t| = c1/€|Ino| and any t) > 11,

(1) (Fast Pulling) if c*3|Ino|?13 « (o) <« 1 then
. .. . qt
lim lim inf P* f =1
0'1?(1) sll)ﬂ_lgo <t1értl<tz \/; = )/) ’

(2) (Slow Pulling) while if 0 < 8 < B/2 — 1 and 0%/I+2) « ¢(0) « 0*3|Ino|~13/0 then

. . qr
lim lim sup |P* nf — —1/2|=0
alw ‘L_‘iﬁ’ <t| <i<n Jt ~ V) /

and
.. qr
limlimsup [P | sup — < —y | —-1/2|=0.
al0 s—>—o<I>) (tlétztz \/; V) /

Note that we only consider finite time intervals here and that there is a slight difference
between the lower bound on ¢ in (2) above and in Theorem 2.2(2). This second point is related
to the fact that the mass is of the form sf. However, it does not affect the threshold between the
two regimes.

The idea for the proof of Theorem 2.3 is to first show that the solution g; of (2.2) is bounded
above and below by two solutions ¢;” and ¢, of the overdamped equation (2.4), but with the
offset ¢ in the drift term replaced by (1 £ r (o)), where r (o) is a term satisfying r(o) < 1.
Above, g, and g, use the same driving Brownian motion as ¢;, and by comparing their drift
terms, it follows that in the slow pulling case of the above theorem, sample paths of ¢;" and
q; must almost surely be attracted to the same potential well as o | 0. This determines the
behaviour of g;.

We finally note that (2.2) is not suitable for considering the chain ‘breaking’ due to a large
deviation event. In that case, our expansion of the potential is not valid.

3. The linear model

In this section, we give the proof of Theorem 2.1 and are therefore dealing with Eq. (2.3).
This equation is simple enough to have an explicit solution in terms of Airy functions Ai(¢),
Bi(r) (see [8]): using the fact that both Ai(z) and Bi(z) solve the equation w”(z) = zw(z), and
that the Wronskian Ai(¢)Bi’(t) — Bi(¢)Ai'(t) = 1/m, it can be checked that the process

t . _
g = el 20 (‘Aia(e, B) f 2079 Bi(s(e, ))(ds + e“dWy)

t
+ Bi(z (s, ,3))/ e 2=’ Ai(s(e, B))(ds + s‘xdWY)) 3.1
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is the (almost surely unique) solution of (2.3) with zero initial conditions and starting time sent to
—o0. Above, we have set s (e, B) = e~ (1HP/3(s 4 ¢1=F /4). By using the asymptotic expansions

1

Ai(s) = ﬁs—l/“ e 2B 1L o072y, s> 1 (3.2)
Bi(s) = %s—”“ 2B (1 + 0By, s> 1 (3.3)
Ai(s) = %m—”“ cos2ls/?/3 —m/4) + O(ls| "), s < -1 (34
Bi(s) = :/—;Lvr”“ sin[s[?/3 — /4 + O(Is| 7%, s < -1 (3.5)

The behaviour of qto as t — oo can be described in a straightforward way by considering the
‘renormalised process’

1
1 ex’®

7e02A7 Bi(t(s, B) "

Indeed, we then have the following result.

-B

qr

Proposition 3.1. g := lim,_, s g; exists almost surely and is a Gaussian random variable with

mean
m=m(e) = g1+P/3 =126 (3.6)
and variance
o0
v = u(e) = 2 HIHB3 g—ge! 7 / TP Ais)? ds. (3.7)
—00

Proof. Let us first investigate the deterministic integrals in (3.1). Since Bi(s) < Bi(¢) for s < ¢
and ¢ > 0, we have that the deterministic integral in the first line of (3.1), after renormalisation,

is bounded by Ai(t(e, B)) fi o e ?/2 ds for large enough ¢, and thus converges to zero as

t — oo due to (3.2). It is known [8] that [ e”* Ai(s) ds = e”'/3 forall p > 0, and thus the
limit of the corresponding (renormalised) integral in the second line of (3.1) is given by

(o) o
/ e2* " Ais(e, B)) ds = TP/ v f el Ai(s) ds

—0o0 —0o0
— (B3 oy

Clearly, this is also the limit of E(g;) as t — oo.
The stochastic integrals in g; are given by

t t
Ji(t) =8ah(t)/ fi(s) dW, J2(1) =€a/ f2(s) dWs,

with
Ai(z (¢, B))

Bt ) O =BisEmET ) = At e

h(t) =
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By the time change 71 (¢) = g2 f:oo flz(s) ds, Ji(¢) equals h(t) B, () in distribution, where By
is a standard Brownian motion. By the law of the iterated logarithm,

; 10| B
im sup =1
t—oo h(t)a/2T1(t) InlnT((2)

almost surely. Again using Bi(s) < Bi(¢) fors < ¢t and ¢ > 0, we find

p 172
h(t)y/71(1) < Ailt (e, B))e® (f g5’ ds> ,

—00

(3.8)

which by (3.2) converges to zero superexponentially fast. By (3.3) it is easy to see that InIn 71 ()
grows only proportionally to Inz, and thus the denominator on the left-hand side of (3.8)
converges to zero. It follows that J1(f) — 0 as t — oo almost surely. J,, on the other hand,
is a square-integrable martingale, and thus converges almost surely. Each J>(#) is Gaussian, and
thus so is the limit. It has mean zero and variance

v = 82“/ £2(s) ds = 520‘/ e Ai(s(e, B))* ds.

The same change of variable that was employed to get (3.6) yields (3.7). O

Since Bi(z) e~ diverges as t — oo, Proposition 3.1 means lim;_, o |q?| = 00 almost surely.
Whether the divergence is to plus or minus infinity is determined by the sign of goo = lim;_, oo G-
goo 1s a Gaussian random variable with mean m = m(e) > 0 given by (3.6), and variance
v = v(e) given by (3.7). Thus if lim,_gm(e)//v(e) = oo, then limg_, o P(lim;— qto =
400) = 1, as the distribution of g, concentrates on the positive half line. On the other hand, if
limg_om(e)/+/v(e) = 0, then lim,_,o P(lim,_, o, ¢° = +00) = 1/2, as the distribution of §oo
becomes spread out and P(goo > 0) — 1/2ase — 0.

We now determine the circumstances under which each of the above cases occurs. Define

J(p) = /oo e?PS Ai(s) ds.

‘We have

Lemma 3.2. There exist constants c| and ¢y such that
@) limp oo p'/2 €203 J(p) = ¢,
(i) lim,o p'/2 e720'3 J(p) = 3.

Proof. Consider first the case p — oo. Then,

1
/ &2 A2(s) dsp!/2 e 203 < € =232 B2 g

e¢]

as p — oo. Fors > 1 we use (3.2) and find

s a2 1 * —453/2/342ps —1/2 -3/2
e’ Ai(s) ds = — e ™ Ps g 1+ 0 )) ds
1 4r Jy
_ P > o~ P (@47 /3-21) 1201+ O(p_3t_3/2)) dr,
4 1/p2

where we used the substitution s = p?. Decompose the integral as || Dopz =/ 11//;2 + / lo/i. The

first of these is bounded by C e”’/3 for some C > 0 and we can ignore it. For the second,
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we have O(p~3t73/2) = O(p~3) and can take this outside the integral. Then by the Laplace
method,

] (&)
/ o PP@r2[3-20) (—1/2 4 _ o207/3 / o P LU= +0=1)*] ,—1/2 4,
1/4 1/4

— 2’3 32 (1 4+ O p)).

Thus (i) holds with ¢; = For (ii), we use that

4f
o0 o0

f 2% Ai%(s) ds — / Ai%(s) ds = const
-1 -1

as p — 0. Using (3.4) and ignoring the O(|s|~7/#) term, which does not change the resulting
expression below, we then get

—1 1 —1
/ &2’ Ai*(s) ds = —/ &P |s| 712 cos? (25?2 /3 — 7 /4) ds
_ T J_ 0o

o0
1 o0
= —/ e 2 712 ¢cos?2p 331213 — m/4) dr,
P Jp

where in the last line we used the substitution t = —ps. As p — 0, the integral in the last line
above converges to

1 o0
_/ V22 gy = \/77
2 Jo 272

which proves (ii) with ¢; = ﬁ [l

When substituting p = ¢'=2#)/3 /2 into the last lemma, we find that as & becomes small,

o1-28 _ 1 1-28 2B 1 o1-28
v(s) - 82a+(1+/3)/3 (1 28)/6 en2t 2¢x+ + )

Thus, m(e)/+/v(e) < e~*t1/4 which completes the proof of Theorem 2.1.
4. The overdamped model

In this section, we give the proof of Theorem 2.2. As a first step, we show that given a negative
time —T < —1, the process ¢g; starting at 0 at time —oo will be in X = [—1, 1] with very high
probability at time —7.

Proposition 4.1. Let X =[—1, 1], let T > 1, and let q; solve (2.4). Then, we have
lim liminfP® (g_7 € X) = 1.

0,6—05—>—00

Proof. Applying It6’s formula to the function ¢ — ¢2, we obtain

Srgd) =5 (2Lg2 - 244 +2 i —lIE( )~|-£+—2
dr q:) = Sqt eq qt e q;

where we made use of the fact that # < —1. The claim then follows from Chebyshev’s inequality
upon lettinge - 0ando — 0. [
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The choice X = [—1, 1] is for convenience only; clearly could have chosen any e-independent
interval containing the origin as an interior point.

In the second step, we show that the conclusion of Theorem 2.2 holds uniformly over initial
conditions belonging to X’ at time —7'. We denote by P~7>* the law of (2.4) with initial condition
g-t =x e X.

Proposition 4.2. Let g; solve (2.4). There exist constants c1, y > 0such that if t| = c14/€|Ino]|
then
(1) (Fast Pulling) for any 04/3| ln(7|2/3 Lel) K1,

lim inf P~7> (inf L y) —1.

ol0xeX n<t |/t

(2) (Slow Pulling) for any c*|Ino |* < (o) < o3| Ino|~13/6,

. — . qr
lim sup [P~ 0% ( inf 2= > —-1/2|=0
o xe.g)(' <t1<t \/; y> /

and
lim sup [P~7* (sup 2= < —y ) —1/2| =0
o0 rex net AT

By the Markov property, Propositions 4.1 and 4.2 immediately imply Theorem 2.2. The proof
of Proposition 4.2 will be given in the remainder of this section. It relies heavily on ideas and
methods developed by Berglund and Gentz in [5,6]. They consider similar equations to (2.4),
but with drift terms (1/¢) f (¢, t) such that f(gq,t) = — f(—q,t) and f(0,0) = 9, f(0,0) =0,
where a stable equilibrium branch undergoes a pitchfork bifurcation and becomes unstable at
t = 0. A simple example of such an f is f(g,1) = tq — ¢>. While it is clear by symmetry that
in their case the probability of eventually ending up on either stable equilibrium branch after the
bifurcation is 1/2, Berglund and Gentz obtain rather precise information on the behaviour of the
paths in the bifurcation region. In particular, they find the time ¢, > 0 when a typical path leaves
the vicinity of the now-unstable branch ¢ = 0 and approaches one of the stable branches.

The present setup differs from that in [5,6] by the asymmetry of the function f with respect
to ¢ = 0. Our strategy will be to derive estimates on the paths of the solution to (2.4) that
are analogous to those in [5,6]. We will then use these estimates to show that in the case of
fast pulling, the asymmetry is strong enough to drive the process towards only one of the two
stable equilibrium branches, while in the slow pulling case, the process behaves much as the one
without asymmetry.

Unfortunately, it turns out that we cannot directly apply the results of [5,6], and that even many
of their technical results need to be adapted in order to apply here. While none of the adaptations
are particularly difficult, they are lengthy and rather technical. In order not to overburden the
paper, we have often chosen to not spell out all the details, but rather to refer to the proofs in
[5,6] and give hints as to what needs to be changed to make them work in our situation. Since
our notation follows that in [5,6] rather closely, we trust that the reader will be able to fill in the
details.

4.1. Fast pulling

We begin by considering the fast pulling regime from Proposition 4.2. In this case, the noise in
the system is not strong enough to overcome the asymmetry caused by pulling and the qualitative
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behaviour of ¢; is the same as that of the deterministic solution qtd"" of the ODE

. 1
gt = gaqﬂe‘ —(@* +e), ¢% =x (4.1)

In particular, we will see that qflet falls into the right-hand well by a time of order +/¢|Ino| after
the bifurcation and so too does g;. The strategy is as follows:

(1) Show that g, is of order /e when t = /.

(2) Show that (g,, t) then leaves the space—time set K(«) (see (4.8)), by a time of order /e[ Ino]|.

(3) Show that g, approaches the right-hand well and stays in a small neighbourhood of it up until
any time #p > 0.

(4) Show that by taking #» large enough, g; stays in a neighbourhood of the right-hand well of
order 1'/27Y forany 0 < y < 1/2and all t > 1.

Step One. We begin by describing how q,det behaves.

Lemma 4.3. Let qtdet be the solution of (4.1). Then we have, uniformly for all initial conditions
x e X,

det _ Je/ltl for =T +¢|lneg| <t < —/e
t T \e for —Je <t < e

and there is a constant C > 0 such that for all x € X, |¢%'| < C forall =T <t < —T +¢|Ine|.
Proof. Consider the equation
1) — g +e=0. (4.2)

By fixing 7 and differentiating the left-hand side with respect to g7, we see that for r < 0 it has
no turning points and so admits a unique real-valued solution. Furthermore, we can check that
g} () < eand (¢7) (1) = g5 (1)/Bq’ (1) — 1) < & for negative 1 bounded away from zero.

Suppose first that the initial condition satisfies x > ¢} (—T). Define z, = qdet — qi(t). As
long as z; > 0, we have z; < 7z;/¢ so that

2_ 2
0< g —qt(t) < (x — g (=T)) e T/

Letto = —T +¢|lne|. If z; < O for some —T < t < fg, which means that qflet = ¢, then the

analysis below for ¢ > 1y can be applied from that time. Otherwise, the above inequality shows
det _

that ;™ =< ¢.

If x < g5 (—T) then we define z;, = ¢ () — qtde‘. As (¢3)'(t) > 0 for negative ¢ bounded
away from zero, we have z; > 0 for such ¢. In this case, there is ¢; > 0, independent of x € X,
such that

. 1 * 2
i <cie+ g(tz; +3q5(1)z;)

for all =T < t < tp. Furthermore, as long as z; < —t/6qi(t) (which is satisfied by z(—T') for
all x € X by taking ¢ sufficiently small) then 3¢ (t)zl2 < —17¢/2 and so

. 1
7t S C1€+ —1z.
2¢e
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This tells us

t
gL =gt < (@' (T) = x) T g / el s,
-T
which shows that z; < —1/647 (¢) for all =T < t < o and we can use the above inequality to

again see that qdet e.

« det

We now analyse the behaviour for t > fy. As qdet > 0 and ¢, = 1 whenever qtdet =0, it

follows that qdel 0 for all t > ty. Therefore, for t > 1y we have

qtdet (tqdet + 8)
and so
t
det - det .(12—12)/2¢ (12 —s2)/2¢ cre/lt] forrg <t < —y/e
< 0 < 4.
I S © +f,oe ds <V ope for—f<z<f “3)
for some constant ¢; > (. To obtain the lower bound, we use that for t < 0, ¢ 3 > 2tq

as long as g2 < |t|. By taking ¢ sufficiently small, we have 0 < qde < «/|t() for all 1n1t1al
conditions x € X. As long as 0 < ,de‘ ||, then

qtdet (2tqde[ + 8)

and
det —12)/ ' (?—s%)/
g8 > gy e TE 4 fe s9/e gs.
To

By (4.3), we certainly have qdet Jt] for t < —./e and so the above inequality gives the
corresponding lower bound for qdet up until this time. For —/¢ < t < /e, we then have
g8t — (g%H3 > —Ce for some constant C > 0, so that g remains of order /¢ in this interval.
This completes the proof. [

We now show that the deviation process y; = q; — qf‘et satisfies |y(y/2)| < he~!/# for some
h < &3/*, which will complete Step One. The process y; solves

1
dy, = ~[a(t)y, +b(y. D] dt + = dW,,  y(~T) =0, 4.4)
e Ve

where a(t) = t — 3(¢%")? and b(y;, t) = —3¢%y? — y;}. For all pairs (y, t) € B(h) for a choice
of h = O(e'/*) (see (4.7) and Lemma 4.4), we have |b(y, )| < My?>. Solving (4.4) gives

o [! , L[ ,
V= 7 / ) /e aw, + - / . e/ p(yg,s) ds =y 4+ y), 4.5)

where a(t, s) = f’a(u) du.
We now define the space—time set 5(/) mentioned above. If we write Var(y, ) = o2v(t), then
we find that v(¢) solves the ODE

ev = 2a(t)v + 1, v(=T)=0.
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Let £(¢) be a particular solution of this ODE with nonzero initial condition, given by

t
%—(t) — E(_T) eza(l,—T)/&‘ + 1/ eza(l,s)/é‘ dS, E(_T) —
e J-r

1

_ 4.6
2a(=D)] (*6)

Then we define

B(h) = {(y. 1) : =T <1t < Ve, |yl < hy/E®)} 4.7

and the stopping time 15y = inf{t > —T : (y;,t) & B(h)}. Before estimating t5(;), we must
first understand how a(¢) and &(r) behave.

Lemma 4.4. Let ¢® solve (4.1), define a(t) = t — 3(q™")? and let £(t) be given by (4.6). Then,
uniformly for x € X, a(t) < t for —=T <t < —+/¢ and |a(t)| = O(Je) for |t| < /¢. We also
have, uniformly for x € X,

1
) X ———
€0 < =
and |E(t)| = O(1/¢) forall =T <t < \/e.
Proof. The assertions about a(¢) follow from Lemma 4.3. We can use this to tell us how &(¢)

behaves, fgr which it is helpful to consider the case a(t) = t as an example. Furthermore, since
& solves ¢£ = 2a(t)& + 1, this tells us that |£(r)| = O(1/e). O

Having established the behaviour of all relevant quantities, we can now prove the following

proposition telling us that sample paths are likely to remain in B(h) for all times ¢ < \/e.

Proposition 4.5. There exists a constant C > 0 such that for all ¢ sufficiently small, all
o < h <« &3/* and all initial conditions x € X,

P(t < /e < ¢ ex n? (1 (h, g))

<= —— {0 —rh,e)g,
B 2 P 7202
where r(h, €) = O(J/€) + O(he™3/*) uniformly for x € X.

Remark 4.6. Choosing 7 = ko +/|Ino| with k > 0 large enough guarantees that the right-hand

side tends to zero as o |, 0 and that /£ (/) < /€, in which case we may take q(/¢) < /¢
uniformly for all x € X.

Proof. Recall the decomposition y, = y? + y,1 from (4.5). We have for all 1 < 75 A V€,

1
1
|yt| <

VED T JVED

Mh? 1 [
< sup E(u) | - / e /ey
\/E(I) <—T§u§t eJ-r
Cl M/’l2
£3/4
for some constant ¢; > 0, where we obtain the final inequality by bounding

L C/ltl fort < -z
- (t,u)/e < B
[, e aus {CNE for |t] < V&

&

1 t
S e bl
&J-1
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and

! C/\/m fort < —4/¢
NED) <_T52£’<,§(”)) s {Ce—l/‘* for |1] < V.

Therefore, if |y,0|/«/€(t) < h(1 — c;Mhe=3/*) for all —T < t < /€ then we must have
() > V€. Letting H = h(1 — ¢y Mhe=3/%), we obtain exactly as in the proof of the analogous
Proposition 4.3 from [5] that for sufficiently small ¢,

155 C { H? }
P >H])| < —=exp{——=(1 —
for some C > 0. Note we cannot apply that proposition directly because our function a(¢) be-
haves differently for |¢| < /¢ than the corresponding function there. In particular, here a(t) < 0
for t < e, whereas in [5] a(t) = t + O(t%). However, in our case, |a(z, s)| = O((r — 5)/¢) for
—e < s <t < /¢ and we can check that this still allows us to suitably bound the term Py
appearing in Eq. (4.23) of their proof. [J

Step Tivo. We define for k > 0 the space—time set

Kk)=1{(g,1) :t > /e, q> > (1 —«)1). (4.8)

The boundary of (k) consists of the curves (£+/(1 — k)¢, t). For the present case, we only
need to consider ¢ > 0 (for the slow pulling regime in Section 4.2, we will also consider g < 0).
Let to > /e and suppose that 0 < ¢q(t9) < /(1 — k)tg. Then for t > fy and as long as
0 < g < /(I —k)t, we have g, > gF, where

o

/e

1
dgi = Efctq," dt + — dw,, q“ (to) = q(10)/2. (4.9)

Solving this SDE gives

K _ l 2—i22e , 9 /’ (t2—s%)/2e
q; = 2q(fo)e 0 +¢E . e dw;.
We now state two lemmas that are analogues of Lemmas 3.2.10 and 3.2.11 from [6] and are
proved in the same way. They tell us about the exit of g; from C(k). For the present section,
we will only need to take fo = +/¢ and, by Step One, g9 = q(/¢) < +/¢. For the slow pulling
regime, other initial conditions will be considered. Let tic() = inf{t > 1o : (gs, 1) & K(x)} and
0 =inf{t > 19: g < 0}.

Lemma 4.7. Assume that q; starts at time tg > /€ in qo > 0, where (qo, to) € K(«). Then there
is C > 0, independent of ty and qo, such that for all t > to + ¢/ 1y,

C 2_2
Pt > 175 > 1) < —/iov/1 e 70

Lemma 4.8. Let g/ start at time ty > € in qo/2 > 0. Then there exist constants C1, Cy > 0,
independent of ty and qo, such that for all t > ty, the probability of reaching zero before time t
satisfies the bound

c Cag2t
P(ry <t) < 19 exp 4 — 2q§ oL
q0+/10 o




M. Allman et al. / Stochastic Processes and their Applications 121 (2011) 2014-2042 2029

This second lemma shows that when go+/7o > o, the linear process ¢ is unlikely to return
to zero for any time ¢ > fo, while the first lemma shows that as ¢ increases the probability of ¢,
remaining in K(«) decreases. Therefore, we have ¢; > ¢/ until time 7x(,) and so g, must exit
K (k) through the curve /(1 — «)z. Indeed, there are constants C1, C, > 0 such that for initial
time #y = +/¢ and any initial position gg =< /€, we have for any ¢ > 2./¢ that

Ciel/* C
Pty <t oty > 1) > 1— 19 \/;e_’”z/(%) — 310 exp {—
o g3/4

Cre3/2
} . (4.10)

o2

In the present fast pulling regime, ¢ > ¢*/3 and so the third term on the right-hand side tends
to zero as o | 0. Picking t = /2ke|Ino|, we see the second term also tends to zero as long as
k > 1/k. By atime of order 4/¢|In |, all paths will have left C(«) through its upper boundary.

Step Three. Firstly, we will see how deterministic solutions behave when started from the
boundary of (k). For this, we let q:i (t) be the same solution of (4.2) that we considered in
the proof of Lemma 4.3, i.e. the unique real-valued solution existing for all times ¢t > —T. For
t > 0 and ¢ sufficiently small, we have Ji < qj‘_ @) < t+e¢ /t, which can easily be seen
by the intermediate value theorem. For the sake of brevity, we shall write T to mean i (). The

following proposition tells us how g™*“* behaves, where %" solves

. 1
qtdet,r — E(tqtdet’r _ (qtdet,r)3 + 8), q;iet,r — m (4‘11)

Proposition 4.9. Assume that k € (1/2,2/3) and let n = 2—3k > 0. There is a constant C > 0
such that the solution, qtd LT of (4.11) satisfies

€ 22
0 < g1 =™ < C (575 +(q" () = g* 7 () &1/ )
forallt > t and ¢ sufficiently small.

Remark 4.10. The condition « > 1/2 guarantees that paths do not re-enter KC(x) after leaving,
while ¥ < 2/3 ensures that the potential is convex outside of (k).

Proof. The inequality qr,det’r < g% (t) follows since ¢%47 () < g% (v) and
*
t
q; (@) -
31 (1)?* —1t

The proof of the other inequality follows along the same lines as that given for the analogous
Proposition 4.11 from [5]. Note, however, that unlike there we only need to take ¢ sufficiently
small and not . This is because in our case the value of aj, which is defined in Eq. (4.99)
of [5], is given by —2(1 + 0.(1)), rather than —2(1 + o0,(1)). Similarly, M* = 3(1 + o.(1)).
As gi(t) < i+ ¢/t < (3/2)4/t fort > /¢ and & small, we can use (4.12) to show
(q1) () < (3/4)t~ 12, giving K* = 3/4, where K* is also defined in (4.99). In [5], K* = 1/2,
but the proof just requires that K* < 1. O

() @) = 4.12)

Now that we understand how qtde[’r behaves, the final step is to show that ¢;, starting at the
same point, stays close. Having shown that the analogue of Proposition 4.11 from [5] holds, the
proofs of the subsequent bounds there can easily be extended to our case and we now show what
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these are. Let

t
Er(t) = ﬁ ezaf(t,r)/s +1/ ezle(t,s)/s ds,

det, T det, 7

where a®(t) =t — 3(g; ) is the linearisation of the drift term around g, and o (¢, 5) =
f a(u) du. As is shown in Lemma 4.12 from [5], it follows from Proposition 4.9 above that
la®(t)| < t sothat E¥(¢) < 1/t.

Now we write

AT(h) ={(q. 1) 1 1 > 7, |q — ¢ < hVET (1)) (4.13)

and let T 4r () = inf{t > v : (g;,1) & A" (h)}. The following bound on 7 4: () can be proved in
the same way as Theorem 2.12 in [5]. It tells us that for « € (1/2,2/3) and any #, > 0, there
exist constants C, hg > 0 such that for 2 < hgt and ¢ sufficiently small,

C 1 h? h
PN (¢ 4oy < 1) < —exp{—za—[ —0@) -0 (;ﬂ} (4.14)

The right-hand side becomes small by choosing 7 = ko /| Ino| for k large enough, for which
we note that T > /¢ by definition so that & < .

Step Four. Let us suppose that #, > 1. By Step Three, we may write g(i2) = /&2 +
O(o/TIna]) + O(e) independently of tic(,). For a given g(t2), let g® be the corresponding
deterministic solution starting at the same point. We can again obtain a similar bound as in
Proposition 4.9, but for simplicity let us just say that (9/10)4/t < qtdet < (11/10)4/t for
all + > 1. Letting y; = ¢q; — q,det, we define t(y) = inf{t > 1 : |y;| > tY/*77} for
0 < y < 1/2. We again decompose y; into a linear part, y?, and nonlinear part, ytl, as in
(4.5). Then a(t) = t — 3(¢%")? < —t uniformly for all # > 1 and the function b(y, ¢) containing
the nonlinear terms now satisfies |b(y;, t)| < M Jt y,2 forall t < 7(y) and some constant M > 0
independent of #,. We will show that P(t(y) < co) — 0. For ¢ < 7(y), we have

1 t
Iyl < - / e /e b (yy, u)| du
& t2

3/2-2y i
g M / /e gy

< ci'?r

where the final inequality holds uniformly in ¢ and the constant C > 0 is independent of #,.
Therefore, if |yt | < H(t) forall r > 1, where H(¢) = t'/277 (1 — Ct~7), then we must have
7(y) = oo. Note that 1 — C¢t~7 > 0 and H(t) > 0 for all ¢ > 1, by taking r, large enough. We

have
0
P sp|yt ZIP sup |yt|>1 ,
>, H(@) sj<t<sjy H(@)

where r, = 59 < 51 < ---is chosen by —o(sj11,5;) = 2. Note that, uniformly in j, we have
s12'+1 - sS = —a(sjt1,80) = —a(sjy1,87) — - —oals;,s0) = (G + 1)&2, which shows that
sj — oo as j — oo. Call the summand on the right-hand side above P;. As H(?) is increasing,

we can further bound P; by replacing H(z) with H(s;). We can also use for s; < < s5;41 the
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inequality

t
0o,_|© alt,s)/e als;)/e
=|— ¢ dW,| < e*¥i
e ‘ﬁ/so *
P; < IP’( sup

This gives for all j > 0,
t
/ ea(s)/e o VE ety H(s))
SOSISSj+1 150 g

P eZa(sH],s_;)/s H(Sj)2
< 2exp

t
Ly gl
Ve Jy, ’

2 2/;vj+1 2()[(Sj+173)/5 ds

. N2
< 2exP{_CISJZHgs/) }
o

where the constant ¢; > 0 in the final inequality is independent of j. Note that the second
inequality comes from Lemma B.1.3 in the Appendix of [6], which states that

s §2
P sup / >8] <2exp{—————
o<s<t 140 2 [ o(u)? du

for all Borel-measurable deterministic functions ¢ : [0, ] — R, and the final inequality uses that
a(sjyr,s) < _(5;2'+1 — 52) uniformly for all so < s < sj+1 and all j. Summing over j > 1 and
using that s; —s; 1 > Csz/sj uniformly in j, we have

o0

ZP _ijﬁ

=1 SiT Sl
C o0
\—22 isi(sj —sj—1)

< C/ sP(s)ds,
n

where

c1sH(s)? cps21=7)
P(s) =2exp{————t <2expy ———

202 o?

and ¢ > 0 is a constant. We have used that s P (s) is decreasing when bounding the series by the
integral above. Then

o C2t22(1—y)
/ sP(s)ds < Co? eXpy———>—
%) o

for some constant C > 0 depending on #, and y, so that

2(1-y)
[y0] Co? ot
P | su >1)|< P+ exp{—
<,>£ H(r) 2 TP o

and the right-hand side tends to zero as o | 0.
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4.2. Slow pulling

We now consider the slow pulling regime from Proposition 4.2. In this case, the noise dom-
inates the dynamics and cancels out the asymmetry caused by pulling. The process g; should,
therefore, behave similarly to g;, where

- | S o .

dg; = —(tG; — ;) dt + —= dW,,  G(-T) =0. (4.15)
& Je

As we have chosen g(—T) = 0, the law of g is entirely symmetric about zero. The strategy is as

follows:

(1) Recall from [5,6] that g; stays close to the origin with high probability. At time 1 = /¢, its
typical spreading is of order o¢~1/*\/[Ino|.

(2) Show that paths of g; stay close to those of g; until g; leaves the diffusion-dominated strip
S(h) defined below.

(3) Show that ¢, then exits the slightly larger strip, C(x), without returning to the origin.

(4) Show that ¢; then finally falls into the potential well on the same side as it left (k) and
remains there.

Step One. This step is the same as Step One from the previous section, except now we are
analysing the behaviour of g;. Unlike in the previous section, we can use directly the results
of [5,6], which we now summarise. We again define the function £(¢) as in the last section and
now a(t) := t — 3(§%"), where

~det | I ~ ~
qt — g(tqtdf:t _ (ql(‘iet):‘;)’ qie} — 0

Clearly, 79 = 0 and so now a(t) = 1. Again, £(t) < 1/(|t| A /&) for =T <t < /e. We define
the space—time domain

B(h) ={(q. 1) : =T <1t < Ve, |ql < hy/E®)}

and the stopping time 73, = inf{t > —T : (g;,t) & B(h)}. According to Theorem 2.10
from [5], there are constants C, h > 0 such that for ¢ sufficiently small and & < hg+/e,

C h? h?
P(tamy < &) < Hexpy—>— [1 = O0We) —O | — .

) 20 €
Choosing h = ko +/]Ino| for k large enough, the right-hand side tends to zero. At time /&, we
may take |G(/€)| = O(oce™ V4 /[no]).
Step Two. In the fast pulling section, we saw that at time /¢, g(1/¢) < +/&, from which we could
then show its subsequent exit from /C(«x). Before looking in this slow pulling section at the exit
of g; from K(k), we must first recall a result from [5] about the exit of ¢, from a smaller strip
S(h), defined for t > /s as

h
Sth) =1(q,t):t > /e, gl < —1t.
(h) {(q ) Ve, 4| ﬁ}
We shall also use the stopping time 5, = inf{t > /& : (¢, 1) & S(h)}. For h ~ o, the set
S(h) is a strip around the origin in which the drift term acting on g, is very small, so that its
diffusion term dominates.
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Let h* := hoo+/]Ino], where kg > 0 is a constant sufficiently large so that (§(./2), \/€) €
S(h*) almost surely as o | 0. Applying Proposition 4.7 from [5] with the choices h = h*
and u = 2, we see that there exists C > 0 such that for all o sufficiently small and all initial
conditions (g, \/¢) € S(h*),

h*\*
P(tspx 2 1) < (;) exp

P2 =

{_%(tz &)

3 11— 00/ /0))}

as long as o|Ino O(4/¢), which we already assume in the slow pulling regime. We can
check that by taking t = +/2ke In(h* /o) with k > O sufficiently large, the right-hand side tends to
zero. For such a choice of k, we define t* = /2ke In(h* /o) and henceforth assume tg(;+) < t*.

The important point here is that by symmetry, g; exits S(k*) through either boundary with
equal probability. Now that we understand the behaviour of g; up until its exit from S(h*), we
turn to g;. The following lemma shows that g, is close to g, at time t5(+).

Lemma 4.11. Let g; solve (2.4) with any initial condition q(—T) = x € X, and suppose
e(0) <« 0*31Ino |13/, Then for almost all paths in the set

{(@(WVe), Vo) € S(h™), Tsar <17},

we have

) 34 Ino|13/8
q‘[s(h*) - q'[S(h*) 1 + O o .

The proof of this lemma is based on the following simple comparison of ¢; and g;.

Lemma 4.12. Let g; solve (2.4) with initial condition q(—T) = x € X and let g; solve (4.15).
We have, almost surely, forallt > —T,

qr +x 6(127T2)/2€ <qr <G+ /t e(,LsZ)/zg ds (4.16)
-T
if x <0and
Ge <qr <ar + / DI g | PT e 4.17)
-T
ifx>0

Proof. We have
g = x -T2 / e g 1 / "t g3 g
& J-r
/ =12 qyy, (4.18)
By the comparison principle, g; > ¢, almost surely, where g, solves

A L ~3 o A
dg; = g(tq,—qt)dt+—dW,, q(—T) =x.

NG
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Using this lower bound for g in the second integral on the right-hand side of (4.18) gives

. ! 2_2y9
%<%+/ e =s9/2 gy,
T

When x < 0, we have §; < g; almost surely, which gives the upper bound in (4.16). For the
lower bound, we have

t

q: = xe(tz—Tz)/zg — 1/ et (12 —s2)/2¢ "3 ds + _/ (12 —s2)/2¢ dw,
€J-r1
t

> xe(tLTz)/zg . l/ ol 2_52))2¢ ~3 ds + _/ (12—s52))2¢ aw,
EJ-T

2 72 »
= x @ TH2% L5

The case x > 0 is easier and does not involve g;. It follows along similar lines. [

Proof of Lemma 4.11. For all /¢ <t < t*, we have
! 2_2y/ e\ ’
/ " =5/28 4g < c1ﬁ<—> < Cov/e|Ino| (4.19)
-T o
and forall x € X,
) e\ 2 2
|x| e(l‘ -T )/28 < C] (_) efT /28 < C2|1n0,|2 e*T /26 .
o

Of these two estimates, (4.19) gives the larger upper bound. Next observe that

TS(h*) < t* < C81/2|1n6|1/4.

Therefore,
1 _ /TS (h*) <C 81/4
|‘it3(h*>| h* = O'|1n0'|3/8

Using (4.19) and the above inequality together with Lemma 4.12 gives the result. [

Step Three. Now we analyse the behaviour of g, rather than g;, for t > 75(;,+). As we saw in the
fast pulling case, if g, starts at time o > /¢ at go > 0 with (g, f0) € K(x) then ¢; > ¢ as long
as 0 < ¢, < /(1 —k)t, where g¥ was defined in (4.9). Unlike in the previous section, we now
have to also consider negative initial conditions. We would like a bound of the form ¢; < ¢/ in
such cases, but now the bias of g; in the positive direction makes this more difficult. In order to
obtain a corresponding comparison with g;', we need an additional assumption on #y and gq as
set out in the following lemma.

Lemma 4.13. Suppose that at time ty > /€, q; starts at qo < 0, where (qo, o) € K(x) and
lgol > &/to. Then we have q; < qf as long as —+/(1 — k)t < q; < 0 and ¢ is sufficiently small.

Proof. For —/(1 —x)ty < go < 0, it is certainly true by comparison of the drift and initial
conditions that g; is bounded above by solutions of

K 1 K o K
dz; = g("tzz +¢e)dt + — dW;, Zyy = 40,

NG
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as long as —+/(1 — x)t < g; < 0. The result follows since

2 ! o [!
% = qo ek (P =1)/2¢ +/z k(P =s2)/2 qo _5/ ek (1P =s%)/2e dw;
0 fo

t
o .
< (go + Ce/to) k=126 —8/ e (=512 gy,
fo
< q90 eK(tz—tg)/ZE + ift eK(tz—sz)/Zs dw,
2 & o
=gq;,. O

This lemma shows that, under suitable conditions, we may compare g; and g/ for both positive
and negative initial conditions gg. For gg < 0 we get analogous bounds to those in Lemmas 4.7
and 4.8. In the previous section, we applied those lemmas with tp = /¢ and g¢ =< +/¢. We now
apply these lemmas with 719 = ts@;+) and |qo| < h*/,/Tsu+) (see Lemma 4.11). Note that if
Ve < tsgr < t* then e/tg < |go| and so the conditions of Lemma 4.13 are satisfied. We
obtain a bound similar to (4.10) and again see that K (k) is left by a time of order /¢[Ino].

Step Four. When ¢, exits [C(k) on the positive side, this part is exactly the same as Step Three
from the previous section. The other case when ¢, exits KC(k) on the negative side is similar.
Firstly, we introduce g* (¢), another real-valued solution of (4.2) existing for t > ./¢ and
satisfying the bounds —+/f < g*(t) < —+/f + &/t and (¢*)'(t) < O for all such 7 and ¢
small. Note there is also a third real-valued solution of (4.2) between ¢* and qf’;, which is an
unstable equilibrium branch. By taking & small, we have g* (t) < —/(1 — k)t for all t > J/e.

Again writing T = Ti(,), we need to check that the deterministic solution, qtdet’f, of (4.11), with

initial condition qdet’r (r) = —+/(1 — k)7, satisfies a bound as in Proposition 4.9 of the form

det, & (1212
0<q et,7 C]i(l) <C (t37 + (qdet,r(t) _ q*(‘L’)) e (= —17)/2¢ )
for all # > t. The main thing to ensure is that q,d b7 which has a bias in the positive direction,

does not re-enter the set C(«) after having left. To see that this is indeed the case, first note that
the derivative with respect to ¢ of the boundary curve, —/(1 — )1, is given by — %t‘l/ 2J/T=«.
The derivative of q,d °“T when on the boundary of K (k) is given by ét3/ 2(—k +&)+/1T — k. Using
thatt > /e, we see that the inequality

1 1
—t3/2(—1< + eVl —k < —zfl/z\/l — K
&

holds when ¥ > 1/2 + ¢, which is true for all k > 1/2 by taking ¢ sufficiently small. Having
established that ¢* (1) < ¢%"" < —/(1 = x)7 forall # > 7 and ¢ sufficiently small, the rest of
the proof follows like that of the analogous Proposition 4.11 from [5]. The subsequent estimate
(4.14) above showing the concentration of g, in the set A% (h) then follows, where A" (h) was
defined in (4.13). Finally, we can show as in Step Four from the fast pulling section that g; stays
in a neighbourhood of —+/7 for all t > 1.

5. The full solution

We now consider the full equation (2.2) and show that for sufficiently small mass (large g),
it behaves like the overdamped solution of the previous section. The general strategy is as in
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Section 4, namely we first show that if we start the system at the origin at time s << —1, then the
solution at time — 1 belongs to a suitable set. This is done in the following two propositions. We
then provide a result that is uniform over all solutions starting from the set in question. The first
step is achieved by the following statement.

1438

A~ A 1438
Proposition 5.1. Let X = [—el/2=B el/2=P1 Y =[—e~"2 ,e 2 |, let T > 1 be a constant,
and let g; solve (2.2) with B > 1/2. Then, we have

lim liminfP*(g_pr € X, p-2T € V) =1.

0,6—05—>—00

Proof. We fix some arbitrary starting time s < —27 and we consider the solution to (2.2) with
initial condition ¢g; = p; = 0. We define the function ¥ (p, g, t) by

Vpg =2 p— gy ] -

pP.q, P 2861 4851 q 21761
Applying It6’s formula to ¥ (py, g;, t), we obtain

15

1
—4q; — ﬁ%) dt +dM (1),

' 1
d¥(prqs. 1) < (—8_’5 Y(ps,qr, 1) + 50'25_1_/3 -5
€

where M is some continuous martingale. Using the inequality e#~1¢% + ¢ > —e!=# /4, we see
that

1
8

It follows immediately that E ¥ (p;, g, t) < 0'2/(28) + 81_’3/8. Fort < —2T < —2, we have

d 1
d_tEW(pt’q“ 1) < —SiﬂEW(Pt, q:,t) + 50287]7/‘9 + —gl—28,

ef 1 1 1 &P 1 1
U(p.g.t)> —p?d-g?+ —g* — — g2 S 2 2 1-28
(p.q.1) = p’ -4 4861 1o
where we used the inequality 2pg > —ef p? — e P42, which tells us that
E(q?) < 26® + &> /8 + 0% + 2P /4,

E(p?) <4e' P + 6738 /4 4 2627 17F £ 17282,

The result then follows from Chebyshev’s inequality, noting that § > 1/2. O
Now we use the previous proposition to restart the process at time —27. We denote by P
the law of the solution of (2.2) starting at time —27 with g_>7 = X, p_r = 0.

Proposition 5.2. Let X = [—1,1], V = [—8”3, 8”3], let T > 1 be a constant, and let q;
solve (2.2) with B > 2. Then, we have

lim  inf }P”‘(q reX,p_reV)=1.

0,603 X jeV

Proof. Let
B £2B Bl
4 — . i -
(p,q) = q+2pq+2p+ 461

Applying Itd’s formula to ¥ (py, g;), we obtain
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ghtl t

1
d¥(p;, q) = - (——p?+
g 2

1 e
) %2 - _‘It4 + 54

2 2

2
o
+ Ptpig + P ps + 7) dr +dM (1),

where M is some continuous martingale. Using the inequality 2pg < &%p? + £, and that
t € [-2T,—T]and B > 2, we have for sufficiently small ¢,

1 1 B+1 g2 o2
dW(Pt,C]t)ig —Ew(Pt,Qt)+48 +?+7 dr +dM@).

It follows that EW¥ (p,, q;) < e U202 BW(p_srr, g_or) + 0% + 8¢PH! + ¢2. We can then
use the bounds ¥ (p, q) > £2# p?/4 and ¥ (p, q) > ¢*/8, along with Chebyshev’s inequality, to
obtain the result. [

We would like to use a singular perturbation approach to show that for r > —T and suitably
large B, sample paths of g; can be approximated by those of an overdamped equation starting at
—T. For this, we need to first consider a process that is similar to g; but has better regularity. To
this end, we introduce the processes Q and P that solve

th:Ptdt, Q_T:P_T:O,

NG
We find that
t
P = 08_1/2_ﬁf e = qw,
-T
and

t
Q= iW, —ePp = 08_1/2_ﬂ/ e o W(s) ds.
Ve -T

For § > 0 we now define two events, E1 and E», by

Ei ={|0:] > e /27 for some 1 € [T, 1]},
E» ={|P)| > o /7 P27 for some t € [-T, 1]}.

Lemma 5.3. Forall§ > 0,all T > 1 and all t, > 0,

o2
P(E1 U E) <8(t, +T)exp {—m}

holds for ¢ > 0 sufficiently small.
Proof. Since Q; = o~ 1/27# fiT e~ =97 W (s) ds, it follows that

P(E)) < P(\Wy| > e~ forsome 1 € [T, 1])

8—28
<dexpl——2— 1
xp { 2+ T) }
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We also find that there exists C > 0, independent of é and #,, such that for ¢ sufficiently small,
1
P(Ey) < C(a 4+ T)e ? Lexp {—5828} .

The result follows by combining these two estimates and taking ¢ small. [l

Now let y; = g; — Q;. It solves, almost surely, the second-order ODE

1
efj=—y+ —(Or+ 00—+ 0’ +e), y-T)=x, J(-T)=v.

The following proposition shows that for almost all paths in (E£] U E3)¢, y may be approximated
by the solution of a first-order ODE. Note that the condition on g is a little stronger than
necessary, but is required later on in this section.

Proposition 5.4. For all t; > 1, there exists C = C(t2) > 0 such that for all § > 2, all
0<8<pB/2—1,all 6?42 « ¢ « 1 and almost all paths in (E1 U E»)¢,

o1 s _
y—g(l(yz+Qz)—(yz+Qz)3+8) < Cmax(ef 270 gg=3/2HA/2728)

forallt € [T +2¢P~% 1)) and o sufficiently small.
Proof. If we write z = y, then almost surely the pair (y, z), which is differentiable, solves
y=z,
B 1
e =—Z + ;g(h Yt + Qt)’
where g(t, v + Q) = t(yy + Q) — (¢ + Q,)3 +¢. Fort > 0, we have g(¢, /1) ~ 0 so
that we do not expect y; + Qy, or indeed y;, to be much larger than /1. Therefore, we let

T =inf{t > =T : |y;| > 2/52}. On (E| U E»)°, there is C > 0 depending on #, such that for all
—T<t<t A, gt v+ Or)| < C. We solve the equation for z to give

t

_ -8B _ —(f—g)e— B

7 = ve UTDET 4 o=(+h) / e =95 g(s, ys + Qy) ds (5.2)
-T

almost surely, from which we deduce that |z;| < e B e_(H‘T)Sfﬁ + C/eforallt < T Atp. This
immediately shows that for -7 <t < (-7 + 28’3_6) A T and sufficiently small e,

ly, — x| < 1+ CeP=8-1 (5.3)
andso v > —T + 2¢Pf~3.
For —T + ¢#7% <t < t A 1 (note we have written ¢#~%, not 2¢#79), we have |z;| < CJe.
Furthermore, for such ¢ we find

d
380+ 00| < C max{e™!, o~ 1/27F/27%),

Now we apply the Laplace method to the integral in (5.2). For t > —T + 2¢#~%, decompose the
integral as

r—eht

t t
[ Y
-T -T t—ghb—s
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Then, by the boundedness of g, we have

t—ghP=?

/ e =9 o5 v+ 0y) ds| < Ce®
-T

For the remaining integral, we use a Taylor expansion of g to give
g(s, ys + 05) < g(t, yr + Q) + C(t — sy max{e ™! ge™!/27F270),
Then

t
—(t—s5)e— P
/ € (=s)e g(s, ys + Qy) ds
t—gh—d

<ePg(t,yi + 0)) + CeP et 4 C max{e?f~178 gg=1/243p/2-25y

which tells us that for —7 + 29 <r <t A t7 and o sufficiently small,

1
2 < —g(t, v + Q) + C max{eP 7278 gg3/21A/2720) (5.4)
&

In a similar way, we can also show that

1
a2 gt yi+0)=C max{gf 2%, gg3/2HA/2-28) (5.5)

We will now show that the assumption T < #, leads to a contradiction. For this, we will show
that if y; = +2./2, then the right-hand side of (5.4) is strictly negative, whereas we should have
z¢ = 0 by continuity. The case y; = —2./f; is similar. First, we note that if y; = +2./7, then
there are constants C;, C» > 0 depending on #, such that

8T, yr + Q7)) < —Cy + Croe™ /278

and for o sufficiently small, the right-hand side is strictly negative and bounded away from zero.
Then the conditions on ¢, § and § guarantee that the right-hand side of (5.4) is strictly negative.
This means that we must have T > #; and so (5.4) and (5.5) hold for all =T + 283 <t < 1o,
from which the result follows. [

Now we will use Proposition 5.4 to tell us something about the SDE (2.2).

Proposition 5.5. For all t; > 1, there exists C = C(t2) > 0 such that for all B > 2, all
0<8<pB/2—1,all 6?42 « ¢ « 1 and almost all paths in (E1 U E»)¢,

¢ <q+ePP<qf

forallt € [T +2¢P=% 1)) and o sufficiently small, where

dg;" = %[zq,i — (") +e( £r(o)]dt + % dw;, 5.6)

gE (=T +2eP%) =x £3,
with W; the same Brownian motion appearing in (2.2) and (5.1), and

r(o) = Cmax{sﬁ_z_‘s, 0’8_3/2+/3/2_25}.
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Proof of Theorem 5.5. We will show the upper bound. The lower bound is similar. Letting
to = —T + 2¢P~%, we know by Proposition 5.4 that there exists C > 0 and a process y,+
solving

41 I _
35 =28y + Q) + Cmax(el 20, g,y = x40,

such that y; < y,+ for all ¢ € [1y, 12], where y; = ¢; — Q;. Note the initial condition for y,+ is
chosen using (5.3). Therefore, ¢; < y;" + Q. In the same way as in Proposition 5.4, we can
show |y;"| < 4./1; for all 1y < t < 1 by considering the sign of y;'.

Now define n; = y[+ + 0 + &P P, and note that for all to <t < 1, |n| < C for some
constant C > 0 depending on #,. It solves

1
dn; = g[’(’?t — eﬂP,) —(n; — sﬂP,)S +e+ Cmax{eﬁ_l_‘s, 08_1/2+ﬂ/2_28}] dr

o
+ NG dw;
with initial position 7, < x + 3.

Denote the drift term above by f (¢, n;, P;, €). We will now show that f is bounded in such a
way that allows us to use a comparison principle. As we are working on (E1 U E3)¢, we know
that |8ﬂ P < oe12HB/12=8 forall ¢ € [tg, 12] by definition. Note also that by the conditions on
é and &, max{sﬂ_l_‘s, 0’8_1/2+ﬁ/2_28} <« &. We then have

1
Ft e, Proe) < —lom — n +e(l+ ()],

where r(0) = C max{ef~27% oe=3/2+#/2=25} for some constant C > 0 depending on . Let
g, be the solution of

1 o
+ _ + +3 =
dg,” = g[t‘b —(g/") +e(d +r(o))]dt + ﬁ dwy, gy =X+ 3.

By Lemma A.1 below, n; < q,+ for all ¢t € [ty, 1] and almost all paths in (E| U E»)¢. Therefore,
q: + &b P <n < q[" , which gives the upper bound. [

This proposition allows us to complete the proof of Theorem 2.3.

Proof of Theorem 2.3. Firstly, let us consider the fast pulling case. That is, o*/3|Ino |?? «
& < 1. In this case, when 8 > 2 the term 1 — r (o) appearing in (5.6) is strictly positive and
bounded away from zero for all o sufficiently small. Then the analysis of Section 4.1 can be
applied to ¢, (the slightly different drift term does not matter). By Lemma 5.3, we can assume
(E1UE»)¢ to hold, in which case |8/3 P < oeV/2HB12=8 forall t € [-T+2eP~9, 1,]. Therefore,
we find that g, — &P P, > y/ forall c;4/e[Ino| < t < tp, where ¢, y > 0 are suitably chosen
constants.

For the slow pulling case, let 0 < § < 8/2 — 1 and 6%/ (1729 « ¢ « ¢*/3|Ino|~13/. Then
again 1 £ (o) is positive and bounded away from zero for o small and the analysis in Section 4.2
applies to ¢, and ¢, . Note that, in the limit, ¢, and ¢, must “go the same way” by comparison
of their drift terms and initial positions and we know by Proposition 4.2 that the probabilities are
1/2 in either direction. As above, the term &? P; does not change anything. Therefore, ¢; behaves
in the same way as ¢, and g;". [
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Appendix. A comparison principle for SDE

We present a lemma that is a slightly modified version of Theorems 5.1 and 5.2 appearing
in [3]. Our proof follows those given there.

Let ({2, F, IP) be a probability space on which is defined a one-dimensional Brownian motion
W adapted to a filtration (F;);»0. For t > 0, let X(¢) and Y (¢) be two real-valued processes
evolving according to

t

X(t) = X(0>+/ a(s. X(s). Z(s)) ds + CW,.
0

t
Y()=Y() +/ c(s, Y(s)) ds + CW;,
0

where C is a constant, a : [0, 00) X R2 > R, c: [0, 00) x R — R are continuous functions, Z(t)
is an JF;-adapted process with continuous sample paths almost surely and Z(0) = zo, which is
Fo-adapted. We assume that X (0) < Y (0) almost surely, where X (0) and Y (0) are Fp-adapted.

Lemma A.1. Suppose there are constants C1, Cy > 0 such that whenever |x| < C| and
|z] < Co, a(t,x,2) < c(t,x) forallt > 0. If, almost surely, |X(t)| < Cy and |Z(t)] < C>
forallt > 0 then

P(Y(t) > X(¢t) forallt > 0) = 1.

Proof. Definet = inf{r > 0:Y(t) — X(t) <0} andsett = +ooif Y(¢t) > X (¢) forallr > 0.
This is a stopping time because if ¢ > 0 then

r2nt= (] (YOO —X()>0teF.
rel0,/1NQ

Put D = {r < +o¢o} and assume that P(D) > 0. Then we can define a probability measure
Q() = P(-|D) on F. By continuity, Q(X(r) = Y(zr)) = 1. For any t > 0, we can therefore
write (almost surely with respect to Q)

t+t
Yt+1)—Xt+1)=Y()— X(7) +/ c(s,Y(s)) —a(s, X(s), Z(s)) ds

t
:/ cs+t,Ys+1)—a+t,XG+1),Z(s+1))ds.
0

The right-hand side is continuously differentiable in # and so
Y - X(
Q(lim (+0)-X@t+0) _

t—0 t

c(t, X(1)) —a(r, X(7), Z(‘L’))) =1.
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Therefore, Q(Y (r + 1) > X (¢ + 7) for all sufficiently small # > 0) = 1. But due to continuity of
X and Y and the definition of t, this probability should be zero. This contradiction arises from
the assumption that P(D) > 0. Therefore, P(t = +o0) = 1. U
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