PROCEEDINGS OF THE

AMERICAN MATHEMATICAL SOCIETY.

Volume 145, Number 11, November 2017, Pages 47634771
http://dx.doi.org/10.1090/proc/13687

Article electronically published on July 28, 2017

EXISTENCE OF AN EXTINCTION WAVE IN THE FISHER
EQUATION WITH A SHIFTING HABITAT

HAIJUN HU AND XINGFU ZOU

(Communicated by Yingfei Yi)

ABSTRACT. This paper deals with the existence of traveling wave solutions
of the Fisher equation with a shifting habitat representing a transition to a
devastating environment. By constructing a pair of appropriate upper/lower
solutions and using the method of monotone iteration, we prove that for any
given speed of the shifting habitat edge, this reaction-diffusion equation admits
a monotone traveling wave solution with the speed agreeing to the habitat
shifting speed, which accounts for an extinction wave. This predicts not only
how fast but also in what manner a biological species will die out in such a
shifting habitat.

1. INTRODUCTION

The classical reaction-diffusion equation

2
(1.1) w:d%—i—ﬂu), reR, t>0,

was introduced by R. A. Fisher [4] as a model for the spread of an advantageous gene
in a population of diploid individuals. This equation and its various extensions are
also found in many models arising from physics, chemistry and spatial ecology. For
example, in the context of ecology, this equation is often used to study the spread
of a mutant of an existing species or a new species in a homogeneous environment.
The spatial dynamics of (L) including longtime behavior, traveling wave and
asymptotic speed of propagation have been well studied; see [BLEL[7,12] and the
references cited therein.

Recently, due to the threats associated with global climate change and the wors-
ening of the environment resulting from industrialization, the effects of climate
and environment changes on the survival of ecological species have attracted much
attention from the scientific community, including mathematical modellers and an-
alysts; see for example, Berestycki et al. [I}2], Li et al. [§], and Hu-Li [6]. In
particular, Li et al. [§] considered the following model:

2
%:d%—!—ur(z—cﬂ—u% reR, t>0,
where the birth rate r is assumed to be space-time dependent, changing in the form
of shifting with constant speed ¢ > 0, while the density dependent death rate has

(1.2)
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been rescaled to the current form. Obviously, r(x — ct) offers a spatially varying
baseline or a historic rate of population growth. Here the function r(¢) is defined
on R, and it is assumed to satisfy the following condition:

(H) r(¢) is continuous, nondecreasing and bounded with r(—o0) < 0 < r(00).

Due to the sign change property of r(-), at any given time ¢, r(z — ct) naturally
divides the spatial domain into two shifting regions: one is a good quality habitat
suitable for growth (i.e., r(z — c¢t) > 0), and the other is a poor quality habitat
unsuitable for growth (i.e., 7(x — c¢t) < 0). The main concern of [§] is the speed
of spatial spread of the species and its relation with the persistence/extinction
of the species. The main result in [§] states that the persistence and spreading
dynamics depend on the speed of the shifting habitat edge ¢ and the number
c*(00) = 24/dr(oo). More precisely, if ¢ > ¢*(00), then the species will die out
in the whole habitat, and if ¢ < ¢*(00), then the species will survive and spread
along the shifting habitat gradient with an asymptotic spreading speed ¢*(00).

We point out that the persistence considered in [8] is not location-wise; instead,
it is in the sense of “by moving” or “on the go”, meaning that the species will
spread/move toward the better resource with speed ¢*(oco) which is greater than
the shifting speed c¢. However, at any given location z, as time goes, r(z — ct)
will become negative when ¢ is sufficiently large (because r(—oc0) < 0) and the
population at this location will go to extinction, regardless of whether or not the
species can persist “by moving”. It is then interesting and important to understand
the point-wise “die-out dynamics” of the species, and this motivates us to consider
the traveling wave front connecting the extinction steady state u = 0, which is not
discussed in [8] and has not been considered elsewhere, to the best knowledge of
the authors.

For many spatially diffusive population models with spatially homogeneity in
the whole space, traveling wave fronts (TWF) have played an important role in
describing/understanding the spatial-temporal dynamics of the population. It is
well known that, if the nonlinearity in the reaction-diffusion model system is of
the monostable type, then there exists a minimal speed ¢, for TWFs connecting
the two equilibria, in the sense that for any ¢ > ¢, there is a TWF with speed ¢
and there is no such TWF with speed ¢ < ¢,; moreover, this minimal wave speed
often coincides with the (asymptotic) spread speed of the population if the spatial
system is monotone (see, e.g., Liang-Zhao [9]). Note that the model system (2 is
not homogeneous since r depends on = and ¢, and the heterogeneity is in the form
of “spatial shifting” (r = r(x — ct)) with a constant shifting speed. Therefore, it is
very natural to consider the traveling wave solution with this shifting speed.

Letting u(z,t) = ¢(&) with £ = z — c¢t, and plugging this into ([2)) leads to

(1.3) dp” (&) + ¢’ (§) + 0 (E)(r(§) — ¢ (&) = 0.

This equation for the profile of the traveling waves should be associated with some
boundary conditions at £ = +00. As we explained above, the condition r(—o0) < 0
leads to point-wise distinction, and this suggests the boundary condition p(—o0) =
0 for the profile function ¢. Note that unlike for homogeneous monostable systems
in which there is another constant steady state, heterogeneity of r in (L2) prevents
it from having the other constant steady state, and the shifting feature also prevent
it from having any other steady state. Hence, the boundary condition at the other
end & = co needs a different perspective. Now, based on the condition r(co) > 0,
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it seems that we should pose the condition ¢(c0) = r(c0) at £ = co. Based on the
above consideration, we associate to (L3]) the following boundary conditions:

(1.4) Jim o€ =0, lim o(§) =r(c0).

We will explore whether or not, and for what value of ¢, the boundary value problem
([C3)-([T2) has a positive solution. Such a solution accounts for an extinction wave,
explaining the spatial-temporal dynamics of extinction.

Note that (3] is a nonautonomous ordinary differential equation, and the
nonautonomous feature makes the existence problem challenging. In the rest of
this paper, we will tackle this problem by the approach used by Wu and Zou in
[14]: the combination of upper-lower solutions and monotone iterations. In Section
2, we present some preliminaries on a differential operator and its inverse. In Sec-
tion 3, we construct a pair of upper-lower solutions for the problem, by which an
invariant set for the profile of the problem (3)-(T4) is obtained. Using the results
in Sections 2 and 3, the existence problem is transformed to a fixed point problem
for an operator in the profile set, and the fixed point is confirmed in Section 4 by
establishing a monotone iteration scheme, leading to the existence of an extinction
wave, as stated in the following main theorem:

Theorem 1.1. Assume that (H) holds. For any given ¢ > 0, (L2) admits a mono-
tone traveling wave solution u(z,t) = (&) with &€ = x—ct such thatlime o p(§) =
0 and lim¢_,o0 (&) = r(c0).

We remark that by this theorem, as long as the habitat is shifting according to
(H), regardless of its magnitude, there will be an extinction wave with the speed
that is precisely the same as the shifting speed. This extinction wave contains
information of the spatial-temporal dynamics of the population, and may help one
estimate the extinction speed at any given location in the habitat. As such, this
result is complementary to those in [§], toward a full understanding of this model
equation ([2) with a shifting habitat.

2. PRELIMINARY RESULTS

We first introduce some notation. Let L°°(R) denote the vector space of all
essentially bounded functions from R to R, BC(R) denote the vector space of all
bounded and continuous functions from R to R, and BC = {¢ € BC(R) : ¢(z) >
0 for all x € R}. For any v, ¢ € BC(R), we write ¢ < ¢ or ¢ > ¢ if ¢ —¢p € BCY.

Similar to [11], we will introduce the second-order linear differential operator A,
and its inverse A !. Let

a = 2r(oc0) — r(—00).
It is easy to see that the equation
—d\ —cA+a=0
has two real roots
—c— V2 + 4da —c+ V2 + 4dda
—< —) > 0.
2d 2d
The second-order linear differential operator A, is defined by

(2.1) Ayh = —dh" — ch/ + ah.

Al = 0) )\2 =
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We can also define the corresponding integral operator A, ! by

1 ¢ >
2.2 A7h VA {/ MED () de —|—/ 2= p (1) dz| .
22 (ATRE = 5 @)+ | (@)
Clearly, the integral A 1h is well defined for any h € BC(R). In fact, the following
equality holds:

. K
(2.3) A'K = —,
e
for any nonnegative constant K, where K denotes the constant function on R taking

the value K. Similar to Lemma 3.1 in [I1], we have that

(2.4) A(ATR) =h
for any h € BC(R), and
(2.5) AN (AR =h

for any h € BC(R) such that h',h” € BC(R). Thus, A; ! is actually the inverse
operator of A, in some sense. In fact, we have the following more general conclusion,
which is similar to Lemma 2.5 in [10].

Lemma 2.1. Assume that h € BC(R) satisfies the following conditions: (i) h”
is continuous on R\{{;} where {&;} is a finite increasing sequence, and h',h" €
L>®(R); (i) W (&+) and W (&j—) exist. Then A7'(ALh) is a continuous function
on R and

(26)  [ATHAMW](E) = h(g) +

Aa(6—€)) M(E-€))
el DOLICEU IR S
&=¢ &<e

for all € € R, where 3; = b'(§;+) — W (&;—).
Proof. The assumptions on h imply that A h = —dh” — ch’ + ah € L*°(R). Thus,

A;Y(ALh) is well defined, and the function [A71(A,)A](€) is continuous with re-
spect to & on R. The identity ([2:6]) follows by direct calculation. O

3. CONSTRUCTION OF AN INVARIANT SET
In order to construct a profile set, we first establish two lemmas. Let
T =, 22=¢;

then equation (3] can be rewritten as
dazy
dg
% = —2272 — #j)xl + éx%
The vector form of B is
(3.2) ' = Az + B(§z + f(x),

where z = (21, 72)7 and

0 1 0 0 0
A = ( _T(oo) ¢ ) ) B(g) = < r(oo)—’r(ﬁ) O ) ’ f(x) = < le > .
d d d a1
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It is easy to see that the eigenvalues of A all have negative real parts, limg_, o || B(&)||
= 0, and f(x) is Lipschitz continuous in a neighbourhood of 2z = 0 with the property
that f(z) = o(z) as & — 0. By Theorem 7.1 in [I3], there exist positive constants
K, &, 6, i such that ||zg]| < § implies

(3-3) l2(&; €0, z0)| < K|lole ™)

for £ > &, where x(£; &0, 0) = (21(£; €0, 70), 22(£; €0, 70))T denotes the solution of
B2) through zg at § = &, namely, x(£o; o, T0) = Zo-

Lemma 3.1. Let 6* be the positive root of the equation d§* + cf + r(—oo) = 0.
Then there exist € > 0 and 60y > 0* such that the function

{ eefo(€=¢0) €< &,
I1(§;£076(1790)T)7 6 > 507

is continuously differentiable on R, and satisfies ¢ < r(co) and there holds the
following differential inequality:

¢(§) =

(3-4) dg"(€) + c¢'(§) + (&) (r(€) — ¢) = 0
Jor any & # &.
Proof. Let
. d T(OO) *2 *
€ = ) ,3d0 0 ’ !
mln{\/1+49*2 K\/1—|—46‘*2 +c T(OO)}

and let 8y be the positive root of the equation
df? + c 4 r(—00) — e = 0.

It is easily seen that 0* < 6y < 26*. Moreover, ¢(§o) = x1(8o; o, €(1, 0p)T) = € and

Q’(ﬁo) = 29(£0; &0, €(1,00)T) = €fy. Therefore, ¢ is continuously differentiable in R.
If £ > &o, then ¢(§) = x1(&; €0, €(1,00)T). From ([B.3]), we have

B(€) < |z1] < /2 + 23 < Key/1+ 03eE50) < p(oo)e ™ E50) < r(o0).

Since ¢'(€) = @ (& &0, €(1,00)7) = w2(& €0, e(1,00)T), ¢"(€) = 5(&: &0, €(1,600)T),

we have

dg"(§) + ¢’ (&) + ¢(€)(r(§) — ¢) = 0.
Therefore, B:4) holds for £ > &.
If £ < &, then ¢(€&) = ee® (&%) We first have ¢(¢) < € < r(c0). Recalling the
choice of € and 6y, we have B
dg"(€) + c'(§) + ¢(&)(r(§) — ¢)
— 6690(5—50)[(160(2) + el +7(€) — 6690(5—50)]
_ 6690(5—50)[r(§) —r(—o0) + € — 6690(5—50)]
> 0.

Hence, [34) also holds for £ < &. This completes the proof. O
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Lemma 3.2. Let & < & be given such that r(&1) < 0, and let 6, be the positive
root of the equation df? + cf +r(&1) = 0. Then the function

$(€) = min{r(c0)e” =51 r(c0)}
satisfies the following differential inequality:
(3.5) dg" (€) + ¢ () + B(E)(r(€) —9) <0
for any &€ # &1. Moreover, ¢ > 9.
Proof. For &€ > &1, $(€) = r(o0) > ¢(&). Clearly, (3.5) holds for § > ;.
For € < &1, (&) = r(00)e?(€=€1) Noting that r(—oc) < 7(£;), it is easily seen

that 0 < 67 < 6* < 6y. Together with the fact that & < & and € < r(c0), we
obtain that for £ < &,

r(co )691(5—51) > eef1(6=61) > cefo(6=¢€1) > cefo(E—¢€0)
Therefore, ¢(§) > ¢(&) for any ¢ < &;. In addition,

A3 (€) + 6 (&) + (E)(r(€) ~ )
= r(co)e 01(£—€1) [d02 + ey +7(&)] = r?(co )6291(5—51)
< 1(00)e” (A0} + ey +(61)]
=0.
Hence, (B3] also holds for £ < &;. This completes the proof. O

Using these two functions ¢ and @, we can define the profile set

(3.6) I':.={¢ € BC(R) :gggﬁga}.
Next, we define H(¢) by
H()(§) = o(&)[r(§) — (§)] + ao(§)
for any ¢ € I', and denote by F the composite of H and A !, that is,
(3.7) F(¢) = ATTH(9).
Since H(¢) € BC(R) for any ¢ € T, then the operator F is also well defined on T'.

About the operator F', we have the following properties.

Lemma 3.3. F is a monotone operator and maps I into I'. Furthermore, if p € T’
and ¢ is nondecreasing, then F(¢)(§) is nondecreasing with respect to €.

Proof. We first verify that, for any ¢, ¢ € I' with ¢ > 1,
H()(&) — H(¥)(§) = [¢(§) — »(&)][a+ r(§) — ¢(§) — v (&)]
= [6(&) — ¥(§)][2r(o0) — r(—00) + r(§) — ¢(§) — ¥(&)]
> 0.

Thus, F(¢)(§) > F(¢)(€) for £ € R. On the one hand, it follows from 4] in
Lemma 3] that

F(¢) =AM H(9) > A (A.9).
Note that ¢ is continuously differentiable on R satisfying all of the assumptions
in Lemma 1] and ¢'(§—) = ¢'(&+). By ([Z8) we obtain that A7 (A.¢) = ¢.
Hence, F(¢) > ¢. On the other hand, it follows from (B.5) in Lemma B.2 that

F(¢) = ATTH(9) < ATH(AL9).
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Note that ¢ is continuous on R satisfying all of the assumptions in Lemma 211
—/ —/ — — — —
and ¢ (£&1—) > ¢ (&1+) = 0. By Z0) we get A (AL¢) < ¢. Thus, F(4) < ¢.
Therefore, F(I') C T
If ¢ € I is nondecreasing, then ¢ > 0, and for any x € R and s > 0 we have

H(¢)(x +s) — H(¢)(x)
= @@+ 5)[r(z +5) — ¢z + 5)] + a[d(z + 5) — ¢(2)] — ¢(z)[r(z) — ¢(z)]
2 [¢(z +5) — ¢(a)][a+r(z) — ¢(z + 5) — o()]
= [¢(z + 5) — @(x)][2r(0c0) — r(—00) +7(2) — ¢(z + 5) — ¢(z)]
> 0.
Thus,

[ATTH(9)(a + 9)](€) = [AT H(9)(2)](€)
for any ¢ € R. Noting that [A; h(x+5)](€) = [A7 h(2)](E+s) for any h € BC(R),

we have

This completes the proof of the lemma. O

4. PROOF OF THE MAIN RESULT

We construct the following iteration:

¢1 = F(¢)7 ¢n+1 = F(¢n), n > 1.

Since ¢ € I' is nondecreasing on R, by Lemma B3] we know that ¢,, € T, ¢,,(&) is
nondecreasing with respect to £ for each fixed n =1,2,---, and

Let

6(6) = I 6, (6).
Clearly,
(4.1) 8(6) < 6(6) < 3(9),

and ¢ is a nondecreasing and positive function defined on R. Next, we will prove
¢(&) is a fixed point of F.

Since ¢, converges point-wise to ¢, then H(¢,) converges point-wise to H(¢).
Note that |H(¢,)| < 2r%(c0) + ar(oo) for all n = 1,2,---. By (23) and the
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Lebesgue’s dominated convergence theorem, we then have
6() = Tim n(€)
= lim F(¢n-1(£))

1

. ¢ A (E—x)
= lim a0 = A1) [/_Oo e H(¢p—1)(x)dx

o [ o]

_ 1 3 \(e—2) 00 e

= o L@@+ [ e
= F(9)(§).

Thus, from ([24]), we have

(4.2) Avé = Ho,

i.e., there exists ¢ € BC(R) satisfying ([L3)). It remains to show that ¢ satisfies the
boundary condition (4. Since

lim_o(¢) = lim_3(6) =

E——o0—
by ([@I) we obtain that
lim ¢(¢) =

£——o0

Noting that ¢ is nondecreasing and ¢ < ¢ < r(00), let

lim (&) =

E—o0
By the positivity and monotonicity of ¢, we have 0 < A < r(00). Since

Jim H(9)(©) = Alr(e) - A + a4,

recalling the definition of A7, by L’Hopital’s rule, we have
A= lim ?(&)
hm AT (H(¢ ) (€

£—>oo

1 )( _jf’fHH(fz(’f))

A Ak Y

This yields A = r(oc0). Therefore, ¢(&) satisfies (I4]). This completes the proof of
Theorem [T11
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