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This paper deals with extinction of an isolated population caused by intrinsic noise. We model the population
dynamics in a “refuge” as a Markov process which involves births and deaths on discrete lattice sites and random
migrations between neighboring sites. In extinction scenario I, the zero population size is a repelling fixed point
of the on-site deterministic dynamics. In extinction scenario II, the zero population size is an attracting fixed
point, corresponding to what is known in ecology as the Allee effect. Assuming a large population size, we
develop a WKB (Wentzel-Kramers-Brillouin) approximation to the master equation. The resulting Hamilton’s
equations encode the most probable path of the population toward extinction and the mean time to extinction.
In the fast-migration limit these equations coincide, up to a canonical transformation, with those obtained,
in a different way, by Elgart and Kamenev [Phys. Rev. E 70, 041106 (2004)]. We classify possible regimes
of population extinction with and without an Allee effect and for different types of refuge, and solve several
examples analytically and numerically. For a very strong Allee effect, the extinction problem can be mapped into
the overdamped limit of the theory of homogeneous nucleation due to Langer [Ann. Phys. (NY) 54, 258 (1969)].
In this regime, and for very long systems, we predict an optimal refuge size that maximizes the mean time to

extinction.
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I. INTRODUCTION

Every isolated population ultimately goes extinct. This
happens, even in the absence of adverse environmental
variations, because of the discreteness of the individuals and
random character of birth and death processes. Extinction risk
is amajor negative factor in viability of small populations [1,2],
whereas extinction of diseases [1,3] is usually beneficial.

Extinction of a large population because of the intrinsic
noise demands an unusually large fluctuation: a rare sequence
of random events when deaths dominate over births. Evaluat-
ing the role of rare large fluctuations in far-from-equilibrium
systems is hard, and so population extinction, caused by
intrinsic noise and environmental variations, has attracted
much interest from physicists [4-23]. With a few exceptions
[5,6], these studies assumed well-mixed populations, when
spatial degrees of freedom are irrelevant. It has been known,
however, since the classical paper of Skellam [24], that
migration of individuals plays a crucial role in a host of
natural environments of interest to population biology and
epidemiology [25], and in other applications. An important
step forward in quantifying the extinction risk of spatially
distributed populations was made by Elgart and Kamenev [6].
They considered a population on a discrete lattice that models
a refuge of a large but finite size. The population undergoes
on-site birth-death processes and migration of individuals
between neighboring sites. Beyond the refuge the conditions
are so harsh that they can be modeled by an infinite death
rate. Elgart and Kamenev transformed the master equation
for the evolution of a multivariate probability distribution
of the population size into an effective continuous classical
mechanics by applying a time-dependent WKB (Wentzel-
Kramers-Brillouin) approximation that uses the typical on-site
population size K in the long-lived state of the population as
a large parameter. The time-dependent WKB method yields
a Hamiltonian functional and the corresponding Hamilton’s
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equations—partial differential equations for an effective mo-
mentum p (coming from the probability generating function)
and a conjugate coordinate g (which, in the deterministic limit,
coincides with the population size). Both p and g depend on the
continuous spatial coordinates x and time 7. The extinction rate
is determined by the classical action calculated along a special
trajectory in the (infinite-dimensional) phase space g(x), p(x)
of the system [6].

The present paper also deals with extinction of spatially
distributed populations caused by intrinsic noise. We suggest
an approach that is closely related to that of Elgart and
Kamenev [6], but also differs from it in a number of ways.
First, in addition to scenario I of extinction, considered already
in Ref. [6], we also address scenario II. In scenario I, the
zero population size is a repelling fixed point of the on-site
deterministic dynamics. In scenario II, it is an attracting
fixed point, corresponding to what is known in ecology as
the Allee effect [26]. The results in these two extinction
scenarios turn out to be quite different. Second, we derive
the WKB equations systematically from the master equation
for the multivariate probability distribution. This derivation
shows that a continuous description in space is only valid
when the migration rate between the neighboring sites greatly
exceeds the on-site process rates. Third, by focusing on
the long-lived quasistationary distribution of the population
size, we formulate a stationary WKB theory in terms of the
population size (treated as a “coordinate”) and its conjugate
momentum. Fourth, an important attribute of this WKB theory
is spatial boundary conditions for WKB momentum p(x,?).
We derive these boundary conditions, thus correcting an
omission in Ref. [6]. Fifth, using the WKB theory, we establish
important general properties of the most probable path of the
population to extinction. We show that, in scenario I, the mean
time to extinction (MTE) is determined by a heteroclinic tra-
jectory between two fixed points in the (infinite-dimensional)
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functional phase space of the system. The first fixed point
corresponds to the long-lived quasistationary distribution of
the population size. The second one corresponds to a zero-
population-size state with a nontrivial momentum profile.
In scenario II we only have results in the limit of a very
strong Allee effect: close to a characteristic bifurcation of the
system. Here again we obtain the solution of the problem in
terms of a heteroclinic connection: between the fixed point,
corresponding to the long-lived quasistationary distribution,
and a fixed point describing the “critical nucleus.” In this limit
the population extinction problem turns out to be completely
integrable, similar to the integrability of the problem of
population explosion close to the saddle-node bifurcation
[6]. We explain this integrability by establishing a direct
connection between this problem and the overdamped limit
of the theory of homogeneous nucleation due to Langer [27].
We consider different types of refuge, determined by the
conditions at the refuge boundaries and illustrate our results
by solving, analytically and numerically, three particular
population models. In most of this paper we deal with refuges
whose spatial sizes are not exponentially large in the parameter
K > 1. An exception is in Sec. VB where extinction of
populations residing in very large refuges is considered (again,
for a very strong Allee effect). Surprisingly, we find here
an exponentially large reduction in the MTE and predict an
optimal refuge size that maximizes the MTE.

The remainder of the paper is organized as follows.
Section II includes important preliminaries which are used in
the subsequent sections. It gives an overview of deterministic
theory of population dynamics in a refuge: with and without
Allee effect, and for different spatial boundary conditions. It
also discusses, on a qualitative level, how the noise-driven
population extinction is expected to occur in different cases.
Section III presents a stochastic theory of the population
dynamics in a refuge. Here we introduce the master equation,
focus on the quasistationary multivariate distribution of the
population sizes and on the MTE, and formulate a WKB theory
aimed at evaluating these quantities. Sections IV and V analyze
population extinction in scenarios I and II, respectively. Here
we consider two specific birth-death models in the region of
parameters close to their characteristic bifurcations. In this way
we achieve some generality, as the reduced equations, in each
of the two cases, describe a broad class of population models.
We also revisit, in Sec. IV B, an additional model problem,
exhibiting extinction scenario I. Extinction of populations
residing in exponentially large refuges is considered, for a very
strong Allee effect, in Sec. V. The results are discussed, along
with some possible generalizations and unresolved problems,
in Sec. VL.

II. DETERMINISTIC EQUATIONS AND POPULATION
EXTINCTION SCENARIOS

A. General

Consider a single population residing in a refuge by which
we mean a one-dimensional lattice of N >> 1 sites (or habitat
patches) labeled by the index i = 1,2, ...,N. The population
size n; at each site varies in time as a result of two types of
Markov processes. The first set of processes involves a local,

PHYSICAL REVIEW E 83, 011129 (2011)

on-site stochastic dynamics of birth-death type, with birth and
death rates A(n;) and u(n;), respectively, where (0) = 0. As
there is no creation of new individuals “from vacuum,” one has
A(0) = 0. The second process is a random and independent
migration of each individual between neighboring sites with
a migration rate coefficient Dy. What happens at the edges of
the refuge, i = 1 and i = N, needs to be specified separately;
we will deal with this issue a bit later.

Assuming n; 3> 1, one can attempt to neglect fluctuations
and describe the population dynamics by deterministic rate
equations

np = An;) — w(n;) + Do(ni—y +niy1 — 2n;). e

Established populations are described, in the deterministic
limit, by stable steady-state solutions n; of this set of N coupled
equations. According to Eq. (1), an established population
would persist forever. The stochastic picture is markedly
different. An unusual sequence of births and (predominantly)
deaths can bring the population to the absorbing state (n; =
0,np =0, ...,ny = 0) corresponding to extinction occurring
everywhere. This ultimately happens with probability 1.

Before dealing with the stochastic problem, however, let us
dwell some more on deterministic rate equations (1) and their
predictions. Let the characteristic population size on a single
site, predicted by a steady-state deterministic solution, scale
as K > 1. This implies [7,20] that, in the leading order of K,
one can represent the birth and death rates as

Mni) = poKi(g:)

where g; = n;/K is the rescaled population size at site i,
Aqi) ~ fi(gi) ~ 1, and g is a characteristic rate coefficient.
Now Eq. (1) can be rewritten as

and pu(n;) = poK ii(q:), 2

gi = 1o f(gi) + Do(gi—1 + gi+1 — 2q:), ®)

where f(g;) = A(g;) — ji(g;) is the rescaled birth-death rate
function.

With no migration, Dy =0, the on-site deterministic
dynamics is determined by the equation ¢ = pf(g). One
fixed point of this equation is ¢ =0, and there are two
major cases determined by the sign of the derivative f'(q)
at ¢ = 0. For f/(0) > 0 (scenario I) the fixed point ¢ = 0 is
repelling, and the on-site population size, in the absence of
migration, flows to an attracting fixed point g = g; > 0 that
describes an established population. One example of scenario
I is the well known susceptible-infected-susceptible (SIS)
model of epidemiology [28] for which A(n) = Aon(K — n)
and u(n) = pon. Here AMgq) = Rogq(1 —¢q), fi(q) = g, and
f(@) =q(Ry — 1 — Ryq), where Ry = MoK /Lo is the basic
reproduction number. At Ry > 1, g = 0is arepelling point of
the equation ¢ = o f(g), whereas ¢ = ¢q; =1 —1/Ry is an
attracting point.

In scenario I1, one has f’(0) < 0. Here the fixed pointg = 0
is attracting, and the population gets established, at another
attracting fixed point ¢ = g, only if the initial population
size exceeds a threshold: a repelling fixed point g; such that
0 < g1 < q». Scenario II accounts, in a simplified way, for a
host of Allee effects [26]. As an example of scenario II we will
consider the following three reactions: A — 0,2A — 3A, and
3A — 2A with rate coefficients g, A9, and oy, respectively
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[20,29]. Here A(g) = 2¢2/y and ji(¢) = q(1 + g*/y), where
K =3ko/(2op)and y = SMQGO/(SAg).At 82=1—y > Othe
system exhibits bistability. Here the zeros of the rescaled birth-
death rate function

1
fl@) = —;q(q —q1)(q — q2) 4

describe two attracting fixed points, 0 and g = 14§, and a
repelling fixed point g; = 1 — § such that 0 < q; < ¢q».

Now let us reintroduce deterministic migration and assume
that it is much faster than the on-site population dynamics:
Dy > ug (the criterion can become less restrictive close to
characteristic bifurcations of the on-site population models;
see Secs. IV A and V). In this case one can use a continuous
spatial coordinate x instead of the discrete index i and replace
the discrete Laplacian in Eq. (3) by the continuous one. This
brings about reaction-diffusion equation

dq = 10 f(q) + Dd2q, (5)

where D = Dyh? is the diffusion constant, and % is the lattice
spacing. The system size becomes L = Nh. Equation (5),
which has been the subject of numerous studies [25,30],
should be supplemented by spatial boundary conditions. We
will separately consider periodic, g(x + L) = g(x), and zero,
q(0) = g(L) = 0, boundary conditions. In the discrete version
of the problem, the zero boundary conditions correspond, up to
small corrections (see Appendix A), to absorbing boundaries
at sites i = 1 and i = N. The absorbing boundaries model,
for example, extremely harsh conditions outside of the refuge
[6,24]. Results for still another type of boundaries—reflecting
walls at x = 0 and x = L—can be easily obtained from the
results for periodic boundary conditions.

Spatial profiles of established populations are described, in
the deterministic theory, by the stable steady-state solutions
q = q(x) > 0 of Eq. (5). They satisfy the ordinary differential
equation

Dq"(x) + o f(q) =0 (6)

subject to the chosen spatial boundary conditions. The first
integral of this equation,

D N2
—(q)" + V(g) = const, @)
210

with effective potential V(g) = foq f(&)d&, makes the prob-
lem soluble in quadratures and yields a phase portrait of the
steady states on the plane (¢,q"). Notably, reaction-diffusion
Eq. (5) is a gradient flow, 9,q = —8F /5q, where

L
Flate.n) = /0 dx[—uoV (@) + (1/2)D@:qY]. (8

Therefore it describes a deterministic flow toward a minimum
of the Ginzburg-Landau free energy F{q}. This property helps
identify linearly stable and unstable x-dependent solutions,
as they correspond to local minima and maxima of F{gq},
respectively [30]. Furthermore, it yields a simple selection rule
in cases when, at fixed L, there are multiple solutions of Eq. (6)
with periodic boundary conditions: The solution with the
maximum spatial period (equal to L) is selected when starting
from a generic initial condition [31].
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FIG. 1. (Color online) Effective potential V (¢) and phase portrait
(¢,q") for steady-state solutions of Eq. (5) in scenario I (no Allee
effect).

B. Scenario I

What is the steady state in scenario I, as exemplified
by the spatiotemporal SIS model? Figure 1 shows effective
potential V(g) = (Ry — 1)¢?/2 — Rog?/3 and the resulting
phase portrait (q,q’) at Ry > 1. The only nontrivial steady-
state solution, obeying periodic boundary conditions, is the x-
independent solution g = g, depicted in Fig. 2(a). Introducing
intrinsic noise, we will see that the most probable path of this
population to extinction is such that the population size drops
to zero uniformly on the whole interval 0 < x < L. For large

a (a)
o
0 - -
X
@ (b)
o
Y ~
0 02 04 06 0.8 1
X/L,

FIG. 2. (Color online) Steady-state solutions of Eq. (5) in scenario
I (no Allee effect) for periodic (a) and zero (b) and (c) boundary
conditions in space. The arrows indicate extinction transitions driven
by rare large fluctuations. L = 1.1L. (b) and 4L, (¢). Ry = 2, so
L. = m(D/uy)'"?; see Eq. (9).

011129-3



BARUCH MEERSON AND PAVEL V. SASOROV

systems, the MTE is very long in this case, being exponentially
largein KL/h = KN.

For the zero boundary conditions, an x-dependent steady
state corresponds to a phase trajectory inside the separatrix in
Fig. 1. Such steady states, depicted in Figs. 2(b) and 2(c), exist
only if the system size L is larger than the critical size,

L.=m L 9)
YV mo(Ro— 1)

This quantity can be obtained from Eq. (6) linearized around
q = 0.AtL < L_thereisonly a trivial solution: no established
population. The x-dependent solution emerges, at L = L.,
via a transcritical bifurcation. At L > L, the population size
is close to g everywhere except in boundary layers, with a
thickness of order of L., at x =0 and x =L. At L > L,
the most probable path to noise-driven extinction for the zero
boundary conditions is such that the population size drops to
zero uniformly on the whole interval 0 < x << L. As we will
see in Sec. IV (see also Ref. [6]), for L > L. the MTE is
again exponentially long in the parameter K N. It becomes
much shorter as L approaches L.; see Sec. I'V.

C. Scenario II: Allee effect

Now consider scenario II, in the example of three reactions
A —0and 2A =2 3A. At0 <y < 1, thatis, 0 < § < 1, the
effective potential,

=->+>=-1, (10)

has two maxima: atg = 0 and ¢ = ¢, and which of the steady-
state solutions ¢ = 0 and ¢ = ¢, “wins” depends on which of
the maxima is higher [25,30].

1. Strong Allee effect

Figures 3 and 4 illustrate the case of V(g,) < V(0): a strong
Allee effect. In our example this occursat8/9 < y < 1,0r0 <

0 (a)
>
q1 q2
q
3 g ) \
q

FIG. 3. (Color online) Effective potential V (¢) and phase portrait
(g,q") for steady-state solutions of Eq. (5) for a strong Allee effect,
V(0) > V(q).
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FIG. 4. (Color online) Linearly stable states ¢ = g, and ¢ =0,
linearly unstable state ¢ = g, and critical nucleus g.(x) for a strong
Allee effect and periodic boundary conditions. The system size
L =1.04L. (a) and 3.7L. (b), where L. is defined in Eq. (11).
The arrows indicate transitions, driven by rare large fluctuations and
leading to a rapid extinction. Parameter y = 24/25,s06 = 1/5, and
L. =2m(3D /)"

8 < 1/3. For periodic boundary conditions, the only linearly
stable nontrivial steady-state solution is the x-independent
solution ¢ = ¢g». A sufficiently large perturbation, however,
triggers a deterministic transition from g = g, to the trivial
solution ¢ = 0 that is also linearly stable. An important
attribute of this metastability is the presence of the “critical
nucleus”: an x-dependent solution g.(x) of Eq. (6) that is
linearly unstable under the dynamics of Eq. (5). A small
perturbation around the critical nucleus brings the system
either to g = O orto ¢ = ¢q». The critical nucleus is selected by
the system size L and corresponds to a phase trajectory inside
the internal separatrix shown in Fig. 3(b). The critical nucleus
exists only for L > L., where

Lo—n 2D(1+3)’ an
V' Ko

as can be obtained from Eq. (6), linearized around ¢ = ¢, with
periodic boundary conditions. At L 3> L, the critical nucleus
coincides with the internal separatrix in Fig. 3(b). For f(g)
from Eq. (4) (a cubic polynomial), the critical nucleus can be
found analytically, in terms of elliptic functions, by integrating
the first-order equation (7) and choosing the solution g(x)
with period equal to the system size L. A more practical
way is to solve Eq. (6) numerically, by shooting. One solves
numerically an initial-value problem for Eq. (6) starting, at
x = 0, from some ¢(0) € (¢1,42) and ¢’(0) = 0. Parameter
q(0) is varied until the numerical solution exhibits a single
full-period oscillation, so that g(L) >~ ¢(0) and ¢'(L) =~ 0.
Figure 4 shows the critical nuclei for two different values
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of L > L. Note that a critical nucleus corresponds to a local
maximum of free energy (73) [30].

The presence of a critical nucleus in the deterministic
theory plays a pivotal role in the noise-driven extinction of an
established population exhibiting a strong Allee effect. Indeed,
a large fluctuation of the size of stochastic population residing
around g = ¢, can create critical nucleus g.(x). The further
population dynamics toward extinction proceeds “downbhill,”
that is essentially deterministically. What happens at L > L.,
see Fig. 4(b), is intuitively clear, and will be supported by our
quantitative results in Sec. V. Here the rate of noise-induced
creation of the critical nucleus is exponentially small in K but
independent of L (unless L is exponentially large in K). Once
having passed the critical nucleus, the solution g(x,#) of Eq. (5)
develops, on a time scale ~ !, two outgoing deterministic
“extinction fronts.” In our example of three reactions the
deterministic front solution can be found analytically [25,30].
The extinction fronts propagate with speed

woD

= (1 —35) (12)

and drive the whole population to extinction on a time
scale ~L/(uoD)"/?. Therefore unless the system size L is
exponentially large in K, it is the creation of a single critical
nucleus that serves as the extinction bottleneck. That is, the
MTE is determined here by the mean creation time of the
critical nucleus. This quantity does not include an exponential
dependence on the system size L and is therefore much shorter
than in scenario I. Now, what happens when L is above L. but
close to it? We will show that here too the most probable path
to extinction corresponds to a large fluctuation bringing the
population from g = g to critical nucleus g.(x), see Fig. 4(a),
and not to the x-independent unstable state ¢ = ¢g;. For a
strong Allee effect and zero boundary conditions, there is only
the (linearly stable) trivial steady state ¢ = 0: no established
population.

2. Weak Allee effect

For a weak Allee effect one has V(g;) > V(0), as illus-
trated in Figs. 5 and 6. In our example of three reactions
this case corresponds to 0 <y < 8/9, or 1/3 < § < 1. For
periodic boundary conditions there are two linearly stable x-
independent steady states, ¢ = g, and g = 0, and the linearly
unstable x-independent state ¢ = g;. There is also the critical
nucleus ¢ = ¢g.(x), described by a phase trajectory located
inside the internal separatrix in Fig. 5(b); it is selected by
the system size L. The critical nucleus exists when L > L.,
where L. is given by Eq. (11). At L > L, the critical nucleus
is described by the internal separatrix of Fig. 5(b). Here
the population size, corresponding to the critical nucleus
q.(x), is close to zero everywhere except in a narrow region
with thickness ~L.. What is the most probable path of the
population toward noise-driven extinction? Here one has to
choose between two paths. In the first path the population size
goes down from g = ¢, to the x-independent unstable state
g = g1 on the whole interval 0 < x < L and then continues to
fall, almost deterministically, to zero. In the second path the
population size goes down from g = ¢, to the critical nucleus
and then, almost deterministically, to zero. For L > L, the
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FIG. 5. (Color online) Effective potential V (¢) and phase portrait
(¢.q") for steady-state solutions of Eq. (5) for a weak Allee effect,
V(0) < V(qa).

MTE involves, for each of the two options, an exponential
dependence on L, so it can be very long.

For the zero boundary conditions there are two linearly
stable steady states: an x-dependent state and the trivial state
g = 0. There is also critical nucleus: an x-dependent unstable
steady state. These solutions are depicted in Figs. 7(a) and
7(b). Each of the x-dependent solutions is selected by the
system size L and described by a phase trajectory located
between the two separatrices in Fig. 5(b). Among them there
is a limiting phase trajectory such that the stable steady state,

q2 (a

o

cal - -]

O v e v e v e v e v e

0 02 04 0.6 0.8 1
x/L.

@ (b)

} L\

YA

0

0 1 2 3
X/Le

FIG. 6. (Color online) Linearly stable steady states ¢ = ¢, and
q = 0, linearly unstable state ¢ = ¢;, and critical nucleus g = g.(x)
for a weak Allee effect and periodic boundary conditions. The
system size L = 1.4L, (a) and 3.25L, (b), where L, is defined in
Eq. (11). The arrows indicate extinction transitions driven by rare
large fluctuations. y = 3/4,508 = 1/2 and L. = w(6D/10)"/>.
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0 02 04 06 08 1
X/Lc

0 0.5 1 1.5 2 2.5
X/Lc
FIG. 7. (Color online) The x-dependent linearly stable steady
state (the upper curve), trivial stable state ¢ = 0, linearly unstable
state ¢ = ¢, and critical nucleus ¢ = g.(x) for a weak Allee effect
and zero boundary conditions for L = 1.1L, (a) and 2.52 (b).

The arrows indicate the extinction transitions driven by rare large
fluctuations. y = 3/4, 508 = 1/2, and L. =~ 6.026(D/ 0)"/?.

at given L, corresponds to a phase trajectory located between
the limiting phase trajectory and the external separatrix. In
its turn, the critical nucleus, for the same L, corresponds to a
phase trajectory that lies between the limiting phase trajectory
and the internal separatrix. The x-dependent solutions, both
stable and unstable, exist when the system size L is larger than
acritical size L, [which is different from L. given by Eq. (11)].
The critical size L. scales as (D/ug)'/? and also depends on
6. For L > L. the linearly stable steady state corresponds to
the external separatrix and is therefore close to g, everywhere
except in boundary layers with thickness ~L. at x = 0 and
x = L. In its turn, the critical nucleus corresponds, at L >
L., to the internal separatrix and therefore coincides with the
critical nucleus obtained for periodic boundary conditions. At
L = L, the stable and unstable solutions merge. At L < L,
there is only trivial steady state ¢ = 0, which is linearly stable.
The most probable path to extinction at L > L. corresponds
to a large fluctuation that brings the population size from the
stable state down to the critical nucleus; see Figs. 7(a) and
7(b).

III. MASTER EQUATION AND WKB APPROXIMATION

A. Governing equations

Now let us return to the discrete-lattice model and describe
stochastic dynamics of the population. This can be done
in terms of evolution of the multivariate probability dis-
tribution P(n,t) = P(ny,ny,...,t) = P(,n;,t), where i =
1,2,...,N, and fi denotes the vector of all n’s not explicitly
written; see, e.g., Ref. [32]. This probability distribution is
assumed to be identically zero if any of n; is negative. For
the continuous-time Markov processes of birth, death, and
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migration, the master equation for P(n,) has the following
form:

BtP(n,t)zzN:{A(ni — )P (,n; — 1,1)
l:lu(n,» + DP(@,n;+1,0) M)+ (n) 1 P(0,1))
+Dy XN:{(ni,l + DP@.n_g + 1 — 1,1)
+(n,:J]r DP(,n; — Lnigt + 1,0— 21 P(n,1)).
13)

This equation holds as it is for a periodic lattice with period N.
For absorbing boundaries the migrationtermsi = landi = N
are slightly different; see Appendix A. Of a primary interest for
us is the instantaneous extinction rate, or extinction probability
flux:

3, P(0,1) = n(D[P(1,0,...,0,t) + PO,1, ..
+ P(0,0, ...

004
L)l (14)

We will continue to assume that K > 1. Furthermore, we will
assume in most of the paper (except in Sec. V B) that the
system size is not too large: not exponentially large in K. In
this case, extinction of an established population proceeds, in
the probabilistic language, as follows. During the relatively
short relaxation time t,, determined by the deterministic rate
Eq. (1), the system approaches a quasistationary state, where
P(n,t) is sharply peaked at the relevant steady-state solution
of Eq. (1). At ¢ > 1, the quasistationary probability slowly
decays in time,

Pt ~ame T, n,=0,1,2,..., (15)
except for n = 0, which corresponds to a complete extinction.
The decay rate 1/T, is the lowest positive eigenvalue of
the time-dependent master equation (13). This eigenvalue is
special: It turns out to be exponentially small with respect to
K > 1[33]. The probability of complete extinction P(0,7) =
P(0,0,...,0,1) slowly grows in time:

PO,r)~1—e /T, (16)

In this regime the decay time 7, is equal to the MTE,
whereas the probability distribution of extinction times is an
exponential distribution with mean T7,; see, e.g., Ref. [10].
Using Egs. (15) and (16), we can rewrite Eq. (13) as a linear
eigenvalue problem for the quasistationary distribution 7 (n):

N
D (i — D@ — 1) + pun + D (g + 1)
i=1

= [Ani) + p(ny))m (m)}

N
+Do Y {(nioy + DBy + Ln; — 1)
i=1
+ (g + Dr(a,n; — Lngg + 1)— 2n;mw(n)}
= —An(n), (17)
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(except for n = 0) for the lowest positive eigenvalue A =
1/T,. Once m(n) is determined, A can be found from the
relation

A = p[x(1,0,...,00 +70,1,...,0)+---
+7(0,0,...,1)] (18)

following from Eqgs. (14)—(16).

For K > 1 and n; > 1 we can treat ¢; = n;/K as contin-
uous quantities and solve Eq. (17) in WKB approximation,
which generalizes to spatial populations the stationary WKB
method [9,12,17,20,22,23,34-36] previously employed for
well-mixed populations. The WKB ansatz is

7(n) = exp [-KS(q)]. 19)

Our goals are to accurately evaluate the leading-order contri-
bution to In(u7,) and to find the most probable path of the
population to extinction. We plug Eqgs. (2) and (19) in Eq. (13)
and neglect the term —Am(n) which is expected to be
exponentially small in K > 1. In the leading order in 1/K
this procedure yields a stationary Hamilton-Jacobi equation,

H(q,945) =0, (20)

with an effective classical Hamiltonian with N degrees of
freedom,

N
H(q,p) = 1o Z[)_»(q,-)(e”" — 1)+ alg)e P = 1)]

i=1

N
+ Do Y _lgi-1(@” " = 1)+ g (eP TP = D,
i=l1

2L

where p; = 9,,S. This lattice Hamiltonian, and corresponding
Hamilton’s equations—a set of 2N ordinary differential
equations for ¢;(¢) and p;(¢), is a proper framework for
dealing with population extinction for any relation between
the migration rate coefficient Dy and the characteristic rate
coefficient ug of the on-site dynamics [33].

In the following we will only consider the limit when,
as in Sec. II, migration between the neighboring sites is
much faster than the on-site population dynamics: Dy >
Mo (the criterion becomes softer close to bifurcations
of the on-site models; see Secs. IV A and V). In this regime
the quasistationary distribution 77 (n) and, as a consequence,
the classical action S(q) are slowly varying functions of n and
q, respectively. This implies that the difference between the
momenta p; on neighboring sites is much smaller than unity.
Taylor-expanding the migration term H,, of Hamiltonian (21)
(the term proportional to Dy) up to second order, we obtain

N
H,(q,p) = Dy Z [ —(gi —gi—1) (pi — pi—1)
i=1

1
+ 3@ +4qi-0) (pi = pi1)2j|- (22)

The slow variation of g; and p; with i calls for a continuous
description. We introduce a continuous spatial coordinate x
instead of the discrete index i and arrive at an effective
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continuum classical mechanics. The Hamiltonian functional
is

1 L
H g0 pen) = o / dxw, 23)
0

with density

w = Hy(q,p) — D[3:qd,p — q (3 p)*] 24)

and on-site Hamiltonian

Ho(q,p) = polA(g)(e” — 1)+ fi(g)e™” — DI (25)

Note the presence of two diffusion terms inside the square
brackets in Eq. (24). The first term describes deterministic
diffusion, the second one describes fluctuations of diffusion.
The Hamiltonian, related to Eq. (23) by canonical transforma-
tion Q@ = ge™?,P = e”, was obtained by Elgart and Kamenev
[6] who employed the probability generating function in
conjunction with a time-dependent WKB theory. Note that
the two diffusion terms in Eq. (24) add up to —D9, Q9, P
in canonical variables Q and P. This simplification, and the
somewhat simpler form of the on-site Hamiltonian, can be
advantageous; see Sec. [V B.
The Hamilton’s equations of motion,

SH _
0q = hg = po[A(g)e” — i(g)e™"]

+ D[3%q — 23.(qd. p)], (26)

8H T —/ —
ahp=- h@ = —po[A(g)e” — )+ @' (g)e™” — 1)]

— D[3}p+ @:p)]. (27)

are partial differential equations for continuous variables
q(x,t) and p(x,t) = h8S/8q [37]. Note that, for the purpose
of solving stationary Hamilton-Jacobi equation (20), time as
appears in Hamilton’s Eqgs. (26) and (27) is merely a way of
parametrizing phase space trajectories. It is not necessarily
related to the original time entering Eqs. (13)—(16) for the
evolution of probabilities. To remind the reader, Eqgs. (21) and
(22), as well as Egs. (13) and (17), are only valid for periodic
systems; absorbing boundaries are considered in Appendix A.
It is important, however, that continuous Eqs. (23)—-(27) are
valid in the case of absorbing boundaries as well.

For all types of spatial boundaries, continuous Egs. (26) and
(27) must be complemented with spatial boundary conditions.
This circumstance was left unattended in Ref. [6]. For
periodic systems the spatial boundary conditions are of course
q(0,t) = q(L,t) and p(0,t) = p(L,t). For reflecting bound-
aries they are also straightforward: 9,¢(0,f) = d,q(L,t) =0
and 9, p(0,7) = 9, p(L,t) = 0. The case of absorbing bound-
aries is a bit more involved, and we derive the corresponding
boundary conditions in Appendix A. Up to small corrections
O(uo/Dy)'/* « 1, they turn out to be zero conditions both for
the coordinate and for the momentum: ¢(0,7) = g(L,t) =0,
and p(0,t) = p(L,t) =0.

B. Activation trajectories

Now let us return to Egs. (19) and (20), which describe,
in WKB approximation, the quasistationary distribution 7z (n).
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This distribution is smooth and has its (Gaussian) maximum at
q(x) = gy(x). Therefore in order to find 7 (n), one needs to find
a particular solution of the Hamilton-Jacobi Eq. (20) such that
its variational derivative vanishes at ¢ = gs(x): 8S/3ql, ) =
0. Setting S {g;(x)} = 0, we define S {g(x)} uniquely as the
solution of Eq. (20). Once this solution is known, one can use
Eq. (18) to evaluate the MTE up to pre-exponential factors:

In(1207,) ~ K S(0). (28)

In order to calculate S(0) we will use Hamilton’s Egs. (26)
and (27), which describe trajectories in the functional phase
space {g(x),p(x)}. As the Hamiltonian (23) does not depend
explicitly on time, it is a constant of motion. Furthermore,
as the Hamilton-Jacobi equation (20) is stationary, we should
only consider trajectories, for which this constant of motion—
the total energy of the effective mechanical system—is zero.
The simplest among zero-energy trajectories are deterministic,
or relaxation, trajectories: solutions of Egs. (26) and (27)
with p(x,t) = 0. Here Eq. (26) reduces to the deterministic
reaction-diffusion equation (5), whereas Eq. (27) is satisfied
trivially.

The quasistationary distribution 7 (n) is peaked at what
we call fixed point A: (functional) fixed point g(x) =
qs(x),p(x) = 0 of Egs. (26) and (27). Therefore the phase
trajectory we are interested in for the purpose of calculating
S(0) should start, at t = —oo, at fixed point A. In both
extinction scenarios I and II there is a stable manifold p(x) =
0, and an unstable manifold p(x) # 0, emanating from fixed
point A; see Appendix B. In the discrete lattice formulation,
each of these two manifolds is N dimensional and is embedded
into zero-energy hypersurface H{q(x),p(x)} = 0.

For any phase trajectory that originates from fixed point A
at t = —o00, we can write

1 T L
S{g(x,T)} = Z/ dt/0 p(x,1)0,q(x,t)dx.

In view of Eq. (28), we only need to consider phase trajectories
that reach extinction hyperplane g(x) =0 [so that g(x,r)
vanishes at all x]. Relaxation trajectories, p = 0, that exit fixed
point A, cannot reach the extinction hyperplane, so we need
an activation trajectory, p # 0, for this purpose. For extinction
scenario I, a crucial property of the activation trajectory can be
established under quite general assumptions. The activation
trajectory must approach, at ¢ = 400, another fixed point
which we call fixed point B. It involves g(x) = 0, see Fig. 2,
and p(x) = p.(x): the nontrivial steady-state solution of
Eq. (27) with g(x) = 0 and proper spatial boundary conditions.
That is, in scenario I the activation trajectory must be a
heteroclinic connection AB (or instanton; see Ref. [38] for
a review on instantons) in functional phase space {g(x), p(x)}.
The proof of this statement is presented in Appendix B 2; it
relies on the structure of the phase space of Egs. (26) and (27)
and, in particular, on the presence and linear stability properties
of (zero-energy) fixed points of Egs. (26) and (27).

For extinction scenario II, the structure of the phase space
is more complicated, and we cannot make an equally general
statement about the properties of the activation trajectory,
except that this trajectory must exit, at t = —oo, fixed point
A and ultimately arrive at extinction hyperplane ¢ = 0. We
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know much more, however, in the case of a very strong Allee
effect, when the basin of attraction of the state ¢ = ¢, in the
deterministic theory is small. Here the noise only needs to
create the critical nucleus; see Sec. I C 1. In the language of
Egs. (26) and (27), the activation trajectory must approach, at
t = 400, fixed point D that involves g = g.(x) (the critical
nucleus) and p(x) = 0. One can argue that from there on the
population flows to fixed point C (where ¢ = p = 0) along a
relaxation trajectory. The relaxation trajectory does not cost
any action (unless the system size L is exponentially large in
K ; see Sec. V B). In this case the MTE can be identified, up to
a pre-exponent, with the mean time of creation of the critical
nucleus. Note that, in this limit, the activation trajectory is
again a heteroclinic connection (A D). One can expect that,
for a moderately strong Allee effect, the activation trajectory
will still involve a critical nucleus and therefore represent a
heteroclinic connection AD.

Once the activation trajectory is found, we can obtain the
MTE in the leading order of the WKB theory by calculating
S(0), entering Eq. (28), along this trajectory. In scenario I,
S(0) is the action along the heteroclinic connection AB. In
the strong-Allee-effect limit of scenario II one has In(ugT,) ~
K So, where Sy is the action along the heteroclinic connection
AD. In both cases we can write In(oT,) >~ KS, where

L oo
S= %/ dx/ dtp(x,t)d,q(x,t). 29)
0 —00

If there is more than one heteroclinic connection between the
same pair of fixed points, and obeying the same boundary
conditions in space, one should choose the connection which
yields the minimum action. Similarly to nonspatial but
multipopulation systems [6,12,13,22], the minimum-action
trajectory is the most probable path of the population on
the way to extinction. Sections IV and V present three
particular examples of determining the activation trajectories
and evaluating the MTE.

As we already mentioned, Hamilton’s Egs. (26) and (27)
coincide, upon canonical transformation Q@ = ge™”,P = e?,
with those derived by Elgart and Kamenev in the frame-
work of a time-dependent WKB approximation [6]. There
are some differences, however, between our formulation of
the problem and theirs. These differences involve boundary
conditions both in time and in space. The differences in the
boundary conditions in time appear already in the most basic,
spatially independent setting, so let us consider this setting
first.

The time-dependent WKB formulation of Ref. [6] pre-
scribes, at # = 0, the initial population size, say ¢ = gy, with
an a priori unknown momentum. It also prescribes, at a
(sufficiently large) final time r = 7', momentum P = 0 (or, in
our variables, p = —00), with an a priori unknown population
size. One needs to find the initial p and the final ¢ from
the condition that the action along the resulting trajectory is
minimum. 7 is ultimately sent to infinity [6].

Our WKB formulation differs, first of all, in its prescription
of the final state of the system. In view of Eq. (28), we
demand g = O there. Furthermore, we know that the activation
trajectory must be a heteroclinic connection A B (in scenario I)
or AD (in scenario II). This involves a full knowledge of
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p (a)
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FIG. 8. Zero-energy trajectories in spatially independent settings
for extinction scenario I (a) and II (b) [20,29]. Shown are fixed points
A, B,and C (a)and A, B, C, and D (b). The arrows show stable and
unstable manifolds of the corresponding fixed points. The activation
trajectories AB (a) and AD (b) are accentuated by thicker lines.

A

0

both ¢ and p at the initial (f = —o0) and final (¢ = oc0)
points. Importantly, the final value of the momentum in this
formulation is different from p = —oo, or P = 0 demanded
in Ref. [6].

In spite of these differences, the two formulations yield, in
the spatially independent case, the same result for the MTE.
This happens for two reasons. First, the activation trajectory
that emerges, at T — oo, in the time-dependent formulation
[6] has zero energy, as in our quasistationary formulation.
Second, the activation trajectory in the time-dependent formu-
lation is, in general, not a heteroclinic connection. Rather, it
consists of two (in scenario I) or even three (in scenario II)
separate heteroclinic connections [20,29]; see Fig. 8. One of
them coincides with trajectory AB or AD (for scenarios I
or II, respectively) which the quasistationary theory predicts.
The other segments go along either ¢ =0 or p =0 lines
and therefore do not contribute to the action. (One can even
argue that the last segment ultimately reaches p = —oo; see
Fig. 8.) An advantage of the quasistationary theory, especially
in numerical calculations, is that the noncontributing segments
of the trajectory are excluded from the start.

For spatially dependent systems, the differences between
the two formulations may become irreconcilable. Consider,
for example, scenario I in the case of absorbing boundaries.
Here the x-independent momentum p(x) = —oo, postulated
as the final state in Ref. [6], does not obey the zero boundary
conditions p(0,t) = p(L,t) = 0, and so it cannot possibly be
a correct final state.

IV. POPULATION EXTINCTION: SCENARIO I

A. Universal limit

Here we consider, as an example, the spatiotemporal SIS
model. To render our results a broader relevance, we assume
from the start that the basic reproduction number Ry is only
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slightly larger than 1: Ry = 1 + §, where 0 < § < 1. In this
limit both ¢ and p scale as §, and the on-site Hamiltonian (25)
reduces to

Hy(q,p) >~ pogp(p — q +9). (30)

This on-site Hamiltonian describes, in WKB approximation,
a broad class of population models (that do not exhibit the
Allee effect) close to their transcritical bifurcation at § = 0
[16,20,29]. Notice that, at § < 1, the on-site dynamics exhibits
critical slowdown: the characteristic on-site relaxation time
becomes 1/(od). As a result, the validity of the continuous
description in space here demands Dy > uod: a much softer
criterion than Dy > .

Let us define the characteristic diffusion length [ =
[D/(1108)]'/? and introduce rescaled population size Q = ¢/8,
momentum P = p/§, spatial coordinate ¥ = x//, and time
f = uodt. Upon this rescaling one observes that the second
term in the square brackets in Eq. (24) is of next order in §
compared to the rest of terms, and should be neglected. The
resulting Hamiltonian density is parameter free,

w=QP(P—Q+1)+ Pd*Q. (31)

Here and in the following we drop the tildes everywhere except
in the rescaled system size L = L/[. Action (29) becomes

8 .
S500) = = Sa(L), (32)

where

L 00
sa(l) = / dx / dt P(x,0)d,Q(x,t) (33)
0 —00
is the rescaled action. The rescaled Hamilton’s equations are

Q0 =20P+0Q—-0*+0;0, (34)
P =20P—P— P*—03*P. (35)

The same WKB equations can be obtained if one approximates,
at small 8, the original master equation by the (functional)
Fokker-Planck equation; see Appendix C. This is not surpris-
ing, as the validity of the Fokker-Planck approximation de-
mands, in addition to n; > 1, that the probability distribution
P(n,?) change only weakly when n; changes by 1. The latter
condition boils down to the condition |p(x,7)| < 1, which
has been used in deriving Eq. (30). We emphasize that, far
from the bifurcation point, the Fokker-Planck approximation
in general breaks down, whereas the WKB approximation still
holds, in most of the phase space. An example is considered
in Sec. IV B.

To calculate the rescaled action s4, which only depends
on L, we need to find a heteroclinic connection AB. The
deterministic steady state Q = Q,(x), P = 0, corresponding
to fixed point A, is given by the nontrivial solution of equation

Q"(x)+ Q- Q*=0, (36)

whereas the extinction state Q = 0, P = P,(x) corresponds to
the nontrivial solution of the equation

P'(x)+ P + P> =0. (37)

For periodic boundary conditions, see Fig. 2(a), we obtain
x-independent solutions: Q(x) = 1, P.(x) = —1. As aresult,
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the “extinction instanton” is x independent for any system
size L, and one can use the well known one-site WKB
results [12,13,16,29]. The instanton is described, at any x,
by the equation P — Q 4+ 1 = 0. Rescaled action (33) along
the extinction instanton is equal to s4 = L/2. Then, using
Eq. (32), we find

K&2L _ NK§?

In(1408T,) ~ K S(0) = - ,
n(uodTe) 0) o 3

(38)

which is the one-site result times N, as expected. The one-site
result for the MTE, T.?, is actually known with a higher
accuracy—including a pre-exponential factor [20]:

STO ~ lz_nex K_Sz
I'LO e - K82 p 2 *

Therefore, for L < I, we obtain a more accurate result for 7,:

2 NK&§?
exp , 39

6T, ~
Ho NK&? 2

as all of the system can be considered here as a single site.
Equation (39) holds when L <« [ and NK§% > 1.

Now let us consider a more interesting case of absorbing
boundaries: Q(0,t) = Q(L,1) = P(0,t) = P(L,t) =0 (see
Appendix A). We notice that, if Eq. (36) has a nontrivial
solution Qq(x), then Eq. (37) has a nontrivial solution
—Qo(x). Now, Eq. (36) has a unique nontrivial solution Q(x),
corresponding to an established population, if L > L. = 7 or,
in dimensional units, L > L. = [D/(18)]'/?; see Eq. (9).
(Note that L, = m] here.) In this case Eq. (37) has a nontrivial
solution P,(x) = —Q,(x) (fixed point B).

Now we need to find a heteroclinic connection AB. To
our knowledge, this cannot be done analytically for arbitrary
L > L., even for the relatively simple universal Hamiltonian
(31). To solve the problem numerically, we modified, and
implemented in MATHEMATICA, the algorithm suggested by
Elgart and Kamenev [6]. The algorithm iterates Eq. (34)
forward in time and Eq. (35) backward in time. It does
not involve shooting and avoids, because of the backward
integration in time, the short-wavelength numerical instability
caused by the presence of negative diffusion in Eq. (35). In
every iteration of Q(x,?) one starts, at ¢ = 0, from Q = Q,(x)
and solves Eq. (34), with zero boundary conditions at x = 0
and L, forward in time until a sufficiently long time 7T is
reached. In this calculation the previous iteration for P(x,t) is
used. Then Eq. (35) for P is solved backward in time starting,
att =T, from P = P,(x) and continuing until ¢ = 0. Here
the previous iteration for Q(x,t) is used, and zero boundary
conditions at x = 0 and L are enforced. The very first iteration
for P is the desired final steady state P,(x), satisfying the zero
boundary conditions at x = 0 and L and corresponding to fixed
point B. An example of a numerically found instanton is shown
in Fig. 9. The filled circles in Fig. 10 show the numerically
computed rescaled action s4, see Eq. (33), versus the rescaled
system size L/L,.

Approximate analytic solutions are possible in two limits:
L>»L,and 0<L—-L., <KL, and we will now present
these solutions. (To remind the reader, there is no established
population at L < L..)
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(a)
0.5
0
0 0.5 1 1.5 2
X/L,
0
~—-0.5
(b)
-1

0 0.5 1 1.5 2
X/L,

FIG. 9. (Color online) Numerically computed extinction instan-
ton for scenario I (no Allee effect) close to bifurcation point § = 0.
The rescaled system length is L /L. = 2. Shown, after 500 iterations
of the Elgart-Kamenev numerical algorithm (see text), are spatial
profiles of rescaled population size Q (a) and rescaled momentum P
(b) at numerical times 0, 3, 5, 7, and 20 (from top to bottom). The
time interval used for iterations was 0 < t < T with T = 50.

For L > L., Q,(x) and P,(x) = —Q,(x) are close to 1
and —1, respectively, everywhere except in boundary layers of
width O(1) at x = 0 and L. Correspondingly, the extinction
instanton is very close (up to corrections exponentially small
in L) to the one-site instanton P — Q 4+ 1 = 0 everywhere
except in the boundary layers. As a result, the rescaled action,
sa = L/2 — O(1), differs by a term of order unity from the
corresponding result for periodic boundary conditions. The
O(1) correction that we found numerically is about 1.8, and
its contribution to In(u¢d7,) is relatively large. The asymptote
sa = (w/2)(L/L.)— 1.8 is shown in Fig. 10. Surprisingly,
it works well already at quite small values of L/L. — 1.
The next-order correction would come from the gradient
corrections to the zero boundary conditions in space for g
and p; see Eqgs. (A6), (A8), and (A9). The expected correction
to 54 is O(od/Dy)'/? <« 1. However, by virtue of Eq. (32),

02 )
6 o
N |
0.1 Y .
V; 4 . .‘(“O ...........
1 1.1 1207
2t T
‘_,.o"'
()""’".
1 2 3 4
L/L.

FIG. 10. (Color online) Rescaled action, Eq. (33), determining
In(1407T,), vs the rescaled system size L = L/L. for scenario I (no
Allee effect) close to the bifurcation point § = 0. Symbols: results
obtained with the Elgart-Kamenev numerical algorithm (see text).
Dashed line: asymptote 54 =~ (97 /64)(L — 1)> for 0 < L — 1 <
1. Dotted line: asymptote s, =~ (w/2)L — 1.8 for L > 1. Inset: a
blowup close to L = 1.
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this correction contributes a factor O(K §2) to In(u87,). This
contribution is of order of the one-site result for In(87,) and
may still be large. That is, for L >> L. the leading contribution
to In(uodT,) scales as L, the subleading contribution scales
as L. <« L, and the sub-subleading contribution scales as
h < L.; the latter one “remembers” the lattice formulation of
the problem. The sub-subleading correction can be calculated
numerically using the modified boundary conditions. Note that
criterion L 3> L, becomes stringent as the bifurcation point
8 = 0 is approached, and L. diverges.

Now consider the limitof 0 < L — L. < L.. We start with
a perturbative calculation of Q;(x) and P.(x). Let & = L—
L.=L — 7 « 1. For Q,(x) we can write

0s(x) ~ ay + a; sinx + b; cos x + a, cos 2x,

where a; ~ &, whereas ay ~ b ~ ay ~ &2. Plugging this
ansatz into Eq. (36), we obtain ay = ai/2 and a, = a}/6.
Boundary condition Q(0) = 0 yields b, = —2a12 /3. Now we
demand Q(i) = Q(r 4 ¢) = 0. Expanding this condition at

small ¢, we obtain

L A R 40
a=2=30-Ly=2d-m. (40)

The bifurcation of the steady-state solutions, both Q;(x) and

P,(x),at L = L. = 7 is therefore transcritical. The final result
for Q(x) = —P.(x), up to &2, is
0,(x) 92+3€ 3 s 425 cosar. @1)
X — 4+ —sinx — — cosx + — cos 2x.
4 8 32

Now let us solve perturbatively Hamilton’s Egs. (34) and (35).
Shrinking the coordinate x,

g

X = X,
T +eE

we rewrite these equations as

2 2¢e 2
5,0 =20P+0—0 +<1—;+---)8XQ, 42)
2e

P=2QP—P—P2—(1——+-~
T

) 2P, (43)

where dots denote higher-order terms in . The problem is
now defined on the interval 0 < x < . We seek perturbative
solutions in the form

Q(.x,t) = gu('xagt) + 82“1(}(’8[) + )
P(x,t) = ecv(x,et) + 82U1(x,8t) + -

In the first order in & we obtain equations
Bu+u=0 and dv+v=0. (44)

Their solutions, obeying zero boundary conditions at x = 0
and 7, are

u(x,t) =a(r)sinx, wv(x,7)=b(r)sinx, 45)
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where a(t) and b(t) are yet unknown functions of the slow
time 7 = ¢ef. In the second order in ¢ we obtain

da 2
02y +uy = (d—“ - —“> sinx + (a® — 2ab)sin®x, (46)
T s

db  2b
8X2v1 +v =— < + — ) sinx — (b* — 2ab)sin®* x, (47)

dt

subject to zero boundary conditions at x =0 and m. The
solvability conditions for Egs. (46) and (47) yield the following
equations for da/dt and db/dr:

d 2
fa__ —(a — 2ab), 48)
dt T

db 2b 8

— == — —(b* = 2ab). (49)
dt T 37

These are Hamilton’s equations for generalized coordinate a
and momentum b. Hamiltonian

H(a,b) = —ab < —a-+ Z) (50)

is of the same type as the universal on-site Hamiltonian (30).
The extinction instanton obeys b = a — 3/4, and we find

3
- 41 4+ e2az/rr)’
3

hb=——--——. 52

4(1 + e—2£t/7r) ( )

One can also easily find the second-order corrections #; and v,

from Eqs. (46) and (47), but we will not present these formulas

here. Now we calculate, in the leading order in ¢, the rescaled
action (33) along the extinction instanton:

T+e 00
SA =/ dxf dtp(x,1)0,q(x,t)
0 —00

619

b +00
da
~ g /dxsm x/drb—
dt
0 —00
2 p 3 9 2
=2 aa(a-2) =22 (53)
2 4 64
3/4

This asymptote is shown in Fig. 10. Finally, we use Eqs. (32)
and (53) to find the logarithm of the MTE:

972K 8L, [ L 2

T (1) . (54
64h L.

This result is valid, for L — L. < L., when it is much greater

than unity. This holds for sufficiently large K or fast migration.

In(1o8T,) ~ K S(0) =

B. Extinction of particles undergoing reactions
A—>2Aand 24 — 0

Here we use the WKB approximation to revisit the
problem of extinction of particles A which participate in
two on-site reactions: branching A — 2A and annihilation
2A — 0, with rate coefficients po and po/K, respectively,
and K > 1. Although still exhibiting scenario I of extinction,
the on-site Hamiltonian for this model is irreducible and
does not belong to the universality class considered in the
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previous subsection. In the spatially independent formulation,
the Fokker-Planck approximation does not apply for the
evaluation of the MTE [9]. All this is because of the absence
of linear decay process A — 0 (or of the linear in n small-n
asymptote of the death rate). Here the extinction instanton, in
the spatially independent setting, does approach, at ¢t — oo,
infinite momentum p = —oo (which, in our variables, is the
“extinction momentum’).

In spite of its degeneracy, this model is quite popular.
Its spatially independent version was investigated in many
papers; see, e.g., Refs. [4,6,9,10], whereas the spatial version
was considered in Ref. [6]. Our objectives here are threefold.
First, we use this example to illustrate the advantages of
canonical variables @ and P (which arise naturally in the
probability generating function formalism [6,21]). Second, we
show that, when the system size L is only slightly above L.,
this “irreducible” model does reduce to the universality class
considered in Sec. I'V. Third, we use this example to compare
our results with those of Elgart and Kamenev [6].

We start from Eq. (23) for the Hamiltonian functional.
The density w has the form of Eq. (24), whereas the on-
site Hamiltonian for processes A — 2A and 2A — 0 is the
following:

Ho(q.p) = poq(e? — 1)+ 3pog* (e — 1) (55)

Define characteristic diffusion length [ = (D/uo)'/?. Intro-
ducing rescaled coordinate ¥ = x/I and time 7 = uot, we
arrive at a parameter-free Hamiltonian with density

w =g’ — 1)+ 354%™ — 1)
— 3:qd:p + ¢ p), (56)

where we have dropped the tildes. It is advantageous to make
a canonical transformation from ¢ and p to Q = ge™? and
P = e” — 1 (the shift by 1 in P preserves the deterministic
line at P = 0). The new Hamiltonian density becomes

W=QP[P-Q+1—-(1/2)QP]—0,9d,P, (57)

and the Hamilton’s equations are [6]
3Q=20P+Q-Q* - QP +232Q, (59
&P = QP? +2QP — P — P* — 3*P. (59)

Extinction action (29) becomes
I .
S0) = ES(L), (60)

where L = L/1 is the rescaled system size, and

L 00
s(D) = / dx / dtP(x,1)d,Q(x,t) 61)
0 —00

is the rescaled action. To calculate s(L) we need to find
an instantonlike activation trajectory that exits from fixed
point A at t = —oo and asymptotically approaches the proper
extinction state at t = oo. Fixed point A, corresponding to
Q = Qi(x), P =0, is given by the nontrivial solution of
equation

Q') +9-9° =0, (62)

PHYSICAL REVIEW E 83, 011129 (2011)

0.8
0.6 (a)
04
0.2

x/L.

-0.2
~—04

~0.6 b)

-0.8
0 0.5 1 1.5

X/Le

FIG. 11. (Color online) Numerically computed extinction instan-
ton for processes A — 2A and 2A — 0. The rescaled system length
is L/L. = 1.55. Shown, after 400 iterations of the Elgart-Kamenev
numerical algorithm (see Sec. IV A), are spatial profiles of Q (a) and
‘P (b) at numerical times 0, 5, 7, 9, and 50 (from top to bottom). The
time interval used for the iterations was 0 < ¢t < T with 7 = 60.

with boundary conditions Q(0) = Q(L) = 0. In its turn, the
proper extinction state Q =0, P = P,(x) is given by the
nontrivial solution of equation

P'(x)+ P+ P> =0, (63)

with P(0) = P(L) = 0. Interestingly, the equations and
boundary conditions for Q;(x) and P,(x) coincide with those
for Qg(x) and P.(x) for the universal model of scenario I;
see Egs. (36) and (37). In particular, equality P.(x) = —Q,(x)
holds.

We solved the problem numerically using the FElgart-
Kamenev algorithm described above. An example of a nu-
merically found instanton is shown in Fig. 11. The time-
dependent solution of this problem is different from that of
the universal model, except when the rescaled system size
L only slightly exceeds the rescaled critical size for the
established population, L. = 7. Here |Q] <« 1 and |P| « 1
forall0 < x < L and —0co < t < 00, and we can neglect the

2 ®

1.5 o
) -

1 >

0.5 ot
o,
Okeze”
1 1.5 2
L/L.

FIG. 12. (Color online) Rescaled action, Eq. (61), vs the rescaled
systemsize L = L /L, for the processes A — 2A and 24 — 0. Sym-
bols: results obtained with the Elgart-Kamenev numerical algorithm;
see Sec. IV A. Dashed line: asymptote s ~ (973/64)(L — 1)? for
0 <L — 1<« 1. Dotted line: asymptote s ~ 27 (1 —In2)L —2.36
for L > 1.
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last term in the square brackets of Hamiltonian density (57)
thus arriving at universal Hamiltonian (31) considered in the
previous subsection. As a result, the rescaled action in this case
is again s ~ (973 /64)(L/L. — 1)?; see Eq. (53). Surprisingly,
this result agrees with that obtained by Elgart and Kamenev
close to L = L.; see Eq. (45) of Ref. [6]. The reason for this
agreement is unclear, as Elgart and Kamenev do not mention
any boundary conditions for P atx =0 and x = L.

For L > L. functions Q,(x)and P,(x) = —Q;(x) are close
to 1 and —1, respectively, except in the boundary layers at
x =0 and L. As a result, the extinction instanton is close
to the one-site instanton Q = 2(P — 1)/(P + 2) everywhere
except in the boundary layers, and we obtain s ~ 27 (1 —
In2)(L/L.) — 2.36; see Fig. 12. Factor 2(1 —In2) comes
from the solution of the one-site problem [4,6,9,10]. The
leading term, proportional to L, coincides with that obtained
by Elgart and Kamenev [6]. The numerically found offset
2.36 also agrees, up to 1%, with their result. We can only
explain this agreement (and the agreement in our analytic
results at L /L, — 1 <« 1, reported above) by assuming that
Elgart and Kamenev did impose correct spatial boundary
conditions at the edges of the system, x = 0 and x = L. But
then the final state P(x) in their calculations must have been
P =P.(x) = —Qs(x), and not P = 0 as they claim.

V. POPULATION EXTINCTION: SCENARIO II, VERY
STRONG ALLEE EFFECT

Here we consider the three reactions A — 0 and 2A 2> 3A.

They are described, in WKB approximation, by Hamilton’s
Eqs. (26) and (27) with on-site Hamiltonian

3 2 2
Ho(q.p) = 110 ("7 n q) € -1+ %(e” — D). (64)

In the following we only deal with a very strong Allee effect
in a system with periodic boundary conditions; see Figs. 3 and
4. Here the noise-driven population extinction requires a large
fluctuation that creates, at L > L., critical nucleus g = g.(x).
The “nucleation instanton’ (that is, a heteroclinic connection
AD) can be found by solving Egs. (26) and (27) with periodic
boundary conditions in space for g(x,#) and p(x,t), conditions
qgx,t > —00)=¢q» =146 and p(x,t > —o0) =0, and
conditions ¢g(x,t - +00) = g.(x) and p(x,t — 400) =0,
where 0 < § < 1.

A. Small and moderately large systems

For § « 1 the on-site deterministic dynamics is close to
the saddle-node bifurcation. Here the unstable and stable fixed
points,q; = 1 —dandg, = 1 + 4, are both close to 1, whereas
the momentum p on the activation trajectory scales as 8.
Expanding on-site Hamiltonian (64) at small p and ¢ — 1 we

arrive at [20]
82 — Ag?
_Q> , 65)

Ho(g,p) >~ 2uop <p + >

where Ag = g — 1. This on-sitt WKB Hamiltonian, con-
sidered already in Ref. [39], describes a host of spatially
independent overdamped physical systems which exhibit acti-
vated escape close to a saddle-node bifurcation. Furthermore,
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the exact destination of the escape process (whether it is
population extinction [20], population explosion [6,35], or a
switch to another metastable state [36]) is of no importance: It
is the decay of metastable state ¢ = ¢, which is the kinetic
bottleneck of the process. Note that, at § <« 1, the fast-
migration criterion in the spatial problem becomes Dy >> 6,
as in scenario I.

Let wus define characteristic diffusion length [ =
[D/(2408)]'/? and introduce rescaled population size Q =
Agq/8, momentum P = p/8°, spatial coordinate ¥ = x/I,
and time 7 =2updt. At § < 1 the second term in the
square brackets in Eq. (24) is again negligible. The resulting
(parameter-free) Hamiltonian density can be written as

w=P[P-UQ)+0], (66)

where U(Q) = —Q/2 + Q3/6 is the effective potential. Here
and in the following we drop the tildes everywhere except in
the rescaled system size L = L/[. Action (29) becomes

831

S = 753@), (67)

where

L )
sp(L) =/ dx/ dt P(x,1)9, Q(x,1) (68)
0 —00
is the rescaled action. The rescaled Hamilton’s equations are

3, 0(x,1) =2P — U'(Q) + 820, (69)
3, P(x,r) = PU"(Q) — 82P. (70)

The same WKB equations can be obtained from the Fokker-
Planck equation, valid at small §; see Appendix C.

Hamiltonian (66) almost coincides with the Hamiltonian
considered by Elgart and Kamenev [6]. The only difference is
that the effective potential in their case was of the opposite sign,
as they considered population explosion rather than extinction.
The procedure of finding the activation trajectory (heteroclinic
connection A D) is identical in the two cases. It is based on the
following important property of zero-energy flows in this class
of Hamiltonians: if the quantity F'(x,t) = P — U'(Q) + an
vanishes, at some time, for all x, then it vanishes at all times.
This property can be easily proved by calculating 9, F'(x,t)
and using Egs. (69) and (70). Since in our problem Q(x,t =
—o00) =1 and P(x,t = —00) = 0, the equality F(x,r) =0
does hold. It immediately follows that P = 9,0, and

%0 =U'"(Q)—3Q (71)

on the activation trajectory. Equation (71) is a time-reversed
version of the deterministic equation

%0 =-U'"(Q)+03;0. (72)

Using the relation P = 9, Q in Eq. (68), one obtains sg = AF,
where AF is the difference between the final (at f = +00) and
initial (at t = —o0) values of the rescaled Ginzburg-Landau
free energy functional, cf. Eq. (8):

L
FlO@x,0)) = /O dx[U(Q)+(1/2)(3,0)*1.  (73)

Note that the local identity F(x,f) = 0 implies an infinite
number of integrals of motion. Although their presence looks
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like a miracle in the WKB formalism, it is a direct consequence
of integrability of the stationary Fokker-Planck equation in this
case; see Appendix C.

The final state, at L > L., is the (rescaled) critical nucleus:
an x-dependent solution of the steady-state equation

Q"(x) + (1/2)[1 - Q*(x)] =0 (74)

subject to periodic boundary conditions with spatial period L.
Elgart and Kamenev [6] solved this equation, and calculated
AF, in the limit of L > L.. We will present the solution for
any L > L.. The solution of Eq. (74), up to an arbitrary shift
in x, can be written as

2K(m)x] . (75)

_ _ 2
0.(x) = c + (b C)sn|: :

Here b and c are two of the three real roots a(£) > b(E) > ¢(£)
of the polynomial £ — £ /2 + £3 /6 (the roots are real for |£| <
1/3), sn(...) is the Jacobi elliptic function, and K (m) is the
complete elliptic integral of the first kind [40]. Furthermore,
m=m(E) = (b —c)/(a — ¢), and parameter £ is determined
by relation

4/3K (m)
Ja—c

The x-dependent solution (75) exists at L > L, = 27 or, in
dimensional units, L > L. = w[2D/(t08)]'/?; this is what
Eq. (11) predicts at § < 1. Note that L, = 2nl here. At
L > L. solution (75) exhibits a single full spatial oscillation:
its spatial period is equal to the rescaled system size L. At
L > kL., where k = 2,3, ..., this solution coexists with addi-
tional solutions having 2,3, ...,k full oscillations. The £ > 1
solutions, however, yield greater actions than solution (75),
and therefore should be ruled out.

Evaluating free energy (73) for solution (75) with the
help of MATHEMATICA, we obtain sy = AF = ®(L/L.) where
function (&) is depicted in Fig. 13. The logarithm of the MTE
is therefore approximately equal to

K83L, L
In(uo8T,) =~ o @ ) (76)

=L.

This result is valid when it is much greater than unity. This
can be achieved for sufficiently large K and fast migration.
Importantly, at L 2 L. the MTE ceases to grow with system
size L, so the MTE can be relatively short. Furthermore, for
any L > L. the action spent on creating the critical nucleus
is less than the action spent on bringing the population to the
x-independent unstable state ¢ = g;. Therefore extinction via
the critical nucleus is (exponentially) more probable than via
the state ¢ = q;.

What are the asymptotes of this result in the three charac-
teristic regions of L < L., 0 <L — L, < L. and L > L.?
Instead of using asymptotics of the elliptic functions, one can
directly solve Eq. (74) in these regions. At L < L. the critical
nucleus gives way to the x-independent unstable solution
Q = —1. Here we obtain AF = 2L/3, and

2LK§  2NK§’
3 37

In(uodT,) =~ (77
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FIG. 13. (Color online) Function ®(¢) determining the depen-
dence of In(uy7,) on the rescaled system size L/L., see Eq. (76),
for populations with a very strong Allee effect. The dotted line is the
asymptote ®(§ > 1) =24/5=4.8.

which is the one-site result [6,20] times N as expected. Again,
for L < L, we can use a more accurate one-site result [20]
and obtain

1odT, ~ 7 exp (3NK$8°), (78)

as the whole system can be considered as a single site. This
result is valid when L <« L. and NK&3 > 1.

At L =L, a weakly inhomogeneous critical nucleus
emerges via a supercritical bifuraction. At0 < L — L, < L,
the critical nucleus, in the rescaled variables, is

0.(1) 1+ A 27X n A? A2 4 x
~ — cos | — — — —cos| —=—,
ot i 4 12 I

(79)

where

172
A:ﬁ(i—l) . (80)

and so

2NK§? 18/ L 2
In(u0Te) = = -1 | @b

Finally, at L > L, the critical nucleus can be approximated
by its asymptote at L — oo:

Qc(x) ~ 1 —3cosh™2(x/2). (82)

In this limit, mathematically identical to the one considered by

Elgart and Kameneyv [6] in the context of population explosion,

we obtain sg = AF = 24/5, and so

24K 831 . 12K83L,
Sh S5mh

Note that the criterion L > L. becomes stringent as the
bifurcation point § = 0 is approached, and L, diverges.

In(podTe) =

(83)
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FIG. 14. (Color online) A numerically computed nucleation
instanton (heteroclinic connection A D) for scenario 11 (a strong Allee
effect) close to the bifurcation point § = 0. The rescaled system length
is L/L. ~ 1.54. Shown are spatial profiles of the rescaled population
size Q at numerical times 0, 11, 12, 13, 14, and 20 (from top to
bottom). The last profile is the critical nucleus for this system size.

Now we see that the asymptotes of ®(£) are the following:

4?”5, £ <1,

D) = 4%5[1-?@-1)2], 0<&—-1«k1,
2 |
5 E> 1.

(84)

Before concluding this subsection we note that, although we
succeeded in calculating action sp analytically, the calculation
of the nucleation instanton, Q(x,7) and P(x,7), demands
(rather simple) numerics. Q(x,?) is described by the time-
reversed version of the reaction-diffusion equation (72).
Therefore for a given system size, one can solve Eq. (72)
with periodic boundary conditions numerically, starting from
the critical nucleus (with a slight positive offset) and advancing
the solution until it converges close to Q = 1. The instanton
solution is then readily obtained via time reversal, whereas
P(x,t) can be found from P(x,t) = 9, Q(x,t). An example of
an instanton found in this way is depicted in Fig. 14.

B. Very large systems: Single versus multiple nucleation

In the previous subsection we evaluated In(uo87,) under
the condition that the probability of creating more than one
critical nucleus during the traverse time of the deterministic
extinction fronts through the population is negligible. The rest
of the parameters being fixed, this condition is always satisfied
at sufficiently large K. If we instead fix K > 1 and increase
L, we will arrive at the regime when additional critical nuclei
typically appear while the extinction fronts still run through
the population. The present subsection deals with this regime.
Importantly, the assumption of quasistationarity, see Egs. (15)
and (16), does not hold in this regime, except for the purpose of
calculation of the rate of formation of a single critical nucleus
inthe phase g, = 1 4 §. The latteris given,at L > L.andt >
1/(1e08), by Eq. (83) that we rewrite here, up to pre-exponential
factors, as

128°L,
Smh

— o pode * %,

T,

where §p =

(85)
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As 1/T, is exponentially small, the nucleation acts are rare,
and we can assume that they are statistically independent
and Poisson distributed. This implies that, in sufficiently
large systems, L > L., the nucleation rate (85) includes a
pre-exponential factor proportional to L (that we did not care
about previously but must account for now). Correspondingly,
the nucleation rate density p (that is, the nucleation rate per
unit length of the system) is independent of L, and we can
represent it as

oS
=T

and R is adimensionless pre-factor that depends on dimension-
less parameters K, &, and 119/ Dy. Importantly, the nucleation
problem is mathematically equivalent to the overdamped limit
of theory of homogeneous nucleation due to Langer [27]; see
Appendix C. The theory of Langer corroborates our argument
that, for L > L., the nucleation rate is proportional to L.
Furthermore, his theory makes it possible to calculate the
prefactor R explicitly. We will not need the prefactor, however,
as we are only interested in the leading-order approximation
for In(uodT,).

With the nucleation rate density (86) at hand, we now
consider the following problem. Let at # = 0 the whole system,
with L > L., be in the populated state g = 1+ 8. The
nucleation rate density p is independent of x and ¢. After a
critical nucleus (of size ~L, < L) develops, two deterministic
extinction fronts form and propagate in both directions with
speed ¢ >~ /iuoD/2; see Eq. (12). What is the probability
Py, (x0,%0) to still observe g =g, at point x = xp at time
t = tp > 07 For this to happen, no critical nucleus should have
appeared in space-time domain G within the event horizon
produced by the two incoming extinction fronts. Taking into
account the finite size L of the system and the periodic
boundary conditions, we find that, for 2cfy < L, the domain
G is determined by the conditions

P+, where p, = Re X% « 1, (86)

lx —xo|l <c(to—t) and 0 <t <ty, 87)

whereas for 2cty > L it is determined by the conditions

L
O<x <L for 0 <t <t ~ and
C

L
|lx — xo| < c(ty —t) for t0—2— <t <ty (88)
c

see Fig. 15. Indeed, because of the periodic boundary condi-
tions (which bring translational invariance of the problem)
we can always choose xg = L/2, so Pg,(xo,%) is actually
independent of xy. The space-time area o (#y) of the domain G
is equal to

for 2cty < L,

ctg
o (ty) = L2 (89)

Ly — % for 2cty > L.

By virtue of the Poisson statistics, we obtain

exp(—pct?) for 2ct < L,
exp (—,oLt + %) for 2ct > L.

(90)
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FIG. 15. Event horizon produced by two extinction fronts at
2cty < L (a) and 2c¢ty > L (b).

The MTE can be calculated from T, = [;~ P,,(t)dt, and
we obtain

T p L L2,
T,= |—erf( [E= )+ —e L4, 91
¢ 4pcer( c2>+pLe OD

where erf(. . .) is the error function [40]. Using the expression
(86) for p, we can rewrite Eq. (91) as

sl/4 L 1 L,
od T, = ”—12 erf(—) (V)
2p)Y L, P L
where the characteristic length scale L, (which is exponen-
tially large in K) is defined as

2 D
L s, =05t [T (93)
T O« 0 Px

For L. < L < L, the first term in Eq. (92) can be neglected,
and we recover, up to a pre-exponent, the result from
Sec. VA: 18T, ~ (L./L)eX% . However, for exponentially
large systems, L > L,, the second term is negligible, whereas
erf(L/L,) — 1, and we arrive at uod7, ~ 1/,/ps ~ eX%/2.
Note that, if we interpret this new asymptote as exponential of
some effective WKB action, this action will be twice as small
as the action obtained for L <« L,. A sketch of the overall
dependence of the MTE on the system length is presented, on
alog-log scale, in Fig. 16. Evident is a maximum of the MTE
at L much larger than L. but much smaller than L,.

The exponentially large characteristic length scale L,
comes, quite naturally, from the balance between the nucle-
ation rate, pL = uodp«L/L., and the traverse rate of the
deterministic extinction fronts through the system, ~c/L.
At L < L, the population is typically going extinct via the
formation of only one critical nucleus, whereas at L > L,
multiple nucleation acts typically occur.

Finally, the behavior of the MTE versus L, depicted in
Fig. 16, can be understood as follows. At L, < L < L, it1is

L, =

PHYSICAL REVIEW E 83, 011129 (2011)
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FIG. 16. Shown, on a log-log scale, is a sketch of the system-size
dependence (92) of the rescaled MTE of a population exhibiting a
very strong Allee effect.

the formation of a single nucleus that serves as a bottleneck
of the extinction process. As the formation rate of the nucleus
goes up linearly with L, the logarithm of the MTE goes down
linearly with L in this regime. The linear decrease reaches a
plateau at L = L, when multiple nucleation acts occur, and
multiple extinction fronts are at work.

VI. DISCUSSION

When an isolated stochastic population resides in a refuge
of a large but finite size, it ultimately goes extinct with
certainty. We have developed a WKB approximation to the
quasistationary multivariate probability distribution of the
population sizes and arrived at an effective Hamiltonian
mechanics that encodes the most probable path the population
takes on the way to extinction, and enables one to evaluate
the mean time to extinction (MTE). The most general,
spatially discrete version of WKB equations employs the
lattice Hamiltonian (21) and is valid for (almost) any relation
between the migration rate coefficient Dy and the characteristic
rate coefficient wo of the on-site birth-death dynamics. For
example, one can use these equations to address an interesting
regime, in populations with an Allee effect, where discreteness
of the lattice and a low migration rate conspire to cause
propagation failure of deterministic fronts (of either extinction,
or colonization); see Ref. [41] and references therein. If the
migration is much faster than the on-site population dynamics,
it can be described as diffusion, and one arrives at an effective
continuous classical mechanics, Egs. (23)—(25), where one has
to find an activation trajectory: the most probable path of the
population to extinction. In the absence of the Allee effect
(extinction scenario I) and for a very strong Allee effect the
most probable path to extinction is an instanton—a proper
heteroclinic connection in the functional phase space of the
system.

The extinction dynamics and the MTE can be very different
depending on whether or not the population exhibits the Allee
effect, as well as on the conditions at the refuge boundaries.
The most dramatic differences appear for a sufficiently large
system size, L >> L. In this case, in the absence of the Allee
effect (extinction scenario I), the MTE continues to grow
exponentially with the system size. When a very strong Allee
effect is present, however, extinction occurs via formation of a
critical nucleus, and the MTE becomes, up to a pre-exponent,
independent of the system size. We have obtained detailed
results by assuming that the birth and death rate coefficients
are such that the system is close to its characteristic bifurcation
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(transcritical or saddle-node in scenarios I and II, respectively).
In these cases one obtains the universal Hamiltonians (31)
and (66), describing two broad classes of population models:
without Allee effect, and with a very strong Allee effect,
respectively. We have also revisited the model system A — 2A
and 2A — 0 and shown that, close to the critical system size
L., this system belongs to the universality class described by
the Hamiltonian (31).

For a very strong Allee effect we have mapped the extinction
problem into the overdamped limit of theory of homogeneous
nucleation due to Langer, where the corresponding stationary
Fokker-Planck equation is integrable. This connection gives
a natural explanation to the integrability of the zero-energy
WKB problem considered in Sec. V. In very large systems the
MTE starts to go down with the system size, so there is an
optimal refuge size for which the MTE is maximum. At still
larger systems the dependence of the MTE on the system size
reaches a plateau. Here multiple nucleation acts occur, and
multiple extinction fronts are at work.

For extinction scenario I, the Elgart-Kamenev algorithm of
forward and backward iterations [6] yields accurate results for
the MTE, and for the most probable path to extinction. An
efficient algorithm that would deal with spatial populations
exhibiting extinction scenario II is unavailable as of present.
This hinders progress of theory beyond the completely inte-
grable case of a very strong Allee effect. The weak-Allee-effect
regime remains ferra incognita. This includes evaluation of
the MTE for periodic or reflecting boundaries, see Sec. II C 2,
where the choice between different possible paths to extinction
is not obvious.

In the general part of our derivation, Sec. III, we presented
the WKB theory for single-step birth-death processes, and
in one spatial dimension. A generalization to multiple-step
processes (such as a simultaneous birth or death of more
than one individual) is straightforward, see Sec. IV B, and
was already introduced in Ref. [6]. Higher spatial dimensions
can be also taken care of. For scenario I this was observed
in Ref. [6]. For scenario II (a very strong Allee effect), the
problem remains integrable in higher dimensions, except that
the critical nucleus must in general be found numerically.
More challenging generalizations include multiple populations
(competition, predation, infection and recovery, etc.), and
environmental noise.

Our WKB calculations were based on the assumption
that the classical action for the ome-site problem is much
greater than unity. This assumption necessitates K >> 1. Our
fast-migration results, however, strongly suggest that this
criterion can be relaxed. For example, it is obvious that, for
homogeneous-in-space regimes of extinction, one can treat the
whole system as a single site, see Egs. (39) and (78), and it is
the resulting action for the whole system that only needs to be
large for WKB theory to hold. As N >> 1, the latter condition
can be satisfied even for K < 1. For inhomogeneous-in-space
extinction regimes, it should suffice to demand that the action
contributed by regions whose spatial dimension is of order of
the characteristic diffusion length/ ~ L. be much greater then
unity. This necessitates KL./h ~ K(Do/uo)l/2 > 1. For a
fast migration, Dy > [, this condition is much softer than
K > 1, and it may be be further relaxed close to characteristic
bifurcations of the on-site Hamiltonians.
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Put in a more general context, this work dealt with rare
large fluctuations in spatial stochastic systems far from thermal
equilibrium. The last decade has seen a surge of interest in a
similar class of problems in the context of steady-state currents
in spatial systems of interacting particles, driven by reservoirs
at the boundaries; see, e.g., Ref. [42] and references therein.
WKB approximation, bringing about the Hamilton-Jacobi
or, alternatively, Hamilton’s formalism in a functional phase
space, has been instrumental in the analysis of those systems
as well [43-45].
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APPENDIX A: ABSORBING BOUNDARIES—GOVERNING
EQUATIONS AND SPATIAL BOUNDARY CONDITIONS

Here we consider a refuge with absorbing boundaries. The
individuals can exit the refuge through its edges i = 1 and
i = N (with the same migration rate coefficient Dy as in the
bulk), but no individuals can enter the sitesi = 1 andi = N
from outside. In particular, this setting models the extreme
situation when the conditions outside of the refuge are so
harsh that the individuals die there instantaneously. In this case
master equation (13) needs to be replaced by the following one:

N
8 P(n,t) = Y [A(n; — DP(@,n; — 1,6) + plni + 1)
i=1
x P(f,n; + 1,1) = [A(n;) + p(n)] P(n,1)]
N—-1
+Do Y [y + DP,ny + Lng — 1,0)
i=2
+ i1+ DP@,n; — Lniy + 1,1) — 2n; P(n,t)]
+ Dol + DP(Any + 1.6) + (ny + 1)
x P(f,ny — 1,n, + 1,t) — 2n1 P(n,t)
+mn_1 + DPW,ny_1 + Lny — 1,O)+(ny+1)
x P(f,ny + 1,t) — 2ny P(n,1)]. (A1)

Going over to the eigenvalue problem, as in Eq. (17), and
applying WKB approximation (19), we obtain the following
WKB-Hamiltonian:

N
H(@.p) = 1o Y_[Rg)(e” = 1)+ Algie " — 1]
i=1
N—1
+ Dy Z[qi_l(epifpifl )
i=2
+qii(e” 7P —1)]
+ Dolgi(e™ = 1)+ ga(e” ™7 — 1]
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+ Dolgn—1(eP"™PV1 — 1) + gn(e™ Y — 1)].
(A2)
This lattice Hamiltonian [cf. Eq. (21)] holds for any relation
between Dy and o [33]. Now let us consider the limit of
Dy > 1. Here for smooth solutions such as, e.g., activation

trajectories, one has | p; — p;—i| < 1.Proceeding as in Sec. I1I,
we can Taylor expand the migration part of the Hamiltonian:

N
H,(q,p) = Do Z [ —(gi — qi-1) (pi — pi-1)
=

1
+ 5 +ai-0) (pi = pil)z]

+ Dolgi(e™" = 1) +gn(e™™ — D] (A3)
Now consider the Hamilton’s equation for dp; /dt:
d
Tlm Dy — 1= p) e, (Ad)

where - - - denote small corrections coming from the on-site
Hamiltonian O(pg) and higher-order terms in p, — p;. The
characteristic time scale of the dynamics of the system (for
example, on an activation trajectory) is i, ! (or longer when
a bifuraction is approached). Therefore the left hand side is
small, and we obtain, in the leading order in 1o/ Do,

e " —1+p,—p 0. (A5)

As |p> — p1| < 1, the only way to satisfy this condition is
to assume that p; < 1 which yields, up to small corrections,
P2 = 2p;. Rewriting this relation as p; — (p, — p1) = 0 and
going over to continuous description, we obtain

px=0,t)—ho,p(x =0,1) =0 (A6)

or, in the leading order, simply p(x = 0,¢) = 0.
Now we consider the Hamilton’s equation for dq; /dt. Up
to small corrections, we obtain
dq.

daan _ p _9
I o (g2 — 2q1) +

so again g, = 2q;+ small corrections. This yields, in the
continuous description,

(AT)

q(x = 0,t) — hdyq(x = 0,1) = 0 (A8)

or, in the leading order, g(x = 0,7) = 0. Repeating these
arguments for the site i = N we obtain

q(L,t)+hoq(L,t) =0, p(L,t)+ho,p(L,t) =0 (A9)

or, in the leading order, g(x = L,t) = p(x = L,t) = 0. When
going over to continuous description in the bulk, one arrives at
the same continuous Hamiltonian (23)—(25) as in the periodic
case.

We note that the gradient terms that appear in
Egs. (A6), (A8), and (A9) can be legitimately taken into
account as small corrections to the zero boundary conditions
for ¢ and p. Indeed, they are of relative order (uo/Do)'/?
[because the characteristic length scale of the problem is [ ~
(D/10)'/? = h(Dy/po)"/*], whereas the omitted terms—both
in the boundary conditions and in the Hamilton’s equations
in the bulk—are much smaller, of order 1o/ Dy. Close to the
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transcritical bifurcation, see Sec. IV, one should replace pq by
Iod in these estimates.

Zero boundary conditions for the momentum also appear in
the context of large deviations in open systems of interacting
particles, driven by reservoirs at the boundaries [43,45].

APPENDIX B: FIXED POINTS AND ACTIVATION
TRAJECTORIES

The statement that the activation trajectory in extinction
scenario I must be a heteroclinic connection AB in the
functional phase space {g(x), p(x)} relies on the presence and
linear stability properties of fixed points—that is, steady-state
solutions with specified boundary conditions in space—of
Egs. (26) and (27). These are described in Appendix B 1.
This information is then used in Appendix B 2 to prove the
statement. Appendix B 3 presents a linear stability analysis of
fixed points A, C, and D of scenario II.

1. Scenario I: Functional fixed points and
their linear stability

As atypical example of scenario I, we consider the universal
Hamiltonian (31) introduced in Sec. IV A. There are three
zero-energy fixed points here.

(a) Fixed point A: Q = Q(x), P =0

Here we put Q(x,t) = Qs(x)+q(x,t) and P(x,t) =
p(x,t) and linearize rescaled Egs. (34) and (35) with respect
to g and p. The linearized equations are

dq = —20,(x)q +q +32q +20,x)p, (B
p =20,x)p—p—dp, (B2)

subject to zero boundary conditions for g and p at x = 0 and
x = L > L,. Start with Eq. (B2) and look for eigenmodes of
the form p(x,t) = ey (x). Eigenfunctions v (x) satisfy the
Schrédinger equation

Y'(x) +[€ = V(O)IY(x) =0, (B3)

where € = E + 1,and V(x) = 2Q;(x).
Now we will prove a simple comparison theorem. Consider
an auxiliary equation:

Y'(x) + [€—1Vv)]vx) =0. (B4)

By virtue of Eq. (36), it has nontrivial solution ¥ (x) o< Q,(x)at
€ = 1. This solution obeys zero boundary conditions at x = 0
and Land has no nodes inside the interval 0 < x < L. As
a result, € =1 is the lowest eigenvalue of the auxiliary
problem. Now, our original potential V (x) in Eq. (B3) is higher
everywhere, except at points x =0 and L, than auxiliary
potential V(x)/2. Therefore the lowest eigenvalue of the
original problem (B3) is strictly greater than the lowest
eigenvalue of the auxiliary problem. Hence min € > 1, and
so all eigenvalues E are positive.

Now we turn to Eq. (B1). Here ¢(x,¢) is forced by the term
2Q,(c)p(x,t). Let us expand both the forcing and the solution
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that we are seeking in the complete set of eigenfunctions v, (x)
of the momentum:

20,(0)p(x,0) =Y bue" 'y, (x), (BS)
n=1
and
q0e,0) =Y fu®Pn(x). (B6)

n=1

We obtain equation

dfn E
. En n =:bn ﬁ’
R + E, f, e

for f,(t), whose general solution is

b
—E,t n__Ent
Y t = a, n - n .
fu@®) = aye +—2Ene
As E, >O0foralln =1,2,..., we see that the deterministic
hyperplane p = 0 is the stable manifold of fixed point A, as
expected from the deterministic theory. The unstable manifold
involves a nonzero p.

(b) Fixed point B: Q =0, P = P,(x)

Here we put Q = ¢q(x,t) and P = P,(x) + p(x,t). The
linearized equations are

dg = —20,(x)q + q + d2q, (B7)
p=20,x)p—p—03Ip—20(x)q. (B8)

where we have used the fact that, for the Hamiltonian (31),
P.(x) = —Q4(x). The analysis here is very similar to that
for fixed point A. We first consider Eq. (B7) and look for
eigenmodes g(x,t) = eF'¢(x). We observe that Eq. (B7) for
q coincides, up to a sign, with Eq. (B2) for p. As a result,
eigenvalues E, are “mirror images” of E,, considered in the
context of fixed point A and therefore all of them are negative.

The analysis of forced Eq. (B8) for p closely follows that for
forced Eq. (B1) for g. We expand the forcing and the solution
in the complete set of eigenfunctions ¢, (x) of g:

—20,(x)q(x,1) = = Y dye ", (), (BY)

n=1

and
o0
pee0) =) gu(D)gn(x), (B10)
n=1
and obtain
dg,
En _ Engn = —dye .

dt

The general solution is

d,
E,t n_—E,t
n(t) = cpe™ "
gn(t) = cue +2&e
As E, >0 for all n =1,2,..., hyperplane ¢ =0 is the
unstable manifold of fixed point B, whereas its stable manifold

involves g(x) > 0.
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(c) Fixed point C: Q =P =0

Here the linearized equations are

8q =q+92q, (B11)
ap=—p—p, (B12)
and the eigenmodes are elementary:
g = A sin % (B13)
p — Be)/nzt Sin nzlijx s (Bl4)

where T, =1—n?n?/L% vy, =-1+n3x?/L? and
ny,np = 1,2,.... We are only interested in solutions with
q(x,t) > 0, therefore the only allowed mode for g is the
fundamental: n; = 1. This mode, at . > L, = 7, is unstable.
As a result, region g(x) > 0 in a vicinity of fixed point C
belongs to the unstable manifold of this fixed point.

2. Scenario I: Activation trajectories are
heteroclinic connections

Consider extinction scenario I in a system with absorbing
boundaries at x =0 and x = L > L.. As one can see from
Egs. (26) and (27), hyperplanes g(x) = 0 and p(x) = 0 are
invariant manifolds. Each of them is embedded into zero-
energy hypersurface H{q(x), p(x)} = 0. Therefore hyperplane
q(x) = 0 cannot be reached from domain g(x) > 0 except
via fixed points of Eqs. (26) and (27) that belong to hy-
perplane g(x) = 0 (and have finite p), or alternatively via
p(x,t) = —oo. There are exactly two fixed points belonging
to hyperplane ¢ = 0: B and C. As domain ¢ > 0 in a small
vicinity of fixed point C belongs to its unstable manifold,
fixed point C is unreachable from domain g(x) > 0. On the
contrary, the stable manifold of fixed point B does include
q(x) > 0. Therefore a trajectory can exist that asymptotically
approaches fixed point B at t — +00.

Now consider trajectories of Eqgs. (26) and (27) that come
into hyperplane g(x) = 0 [at a finite time, and simultaneously
at all points of the open interval (0,L)] at p(x,t) = —oo. One
can show that H{q(x,t), p(x,t)} > 0 for such trajectories, and
so they cannot start from fixed point A. This is similar to
what happens in spatially independent but multipopulation
systems [22].

Fixed point B has unstable manifold g(x) = 0, and a stable
manifold Xp, which belongs to domain g(x) > 0. Each of
the two manifolds is N dimensional in the lattice formu-
lation and is embedded into the zero-energy hypersurface
H{q(x),p(x)} = 0. Now we see that we need to find a trajec-
tory going from fixed point A to fixed point B. This trajectory
must belong to both hypersurfaces ¥4 and X . In the lattice
formulation, each of the two hypersurfaces is N dimensional
[and is embedded into the (2N — 1)-dimensional hypersurface
H{q(x),p(x)} = 0]. Therefore hypersurfaces ¥4 and X5 can
intersect, in general, only along a finite set of one-dimensional
curves which are trajectories generated by Eqs. (26) and (27).
These are heteroclinic connections. If there is more than one
such connection, the one with the minimum action along it
determines the MTE.
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We observed numerically that there is exactly one hete-
roclinic connection AB in two different examples: for the
universal Hamiltonian (31) and for the set of reactions
A — 2A and 2A — 0; see Sec. IV. This property apparently
holds in a broad class of single-population systems exhibiting
extinction scenario I.

3. Scenario II: Fixed points A, C, and D and their linear stability

In the limit of a very strong Allee effect we only need to
investigate the linear stability properties of fixed points A, C,
and D.

(a) Fixed points A and C: ¢ = q; or 0, p = 0.
Linearizing Eqgs. (26) and (27) around fixed point A, we
obtain
(B15)
(B16)

38q = 110 f'(q2)8q + D3?8q,
&p=—pof'(q2)p — DOZp.

As f'(q2) <0, one can see that deterministic hyperplane
p = 0 is a stable manifold of fixed point A, whereas p # 0
is an unstable manifold. The same results hold for fixed
point C.

(b) Fixed point D: q = q.(x + const), p = 0.

For periodic boundaries, there is a one-parameter family of
fixed points D corresponding to an arbitrary shift with respect
to x. Because of this degeneracy, there are two eigenmodes
that correspond to zero eigenvalue. One of them is neutrally
stable:

(B17)
(B18)

q(x) — gc(x) = const g,(x),
p=0;
it corresponds to an infinitesimal shift in x of the critical

nucleus g = g.(x). The other one is algebraically unstable,
as it grows linearly in time:
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p = Cql(x), (B20)

where v/ (x) obeys the periodic boundary conditions. We skip
here the exact form of function ¥ (x), as well as the expression
for nonzero constant «.

As a result, in the lattice formulation we would have an
(N — 1)-dimensional stable manifold ¥ that contains point
D and leaves the hyperplane p(x) = 0; a one-dimensional
neutrally stable manifold, belonging to the hyperplane p(x) =
0, and an N-dimensional unstable manifold with one of its
tangent vectors belonging to the hyperplane p(x) = 0. The
neutral manifold corresponds to a one-dimensional line of
fixed points D, parametrized by the exact position of critical
nucleus on the interval (0,L).

APPENDIX C: FOKKER-PLANCK EQUATIONS
FOR SCENARIOS I AND II

The Fokker-Planck approximation is a commonly used
large-population-size approximation to the master equation
[32]. Unfortunately, it can only give accurate results for the
MTE when the system is sufficiently close to bifurcations
describing the emergence of established populations (for
spatially independent problems, this was observed in Ref. [7]).
Indeed, only in this case is the probability distribution of the
population size a slow varying function of the population size
at all relevant population sizes, so that the (truncated) van
Kampen system-size expansion [32] becomes accurate. Here
we derive (lattice versions of) Fokker-Planck equations close to
the characteristic bifurcations of extinction scenario I and, for
a strong Allee effect, scenario II. These systems are analyzed,
in WKB approximation, in Secs. IV A and V, respectively.
We also point out the mathematical equivalence between the
problem of population extinction for a very strong Allee
effect and the overdamped limit of theory of homogeneous
nucleation due to Langer [27].

We start from a formal truncated Taylor expansion of
the multivariate probability distribution in the time-dependent

q(x) — qe(x) = agl () + P (x), (B19)  master equation (13). The migration terms in Eq. (13) become
|
D Z (i + 1| 1+ (L Ay P
ni_ —+ = - —
0 P : on;_; Bn,- 2 \0n;_y On;
0 0 1/ 0 il
i nil1—-— - — - P —2n;P
+ (nip1 + )|: o, -+ — o + 3 (Z)n,» o :| n; }
0

d d 1 g
=D 2P + (n; + 1 Pt—(n+1 P
021:{ it )<8n[ 3n[+1> g it )<8n, 8n,~+1>
+ @i+ 1) i ! ( +1) ! Y p
n; - — n;
+l 8I’li+1 an,- +l 8I’ll 8ni+1
N 2
0 0 n; +ni4 d 0
~ D 2P i — N P+ —m — - P|. Cl
0; |: +(n i +1) <8nl 871,‘_;,_1) + 2 <8}’ll BnH_l) :| ( )

011129-20



EXTINCTION RATES OF ESTABLISHED SPATIAL ...

Here we have assumed, for concreteness, periodic boundary
conditions. Now we also expand the on-site terms, employ
Eq. (2), go over from n; to q¢; = n;/K, and put everything
together. The result is a formal Fokker-Planck equation,

0 P(q,1) = —puo Z {[)"(%) — (gl P

1
- ——[/\(q,) + u(q,)]P}

2K 0g;
N
d ad
+ D, <— - ) |:( i —qi+1) P
O; dgi  9qit1 @
f f d d
+ gi +qiv1 (9 Pl (C2)
2K 9gi  9qit1

Even for K > 1, this equation is only valid, in general, around
the attracting fixed point of the deterministic rate equations,
where the long-lived population distribution resides. In ad-
dition, this equation can hold, for extinction scenario II, in
the region around the repelling fixed point. Importantly, it
does become accurate for all population sizes n; > 1 when
the system is sufficiently close to a bifurcation corresponding
to emergence of established populations. For the SIS model
(scenario I) we can assume & < 1 and obtain, after some
algebra,

dP(q,1)
at

1 92
= MOZ { - [%(8 —q)P(q,0]+ — X 70 2 [9: P(q.,1)] }

i=1

0
- DOZ 90 [(gi-1 —2gi + qi+1) P],
i=1 7!

(€3)

where we have rewritten the first-derivative migration termin a
divergence form and neglected the second-derivative migration
term (as it is of next order in §). Similarly, for three reactions
A — 0 and (scenario II), we obtain, for § <« 1 (a very strong
Allee effect):

8P(q,t)

4o Z { [(qi — 14 8)gi — 1 — 8)P(q,0)]

2 82P(q,t)
K 861,-2

—0027 [(gi-1 —2¢i +q:41) Pl (C4)

i=1

The neglected second-derivative migration term includes an
additional 8% factor. In the fast-migration limit, one can
replace the lattice formulation by a continuous one, arriving at
functional Fokker-Planck equations close to the bifurcations
of scenarios I and II.
Each of Egs. (C3) and (C4) can be rewritten as a continuity
equation,
apP aJ;

—. Cs
ot - aq; )
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For scenario I (at § < 1) the probability flux is

oF (q) /,Lo 3
= .P), C6

with free energy

3 8q? D
Fl@=Y |:,u0 (%’ - %) + 70 (gi — 6]i—1)2:| . (CD)

i
For scenario II we have, also at § < 1,

J,~=—@ P—————P (C8)

and

Fl@) = qu[(‘]’_ D s ,—1)}

+70,Z(qi —qi1). (C9)

Fokker-Planck Eq. (C8) is closely related to the Fokker-Planck
equation that appears in the homogeneous nucleation theory
of Langer; see Eqgs. (2.15) and (2.16) of his paper [27]. This
close relation turns into a full equivalence if one goes, in
Langer’s equations, to the overdamped limit, A;; =0, sets
I' =kT =2uy/K, and specifies free energy F(q) as in our
Eq. (C9). It is crucial that the multidimensional effective force
that appears in the probability flux (C8) is potential, whereas
the diffusion coefficient 2149/ K is ¢ independent, as if coming
from additive white Gaussian noise in the equivalent Langevin
formulation of the problem. In this case the multidimensional
Fokker-Planck equation is integrable for the purpose of
calculating the stationary distribution, and this integrability
is closely related to the detailed balance property; see, e.g.,
Ref. [32]. For a fast migration one can go to the continuous
limit and rewrite the free energy (C9), upon rescaling, as
our Eq. (73). The corresponding infinite-dimensional problem
remains integrable for the purpose of finding the stationary
solution of the (functional) Fokker-Planck equation. More
precisely, the conservation law F'(x,t) = 0, which appears in
Sec. V A, immediately follows, in WKB approximation, from
the continuous version of the zero probability flux condition
J; = 0, which solves Eq. (C5). This clarifies the reason behind
the integrability of the zero-energy WKB problem, considered
in Sec. V A in the context of a very strong Allee effect (and,
in Ref. [6], in the context of population explosion).

The situation is less fortunate for extinction scenario I.
Although the multidimensional force, entering the probability
flux (C6), remains potential, the diffusion coefficient here is
q dependent, as if coming from multiplicative white Gaussian
noise in the Langevin formulation. As a result, the problem
of finding the stationary distribution is nonintegrable here,
and this manifests itself in the nonintegrability of the zero-
energy WKB problem considered in Sec. IV A.

The formal equivalence between Egs. (C5), (C8), and
(C9) for a very strong Allee effect and the equations of
theory of homogeneous nucleation makes it possible to
go beyond the leading WKB order and calculate the sub-
leading correction (a pre-exponential factor) to the nucleation
rate [27].

011129-21



BARUCH MEERSON AND PAVEL V. SASOROV

[1] M. S. Bartlett, Stochastic Population Models in Ecology and
Epidemiology (Wiley, New York, 1961).

[2] Population Viability Analysis, edited by S. R. Beissinger and
D. R. McCullough (University of Chicago Press, Chicago,
2002).

[3] H. Andersson and T. Britton, Stochastic Epidemic Models and
Their Statistical Analysis, Lecture Notes in Statistics No. 151
(Springer, New York, 2000).

[4] 1. Oppenheim, K. E. Shuler, and G. H. Weiss, Physica A 88, 191
1977).

[5] C. Escudero, J. Buceta, F. J. de la Rubia, and K. Lindenberg,
Phys. Rev. E 69, 021908 (2004).

[6] V. Elgart and A. Kamenev, Phys. Rev. E 70, 041106 (2004).

[7] C. R. Doering, K. V. Sargsyan, and L. M. Sander, Multiscale
Model. Simul. 3, 283 (2005).

[8] M. Assaf and B. Meerson, Phys. Rev. Lett. 97, 200602 (2006).

[9] D. A. Kessler and N. M. Shnerb, J. Stat. Phys. 127, 861 (2007).

[10] M. Assaf and B. Meerson, Phys. Rev. E 75, 031122 (2007)

[11] M. Assaf and B. Meerson, Phys. Rev. Lett. 100, 058105 (2008).

[12] M. I. Dykman, I. B. Schwartz, and A. S. Landsman, Phys.
Rev. Lett. 101, 078101 (2008); I. B. Schwartz, L. Billings,
M. Dykman, and A. Landsman, J. Stat. Mech. (2009) P01005.

[13] A. Kamenev and B. Meerson, Phys. Rev. E 77, 061107 (2008).

[14] M. Assaf, A. Kamenev, and B. Meerson, Phys. Rev. E78, 041123
(2008).

[15] A. Kamenev, B. Meerson, and B. Shklovskii, Phys. Rev. Lett.
101, 268103 (2008).

[16] M. Assaf, A. Kamenev, and B. Meerson, Phys. Rev. E79,011127
(2009).

[17] M. Khasin and M. 1. Dykman, Phys. Rev. Lett. 103, 068101
(2009).

[18] M. Parker and A. Kamenev, Phys. Rev. E 80, 021129 (2009).

[19] B. Meerson and P. V. Sasorov, Phys. Rev. E 80, 041130 (2009).

[20] M. Assaf and B. Meerson, Phys. Rev. E 81, 021116 (2010).

[21] M. Khasin, B. Meerson, and P. V. Sasorov, Phys. Rev. E 81,
031126 (2010).

[22] M. Khasin, M. 1. Dykman, and B. Meerson, Phys. Rev. E 81,
051925 (2010).

[23] M. Assaf, B. Meerson, and P. V. Sasorov, J. Stat. Mech. (2010)
P07018.

[24] J. G. Skellam, Biometrika 38, 196 (1951).

[25]1 J. D. Murray, Mathematical Biology. I: An Introduction
(Springer, New York, 2003).

[26] P. A. Stephens, W. J. Sutherland, and R. P. Freckleton, Oikos 87,
185 (1999); B. Dennis, ibid. 96, 3 (2002).

PHYSICAL REVIEW E 83, 011129 (2011)

[27] J. S. Langer, Ann. Phys. (NY) 54, 258 (1969).

[28] J. A. Jacquez and C. P. Simon, Math. Biosci. 117, 77
(1993).

[29] V. Elgart and A. Kamenev, Phys. Rev. E 74, 041101 (2006).

[30] A.S.Mikhailov, Foundations of Synergetics I. Distributed Active
Systems (Springer-Verlag, Berlin, 1990).

[31] For periodic boundary conditions, an x-dependent solution can
only be unique up to an arbitrary shift in x.

[32] C. W. Gardiner, Handbook of Stochastic Methods (Springer-
Verlag, Berlin, 2004).

[33] Here it is assumed that D, greatly exceeds the exponentially
small extinction rate 1/7, of the on-site population in the ab-
sence of migration. Indeed, as pointed out by M. Khasin (private
communication), in the extreme case Dy = 0 the population
extinction in each of the N sites occurs independently, and so
P(0,t) >~ (1 — e~"/T™)N_ This simple result is clearly different
from Eq. (16); it implies the presence of the equidistant spectrum
1/71y,2/Ty,3/ T, . . ., which includes many exponentially small
eigenvalues, all of them degenerate.

[34] R. Kubo, K. Matsuo, and K. Kitahara, J. Stat. Phys. 9, 51 (1973);
G. Hu, Phys. Rev. A 36, 5782 (1987); C. S. Peters, M. Mangel,
and R. F. Costantino, Bull. Math. Biol. 51, 625 (1989) ; M. 1.
Dykman, E. Mori, J. Ross, and P. M. Hunt, J. Chem. Phys. 100,
5735 (1994).

[35] B. Meerson and P. V. Sasorov, Phys. Rev. E 78, 060103(R)
(2008).

[36] C. Escudero and A. Kamenev, Phys. Rev. E 79, 041149 (2009).

[37] Positivity of A, and u, at n >0 demands A'(0) > 0 and
a/'(0) > 0.

[38] R. Rajaraman, Solitons and Instantons (North-Holland,
Amsterdam, 1987).

[39] M. I. Dykman and M. A. Krivoglaz, Physica A 104, 480 (1980).

[40] M. Abramowitz and I. A. Stegun, Handbook of Mathematical
Functions (National Bureau of Standards, Washington, DC,
1972).

[41] A. Carpio and L. L. Bonilla, SIAM J. Appl. Math. 63, 1056
(2003).

[42] B. Derrida, J. Stat. Mech. (2007) P07023.

[43] L. Bertini, A. De Sole, D. Gabrielli, G. Jona-Lasinio, and
C. Landim, Phys. Rev. Lett. 87, 040601 (2001); J. Stat. Phys.
107, 635 (2002).

[44] L. Bertini, D. Gabrielli, and J. L. Lebowitz, J. Stat. Phys. 121,
843 (2005).

[45] J. Tailleur, J. Kurchan, and V. Lecomte, Phys. Rev. Lett. 99,
150602 (2007); J. Phys. A 41, 505001 (2008).

011129-22


http://dx.doi.org/10.1016/0378-4371(77)90001-2
http://dx.doi.org/10.1016/0378-4371(77)90001-2
http://dx.doi.org/10.1103/PhysRevE.69.021908
http://dx.doi.org/10.1103/PhysRevE.70.041106
http://dx.doi.org/10.1137/030602800
http://dx.doi.org/10.1137/030602800
http://dx.doi.org/10.1103/PhysRevLett.97.200602
http://dx.doi.org/10.1007/s10955-007-9312-2
http://dx.doi.org/10.1103/PhysRevE.75.031122
http://dx.doi.org/10.1103/PhysRevLett.100.058105
http://dx.doi.org/10.1103/PhysRevLett.101.078101
http://dx.doi.org/10.1103/PhysRevLett.101.078101
http://dx.doi.org/10.1088/1742-5468/2009/01/P01005
http://dx.doi.org/10.1103/PhysRevE.77.061107
http://dx.doi.org/10.1103/PhysRevE.78.041123
http://dx.doi.org/10.1103/PhysRevE.78.041123
http://dx.doi.org/10.1103/PhysRevLett.101.268103
http://dx.doi.org/10.1103/PhysRevLett.101.268103
http://dx.doi.org/10.1103/PhysRevE.79.011127
http://dx.doi.org/10.1103/PhysRevE.79.011127
http://dx.doi.org/10.1103/PhysRevLett.103.068101
http://dx.doi.org/10.1103/PhysRevLett.103.068101
http://dx.doi.org/10.1103/PhysRevE.80.021129
http://dx.doi.org/10.1103/PhysRevE.80.041130
http://dx.doi.org/10.1103/PhysRevE.81.021116
http://dx.doi.org/10.1103/PhysRevE.81.031126
http://dx.doi.org/10.1103/PhysRevE.81.031126
http://dx.doi.org/10.1103/PhysRevE.81.051925
http://dx.doi.org/10.1103/PhysRevE.81.051925
http://dx.doi.org/10.1088/1742-5468/2010/07/P07018
http://dx.doi.org/10.1088/1742-5468/2010/07/P07018
http://dx.doi.org/10.2307/2332328
http://dx.doi.org/10.2307/3547011
http://dx.doi.org/10.2307/3547011
http://dx.doi.org/10.1034/j.1600-0706.2002.960301.x
http://dx.doi.org/10.1016/0003-4916(69)90153-5
http://dx.doi.org/10.1016/0025-5564(93)90018-6
http://dx.doi.org/10.1016/0025-5564(93)90018-6
http://dx.doi.org/10.1103/PhysRevE.74.041101
http://dx.doi.org/10.1007/BF01016797
http://dx.doi.org/10.1103/PhysRevA.36.5782
http://dx.doi.org/10.1007/BF02459970
http://dx.doi.org/10.1063/1.467139
http://dx.doi.org/10.1063/1.467139
http://dx.doi.org/10.1103/PhysRevE.78.060103
http://dx.doi.org/10.1103/PhysRevE.78.060103
http://dx.doi.org/10.1103/PhysRevE.79.041149
http://dx.doi.org/10.1016/0378-4371(80)90010-2
http://dx.doi.org/10.1137/S003613990239006X
http://dx.doi.org/10.1137/S003613990239006X
http://dx.doi.org/10.1088/1742-5468/2007/07/P07023
http://dx.doi.org/10.1103/PhysRevLett.87.040601
http://dx.doi.org/10.1023/A:1014525911391
http://dx.doi.org/10.1023/A:1014525911391
http://dx.doi.org/10.1007/s10955-005-5527-2
http://dx.doi.org/10.1007/s10955-005-5527-2
http://dx.doi.org/10.1103/PhysRevLett.99.150602
http://dx.doi.org/10.1103/PhysRevLett.99.150602
http://dx.doi.org/10.1088/1751-8113/41/50/505001

