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Abstract

For a one-dimensional smooth vector field in a neighborhood of an unstable equilibrium,
we consider the associated dynamics perturbed by small noise. We give a revealing ele-
mentary proof of a result proved earlier using heavy machinery from Malliavin calculus.
In particular, we obtain precise vanishing noise asymptotics for the tail of the exit time
and for the exit distribution conditioned on atypically long exits. We also discuss our
program on rare transitions in noisy heteroclinic networks.
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1. Introduction

In a recent paper [4] we studied tails of diffusion exit times from neighborhoods of unsta-
ble critical points, in the limit of vanishing noise, in one dimension. The typical exit time
k¢ in this setting (see the detailed description of the setting below) is of the order of % log %,
where A > 0 is the local expansion coefficient of the linearization of the system near the critical
point, and ¢ | 0 is the noise magnitude. The main result of [4] is that the following polynomial
asymptotics holds for a class of initial conditions near the critical point:

P (xa > %log é) —ce® (1 40(1), €40, (1.1)

for o > 1, with an explicit dependence of the factor ¢ on the initial condition and the parameters
of the model; see (1.7) below for details.

This result is part of an ongoing effort to understand the long-term properties of multi-
dimensional diffusions in the context of noisy heteroclinic networks, including the limiting
behavior of invariant distributions associated with such systems in the vanishing noise limit.
The typical behavior in such settings is understood for timescales logarithmic in e ~!; see [1,
2, 3]. To see what happens in the long run, though, one has to quantify rare events responsible
for transitions that are atypical at the logarithmic time scale. Our work in progress shows that
these rare events play a crucial role in the long-term dynamics near noisy heteroclinic networks.
Moreover, we argue that they occur exactly due to atypically long stays near unstable critical
points. The resulting picture is similar to that of metastability but with polynomial transition
rates in place of exponential ones. We give more details on this picture in Section 6, while
here we only reiterate that the result of the form (1.1) and its ramifications will be crucial for
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that program. However, the technique we used in [4] to analyze densities of auxiliary random
variables was based on heavy tools from Malliavin calculus. That approach somewhat obscures
the reason why this result is true and does not seem to be tractable when applied to the study of
the analogous exit problem in the neighborhood of a hyperbolic saddle in R¢, d > 1, i.e. when
both attracting and repelling directions are present.

In the present note, our goal is to give a new proof of this result that (a) is based on a more
precise description of the dynamics at small scales, (b) uses more elementary tools of stochastic
calculus, and (c) has a strong potential to be applicable in higher dimensions. In fact, we prove
a slightly more general result on probabilities of the form P(k, > £ log 1 +1), & > 1, for all
t € R instead of =0 as considered in [4]. It turns out that, asymptotically, the dependence
on ¢ is exponential, which implies that for any T € R, k. — ¢ log % — T conditioned on k, —
7 log % > T converges in distribution to an exponential random variable. This phenomenon is
a manifestation of loss of memory in the system under conditioning, and it is consistent with
the fact that «, — % log % converges in distribution to a random variable with exponentially
decaying right tails; see, e.g., [2].

An important ingredient in this note is Lemma 3.2, a conditional equidistribution result
that states that the distribution of the diffusion, conditioned on no exit from a small interval,
converges to the uniform distribution. Thus our new approach is closer in spirit to the one
based on quasi-stationary distributions; see [6]. However, the existing general theory does not
provide answers for us since in our situation both the system and the domain depend on &.
Moreover, the timescales we are interested in are too short for the  — oo limit to be a good
approximation while taking ¢ |, 0.

Let us be more precise now. We consider the family of stochastic differential equations

dXe (1) = b (Xe (1)) df + €0 (X (0)dW (1) (1.2)

on a bounded interval Z = [g_, g4+ ] € R with the origin in its interior. The drift is given by a
vector field b € C*(R) and the random perturbation is given via a standard Brownian motion
W with respect to a filtration (F;);>0 defined on some probability space (2, F, IP) under the
usual conditions. The noise magnitude is given by a small parameter ¢ > 0 in front of the
diffusion coefficient o, which is assumed to be Lipschitz and satisfy o(0) > 0. Although we
are interested only in the evolution within Z, we can assume that b and o are globally Lipschitz
without changing the setting.

Standard results on stochastic differential equations (see, e.g., [8, Chapter 5]) imply that, for
any starting location X?(0) € Z, (1.2) has a unique strong solution up to the exit time from Z,

tr =inf{r > 0: X, (1) € 9Z}.

Let (87),cr be the flow generated by the vector field b, i.e. x(f) = S'x( is the solution of the
autonomous ordinary differential equation

x(t) = b(x(1)), x(0)=x0eR

(we recall that solving this equation for negative times is equivalent to solving y(f) = —b(y(1))
for y(f) = x(— r)). We assume that there is a unique repelling zero of the vector field b on
R, which, without loss of generality, we place at the origin. In other words, we assume that
b(0) = 0 and, for some A > 0 and n € C3(Z),

b(x) = Ax + n(x)|x|%, xel. (1.3)
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Note that since the origin is the only zero of b in the closed interval Z, this assumption implies
that, for all x #~ 0, there is a uniquely defined finite time 7'(x) such that S TW e 7.
Under the condition (1.3), the map f : Z — R defined by

o0
f@= lim eMS Iy =x — / e n(S™x)|S 5 x| ds (1.4)
—> 00 0

is an order-preserving Cz-diffeomorphism (see [7]). In particular, f(g—) < 0 < f(q+). This map

linearizes the flow (S, see (2.1), and helps to state the main result concisely; see (1.7).
Under the above assumptions, a version of the following theorem was proved in [4]. In its

statement and throughout the paper we use

2

Y(t, x) = e 7. (1.5)

1
2wt
Theorem 1.1. Consider X, defined by (1.2) with initial condition X.(0) = ex, and let K(¢) be
any function that satisfies

lifol e"K(e)=0 for all y > 0. (1.6)
&

Then, forall o > 1 and all t € R,

lim sup |e~@ Dp (r; > Zloge ™! 41 Xo(ch) = qi) — e MIf(g)vo| =0, (1.7
e40 |y <K(e) A
where

a2(0) ) 7o)
LX) = _

Wx)zl/’( 2 7 o0

In particular, for any T € R,
£ o —1 e e o —1
Law [(tI -3 loge™ —T, XS(‘L'I)> ‘ T > n loge™" + T]

Fgl o @l )
Fgl+ Ifgo)l = 1fg)l + [fgl )

where = stands for weak convergence, and exp,_is the exponential distribution with rate A > 0,
i.e. exp; [t, 00) =€ * fort>0.

= exp;, ® (

Remark 1.1. We say that a function satisfying (1.6) grows at most subpolynomially at 0. We
say that a function c(e) decays at most subpolynomially at 0 if 1/c(e) grows subpolynomi-
ally at 0. For brevity, we will usually omit the reference to 0 and simply say grows/decays
subpolynomially even when the function might not actually grow.

Remark 1.2. The theorem is stated for initial conditions that are at most of the order of ¢ away
from the origin up to a subpolynomial factor. The case of initial conditions of the order of &#
for B < 1 is less interesting since then the tails of exit times decay as stretched exponentials of
e~ ! instead of the power decay given by (1.7) (see Proposition 2.1).

Remark 1.3. In the statement of Theorem 1.1 and in the following we adopt the usual conven-
tion that each relation involving + and = stands for two relations, one with all top signs and
one with all bottom signs.
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The brief outline of our approach to the proof of this theorem is as follows. It is convenient
to work in coordinates given by the function f defined in (1.4) where the drift is linear. We study
the dynamics of the linear process in two separate phases: (1) in a neighborhood of the critical
point of radius &P for B € (0, 1); (2) between leaving this small neighborhood and reaching the
boundary of (7).

In the second stage, the drift dominates the noise, and the process closely follows the corre-
sponding deterministic trajectory one obtains by setting ¢ = 0. The outcome of the first stage,
though, i.e. the exit from [— &, £#], is determined by a delicate interplay between the noise
and the drift in an even smaller neighborhood of the origin (8 can be chosen arbitrarily close
to one). We study this regime by introducing an auxiliary process Z(¢) with constant diffusion
coefficient approximating Y, (f) = f(X,(¢)) pathwise, at least over time intervals that are not too
large and for which Theorem 1.1 is easier to establish. Since Z.(¢) and Y,(¢) do not, in gen-
eral, stay close on longer timescales, we introduce an iterative scheme to tackle this problem.
Namely, we split the longer time interval into shorter ones and show that a useful approxima-
tion result, which holds under conditioning on the process not having exited the spatial interval,
can be applied sequentially.

The plan of the paper is as follows. In Section 2 we perform the aforementioned change
of variables to linearize the drift and prove Theorem 1.1 using an intermediate result on the
exit from a small neighborhood of the origin. In Section 3 we introduce an auxiliary process,
which is fully linear and thus allows us to derive certain properties of the exit problem through
explicit calculations. In Section 4 we prove an approximation result which allows us to transfer
these properties from the fully linear process to the case where only the drift is linear, as long
as the timescales involved are not too large. Finally, in Section 5 we use an iterative scheme
to lift this limitation, thereby finishing the proof of the intermediate result. In Section 6 we
explain how the result of this paper fits our program on long-term behavior of diffusions near
heteroclinic networks.

2. Proof of Theorem 1.1

As outlined above, we study the system first in a small neighborhood of the origin and then
after the process has escaped this small neighborhood.

Let us start with the first part. The diffeomorphism f: Z — R introduced in (1.4) and its
inverse g =f~! provide a conjugation between the flow (S’) and a linear flow:

[ =e"f(x), or  fXbx)= (). 2.1)

Note that the integrand in (1.4) is quadratic when x is close to zero and thus we have f(0) =0
and f7(0) = 1. Outside of Z, we define f so that /" and /" are bounded.

Let Y. () = f(X.(¢)) for times prior to the escape from Z. It6’s formula and (2.1) then imply
that this process satisfies the stochastic differential equation

2
AYe () = AYe(0)dt + £6 (Ye () dW(F) + %h(Ys(t))dt 2.2)

for t < 77, where 6 (y) =f'(g(»))o (g()) and A(y) =1"(g(y))o*(g(y)). Due to the boundedness
of /" and f”, & and h are also bounded.
By Duhamel’s formula, Y, satisfies the integral equation

Ye(t) =& (Ye(0) + s Ue(1) + €7 Ve (1)), (2.3)
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where

t t
Ue(t) = f e MG (Ye(s) dW(s), vg(t>=% / e M h(Ye(s)) ds.
0 0

Due to our conventions on f, f” outside of Z, the processes U, () and V,(r) are defined for all
t > 0. Moreover, the boundedness of 4 immediately implies the boundedness of V,(7):

Al
IVe(lloo = =, (24)
where || - || is the sup-norm on [0, co). The boundedness of ¢ yields a similar conclusion
about the quadratic variation of U,(f). Hence, the existence of constants ci, ¢, No > 0 such
that
P( sup [ U (1 A 75)| = N) <cie™™, N2 N, (25)
>0

is implied by the following exponential martingale inequality (see, e.g., Problem 12.10 in [5]):

Lemma 2.1. Let M(t) be a centered martingale with quadratic variation process (M);. Then

a2
P( sup [IM(1)| > a;(M) oo < b) <2e .
>0

Letustake g € (0, ) andsetV =g ([— P, 8ﬂ]) C 7. The following result describes the tail
behavior of ‘L’f), the exit time from V. In particular, it says that, in the ¢ | 0 asymptotics, the
choice of the exit direction is distributed symmetrically independently of the exit time.

Theorem 2.1. Let Y. (0) = ey, where |y| < K(¢) with K(&) growing subpolynomially at 0. Then,
foralla > 1, C e R, and any function c(e) satisfying limg_,¢ c(e) =0, there is By € (0, 1) such
that, for B € (Bo, 1), we have

lim sup
30 |yl <K(e)

8<a1)p<r§ =P toge! ot cte: Ye(ty) = ieﬂ) - e*cwo(y)‘ =0.

We give the proof of Theorem 2.1 in Section 5.
After exit from V), the deterministic dynamics dominates the evolution, which means that
the exit time will be close to

1
TE =T (g (xf)) = g loge™' + - log [f(g)l, (2.6)

the time it takes for Xo(#) to exit Z starting at g (:I:eﬁ). This is captured by the following
standard large deviation estimates.

Proposition 2.1. Ler X, (0) =g (:I:sﬁ). Then, for every B’ € (0, B) and subpolynomially decay-
ing function c(e) > 0, we have

]P’(|r%—T8i|>c(s))=o(exp{ —;}) 2.7

208"

and

|
P (X.(t5)=qs) > 1 — ). 2.8
(Xe(rp) =) = 0<6Xp{ 82(1/3)}) @9
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Proof. We start by showing that with overwhelming probability the exit happens through
the endpoint that is on the same side as the starting point. Indeed, (2.3), (2.4), and (2.5)
p Y L1
<Pl e” <esup |Ug(t/\rz)| + &
t>0

imply
2

e || I 1
§P<s (1-p) _ 2;‘3 < s p |Ue(t A TI)D —"(eXp { £2(1—p) })
and (2.8) follows.

To prove (2.7), let us introduce

P(Xe(tf) = g5) = P(¥e(t5) =f(g2) = P(sﬁ <[evep + V.

Ue = Uy (TE +c(e) AT5), Ve =V, (TE +c(e) A T5),
and note that (2.3) implies
IP)(T% > TEjE + c(s))

<P (fg-) <M+ (e 12U, + 27V ) < f(q1))

—P(sP —Ac(s)M 4P U, 2‘/8 B .—c(e) f(‘Z—l-))
(8 © T gy ~ T el eV <efe T

—(1-8) _a—aee)) [172]] 0 B 1
_P<|US|>8 (1) = 2 ) T\ a)
(o |- )
=0 | X —_ s
P £201-8)

where we used (2.6), (2.8), (2.4), (2.5), and the subpolynomial decay of c(¢). Similarly,

P(t5 < TE — c(e))

E]Ip( sup Mi—c(e) ‘ie +8Ug(t)+82V5(t)‘ > [f(qi)l) +0< p{— ! ; })

I<T€ —c(e) 52(1*5 )

HMTE—c@) (B 2 1llo 1
( +8SUP |Ue(D)| + & 7 > |f(ge)l | +o|exp peErD

t<T8

] !
P (8/3 +¢e sup |U()| +¢ 2 Z;O >efe® ) 1o eXp _82(1—/3’)

I /\

t<T:t

h 1
<P sup|U5(t/\t )| > e 1P (e ’\C(S)—l)—e—||2|/|\°°)+o<exp{— " ﬂ’)})
220

0(e { 520/3)}) O
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Proof of Theorem 1.1. We have
Y:(0) = f(Xe(0) = f(ex) = ex + O(e%x%) = e(x + O(ex?))

and
x4+ Oex))| = K(e) + O (e(K(2)?) < 2K(e)
for small enough ¢, so the right-hand side is a function subpolynomially growing at 0. Let us

define 6 = TF — (15 — 1f,). Due to (2.8),

P(Xe (t5) = qu: 75 > = loge™'+1)

:]P’(YS (t5) =ef; 1§ > % loge™ 41— T —i—@f) +o(e*"),

where the error term (along with all subsequent error terms) is uniform in the starting points
x| < K(¢). Note that the strong Markov property implies the conditional independence of
and 1y, given Y, (ty,) = P . This, along with (2.7), allows us to give upper and lower estimates
of the first term on the right-hand side:

IP’(YS (r5) = +eP, T > % loge 41— TF + c(e)) + o(s"‘*l)
< IE”(Y‘E (rf)) =P, Ty, > % loge ™41 — TSi —|—68i)
<P (YE (r5) = +eP, T, > % loge™ 41— TF — c(s)) + 0(8“‘_1),
where c(e) is an arbitrary positive function that decays subpolynomially. Now we may apply
Theorem 2.1 with C = —¢ + A~} log |f(g+)| to both sides, which concludes the proof. O

3. Linear system with additive noise

In this section we introduce an auxiliary process, which is a simpler special case of (2.2).
Namely, we consider

dZ.(t) = AZ(t)dt + ecodW (1), Z:(0) = ¢z, 3.1)

where 09 =6 (0) =0(0) > 0, |z| < K(¢), and K(g) grows subpolynomially at 0.
We will need a precise description of the exit of Z, from Vz; =[— 8’3(1 + 8¢), sﬁ(l + 8¢)]
for g € (0, 1) and any &, > O satisfying 8, | 0 as ¢ | 0. Let us introduce a stopping time
e =inf{r > 0:|Z.(0)| = P (1 + 8,)},
and, for a constant C and a subpolynomially decaying at O function c(¢), a deterministic time

=12 ; p loge™! — C+c(e). (3.2)

We will often use C, = C — c(¢). The first result of this section is a version of Theorem 2.1 for
the process Z, with stronger control of the dependence on the initial point.

Lemma 3.1. For any o > 1 and any subpolynomially decaying function c(¢) in the definition
of t,, there is ¢ > 0 such that

lim sup e |e=@ DP (2, > 1) — 26*Cero(2)| = 0.
&0 |7 <K(e)
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Proof. Duhamel’s formula gives an explicit solution to (3.1):
Zo(1) = ee™(z + 00N (1)), (3.3)
where N(t) = fé e dW(s). Plugging in 7, for ¢, we obtain
(1 +8:)6P = |Ze(zo)| = ™™ |2+ 00N (zo)] |

which is equivalent to

Te =

1-8 »
1
o loge

1
% log |z 4+ ooN(7e)| + o(1).
Therefore,

(o> 1) = {|z+aoN(t8)| < g1 (] +o(1))}.

By the martingale convergence theorem, N(f) converges to a random variable Ny, as t — 0o
almost surely and in L'. We claim that, in addition, there are ¢y, ¢» > 0 such that, for any L > 0,

P (IN(te) — Nool > Le® P 7, > 1) < 1o (3.4)
Indeed, Lemma 2.1 implies
P <sup IN(t) — Noo| > Le®™# )
1>t

<P <sup IN(H) — N(t,)| > Le©@P) /2> < ¢ exp { . cZLzeﬂ“—ﬂ)ez“e}

1>,

for some c1, c2 > 0, which proves the claim since ¥ Bere — g=2Cs

Letus fix y € (@ — 1, « — B) and write
P (7e > 1) =Hi(z, &) + Ha(z, ¢),
where

Hy(z, &) =P(|z+ 00Noo + 00(N(Te) — Noo)| < &1 (1 + o(1));
IN(ze) = Nool < €7),
Hy(z. €)= P |2+ 00N (ze)| < &€~ (1 +0(1): IN(ze) = Noc| > &7 ).

The random variables N(t;) and N(t;) — No are independent due to the strong Markov
property. So the Gaussian tail of the maximum of the Brownian motion and (3.4) imply

—n 2 _
Ha(z, &) < cre o(e*™ ).

The desired asymptotics of Hi(z, ) follows from the explicit form of the Gaussian density of
the random variable z + o9Neo. O

The next result is based on the fact that the distribution of Z.(z,) conditioned on non-exit
is approximately uniform over [— P(1+38,), eP(1 +8,)]. In fact, this stronger statement is
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proved as an intermediate step. We first note that the density of any absolutely continuous
random variable conditioned on a positive probability event is well defined.

Lemma 3.2. If f{ (u) is the probability density of Z(t;) conditioned on {t. > t¢}, then, for any
>0,

lim  sup sup 0. (3.5)

eb0 11 <(1=8)eh I21<K(e)

A1) — %'

Moreover, for any integrable function h with exponentially decaying tails and any subpolyno-
mially growing function K(¢),

e}

—(1-BR [h (eilzs(fs)) | 7e > tg] B % /;

Proof. By (3.3) and the Dambis—Dubins—Schwartz theorem (see, e.g., [8, Section 3.4B]),

lim sup
€10 z1<K(e)

h(y) dy‘ =0. (3.6)

o]

t
Z.(t) = ee! <z + 09 / e dW(s)) = e (z+ B(r(1))),
0

where r(f) = 0§ (1 —e~") /(21), and B is an auxiliary standard Brownian motion. Since

i 021 _ g2@=p)g2iC;
e)—Y0 2)\' )
we have
1 — g2@=P)g2:Cs
Zg(tg) — 81—(X+,36—)»Cs <Z+B <G§T>>

This is a Gaussian random variable. Its density at a point # € R is given by

ek (us?—F~1MCe _ )2

Jrooe = tB(1 + o(1)) P "T&(] +0(1))

Pe(u) =

If Ju| < &P, then |u8°"1’ﬂ| <e2 1 g0
pe(u) =" P71 Cyp(2)(1 + o(1) 3.7)
uniformly over u and z satisfying |u| < &?, |z| < K(e).

Therefore, (3.5) will follow from

lim  sup sup fez W) 0,

£10 |y <(1-8)ef [d1<K(e) | €4 P71 CY0(2)

where f;(z, u) is the sub-probability density of Z.(z;) on the event {r, > #.}. For this, it suffices
to see that

g&‘ (Zs M)
sup

sup (3.8)
lul<(1—8)eP |z1<K(e) Yo(2)

decays exponentially fast as ¢ | 0, where g, (z, u) is the sub-probability density of Z,(z,) on the
event {t, <t.}. Given that Z.(t,) = £ (1 + ;) (similarly for —eP(1+6,)), we have

te—Te
Zo(t:) = eMle—Te) (eﬂ(l +8:) + €0y f e dW(s)) ,
0
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and thus .
gE(Z7 u) - / ]P){TS S [ta t+ dt)}G(Sv t7 M), (3'9)
0
where

W2—

1
Ge, t,u) = (82002 ,weP1+8,) — u)

1 { AweB (1 +8,) — u)>
R 252(12 ’
27”2002»»;;1 g=oy(w=—1)
with ¥ (-, -) as introduced in (1.5) and w = e*(= =),
We claim that there is ¢ > 0 such that

sup{Ge, 1, ) : 0 <1 <tp, |ul < (1 — 8P} = o(e—c/sz“”g)). (3.10)

This, along with (3.9) and the fact that Wo(z) > A1/27 /20, e *K*©/% for all ¢ and z
satisfying |z| < K(¢), will imply the desired exponential decay in (3.8).
Let us fix any wp and find ¢g > 0 such that

AweP (14 8:) — (1 = 8)eP)? (o (w? — 1)) > coe®P

for w > wg and all ¢ > 0. Then there is a constant ¢( such that, for all [u| < (1 — §)e® and & > 0,

1 -
N P ——— TS G.11)
wofl

2.2
2me 0y ~%

If 1 <w <wo, then (wef(1+8,) —u)> > A :=¢?§2. So, denoting D = &267(w* — 1)/(21),
we obtain

1
Gle, t,u) < = e~ = y(D, A), 1<w<wo. (3.12)

T

The restriction on w implies 0 <D < ¢ &2 for some ¢;. To maximize (D, A), we compute

1 A
Iy (D, A)=—55 47

so ¥ (D, A) grows in D € [0, A], and we obtain, from (3.12),

1 __A
Ge, t,x) < ————e 21°°, (3.13)

V2mce?

Combining (3.11) and (3.13), we obtain (3.10) and hence (3.8). Thus, (3.5) is proved.
To prove (3.6), we write

E[he™'Z:(t) | e > 1.

_ / e ) () dut + / e e ) du
lu|<(1-8)eP

(1-8)eP <|u|<(148;)eP
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and notice that the first term on the right-hand side equals

(1=8)eP 1 (1=8)eP

[ e trwacs spasaay [ he
—(1-5)eh 2e —(1-8)eh

(1=8)s=1=F)

_ %sl_ﬁ(l + 0(1)>f

1 o0
h(x) dx = —el—ﬁf h(x) dx + o(e' P,
—(1=8)e~(1-F 2

—0oQ0

while the second term decays much faster than ¢'=# due to the decay assumption applied

to h. O
4. Proof of Theorem 2 for « € (1, 1 + B)

We start by studying the deviations A.(¢) = Y. (t) — Z.(¢) as long as both processes Y () and
Z.(1) are close to the origin. Let us fix g € (0, 1) and introduce the stopping times

T, =inf{t>0: |Ye(1)| = 1, T, =inf{r > 0:|Y.(r)| = 26°}.

Lemma 4.1. Suppose a € (1, 1 + B), B’ € (« — 1, B), L(¢) > 0 is a bounded function, and

oa—p _
fo="—"log (L(s)e 1). 4.1)
Then, for sufficiently small ¢ > 0, we have
P sup  |A(D)| > gh+p'—@=D) <2exp {— < ; } 4.2)
0<r<t,' AT £2(B=B")

provided Y:(0) = Z.(0) = ey for every y € (— 268 26P).
Proof. Recalling (2.3), we obtain
As(t) = ee™ (IV(0) + 1P (1)),

where I1(1) = [ e (5 (Ye(s)) — 00) dW(s) and I = Oe).

Clearly, If;l) is a martingale satisfying ( §1)> =0 (82/3 ) for ¢ < 7, so for any cq > 0, there is
¢ > 0 such that

/
/ €2 1
P ( sup [11V] > cos | <2e™ 7 SZexp{—c }
(ss?g ’ £2(8—8)

by Lemma 2.1. Therefore

/
P (sup D + 1P| > 2cpe? ) <2exp {—c

§<T¢

£28—8" }
and on the complementary event we have

/ /
sup | As(0)| < 2c0e LY P(e)em @ Peh < fHP —(a=D)
0<t<t AL
if cq is chosen sufficiently small, which finishes the proof. O

Based on this approximation result and the calculation for Z, in the previous section, the
following theorem proves Theorem 2.1 for « not too large.
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Theorem 4.1. Let « € (1, 1 + B) and let t, be as in (3.2). Then there is ¢ > 0 such that

lim sup e’ ‘8_(“_1)11” (f‘E >te; Ye(Te) = :1:813) - ewwo(y)’ =0. (4.3)
30 |y|<K(e)

Proof. We start with an upper bound on P(7, > 1) in terms of Z,. Let us fix any B €
(B,2B—(a—1)), so that B’ =B"—B+a—1¢€(x—1,B), which will allow us to apply
Lemma 4.1 several times in this proof. Let us take any family of events (B;).~¢ and estimate

P(7e > 13 Be) = 11(¢) + I2(¢)
_ " _ "
Z]P)<‘L'£ >ty sup A0 < &P ;Bg> + P(tg >ty sup  |AgD)] > P ;Bg).
0<I<t. AT, 0<I1<te AT

. . a—p)Ce . .
Note that ¢, is of the form (4.1) with L(¢e) = e_( 2 and thus (4.2) implies

(&) = 0exp(1), (4.4)

where, for any y > 0, we use oexp(1) as a shorthand for oe™¢"). Also,

11(8)=P<fg>t5; sup |Ag(t)|<8ﬂ”;Bg>.

0<t<t,

We need to approximate this in terms of the exit time of Z, instead of 7,. We do not have
control over the difference of these two times in general as we can only control the difference
of the processes until 7,. Instead, we are going to set a different threshold for Z, to reach. Let
yeB, B, 1l =eP, and 2 =1! + &7 This implies

_ 7 g
P Te >1e; Ty <tle; sup |A (D] <¢&” ;B | =0,

0<t<t,

where tZ is the exit time from [— [2, [2] for Z, and thus

7
Il(e)zp(fg >t T2 > 1e; sup |Ag(n)] < &P ;Bg> <P (¢ > t:;Be).

0<t<t,

Combining this with (4.4), we obtain

P(%e > te; Be) <P (17 > te; Be) + 0exp(1). (4.5)
Next, we set lg = l; — &Y and define nf to be the exit time of Z, from [— Zg, l;’]. Lemma 4.1
and the fact that {7, <1.; supy_, -, Az [A:(D)] < 8’3//} C {nSZ <t} imply
1/
P(te > t; Bg) > P (‘Ea >l sup  [A:(D)] < eP > Ba) (4.6)
0<I<te ATe

=P<B€)+oexp<1>—P(fgstg; sup |As(r)|saﬂ”;36>

0<1<t; ATe

> P(Bg) + 0exp(1) — P (7752 =l Be) =P (ngz > Ie; Be) + Oexp(1).

https://doi.org/10.1017/jpr.2020.16 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2020.16

Tails of exit times from unstable equilibria on the line 489

Combining (4.5) and (4.6), we obtain
P(nf > te: Be) — 0exp(1) < P(Te > 1 Be) <P(tf > te3 Be) + Oexp(1). 4.7)

This, Lemma 3.1, and our choice of I, i =1, 2, 3, imply

lim sup e ‘a*@‘*l)}? (F > 1,) — 26*C Ipo(y)‘ —0. (4.8)
0 |y|<K(e)

To finish the proof, we will need

liII(;l sup }P (Yg(fs) = 8ﬂ | Ye(ts) = Lt) - 1u>0| = O: (4'9)
e

17
&b <|u|<eP

which holds since, due to (2.3), Ye(7,) = £P is equivalent to e u+ Uy (1) + eVe(Te) > 0, and
SO

[P (V@) =& | Yelt) =) = Lumo| <P (10 270770 — V() > 0, & 40,

due to the boundedness of V(7,) and (2.5).
Using (4.9), we can write

P(Y(T) =P | T > 1) =E [P (Y.(T) =& | Ye(te)) | T > 1]
=E[P(Y(2") = 1Y (10)); IYelto)] <& | 7o > 1]
+P(Yelte) > f | 7 > 1) + 0(1)
— A1 +As +o(1). (4.10)
Due to (4.2),

A1=P(|Y8(r5)|<sﬁ”; sup |A€(z)|§gﬂ”|fg>t£>+o(1)

0<t<t,
S}P’(lZg(tgﬂ <28 % >tg) +o(1)— 0. @.11)
In the last convergence, we used (3.7) to compute
P(Ze(10)] < 267 ) = 26P 1= Cy(y)(1 + (1)),

and we used (4.7) with B, =€, along with Lemma 3.1, to compute P(7, >1,)=
2
2e*Co(me® (1 4 o(1)), so P(|Zs(1,)| < 2¢P ) /P(T; > 1) — 0 follows from our assumptions
ona, B,and B”.
Also, due to (4.2),
P(Ze(t) > 26" | T > 1) + 0(1) <Ay <P (Ze(t) > 0| 72 > 1) + o(1).

Using (4.7) with By = {Ze(ts) > 2¢#" ), Be = {Ze(t:) > 0}, and B =, we can switch
conditioning to that in terms of Z;:

12
P(zg(zg) > 26 |y > tg) Fo(l) <Ay <P (Z:(t) > 0 T2 > 1) + o(1),
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where both the left- and right-hand sides converge to 1/2 as ¢ | 0 due to Lemma 3.2.
Combining this with (4.10) and (4.11), noticing that all the o(1) terms in these estimates
are independent of the starting point y, and using (4.8), we obtain (4.3), which completes
the proof. U

5. Extension to arbitrary timescales

The goal of this section is to extend Theorem 4.1 for arbitrary o > 1 and thus prove Theorem
2.1. Wesetd =a — B, L(e) = e_%cf, and

0 %
o= log (L(a)e‘l) = loge™! — C,.

When 6 € (1 — B, 1), Theorem 4.1 applies and there is nothing new to prove. Here we study
the case & > 1. Up to this point the only restriction on g was 8 € (0, 1). Let us now set N =
[01+1>2,80= % (1 + %), and assume B € (Bo, 1) throughout this section. We have

0
0<N<——. (5.1
-8
We also define 7" =1t /N and f¢ y = kt,’, k=0, 1, ..., N. Our plan is to track Y, j = Ye(tc 1),
k=0, 1, ..., N, using the results of the previous section on the short intervals [f; , #¢ k+1].

The first step is the following lemma, which establishes that the process needs to stay close
to the origin to delay the exit.

Lemma 5.1. We have

max P (Sup Ye(t)] > eK(e); Te > tg,kﬂ) < Crem K ® (5.2)

I=<l¢k

for some C1, Cr > 0. In particular,
_ _ 2
max P ( n(l)axk [Yeul > eK(e); Te > tg,kH) < Cre~ K@),
u=0,...,

Proof. Using the strong Markov property and applying Duhamel’s principle (2.3) and (2.4)
to the initial condition y with |y| > £K(g), we reduce the lemma to the estimate

P (e’\’/f tliltf ’y+£Ug(t) + £2V8(t)‘ < sﬁ>

<P sup|U5(t)|>K(8)—85+%_1—%103(L(8))—S—Hh”OO ,
1<te 21

and the desired inequality follows by (2.5) since 8 + % —1>0dueto(5.1). O
We now collect some results needed for our iteration scheme.
Lemma 5.2. Let Y. (0) = ey. Then there is ¢ > 0 such that

2
lim sup e?
40y <K(e)

Ve (1,0 = e 7 = 1) - ekNC‘/fo@)' =0 63
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Moreover, for any Lipschitz function h on R, exponentially decaying at 0o, we have

2
lim sup e?
&40 |y <K(e)

_6 —1 - , AC o0
eVE e Y8,1>;rg>tg]—ewo(y)/ hp)dy|=0.  (5.4)

Proof. The first claim follows from Theorem 4.1 with C/N in place of C and o« = + 6/N.
Note that this value of o belongs to (1, 1 + g) due to (5.1).
The second claim is a direct consequence of the first one and

lim sup
&40 |y|<k(e)

l o
¢e~U-PR [h(s—lya,m Z > zs/] = f h(y) dy‘ —0. (5.5)

—00

Once again, to prove this, we would like to use the result for the linear process. However, the
estimate in (4.2) is insufficient when applied directly. Instead, let us note that

/

/ le
e Yoy —e7 12, =M / e M (0 (Ye(t)) — 00) dW() = e N I.(1,"),
0

U
where (1)) = e *Ce/N fots e ™ (0 (Ye(t)) — 0p) dW() and choose any

B e : 1+ b B
2 200
The exponential martingale inequality (Lemma 2.1) and the Lipschitz continuity of o imply
P <SUP [le| > 5ﬂ/> = 0exp(1),
S<Te

and thus

P (8_(1_5) ’8_1Y8,1 — e_ng,l

> B OIN=IHB r;) = Oexp(1).

Note that 8/ —6/N — 1 + B > 0 due to the choice of B and 8’. Now we can use the last display
and the Lipschitz continuity of / to obtain

/
e PR he™Ye) = he™'Ze )| 17 = 1] < Whllipe? =M1 4 (1) > 0

as ¢ | 0. This and (3.6) imply (5.5), which completes the proof of the lemma. O
Finally, the next theorem implies Theorem 2.1 with Sy = % (1 + %)

Theorem 5.1. There is ¢ > 0 such that

lim sup e ’S—W—UP (Fo > 1) — 2e*C1/fo(y)‘ =0, (5.6)
0 |y|<K(e)
and .
lim sup |P (Y, (Z) =+ef | T > 1,) — —' =0. (5.7)
&40 [y <K(e) 2

Proof. We will use ok(1) to denote any function that decays faster than any power of ¢ as
¢ |} 0. It suffices to prove the theorem in the case where the function K(¢) grows fast enough
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as ¢ — 0 to guarantee that the right-hand side of (5.2) is ox(1). To see that the theorem will
then follow in full generality, we just notice that enlarging the set of initial conditions y from
{ly] <K(e)} to {|y| < K(e) Vv |log ¢|} reduces the situation to that special case.

We will prove by induction that, for every k =1, ..., N, there is ¢ > 0 such that
. o2 7(k%+ﬂ71) - AkC
lim sup e |e P, (rg > tg,k) —2e N Yo(y)| =0, (5.8)
30 y|<K(e)

where we explicitly indicate the dependence on the starting point Y, (0) = €y as a subscript in
PPy for clarity. The case k = N is the desired result (5.6). The base of induction, the case k=1,
is the first claim of Lemma 5.2. Let us make the induction step assuming that (5.8) holds for
some k.

Lemma 5.1 and the Markov property allows us to write

Py ('Es > te,k+1) =IEDy (fs > le k+15 |Ys,1| = SK({;‘)) + ok (1)

K(e)
_ = V= /
= /K(g) ]P’y/ (rg > tg,k) Py (Y&] cedy; T, > 1, ) + og(1). (5.9)

Using the induction hypothesis (5.8), we obtain
2
Py (Te > tex) = 26k A1 Yo(y) + e 0 (8k%+ﬁ_l),

where the error term is uniform over |y'| < K(¢). This means that the first term on the right-hand
side of (5.9) can be written as

K(e)
/ Py (Te > te g1 | Yo1 =&y Py (Yo, € 6dy's T > 1)
—K(e)

=26 PIATE, [y (67 Ve ) s Y| S oK@ o> 1/ [+ He ), (5.10)
where the error term satisfies

— 0 [
sup |H(e,y)| < sup E,(e ¢ el g, S t')o(e N HF=1) = o(e*HDN A1) - (5.11)
[yI=K(e) [YI=K(e)

where we used (5.4) in the last step with A(y) = ¢~ The main term on the right-hand side of
(5.10) can be estimated using Lemma 5.1 and (5.4) with A(y) = ¥o(y) (so fR h(y)dy=1):

Ey [I//o (8‘1Y5,1> 1 Ye 1l <eK(e); Te > tg/] =E, [wo (8‘1Yg,1) P Te > tg/] +ok(1)

0 AC LA
=¢gNeN wo(y)—}—o(sN), (5.12)

and this expansion holds uniformly over |y| < K(¢).
Putting together (5.9), (5.10), (5.11) and (5.12) yields, for sufficiently small ¢’ > 0,

Ak+1)C

Py (fs > ts,k—i—l) —2e N l/IO(y)‘ =0.

. r2 | —(tk+1) & 4+p—1
lim sup e |e (e f+6-1)
el0 |y <K(e)

This completes the induction step and finishes the proof of (5.6).
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FIGURE 1: A heteroclinic network is the backbone of this phase portrait associated with a cellular flow.

To prove (5.7), note first that (5.2) and the strong Markov property imply

P (Ye (To) =£&P | 7. > 1,)

K(e)
=/ Py (Ye (7o) = £6P | T > 1,1) P (Yen—1 €edy | T > te n—1) + o(1).
—K(¢)

Using (5.3), the integrand can be written as

0 2]
eN TP Cyrn(y) + o(en TP
Yo +of ) Lo

P, (Ye (7o) =+6P | 7o > 1,1) =
e > fo) 26N HPIACY(y) + 0(eNFFT) 2

where the error terms are uniform in y, and thus another application of (5.2) finishes the proof

of (5.7). O

6. Rare transitions in heteroclinic networks

In this section we discuss, briefly and nonrigorously, the questions that led us to study the
tails of exit times in detail. These questions originate in the long-term behavior of diffusions
near heteroclinic networks in the vanishing noise limit. A heteroclinic network is a feature of
the phase portrait associated with a vector field composed of multiple hyperbolic critical points
(‘saddles’) connected to each other by heteroclinic orbits; see an example of a phase portrait
with a heteroclinic network for a cellular flow in Figure 1.

Let us consider a diffusion process solving the Itd equation (1.2) in R? (although, with
minor modifications, the discussion below applies to higher dimensions as well) with drift b
giving rise to a heteroclinic network. The typical behavior of such processes for times that are
of the order of log ¢! was studied in [1, 2, 3]. Its main features depend mainly on the lin-
earization of the drift b near the saddle points and can be described as follows. Upon reaching
a small neighborhood of a saddle, the process spends a long (logarithmic in ¢) time in that
neighborhood where the drift is weak and eventually exits along the unstable manifold asso-
ciated with the positive eigenvalue A of the linearization. This manifold is composed of two
outgoing heteroclinic orbits, so the dynamics chooses one of them and follows it for a time of
the order of 1 until it reaches the next saddle where it will also eventually decide between two
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outgoing directions, etc. This description may seem to imply the picture where the limiting
(as € — 0) process is essentially a random walk on the directed graph of heteroclinic connec-
tions. However, the character of the limiting process is often not Markovian and depends on
the linearizations of b near the saddles.

To see what is going on, let us consider a two-dimensional diffusion (X, Y;) near a model
saddle described by equations

dX. (1) = XX (t)dt + edW (1),
dY.(t) = —uYedr + &dB(1),

driven by independent standard Wiener processes W and B. Here, A >0 and p >0
can be viewed as coefficients of expansion and contraction, respectively. Assuming that
(X:(0), Y:(0)) = (0, 1), i.e. starting the process on the stable manifold of the saddle located
at the origin, we are interested in the distribution of (Xg(t¢), Y:(7:)), where 1, =inf{r >
0:]X.(1)| = 1} is the exit time from the strip [— 1, 1] x R. Since

Xe (1) = ee N(1),
Ye() =e M + eM(),

where
t t
N(t) = / e AW(s) - N(oo),  M(1) = / e~M1=9) 4B(s) —%> M(c0) as 1 — oo,
0 0

we find that, for small ¢,

d 1 1 1 1
TN log - + T log Voo (6.1)
and
Ye(te) L ePIN(00)|P + eM(00), (6.2)

where p = u/A. This allows us to conclude that, as ¢ — 0, the distribution of the exit point
Ye(t:) depends cruciially on how p compares to 1. In particular, if p < 1 (i.e. the contraction
is not as strong as expansion: i < ) then the first term ¢”|N(co)|” dominates. It is positive
and scales as €” > ¢, i.e. it is stronger than the noise magnitude ¢. Therefore, in this situation,
at the next saddle point the system is most likely to stay on the same side of the heteroclinic
network. If p > 1, then the probability of choosing either of the two outgoing connections at
the next saddle approaches 1/2 as ¢ — 0.

This analysis can be extended to more general initial conditions, to nonlinear drift and dif-
fusion coefficients, to higher dimensions, and to sequences of saddles. The result is that for
each sequence of saddles one can iteratively determine the asymptotic probability of realiza-
tion of each next step along that sequence and the scaling asymptotics of the associated exit
distributions. This was done in [1, 2, 3]. The result is that at logarithmic timescales (the saddle
exit times are typically logarithmic in ¢, see (6.1)), certain pathways in the network are typical
but many pathways are not realized due to the largely one-sided exit distributions scaling as &
with o < 1, which in turn are due to insufficient contraction at saddles.

This is interesting per se, and among other applications gives an explanation of the poor
vocabulary of excitation patterns in neural networks and similar dynamics modeled by Lotka—
Volterra-type systems with small noise. However, this information is not sufficient to address
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questions about timescales that are longer than logarithmic, such as the limiting behavior of
the invariant distribution. To answer these questions, one must quantify the probabilities of rare
events corresponding to atypical exits from saddle points. This means that one needs to study
probabilities of events like P(Y,(t.) ~ ¢) for Y.(7.) given in (6.2). The second term in (6.2) is
of the order of ¢, so ignoring many technical details we reduce this question to estimating

P(¢”IN(00)|P ~ &) ~P(N(c0) ~ &¥) ~ ce” (6.3)

with y =+ — 1. The last relation holds since N(co) has continuous Lebesgue density at 0.

This means that the probability of an atypical exit from the saddle is asymptotically poly-
nomial in &, of the order of ¢¥, which in turn means that one typically has to wait for time
of the order of 77 loge™! before one sees such a rare event happen. Ordering all expo-
nents emerging in such calculations for all rare transitions, y; < y» < - - - < Yy, and introducing
Tie =& " loge™!, we see that, for 7, satisfying

Tk,s L1 KL Tk-‘,—l,s»

transitions can be classified into admissible (that typically occur many times up to #.) and
rare (that typically do not occur at all up to #;). As t, crosses a level Ty from below, some
new transitions become available. Increasing #, gradually from O to values beyond T , cre-
ates a hierarchical structure of merging clusters and associated timescales such that, at each
timescale, the system explores one cluster, making no transitions between different clusters.

This picture containing the description of the limit of invariant distribution, homogenization
results, etc., is similar to the Freidlin—Wentzell picture of metastability and the associated hier-
archy of cycles. The important difference is that in our picture the probabilities of rare events
decay polynomially and the associated timescales grow polynomially, while the large devia-
tion estimates in the Freidlin—Wentzell theory lead to exponentially decaying probabilities and
exponentially growing transition times between the metastable states.

We do not have a rigorous derivation of a general precise version of the asymptotic rela-
tion (6.3). The difficulties that emerge are related to handling nonlinearities in the drift and
diffusion terms, and to the fact that N(co) and M(co) are only approximations to the (mutually
dependent) random variables N¢(t;) and M. (t,), where the ¢ subscript of N, and M, refers to
the fact that for the case of non-additive noise, these stochastic processes do depend on ¢. So,
to realize this program, among other things we must either prove that the density of N.(t;)
uniformly converges to the Gaussian density in a small neighborhood of zero, or find other
means to compare the distribution of N.(7.) to the Gaussian at small scales, which requires
going beyond the known weak convergence of distributions.

According to (6.1), if N(co) takes an atypically small value of the order of &V, then

1 1
SEVLL A (6.4)
A e

i.e. exit takes an abnormally long time (the typical exit time corresponds to y = 0). In other
words, the rare transitions determining the long-term behavior of diffusions near heteroclinic
networks occur due to atypically long stays in the neighborhood of saddle points withstanding
the repulsion in the unstable direction.

In the present paper (as well as in [4]), we study the polynomial decay of the distribution of
exit times at scales described by (6.4). We believe that the method we propose here is applicable
in the multi-dimensional situation, and we plan to give a rigorous treatment of it in upcoming
publications.
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