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Generalized Traveling Wave in Heterogeneous
Media: Allee Effect can Inhibit Invasion

BenoIT SaRELS!

AgsTtrACT: In thispaper, we study asimple one-dimensional model of reaction-diffusion with bistable non-linearity
and in heterogeneous media. The bistable term accounts for the so-called Allee effect, and the heterogeneity in the
mediaislocalized. We recall the definition of atransition wave used in similar situations by well-known authors,
and propose an alternative definition for discussion. We call it generalized traveling wave. As aconsequence, we
give new results of pinning in such media, dueto Allee effect.

1. INTRODUCTION
1.1 Framework
We will focus in this paper on the following reaction-diffusion equation:

o,u=Au+r (x) f(u)
u(,0)=u,

It models a wide range of phenomena in biology, which will be our main concern in applications. While
the homogeneous version of this equation (r (x) = r,) has been well studied since the pioneering works of
Fisher [2] and Kolmogorov and al., [3], the heterogeneous ones are an actual field of research. We assume
here that heterogeneity occurs only in the reactivity of the equation, through the r (x) function, while the
diffusivity is constant (d = 1 can be achieved by a convenient rescaling).

@

The most part of the paper is devoted to the so-called bistable reaction term:
fluy=u(l-u)(u-a), 2

withO<a< 1. Itiseven convenient to suppose 0 < a< <, aswe will see below. Whenever possible, we will
discuss the extension of our results to the monostable case (Fisher-KPP)

f(u)=u(l-u). 3

Our interest here isin equations that are local perturbations of the homogeneous one: we suppose then

that r (x) =r +r (X), withr >0, r, compactly supported, continuous, and so that r(x) remains non-negative:
vl <r,

While it is very common to see applications to biology make use of a monostable reaction term, let us
recall that in a number of casesit is not a reasonable assumption near 0. In our mind, the reaction term
describes the growth of abiological quantity (be it a population density, a concentration, a proportion of a
population sharing a given attribute, ...). A logistic growth isthe first improvement over an exponential one
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(f(u) = ru), taking account of the existence of the habitat or environment (with capacities, resources,
limits). Under such an hypothesis, the growth isno more proportional to u, and saturateswhenthe population
reaches the so-called carrying capacity of the habitat K >0 (f(u) = ru(1 - <)).

The next improvement concerning the reaction termisrelated to the Allee effect. The Allee effect isthe
correlation between individual fitness and global density. At low densities, the survival of anindividual can
be made more complicated by increased predation or difficultiesin mating. In thiskind of situation, it it not
reasonable to have f logistic at low densities. We can differentiate between weak Allee effect (for which
f’(0) = 0 isagood approximation), and Strong Allee effect (f'(0) < 0 and thusf < O near zero). The bistable
term modelsthen apopulation growth with astrong Allee effect. Such acaseisalso called the “heterozygote
inferior” in a genetic context [4].

The reactivity r takes account of the intensity of the reaction, here intensity of the growth (population
case), of the selection (genetic case).

1.2 Classical Theory
We recall here quickly the known results for equation (1) when r is constant equal to 1 and f bistable:

{ o,u=Au+u(l-u)(u-a)

4
u(,0) =u,

We are interested here in classical traveling waves of this equation: u(x, t) = U (x —ct). For clarity, we
choose to investigate waves going to the right, with invasion of the state O by the state 1. Sucha U is
solution of

U'+cU'+U(1-U)U-a)U(-»0)=1 U(+x)=0. (5)

It isknown [4, 5] that U is unique up to trandation, and c isrelated to &
U(z 1-2a 6
(2) = 1+exp(z) \f( ). (6)

We see that the speed cis positiveaslong asa < 3. Thisisrelated to the sign of the integral of f (u) on
[0, 1]. For aconstant positive r we have

U@

\f(l 2a) . )
1+exp{ \/7j

A comment that can be done hereis the r-dependence on the speed and profiles of the wave. Formulas
in (7) show that bigger r leads to quicker and steeper wave. Thus we can say that when r isbig, the media
is favorable for the invasion by the state 1 and the invasion is sudden. When r is low, the media is less
favorable, and the invasion is progressive.

2. HeTeEroGENEOUS M EDIA: TRANSITION WAVES vs. GENERALIZED TRAVELING WAVES
2.1 Transition Waves

More general media can exhibit range more or less favorable for propagation. As explained before, we
study here media that are local perturbation of the homogeneous case. This alows the relaxation of the
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initial condition to the traveling wave, due to convergence results (see for example [5]). Then, from an
initial condition far enough from zero, the solution is near the classical traveling wave before it reaches the
zone wherer varies.

We expect that in the bistable case, stability of the leading edge of the wave will lead to smilar behaviors
when r varies. This has been reinforced by numerical smulations made in [6].

To investigate such situations, one can use the notion of transition fronts defined for examplein [7]*. A
transition front for equation (1) is a global in time solution that connects the two steady states:

U(=oo,t)=1 u(+owo,t)=0
for each t, and whose e-width is uniformly bounded in time for al €. The e-width is defined as follow:
dam{xe R|u(x,t)>eand1—u(x, t) >&}.
This has been donein [8, 9].

2.2 Generalized Traveling Waves

We propose here another approach, already developed in [6], though we did not state there an appropriate
definition. The main ideais to follow the front at each time (each time step for the numerics). We then get
another type of result: an approximation result instead of a convergence one.

Our work is backed upon an extensive numerical study, which gave birth to aconjecture. Thisconjecture
reads. every reasonable initial datum will evolve following the scheme

[ X=%0)
u(x,t)~U[ Wit j

where U is the solution of the homogeneous equation (4), x, the center (or position) of the wave, w its
width. Thiswidth is defined in the same way asabove: diam{x € R |u(x, t) >3 and 1 —u(x, t) > &} for an
appropriate & chosen once for al. The profile U makes it unnecessary to control the width for any 8, for
widths for different thresholds are related with a fixed coefficient.

Conjecture 1: Let u be the solution of the Cauchy problem (1) with reaction term (2).
Let U be the wave profile in homogeneous medium defined in (6).

Then there exist x, and w such as u(x, t) —U (*3%") remains small in L*-norm provided as r varies
few enough:

Ve>0 3dn>0 suchas Vt>0 3(x,(t), w(t)),
(t)

t U
R0 H

[t sn=

Definition 1: Such a solution of (1)-(2) is called a generalized traveling wave?’.

Full proof of this conjecture will be left for afuture paper. We want to emphasize herethat thisdefinition
covers cases of defects narrow or wide, symmetric or antisymmetric as defined in [6]. The big defects
though are not covered, but they behave in a similar manner.

If this conjecture holds, and we strongly believe it to do so, it is an interesting result because we have
ways to compute x, and w. This s dealt with in the next section.
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Note also that this conjecture does not hold for the Fisher-KPP case due to the instability of the state O.
Instead, secondary outbreaks occur in advance of the wave [6].

3. VELociTY AND WIDTH

3.1 Moments
Giventhat U (2) = ——,wehave U'(2) = - —222 . Thus U isfastly decreasing at innity and its moments

l+expz’ (1+expz)?

are well defined. The three first ones are:

o =J.j:U’(z) dz=-1

o= f: 2U'(2)dz=0 (8)

2
=" zZU’(z)dz=—%

If we assume very roughly that we have

_u [ X=%()
u(x,t)—U[ Wit j

then we can differentiate u:

__ L [ X=%(0
axu(x,t)—w(t) U [ Wit j

Making, for a given t the change of variable z=X-2 in the three integrals of (8), yields

w(t)

1=- ij o u(x,t)dx

X, =— Ij: X0, u (X, t) dx 9)

W = _%(I+: X?0, U (X, t) dx + x§)
So that we have formulas for x, and w. Thisfirst way to obtain them is the least interesting, because it
requires to compute (numerically) the solution u, then its partial derivative, and some additional integrals.

3.2 Least square Fit

The second way to obtain the position and width of the generalized traveling wave has been developed in
[6]. It consists in tting (at each time) the solution u with an appropriate profile. We have consistently
checked that thistting procedure can be done with anumerical routine providing avery smal error (inL*-norm).
This evaluation of x; and wis excellent, and takes less time than the one above.

3.3 Balance Laws

A much better solution is given by the following system (10). This system comes from two simple balance
laws from the original partial differential equation (1), and has been derived in [6]. It is a basic system of
two ordinary differential equations that yield the evolution of the position and width:
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%o=w[ r(wz+x) fU(2)dz
L (10)
W=3—W+W'[m r(wz+ %) (1— 2U (2)) f (U (2)) dz

By this way, evaluation of the position and width is simpler and quicker.

4. APPLICATIONS

We derive in this section some easy consequences of the equations (10). These equations have the great
benet to link the position and width of the generalized traveling wave to the heterogeneity r. They show
that the qualitative behavior of the front around an obstacle is not trivial (see [6] for details). We have
notably a dowing down of the front before it reaches any positive defect. We add here two more pinning
criteria to the one previoudy given in this article.

4.1 Pinning of the Front by an Antisymmetric Defect
Let us consider the case of a narrow antisymmetric defect, modeled by an Heaviside step function:

rex)=r,+r H(x),

where H (xX) = 0 if X is negative or superior to a given constant R big enough, and H (x) = 1 between 0 and
R. We deal with the caser, > 0.

1. Equationsfor the Critical Width
The system of equations (10) can be rewritten for such a defect r (x), and when the front stops we

have:
% =0, Ww=0

we get:

row(l_zzaj rrw[ ) f(U(2)dz=0

3\%\1_ r VEV+ rle';; (1-2U(2) f (U(2))dz=0
or.

row(l_ Zaj L rws (ij -0 (11a)

2 w
1 w —
2 et rwSs, (Txoj =0 (11b)

We can first simplify the first equation by w, then we note that the left part of the left hand side of
(119) is always positive. In the right hand side, we supposed r, > 0. To balance the equation, it is
necessary that S;(=2) contributes negatively. This is indeed possible given the plot of

Si(y) =452622) 1 S, has a negative minimum (see Fig. 1).
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Figure 1. Plot of S. Wechose a=0.25

The front stops if and only if:

r (1_2261) <—r,min(S).

For the critical case, we have equality:

2 (1‘226‘} ——r,min(S). (12)

This shows the existence of athreshold over which pinning occurs, and under which the wave goes
on propagating. Note that this pinning is counter-intuitive for r, > 0, given the considerations before
given on the r-dependence of the speed.

2. Resolution of the Equations
Theminimumof S anditsargument z . - can be obtained because S/ (y) =R (y) whereR (y) =f(U (y))

e'(l-a-ae’)

= ——>+—.WehaeR(y)=0< 1-a-ae’=0, 0

(1+e¥)°

then

Min (S) = S.(Zyn) = .
o(32)

This gives the critical height thanks to (12):

. r,(1—2a)

1c 2
a

We find next the width w at pinning thanks to (13b), with the substitution of =2 by In (%) aand
of r_ by the obtained quantity. After alittle algebra, we get:

\F 1
N :
ry 1+ (1-2a) (3~ 2a)
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and nally:

In 1—73.
— 2
fy 1+ (1-2a)(3-2a)
We have evaluated this result using the following numerical application witha=0, 3and r = 1.

M =4—O ~4.44
9

W= 5—Ozl.Ol
\ 49
50 7
=— . [— In|=|~-0.86
=3 (3]

which compares very well to the values coming from the simulations (error of 3%).

4.2 Pinning of the Front by a No-Reaction Zone
Let us consider the case of a no-reaction zone, modelized by the following function:

A if x<O
0 if 0<x<x
Iy if x>x.

We ask the question of the minimal width required to stop the front. We call this minimal width x, , so
that we have the following dichotomy:

« if x, <x_, thenthe front is not stopped by the obstacle. We will say that the front goes through the
obstacle, it goes on propagating after the zone.

« if x, > x_, then the front is stopped, pinned in the no-reaction zone. The wave is not moving any
longer, neither in one direction nor in the other: its speed of spread decreases to zero. When it
reaches the no-reaction zone, the front lows down and changes shape. At the limit, the front tends
to an ane profile (solution of the heat equation with Dirichlet boundary conditions).

We solve this problem in a straight-forward manner:
1. Equationsfor the Critical Width

The system of equations (10) can be rewritten for such a defect r (x), and when the front stops we
have:

% =0, W=0.

Then we get:
wro(jf f(U(z))dz+j;; f(U(z))dzj:O

N WI’O(IVXVO (1-2U(2)) f(U(2)dz+ jf‘;o (1-2U(2) f(U(2) dzj =0
3w - A5
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or stated otherwise:

W, (Tl(jj +S (MD -0 (1)
W W
el o

Thefirst equation can be divided by wr  (positive quantity), and the wave stops when both termsin
the left hand side of (13a) balance each other. The integrals can be calculated, we have:

e2+¢e -2a(l+¢)
2(1+¢)?

T(y) =

It is obvious that T, (y) = % is always positive for all a<[0,1]. We show in Fig. 2 an
example of such a plot.
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Figure2: Plot of T,. We Chosea=0.25

So that the equation can be veried, it isnecessary that S, (%) be negative. Thisisindeed possible
given the profile of S (see Fig. 1).

S, has a strictly negative minimum, but for widths below the critical width, this negative part is not
enough to stop the front. For the critical width x,_, we have exactly

ZX - mi
Tl( " j min S, . (14)

. Valuesof =2 and == when the Wave Stops

We have seen previously that the minimum of S, and its argument z . can be easily computed:

Zmin = In (]-_—aj
a

min (§) = S(Z,) =~
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We have then

X — %o 1-a
=z =In|—=],
W Zmln n( a j

and we get the expression, as a function of a and b=./1-2a, of the ratio of both collective
coordinates when the front stops for the critical width:

2
ﬁz_m[_L—Hbj,

w 2a+a’ -1
thanks to equation (14), because —min(S) has a unique antecedent by T,.
3. Resolution of the Equations

We replace the quantities =2 and 2= by their valuesin equation (13b), we can then solve and we
obtain the width wc of the front when it stops:

1 (b—a)®
W, = ,
J2r, \-1+3a-8a’+9a’ + 7a’h— 2ab + b—3a° - 2a’b

and the critical width x,_ as well. The pinning criteria writes:

x> >9C=WC£|n(1_—a]—|n(—MD. (15)

a 2a+a’-1

It isinteresting to note that the critical width depends onr viathe inverse of its square root. We can
check on Fig. 3 that the right hand side of (15) is a decreasing function of aon [0, 1], with infinite
limit at 0 and null at 3.
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Figure 3: Plot of [ ( >x. =W |n(7j,|n _
9 \~1+3a-8a°+9a +7ab-_2ab+b-3a _2ab - = ¢ a 2a+ai-1

This is a proof of consistency of the standardized model, as we expect the front to be more easly
pinned as a approach the value ;.

The values obtained via this criteria are in very good agreement with numerical smulations of the
initial partial differential equation. For r = 1, our criteria (15) gives X, z%f’ ~7.18 (we recall that we
fixed a=0.3). Numerically, wefind that the front stops fromx _~ 6.90, whichyields an error inferior to 4%.
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5. CONCLUSION

In this paper, we proposed a notion that generalizes the classical traveling wave in homogeneous media to
heterogeneous ones. It uses two moments of the derivative of the profile U, which has the appropriate
behavior at innity for doing so.

We have quickly shown in this paper the power of this new tool. Once written the evolution equations
of the position and width, it becomes possible to tackle down difficult problems while answering questions
that are of crucial interest to biologists. The idea of following the front at each time is fruitful for people
interested in applications, and complements the convergence results obtained in a traditional manner.
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NoTEs
1. It seemed to us during our bibliographic research that these authors previously used the term of generalized traveling
wave, before they coined the term transition front (or transition wave). They seem now to stick to the latter.
2. Weusethisterm because we believe it is | eft free by the authors previously mentioned.

REFERENCES
[1] Ya B. Zedovich, and D. A. Frank-Kamenetsky, (1938), “K Teorii Ravnomernogo Rasprostraneniya Plameni”, Dokl adi
Akademii Nauk SSSR, 19(9), 693-697.
[2] R.A.Fisher, (1937), “The Wave of Advance of Advantageous Genes’, Annals of Eugenics, 7, 355-369.

[3] A.N.Kolmogorov, I. G. Petrovskii, and N. S. Piskunov, (1937), “A Study of the Equation of Diffusion with Increase in
the Quantity of Matter, and Its Application to a Biological Problem”, Bjul. Moskovskogo Gos. Univ., 1(7), 1-26.

[4] D. G Aronson, and H. F. Weinberger, (1975), “Nonlinear Diffusion in Population Genetics, Combustion and Nerve
Propagation”, In Partial Differential Equationsand Related Topics, (Ed. J. A. Goldstein), Lecture Notesin Mathematics,
446, 5-49, New York, Springer.

[5] P C. Fife, and J. McLeod, (1977), “The Spproach of Solutions of Nonlinear Diffusion Equations to Traveling Front
Solutions’, Arch Ration Mech Anal., 65, 335-361.

[6] J. G Caputo, and B. Sarels, (2011), “Reaction-Diffusion Front Crossing a Local Defect”, Phys. Rev. E, 84(4), 041108.

[7] H.Berestycki, and F. Hamel (2007), \Generalized traveling wavesfor Reaction-Diffusion Equations’, InH. Brezis(Ed.),
Perspectivesin Non-Linear Partial Differential Equations, lin Contemp. Math., 446, Amer. Math. Soc.

[8] H.Berestycki, F. Hamel, and H. Matano, (2009), “Bistable Traveling Waves Around an Obstacle’, Commun. Pure Appl.
Math., 62, 729-788.

[9] J Nolen, J. M. Roquejore, L. Ryzhik, and A. Zlatos, (2012), “Existence and Non-Existence of Fisher-KPP Transition
Fronts’, Arch. Rational Mech. Anal., 203, 217-246.






[%] Win JPDF

This document was created with the Win2PDF “print to PDF” printer available at
http://www.win2pdf.com

This version of Win2PDF 10 is for evaluation and non-commercial use only.
This page will not be added after purchasing Win2PDF.

http://www.win2pdf.com/purchase/




