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Abstract

We consider the Fisher-KPP equation with a nonlocal saturation effect defined through an
interaction kernel ¢(x) and investigate the possible differences with the standard Fisher-KPP
equation. Our first concern is the existence of steady states. We prove that if the Fourier
transform ¢3(§) is positive or if the length o of the nonlocal interaction is short enough, then
the only steady states are u = 0 and v = 1. Our second concern is the study of traveling
waves. We prove that this equation admits traveling wave solutions that connect u = 0 to an
unknown positive steady state us (), for all speeds ¢ > ¢*. The traveling wave connects to the

standard state u.o(x) = 1 under the aforementioned conditions: ¢(£) > 0 or o is sufficiently
small. However, the wave is not monotonic for o large.

1 Introduction and main results
We investigate the non-local Fisher-KPP equation
up — Au = pu(l — ¢ *u), x € RY, (1.1)

where ¢ is a given convolution kernel and

bxule) = | ula =)o)y

Our main interest is to understand when solutions of the non-local Fisher equation behave qualita-
tively differently from those of the classical Fisher equation

up — Au = pu(l —u), (1.2)

that corresponds to ¢(x) = d(x). Let us briefly recall that the only non-negative bounded steady
solutions of (1.2) are the constants v = 0 and u = 1, and that for any ¢ > ¢, = 2,/1 the local
Fisher-KPP equation (1.2) admits traveling wave solutions of the form u(¢,z) = U(x — ct) with the
boundary conditions U(—o0) =1, U(400) = 0, and a monotonically decreasing in x profile U(x).
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The nonlocal Fisher equation arises in several areas. In ecology it takes into account a nonlocal
saturation, thanks to the term ¢xu, or nonlocal competition effects as in [7, 15]. It was also proposed
as a simple model of adaptive dynamics in [8, 9] — there, x represents a phenotypical trait of the
population. A population of individuals with trait x faces competition from all its counterparts. If
this competition does not depend on the trait, then ¢ = 1. But if the competition is higher for
populations with closer similarities, the kernel ¢ is localized. Other types of nonlocal terms may
arise, see [5, 16] for dispersal by jumps rather than Brownian motion, or because of time delay, for
instance, see [4, 6, 19, 11, 12, 17, 18].

Throughout the paper we assume that the convolution kernel satisfies the properties

6>0, 6(0)>0, Ve CyRY /R ba)de =1, /R P2o(@)de < +oo.  (1.3)

These assumptions are not necessarily optimal, in particular, regularity of ¢ and positivity at x =0
may be relaxed but they are sufficient for our purposes, biologically reasonable and simplify some
of the technicalities.

In order to quantify the range of the nonlocal interaction one may use the kernel of the form

6o() = 50 (2) (1.4)

If 0 — 0, then ¢, xu — u and we are back to the classical Fisher-KPP equation. Up to a rescaling,
the equation associated with the kernel ¢, and the growth rate p is equivalent to the equation
associated with the kernel ¢, 0 = 1, and the growth rate po?. In other words, small interaction
length of the nonlocal effect is equivalent to a small growth rate for a fixed interaction length. We
will alternatively use parameters p and o, depending on which one is more convenient.

We are mainly interested in the steady states of this equation, positive solutions of

—Au = pu(l — pxu), (1.5)

and in the traveling wave solutions in a direction e € S, connecting the steady state v = 0 to a
uniformly positive state, possibly identically equal to 1 as in the classical Fisher case. More precisely,
we look for a pair (c,u) where ¢ € R is the traveling wave speed and the function u(x) satisfies

—cu/ —u" = pu(l — ¢ *u), liminfu(x) >0, u(+oo) =0, z € R, (1.6)
r——00
where ¢ = fe 1 ¢. The boundary condition at x = —oo appears because of the nonlocal effect: in

general, it is possible that (1.6) may admit strictly positive solutions:

—cv' —v" = pv(1 — Y xv), inf v(z) >0, (1.7)
zeR
other than v = 1 that may serve as limit states as © — —oo. Moreover, as we recall below, v = 1 is
an unstable solution of (1.7) for some kernels ¢ and > 0. Then one would not expect the traveling
wave solution to converge to v = 1 as  — —oo but rather to a non-uniform stable solution of (1.7).
This is one major difference with the classical Fisher-KPP equation (1.2) which has no non-trivial
steady positive solutions other than v = 1.

The non-local Fisher equation has been first introduced by Britton in [4]. He carried out a
bifurcation analysis and observed that the uniform steady state v = 1 may bifurcate to periodic
steady states, standing waves or periodic traveling waves. A perturbative proof for the existence of
traveling waves was given by Gourley in [11], under the assumption that the nonlocal interaction
length o in (1.4) is sufficiently small. This result was also established by Wang, Li and Ruan in [17]



for Gaussian probability densities but still with o small. These authors also proved in [18] that if
the reaction term in (1.1) is replaced by a bistable nonlinearity with nonlocal saturation, then this
modified equation admits a stable traveling wave, which is unique up to translation. Spatio-temporal
nonlocal terms were considered in [1] and [17], where it was shown that for small delays and short
interaction lengths solutions behave qualitatively as in the classical Fisher-KPP case.

This model was also investigated numerically in [1, 9, 11], and numerical simulations exhibit a
much richer behavior than the aforementioned rigorous perturbative results close to ¢ = 0 indicate.
In agreement with the theoretical predictions in [4, 11], it was shown that the steady state u = 1
may be unstable for some particular values of the parameters. This may lead to non-monotonic
traveling waves and behavior qualitatively different from that of the classical Fisher-KPP equation.
More precisely, numerical studies show that for ¢ very small, traveling wave is still monotonic and
connects u = 0 to u = 1. As o increases, the wave loses its monotonicity and for sufficiently
large o it links v = 0 to a periodic steady state instead of v = 1. This kind of bifurcation was
related in [9] to the emergence of stable mutations in the population, which gives a nice way to
model adaptive evolution mathematically. In [8], the authors studied this equation for a very small
diffusion, equivalent to p large here. They showed that several steady states may arise that usually
(but nor always) concentrate around Dirac masses when QAS changes sign, but the change of sign of
the Fourier transform is certainly not the only character of ¢ in this regime.

The aforementioned existence results for traveling waves [11, 17] rely on various perturbation
methods starting from the classical Fisher-KPP equation. This is why the existence of traveling
waves was proved only for small p (or, equivalently, small o). It is more natural to try to prove
existence of traveling waves that connect u = 0 to u = 1 as soon as u = 1 is stable (which is always
true when fp is small enough). Here, we prove existence of traveling wave solutions of (1.1) that
connect © = 0 to v = 1 under a hypothesis that implies the stability of u = 1: the Fourier transform
of ¢ is positive. This condition does not depend on u (or o). For example, our result establishes
existence of traveling waves for Gaussian kernels for all ;4 > 0 and not only for small p as in [17].

In the general case when the state v = 1 may be unstable, there might exist other steady states
that can be connected to u = 0 through a traveling wave. In that situation we also establish existence
of a traveling wave that connects v = 0 but to an a priori unknown uniformly positive state. We
also show that if p is small or qg is positive, then the positive steady state v = 1 is the unique
possible positive end state. Finally, we show that waves connecting u = 0 to u = 1 (that we prove
to exist if <Z> > 0), may not be monotonic for large values of p — this should be contrasted with the
monotonicity of the classical Fisher-KPP traveling waves.

Steady state solutions

Obviously, there always exist two homogeneous steady states: © =0 and v = 1. The state u =0 is
always unstable since p > 0, but depending upon the kernel ¢, the state v = 1 may be linearly stable
or unstable. For instance, u = 1 is stable for p sufficiently small but may become unstable when
w is large. In that case, numerical computations [11] have shown that there might exist non-trivial
periodic solutions of equation (1.5). We now present some conditions that ensure uniqueness of the
solutions v = 1 and u = 0 in the class of bounded positive solutions when u = 1 is stable. We
first consider the case d = 1, with a small u, which is a small perturbation of the local Fisher-KPP
equation.

Theorem 1.1 (d = 1) There exists puo > 0 such that for all i < po, equation (1.5) has no bounded
nonnegative solutions except u(x) =0 and u(zr) = 1.

The smallness assumption in Theorem 1.1 may be removed if the Fourier transform ngS(ﬁ ) is everywhere
positive, as in the case of a Gaussian kernel ¢(x).



Theorem 1.2 (d = 1) Assume that (ZS({) >0 for all€ € R. Thenu =1 and u = 0 are the only
bounded nonnegative solutions of (1.5) for all u > 0.

The Fourier transform above is defined as
€)= [ oty

Given L = (Ly,...,Lg) € R?, we say that a solution is L-periodic if it is L j-periodic in every
coordinate x;. We also use the notation

keZ)L <= k;=k;/L; with k; € Z.

Following [9], we define the linear stability condition for the state u = 1 with respect to L-periodic

perturbations as R
4m?k? + po (27k) >0 Vk e Z/L. (1.8)

A similar but stronger condition is that u = 1 is linearly stable for all periodic perturbations, that
is,

E+up(€)>0 VeEeRL (1.9)
Thus, we define the critical growth rate
2 ~
max LA if there exists ¢ € R? such that ¢(¢) < 0,
He = €0 max{0, —¢(§)}

+00 if $(¢) > 0 for all £ € RY.

The state u = 1 is linearly unstable under some periodic perturbations if and only if p > p..
Example 1. If the kernel is a Gaussian probability density

o) = s e (5
T Vamer TP\ 202 )
then ¢(£) = exp (—€202/2) and for all k € Z, one has :

2
~ (2mk
— ) >0.
+ u¢< 7 >
Thus, in this case, the equilibrium state u = 1 is always linearly stable. R
Example 2. Consider the kernel ¢(z) = 271(1]1[—(170,} (z). In this case, one easily computes ¢(§) =

sin(€a)/(&a). Hence, p. < 400, and for p > p. the state u = 1 is linearly unstable.
The following result holds in an arbitrary dimension d > 1.

2k
L

Theorem 1.3 Assume that ¢(2rk) > 0 for all k € Z9/L, then u(z) = 0 and u = 1 are the only
nonnegative L-periodic bounded solutions of (1.5) for all u > 0.

Traveling wave solutions

We now consider the traveling wave solutions defined by (1.6). In terms of existence, the situation
is close to that of the classical Fisher-KPP equation

Theorem 1.4 (Existence of traveling wave) There exists a traveling wave solution (c,u) to
(1.6) for all c > c* = 2,/j and there exists no such traveling wave solution (c,u) with speed c < 2./]i.

4



The minimal speed ¢ = 2,/ is the same as for the classical local Fisher-KPP equation. This means
that the speed of propagation is determined only by the instability of the state 0, the nonlocal term
does not play any role here.

We can show that the left limit is u(—o00) = 1 in the following two cases.

Theorem 1.5 (Small p) For any ¢ there exists py > 0 so that traveling waves satisfy u(—oo) =1
forallc>c* =2/p and 0 < p < po.

Theorem 1.6 (The case (13(5) > 0) When dA)(f) > 0 for all £ € R the traveling waves satisfy
u(—o0) =1 for all p >0 and all ¢ > c* = 2,/p1.

The next theorem shows that even if a traveling wave approaches u = 1 as x — —o0, it cannot
be monotonic in x when p is sufficiently large.

Theorem 1.7 (Non-monotonicity) Assume that ¢(x) is continuous, ¢(0) > 0 and

/ p(z)eMdz < +o0 (1.10)
R

for all X € R. There exists g > 0 and Co > 0 so that for all p > po and 2\/p := c* < ¢ < Cop, the
traveling wave (c,u) cannot satisfy u(—oo) = 1 and reach this state monotonically at —oo.

We do not know if the traveling waves constructed in Theorem 1.4 always connect u(400) = 0
to the state u(—oo) = 1. Numerical computations shown in Figure 1.1 and those in [9] suggest
that, if p is large and ¢(&p) < 0 for some &y, the traveling wave built in Theorem 1.4 may connect
u(+00) = 0 to a periodic solution as z — —oo, but this remains an open problem. Some possible
numerical scenarios for the traveling wave are depicted below in Figure 1.1. Let us also mention
here that we construct traveling waves using the method introduced in [3], as a limit of solutions of
approximating problems on intervals (—ay, a,) with a,, — 400. The nature of this procedure leads,
at least heuristically, to construction of stable waves. Therefore, we believe that traveling waves are
stable even if the left limit is a non-uniform periodic state, or if the left state u = 1 is approached
non-monotonically as in the context of Theorem 1.7.

Throughout this paper, we denote by C' and K constants that only depend on p and ¢ and that
are locally bounded with respect to p > 0.

The paper is organized as follows. In Section 2 we prove Theorems 1.1-1.3 on triviality of steady
states. Traveling waves are constructed in Section 3 where Theorem 1.4 is proved. The uniformity of
the limit on the left in Theorems 1.5 and 1.6 is established in Section 4. Finally, non-monotonicity
of traveling waves for large p is established in Section 5.

Acknowledgment. L.R. was supported by NSF grant DMS-0604687. This work was done
during mutual visits of the authors to EHESS and ENS, and University of Chicago. We thank these
institutions for their hospitality.

2 Steady states

In this section we prove Theorems 1.1-1.3 on non-existence of non-trivial steady states. We begin
with some preliminary a priori estimates for the steady solutions that are used later on.



0.

7T T o+t
100 -9 80 -70  -60  -50  —40 -3 20 -0 -0 200 150 100 -50 0 50 100 150 200

Figure 1.1: TRAVELING WAVES SOLUTIONS TO (1.6) WITH INCREASING VALUES OF y OBTAINED BY NUMERICAL SIM-
ULATIONS. IN ACCORDANCE WITH THEOREM 1.7, ONE OBSERVES FIRST A MONOTONIC FISHER-KPP LIKE REGIME,
THEN AN OVERSHOOT APPEARS AND FINALLY OSCILLATORY WAVES, STILL LINKING THE STATE O TO 1. FOR u LARGE
ENOUGH, THE WAVE SEEMS TO CONNECT u = 0 TO A PERIODIC SOLUTION. THESE ARE OBTAINED WITH THE CONVO-
LUTION KERNEL ¢ EQUAL TO AN INDICATOR FUNCTION OF AN INTERVAL.

2.1 A positive lower bound

First, we show that any steady solution of (1.5) in R? is bounded away from zero from below.

Lemma 2.1 Any non-negative bounded solution u % 0 of (1.5) in R, d > 1, is bounded away from

Zero:
inf wu(z) > 0. (2.1)
R4
Proof. We assume that
inf u(x)=0 (2.2)
z€RI

and look for a contradiction. The maximum principle implies that u(z) can not attain its minimum
at a point where it is equal to zero. Hence, there exists a sequence zy, |zx| — +oo such that
u(xg) — 0 as k — +oo. We claim that in this case for any R > 0 we have

lim  sup wu(x)=0. (2.3)
k—+o00 z€B(zk;R)

Indeed, consider the function vg(z) = u(x+xy), then, after extracting a subsequence, v (z) converges
locally uniformly to a limit v(z), due to the standard elliptic regularity estimates [10]. The function
v(x) satisfies (1.5) and attains its minimum v = 0 at * = 0. Therefore, the maximum principle
implies that v(z) = 0 and thus (2.3) holds.



Now, fix € > 0 to be prescribed later, set M = |[ul| . ®) and take R so large that

9
[ (24

Choose k so large that 0 < u(z) < e/2 in B(zy; R). Then we have, for € B(xy; R/2),

0< ¢rulx) = / oz — y)uly)dy + / Ba—yuly)dy < =+ 5 M <e

lz—y|<R/2 lz—y[=R/2
Hence, inside the ball B(zy; R/2) the function u(z) satisfies
—Au > pu(l —e)u, u(z)>0. (2.5)

Now, choose R so large that, in addition to (2.4), the principle eigenvalue A; of the Dirichlet Laplacian
on B(0; R/2) is smaller than p(1 — ¢):

— A =\, b =0on dB(0; R/2), ¥ > 0 in B(0; R/2). (2.6)
Multiplying (2.5) by ¢y = ¢¥(z — x1) and (2.6) by u and subtracting we obtain

o
Wr-o-x [ wns- [ e [ = | W20 <,
B(ax;R/2) B(ax;R/2) B(wk;R/2) OB(wx;R/2)  ON

as Oy /On < 0 on B(xy; R/2). This is a contradiction as by assumption A\; < p(1 —€). Therefore,
(2.2) is impossible and hence inf, u(xz) > 0. O
2.2 Explicit upper and lower bounds for small growth rates

We now obtain explicit bounds on the solution when the parameter p is small that show that non-zero
steady states are close to u = 1.

Lemma 2.2 There exists pg > 0 and a constant K > 0, which depends only on the kernel ¢ but not
on p € (0, o), such that for all p € [0, uo], any bounded positive solution u(x) of (1.5) in R satisfies
0<1—pK <u(z) <1+ ukK.

Proof. Let M = sup,cp u(z), if M <1 then u(x) satisfies
—u(2) = pu(l — dpxu) >0,

and, as u(x) is bounded it has to be a constant, u(xz) = M. Then (1.5) implies that M = 1 since
u(x) > 0. Therefore, we may assume that M > 1. First, suppose that u(z) attains its maximum at
some point zg: u(xg) = M. Then (1.5) implies that

¢xu(xo) < 1. (2.7)
On the other hand, because u > 0,
u = —pu(l — ¢pxu) > —pu > —pl.
Considering Taylor’s expansion around x¢ we deduce the following lower bound for u(x):

u”(§) pM
2

u(z) = u(wo) + u'(zo)(x — o) + (z —20)> > M — — (@ x0)?,




with some & between = and z. It follows from (2.7) that

vz 0= 2 [ oteo =)y oy =21~ P [ owian

and thus 1 1

Then the conclusion for the supremum part of Lemma 2.2 follows in the case when u(x) attains its
maximum.

If u(x) does not attain its maximum, then, without loss of generality, we may assume that there
exists a sequence x, — +oo such that u(z,) > M — p/n?, u"(x,) < 0 and u/(z,) > 0. We set
y = xp + /(W' (z,)n). Then we have

" 3
. / U (5) 2 12 M Mup
M > u(y) - u(xn) +tu (xn)(y - $n) + 9 (y - xn) > M — ﬁ ﬁ 2n2(u’(x ))27
so, for n sufficiently large, we have
wrM 1

L e S
2n2(u'(z,))2 ~ 2n’
and thus 0 < u/(z,) < \/pu2M/n. Now, we proceed as before. We Taylor-expand around z,, to get

u(z) = u(wn,) + u/(a?n)(a? — Tp) + UHQ(Q (v — xn)Q > M — M\\j}y‘x — Tn| — %@ - xn)Q-
As v (z,) <0, we have ¢ x u(z,) < 1, and thus
1>M—/¢ _xn’dy_/¢ (y — z,)3dy

=M —uM /| I+ ,
w <2 ﬁMn>

h:/awww

Passing to the limit n — 400 we recover the upper bound (2.8) for M.

Next, we set m = inf,eg u(y) — recall that, according to Lemma 2.1, we have m > 0. Again,
assume that u(z) attains its minimum at a point x;: u(z1) = m. Equation (1.5) implies an upper
bound

with

u" = —pu(l = ¢ u) < pu(d+u) < pM?,
and, in addition, that ¢ x u(x1) > 1. Using the Taylor expansion around z; we see that
(M2
u(z) <m+ 5 (z —z1)°

Therefore, we have

1< ¢xu(r) < y)(x — y)*dy < m+ o> M1,

thus, using (2.8), we obtain

plo
m>1————-—
T (- ply)?

The case when u(z) does not attain its minimum is treated similarly to that for the supremum. [J

>1—-Ku.



2.3 An upper bound for all u

As an aside we note that the proof of Lemma 2.2 can be improved to obtain a uniform upper bound
for steady states for arbitrary large p.

Proposition 2.3 For any p > 0 there exists a constant M, > 0 such that any bounded non-negative
solution u(x) of (1.5) in R satisfies 0 < u(x) < M.

Proof. Let M = sup,cp u(z) then, as in the previous argument for any n > 0 we may choose a
point z, so that u(z,) > M — 1/n% u"(z,) > —uM and |u/(z,)| < /pM/n. Using the Taylor
expansion near x,, we observe that

u(x) > (M — \/%]JC — Tp| — %(m —a:n)2>

As v (z,) < 0 we should have ¢ * u(z,) < 1. The above bound implies that

1= [ o) (M— V) - “;‘%) dy.
-

Passing to the limit as n — 400 we conclude that

M < </¢(y) (1- gy2)+dy>_lv

and the conclusion of Proposition 2.3 follows. [J

J’_

2.4 Proof of Theorem 1.1

Assume that v is a bounded nonnegative solution of
—v" = pv(l —pxv), z€R.

We first choose pg as in Lemma 2.2 and set M = sup,cpv(z) < M' =1+ pls.
Here it is more convinient to use the range of the nonlocal kernel as parameter instead of the
growth rate p. In other words, we set o = /it and we define u(z) = v(£) and ¢o(z) = L¢(£). The

function u satisfies
—u" =u(l - ¢y*xu), z€R. (2.9)

We need to show that u = 0 or u = 1 for o small enough. Let R > 0, multiply (2.9) by (u— 1) and
integrate in x between (—R) and R. We obtain

R

R R
/ g | de — (u — 1)uy e / u(l —u)(1 — ¢o *u)dx (2.10)
-R -R

R R R
:—/u(l—u)(l—u+u—</)0*u)da::—/u(l—u)Qdaz—/u(l—u)(u—gég*u)d:c.
R -R -R



The standard elliptic regularity estimates imply that sup,cg |uz| < C < +o00. As |u—1| < Cu = Co?
for o sufficiently small, by Lemma 2.2, and M is uniformly bounded as well, it follows that

R R R
/ lug|?dx + / u(l —u)?dr < Co? — / u(l —u)(u — ¢ *u)dz (2.11)
-R

—R -R

R /2 , /R 1/2
<Co*+C </ u(l — u)2dx> </ lu — o *u|2da:> :
-R -R

The next step is to prove, for o € (0,00), the estimate

R R
/ |u—¢g*u|2dm < CO'Q/ |ux]2dx+Co. (2.12)
,R R

To do so, we introduce a smooth cut-off function Og(x) = O(|z| — R)/d) with O(z) =1 for z < —2
and O(x) = 0 for x > —1 and a small parameter § > 0 to be chosen. We decompose u as u = uj +ua,
with u; = 0pu, ug = (1 — Op)u, to get

R R R
/ |u — ¢ x ul?dx < 2/ |ug —¢U*U1|2d$+2/ lug — ¢ * us|*dz.
R -R -R

Note that

R
/ 1 — o w1 [P < / it = o ur e / 11— §(o6) Plan (6)2de < Co? / oy o P
—R R R

R 2 R 2
< 6’02/ | 2da + C—Z(S < 002/ ug|?dx + C—U. (2.13)
_R o _R 0
The other term may be estimated as
R
/ lug — ¢U*u2\2dx (2.14)
-R

R R R
< 2/ lug|?dx + 2/ o * us|?dx < CO + c/ |Go * X||>r—25|"dw,
—R R -R

where xg is the characteristic function of a set S. However, for z < R — 2§ we have, using the
Chebyshev inequality

0o z—y\ dy (z—R+20) /0 Co2
= - = <
b0 * Xa>r-25(2) /st ¢ < o ) o /Oo YWy < T TRy

hence,

R , | R ds \
< = .
/_R|¢0*Xx>R—25| dr < Co /_OO 11 G_ R 27" +C8 =C(o* +6)

The term involving X,<_prios in (2.14) may be estimated similarly, thus

R
/ lug — ¢ % ug|*dx < C(o* + ). (2.15)
R

Choosing § = ¢ in (2.13) and (2.15) we arrive at the bound (2.12).

10



The third step is to conclude that, still for o small enough, there is a constant C' such that
o0 o0
/ lug|?dx + ,u/ u(1l —u)?dr < Cv/o. (2.16)
—0o0 —0o0

To show it, we deduce from (2.11) and (2.12) that

R R R
/ |ug |2 da —l—/ u(1 —u)?de < Co? 4+ Co'/? (/ u(l — u)Qde’)
-R -R -R
R 1/2 R 1/2
+Co </ u(l — u)de> </ \uxIde>
—R -R

R R 2
/R o 2 + /Ru(l —w)de < Cf_izf" (2.17)

1/2

and thus

Thus the functions u(1 — u)?, |ug|? and |u — ¢, * u|? are integrable. We may now conclude the
proof. We return to (2.10) but now integrate from L, to R, with L,, — —oo and R,, — +00 chosen
so that uy(Ly), us(Ry) — 0 as n — 400 — this is possible since u(z) is a smooth bounded function.
Then we obtain

Ry
/ g Pdz — (u — Dyug

Ry Ry
};" =— /n u(l — u)?dx — / u(l —u)(u — ¢g *x u)dz.

n n

Passing to the limit n — 400 we get

1/2 1/2

/|uw|2d:n+/ (1 —u)?de < VM /u (1—u)? /|u—gba*u|2d:p . (2.18)

R R R R

As u — ¢y xu and u, are L?(R) functions, the Fourier theory gives us the upper bound

/ lu — ¢pg % ul|?dx < 002/ uz|*de,
R R

1/2 1/2
/ |ug |*dx + / u(l —u)?dx < Co (/ u(l — u)de> (/ |ux]2d:5>
R R R R

and we conclude that for o > 0 sufficiently small we have

/|ux|2da: = /u(l —u)?dz =0,

and we get

which means that u(z) = 1. O

2.5 Proof of Theorem 1.3

Before proving Theorem 1.2 we consider the periodic case because it is much easier and explains the
main idea in the proof of Theorem 1.2.
Let u(z) # 0, z € R? be an L-periodic nonnegative bounded solution of

—Au = pu(l — p*u) = —pu(d*v), (2.19)
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with v =u — 1.
We claim that there are three remarkable identities (the second is not used in this proof but we
record it here for completeness and future reference):

/ u(l—¢xu) =0, (2.20)
Tp

1 2 _ 2
. /TL |Vul +/TL v(p*v)dx = /TLU (¢ *v)dz, (2.21)

1 2
/ NZ‘ d:v—l—/ v(p*v)dx = 0. (2.22)
wJjr, u Ty,

First, we obtain (2.20) by integration over Ty, of equation (2.19). In order to get (2.21) we multiply
(2.19) by u — 1 and integrate over Ty, using (2.19), as follows:

;/|Vu2dx: —/u(u—1)((/5*7))(150—/(1+v)v(q§*v)dm.

TL Tr Tr

To obtain (2.22), we recall that by Lemma 2.1, u > 0. We divide equation (2.19) by u and integrate
over Tr. Then, we add (2.20).

To conclude, decompose v and ¢ x v into the Fourier series
v(x) = Y we™FT gwo() = Y g™,
kezd/L ez L
with
1

Gk =
ITL| Jr,

: 1 , , .
pxv(x)e 2Ry = —— / d(x — y)vpe?™ Ve 2R drdy = vpo (21k) .
ITL| Jr JT,
Therefore, we arrive at

| v@oxo@ae =1l Y g0 slTl Y 6w ol

kezd/L keZd/L
Using this in (2.22) we obtain
1 Vul? )
/ | Z' do+|Tp| Y é(2mk) |ve> = 0. (2.23)
KT, U kezd
€zd/L

Hence, if ¢(27k) > 0 for all k € Z%/L, then Vu = 0 and thus u(z) = 1 or u(z) = 0. O

2.6 Proof of Theorem 1.2

Our goal is to establish an identity similar to (2.22) for a general bounded solution, without the
periodicity assumption. We set 1 = 1 without loss of generality in this proof. Let u # 0, u > 0, be
a solution to

—u" =u(l - ¢xu). (2.24)
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We set v = u — 1, multiply (2.24) by v/u and integrate between (—L,) and R, chosen so that
L, R, — 400 as n — 400, and |ugz(—Ly)| + |uz(Ry)| < 1/n:

R 2 Rn R, Rn
—/ Y2 g +/ YaUs gy — L2V = —/ v(¢p % v)dx

2
—Lp, U —Ln u U |'—Ln .

so that, as v =u — 1,

R, Rn 2 Rn 2 Rn 2 Rn Rn 2 Rn
—/ xd:n+/ ;”d;v%—/ xd:x—l—/ v(qb*v)dw:/ §d$+/ v(pxv)dx.
—Ln, L, U —L, U —L, U —Lnp —L, U —Ln

Therefore, we have

Ug U

u

R, ,,2 Rn
/ ”g‘der/ v(p*v)de < % (2.25)

_Ln U _Ln

which is the analog of (2.22) in the non-periodic case. We claim that

Rn
lim inf/ v(z)(p*v)(x)dx > 0. (2.26)

n—-400 .

Then, as a consequence of (2.25) we obtain

Ry, 2
lim sup / lual” g o,

n—+oo J—1, U

and thus u is constant. As u > 0 we conclude that © = 1. Therefore, it remains only to show that
(2.26) holds.
First, note that if v(z) € L?(R) then we have

| wewnae= [~ b i > o
since ¢(€) > 0, and thus (2.26) holds trivially. Therefore, we may assume that v(z) is in L®(R),
but not in L2(R). In addition, the standard elliptic regularity results and Proposition 2.3 imply that
v(z) € CY*(R) for all m > 0 — all derivatives of v(x) are uniformly bounded:

[vllep < My, (2.27)

We will use these properties together with the equation for v(z) to show that not only (2.26) holds
but, actually,
Ry,
lim inf/ v(x)(p*v)(z)dr = +o0. (2.28)
n—-+o0o —Ln
In order to prove (2.28) we introduce a smooth cut-off function ), (x) such that 0 < ¢, (z) <1,

and
W ($) _ 1, —L, <z <Ry,
o0, x<—-L,—1, or x >R, +1,

and set v, (x) = ¥, (x)v(x). In particular, we have

0

lim v, |2d2 = 400, (2.29)

n—-4o00 oo
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as ||v| 2m) = +o0. Let us write

Ry Ry, oo —Ln oo
(p*xv)vdr = | (¢pxv)vpdx | (p*v)v,— [ (dxv)vpdr— | (p*v)vpdr = I+ 111+ 115, (2.30)
[t [ [eren [

The last two terms on the right side of (2.30) are uniformly bounded in n. For instance, we have:

+oo
/ (¢ x v)vpdx

Here and below we denote by K, K’ etc. various constants which depend on the constants M,, in
(2.27) and the function ¢ but are independent from n.
We rewrite the first term in (2.30) as

Rn+1
<K |p*v|de < K. (2.31)
Ry

1_/_Z(¢*v)vn/oo (qﬁ*vn)vn—i—/oo (65 (v —02))om = I1 + Io. (2.32)

—o0 —0o0
Again, I is bounded uniformly in n:
Rn+1

2| < / | (v — vn)||vn| < 2M§ (16 * X[—Ln—1,—La]| T & * X[Rp,Ro41)l] < K.

—Lnp—1
Hence, (2.28) holds if and only if
limJirnf (¢ * vy )vpdx = 400, (2.33)

and this is what we will show now. Let us choose a function g € S(R) such that its Fourier transform

satisfies 0 < g(¢) <1, and
oo S L 1S

Then we may split

(e 9]

/ (6 vn)ndz / 5600 (€) P (2.34)

= 7&(5)@ (é) [on(E)IPdE + 7&5(5) [1 -4 (;ﬂ [on(E)PdE = 7&(5)@ (;) CAGIRLS

To bound this from below, observe that, with gr(z) = Rg(Rz):

[ [1=0 ()] tterpas = [~ o= [~ suionesotoris

= /OO vn(T) [vn(aﬁ) - /gR(y)vn(ﬂv — y)dy} dzx. (2.35)

—0o0
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We now choose R sufficiently large so that for all n > ng we have

7 13 ()| lm@ras < 5 [ norasy [ onto)kas (2,36

This is done as follows. Note that, as

[ ontarde = [ gado =1
equation (2.35) implies that

/OO {1 - ()] (©)Fde = / / un(2) = va(z = y)] dady
/Z /Z un(x)9(y) [”n(x) — Un (55 - ﬁ)} dzdy. (2.37)

Choose 1y so that
1
d

and split the y-integral in the right side of (2.37) as

// vnx)—vn<x—— dxdy// x)—vn<x—%)}d:pdy

—00 —00 ly|<ro —o0

[ [ o)) [onlo) = o0 (= %)) dady = P+ Q.

ly|>rg —00

The second term is estimated as

@< [ 1ol r/m [on)| +

e
ly|>ro

</ |g<y>\_/ [on(@) + glon(a) +

Un, (x — %) ’2] dxdy
ly|>ro

2 / l9(y)|dy (7 vn(:v)de) < 6—10 ?yvn(m?dm.

ly|>7r0 — 00 —00

The term P, is bounded in the following way:

Pl < / /OO v (2)9 (1)

ly|<ro —00

z+ro/R ,
/ ) / e / | (o) ) dady
T—rQ

ly|<ro

1/2
1/2 z+ro/R
<c () /|Un(x)|</ B |u;(z)\2dz) dr.
—Tro

15
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Using the Cauchy-Schwarz inequality and changing the order of integration this may be estimated
as

oo z+ro/R 1/2
|Py| < C / [on () [2da / / 2)|?dzdx
—00z—r0/R
To 2 / 2
c(ﬁ) / o (2)[dz / ol ()2dz | (2.38)

We now recall relation (2.25), which implies, as u(x) is bounded from above by u(z) < M, as in
Proposition 2.3:

0 Ry R ‘ /’2 C
/ ‘U%‘deSC—i-/ ]v”deSC-FMz/ PV grc — C/ qb*vdx—i—f

n

< 01+c/ \vn(¢*vn)\dx+gCl+C’/ qﬁmny2dg+E < C+C/ ondz.  (2.39)

Using this in (2.38) we get, for n > ng sufficiently large,

1/2 /2

o0 1 o
|P,| < C / o ()| dx 1+ / [un(2)2dz <C (%) / lon (2)?dx | . (2.40)
—00 — OO

We used (2.29) in the last step. Therefore, if we choose R so that Crg/R < 1/60, (2.36) holds.
As a consequence of (2.36) we have

7@ <§> I@n(€)|27 |6 (€) | dE —70 [1 -9 (1”;)] |0 (€)]2d€ > ;/_: on(2)[?dz,  (2.41)

for R > Ry sufficiently large. Inserting this in (2.34) leads to

7<¢*vn>vndm > ?é(s)g (;()) 00(6) P > K (Ro) 7@ (;()) GO Pde (2.42)

—0c0 —o0 —o©

> K(RO) /oo |Q}n(l‘)’2d$,

2

with

K(Ro)= inf 5(0)

Now, it follows from (2.42) and (2.29) that (2.33) holds and thus so does (2.28). The proof of
Theorem 1.2 is now complete. [

3 Existence of traveling waves

Here we consider existence of traveling waves connecting the steady state v = 0 to a uniformly
positive state. Recall that a traveling wave u(z) moving with the speed ¢ € R is a bounded solution
of the equation

—ClUy = Uy + pu(l — ¢ xu), (3.1)
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with the boundary conditions
liminfu(z) > 0, wu(+o0)=0. (3.2)

r——00

We will now prove Theorem 1.4 which asserts existence of traveling wave solutions of (3.1)-(3.2)
for all ¢ > ¢* = 2,/p. The main steps of the proof are as follows. As usual, we first construct
the traveling wave that moves with the minimal speed ¢* = 2,/u. This is done by considering a
sequence of approximating problems on intervals (—a,a) (see (3.3) below), and then passing to the
limit @ — +o00. In order to obtain a non-trivial limit one usually has to fix a normalization for
u® at * = 0. Here, this is done as follows: first, we show that any solution of (3.3) is uniformly
bounded from above by a constant Ky which is independent of ¢ € R, and that the speed c is also
uniformly bounded from above and below, uniformly in the normalization at x = 0. Next, we show
that strictly positive global solutions of (3.3) with a bounded speed ¢ and an upper bound K for
u are uniformly bounded from below by a constant €. We set u(0) = €/2. The rest of the proof is
rather standard: we use the above a priori bounds and the Leray-Schauder degree theory to find
a solution of (3.3) on a finite interval and then use the same a priori bounds to pass to the limit
a — —+o0o. This concludes the proof for the speed ¢ = ¢*. Existence of traveling waves for speeds
¢ > ¢* comes from an argument using sub- and super-solutions, as well as additional a priori uniform
estimates that are required because the super-solution is exponentially growing as x — —oo. The
sub- and super-solution part of the argument is similar to what was done in [2, 13, 14].

3.1 A priori bounds for the finite domain problem

We will first study the approximating problem on a finite interval (—a, a) for an unknown function
u®(z) and an unknown speed ¢*:

et = a2, + pg(u)(1 - xa®), —a<z<a, (33)
u'(—a)=1, u%a)=0,
u?(0) =¢/2,

with the number € > 0 to be specified later, as explained above. Here u® is an extension of u® to
the whole line:

u®, —a<z<a,
u(x) =14 0, x> a, (3.4)
1, Tz < —a,
which is needed to define the convolution, and
0ifu <0,
g(u) = { uw if u > 0. (3.5)

Note that (3.3), without the normalization at + = 0 may have a solution for any ¢* € R. The
additional condition u*(0) = €/2 is needed to ensure compactness of the family (c¢*, u®) as a — +o0,
which is the limit we will take to obtain solutions on the whole line.

An upper bound for the solution

We first prove existence of a uniform bound on the possible solutions of (3.3). We will drop the
superscript a below to simplify the notation whenever it causes no confusion.

Lemma 3.1 There exist agp > 0 and Ko > 0 so that any solution to (3.3) satisfies
0 <u(x) <Ky (3.6)

for all x € [—a,a] and all a > ag, where the constants Ky and ag depend only on p and ¢.
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Proof. First, if u is a solution of (3.3) that attains a negative minimum at some point x,, then x,,
is an interior point of (—a,a) and
—u" +cu' =0
in a neighborhood of x,,. This would imply that u = u(z,,) < 0 which is a contradiction. Thus,
u(z) > 0 for all z € (—a,a), and g(u) = u. In particular, any solution of (3.3) actually solves
—cul =ul, + pu(l —pxu®), u(zx)>0 —a<z<a, (3.7)
u(—a) =1, u%a)=0, u*0)=c¢/2.
We argue as in the proof of Lemma 2.2 to prove the uniform upper bound. Set

Ko= max u(z)=u(xy),
z€(—a,a)

and assume Ky > 1 so that u(z) attains its maximum at an interior point zps € (—a,a). We want
to prove that K is bounded by a constant that does not depend on a. Assume first that ¢ < 0 (the
same argument works for ¢ > 0 but considering x > x,s below, and the case ¢ = 0 was considered
in Lemma 2.2). On the one hand, the maximum principle implies that ¢ x u(xpr) < 1. On the other
hand, because u > 0, we have

—cu' — " < pu < pKy,
so that, as ¢ < 0:

(ule—|c|x>l > _MK0€—|C|.I.
Integrating from x < xp7 to xp7, we find, since u'(x,7) = 0:

1 _ eld@—aar)

u'(x) < pKo
]
Integrating again, we obtain for = < x)y,
T —TM 1 — eleltz=2ar)
@) = Ko |14 = = Ko [1 = (e — ) Bl el (s )]
_ 2
> Ky [1 ~ M@;M)] ‘

Here we have defined, for y > 0:
eV+y—1 1

0 < B(y) := < —. 3.8
< Bly) = I < (3.5)
Notice that, because u(—a) = 1, this implies that
2
1> K, <1 - u("”M;“)) . (3.9)

Choose zg < 1/2/u so that
o y2
/ o(y) (1 —pg ) dy>0.
0 +

It follows from (3.9) that either we have Ky < (1 — px2/2)~! (and we are done), or xp; > —a + .
In the latter case, because u > 0, we have

12 ot > [ ot —oay= Ko [t (1= ) an

This shows that Ky is a priori smaller than a constant depending on ¢ and locally bounded with
respect to pu. This proves Lemma 3.1. [J
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An upper bound for the speed
The next step is the following upper bound for the speed.

Lemma 3.2 For any normalization parameter € > 0 in (3.7) there exists ag(e) > 0 so that for all
a > ap(e), any nonnegative solution of (3.7) satisfies an upper bound for the speed

c <2/ (3.10)
Proof. As u > 0, the function u satisfies the inequality
—cCuy < Uy + pu. (3.11)

Let us assume that ¢ > 2,/p and define a family of functions ¢ (z) = Ae~VFET: they satisfy

—cly — ¢y > pa. (3.12)

Note that, since u(z) € L*>°(—a,a), when A > 0 is sufficiently large (depending on the solution) we
have u(z) < 1a(z) while for A < 0 we have u(x) > ¥ 4(x). Therefore, we can define

Ag =inf{A: ¢a(z) > u(zx) for all z € [—a,al]}.

It follows that there exists xy € [—a, a] so that 14,(z0) = u(xo) and Ag > 0. However, (3.11) and
(3.12) imply that xy can not be an interior point of the interval (—a,a). As Ay > 0, it is impossible
that xop = a, hence g = —a. As a consequence, ¥ 4,(—a) = 1, thus Ag = e~*. However, then
u(0) < 14,(0) = e™® < £/2 which is a contradiction to the normalization u(0) = ¢/2 in (3.18) when
a>1In2—Ine. Hence, ¢ > 2,/u1 is impossible for a sufficiently large. [

A lower bound for the speed

Now, we prove a lower bound for the speed c.

Lemma 3.3 There exist ag > 0 and K > 0 independent of the normalization parameter € € (0,1/4)
in (3.7) so that any solution to (3.7) satisfies ¢ > —K for all a > ag.

Proof. Suppose that ¢ < —1. We first prove that the derivative v’ is bounded by K/|c¢| on an
interval (—a,a — Kp) with the constants Ky and K independent of a:

K K
—— <(z) <

o = < H (3.13)

for all x € (—a,a — Ky). Note that the function Q(x) = —pu(l — ¢ * u) is uniformly bounded by
Lemma 3.1. We write

and thus for x > y,

v (z)e =/ (y)e®Y +/ Q(z)e“dz, (3.14)
y
so that
elel(@—y)
u/(z) > ol (y)eldY) — 1@lleo =~ (3.15)
Setting z = a in (3.15) we conclude that
u'(y) < 2[1Qlloo/lc| (3.16)
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for all y € (—a,a), as v/(a) < 0.
The other inequality coming from (3.14), still for x > y, gives

clel@—y)
c|

This shows that for some constants Ky and K independent of a we have

W' (y) = —2[Qlloc/cl, (3.17)

elel(@—v)

for all y < a — Kp. Otherwise we would have u/(z) < —||Ql|~ i for all z € (y,a) and this
cannot hold for a bounded function 0 < u(y) < K and u(a) = 0 on a too long interval (y, a).

The bounds on ' in (3.13) mean that for ¢ very negative, u is locally close to a constant. Now,
we argue by contradiction and suppose that |¢| > |co|. Let xg < 0 be the first point to the left
of z = 0 where u(zg) = 3/4. We claim that for |c¢| > |co| sufficiently large the function w(z) is
monotonically decreasing on the interval [zg,a — Ko|. Indeed, let y be a point where u(y) < 3/4. If
u achieves a local minimum at y then, from (3.7) we see that ¢ x u(y) > 1. This contradicts the fact
that u(y) < 3/4 since the bounds (3.13) imply that, if |co| is sufficiently large, and ¢ *u(y) > 1 then

() </ (y)el 1Y 1 |Q)loc

K/
]

with a constant K’ which depends only on ¢ and p. This is because there exists a finite distance
I which depends only on the function ¢ and the upper bound K for the function u such that
¢ xu(y) > 1 implies that there exists a point 3’ such that |y — 3’| < 1 and u(y’) > 1. Hence,
no local minimum can be attained at a point y where u(y) < 3/4 provided that c is sufficiently
negative. This means that u/(z) < 0 at all points 2 where u(z) < 3/4 (otherwise there would be
a first local minimum to the left of x, where u would be less than 3/4, a contradiction). In the
same way u cannot decrease on an interval (zg,z1), 1 > xo and achieve a local minimum at z;.
Since z is not a local minimum, we find that the function u(z) is decreasing on the whole interval
(xg,a — Kp). If ¢ < 0 is very negative, using (3.13), we conclude that u(x) > 1/4 on a very long
interval (zg,xzo + R) with R > K|c|, and hence (3.7) implies that u(z) is uniformly strictly concave
on the interval (xg + R/4,z¢ + 3R/4) (recall, again, that we have assumed that ¢ < 0). This is a
contradiction to the fact that 1/4 < u(x) < 3/4 on (x,z¢ + R), which proves Lemma 3.3. [

A uniform infimum lower bound on the steady states

Lemma 3.4 For all K > 0 and o < 3, there exists ¢ = ¢(K,a, 3) > 0 such that if u is a solution
of (3.1) with ¢ € [o, 3], 0 < u < K and infyegu(x) > 0, then infyer u(z) > €.

Proof. Assume that there exists a sequence u, of solutions to (3.1) with ¢ = ¢, such that 3, :=
infg u, > 0 for all n, with 3, — 0 as n — +o0, and set v, = u,/B,. As infgv, = 1 for all n, one
may assume that there exists z, € R such that vy(z,) < (14 ). Consider the shifted functions
wp () = vp(z + ) which satisfy

—wl — cpwl, = pwp (1 — ¢ * iy,

where @, = u(x + z,). As sup,cp un(z) < K, the coefficients above are uniformly bounded with
respect to n, hence, the elliptic interior estimates [10] yield that one can extract some subsequence
which converges locally uniformly to a function ws (), and ¢, — ¢ € [a, ] Moreover, as 4, (0) <
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Bn(141/n), the Harnack inequality applied to a,(x) implies that @, (x) — 0 locally uniformly in x.
Hence, the function we,(z) satisfies

" _
—Woy — CWay = UWoc-

Moreover, one has ws(0) = 1 and ws, > 1. The strong maximum principle thus gives ws, = 1 which

is a contradiction since p # 0. O

The normalized problem

We may now set the normalization at * = 0 for the approximating problem (3.7). Lemmas 3.2
and 3.3 imply that the speed c satisfies a priori bounds o < ¢ < 3 when « is large with the constants
« and 8 = 2,/; which do not depend on the choice of ¢ > 0. Hence, we may set ¢ = ¢(Ko, a, 3) as in
Lemma 3.4, where K has been defined in Lemma 3.1. Consider the normalized (at = 0) problem

—ctuf =ug, + pu(l —p*a®), u(x) >0, —a<z<a,
u(—a) =1, ua)=0, (3.18)
u®(0) = ¢/2.

Proposition 3.5 For all € > 0, there exist ag > 0 and K > 0 so that (3.18) admits a solution for
every a > ag, which in addition satisfies the a priori bounds

el + llullc2(-a,0) < K,

<2 (3.19)

for all a > ag.

Proof. With the a priori bounds in Lemmas 3.2-3.3 in hand, the proof of Proposition 3.5 is stan-
dard using the Leray-Schauder topological degree argument [3]. We provide the details for reader’s
convenience. Given a nonnegative function v(z) defined on (—a,a) with v(—a) = 1, v(a) = 0, we
consider a family of problems

—¢ZT = 77 —¢*T). —a<z<
{ cZ? Zm—i—fg(v)/ivt()l O*0), a<z<a, (3.20)

Z"(—a)=1, Z7(a)

with the parameter 7 € [0, 1] and © an extension of v to the whole line as in (3.4).
We introduce a map K, : (¢,v) — (67,Z7) as the solution operator of the linear system (3.20).

The number 67 is defined by
GT:g—U(O)-i-c.

The operator K, is a mapping of the Banach space X = R x C%%(—a, a), equipped with the norm
[(e,v)|lx = max(|c], |[v]|ct.a(—a,q)), onto itself. A solution q” = (c,u) of (3.18) is a fixed point of
K, with 7 = 1 and satisfies K1q' = q', and vice versa: a fixed point of K; provides a solution to
(3.18). Hence, in order to show that (3.18) has a traveling front solution it suffices to show that
the kernel of the operator F; = Id — K; is not trivial. The operator K, is compact and depends
continuously on the parameter 7 € [0, 1]. Thus the Leray-Schauder topological degree theory can be
applied. Let us introduce a ball By = {||(¢c,v)||x < M}. Then Lemmas 3.2-3.3 (with p replaced by
Tp) show that the operator F, does not vanish on the boundary 0By with K sufficiently large for
any 7 € [0,1]. Tt remains only to show that the degree deg(Fy, Br,0) in Bk is not zero. However,
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the homotopy invariance property of the degree implies that deg(F;, Bx,0) = deg(Fo, Bx,0) for all
7 € [0,1]. Moreover, the degree at 7 = 0 can be computed explicitly as the operator Fy is given by

Fole,v) = (U(O) - %,U _ Ug) ,

Here the function v§(x) solves

d?v§ dv§
d:n20 c d:vo =0, vj(—a)=1, vila)=0
and is given by
e~ CT _ p—ca
/U(c)(x) = eca — e*Ca
The mapping Fy is homotopic to
D(e,v) = (v§(0) — v = f)

that in turn is homotopic to

Ble,0) (v6(0) = v —f' ),

where ¢? is the unique number so that v§*(0) = £/2. The degree of the mapping ® is the product
of the degrees of each component. The last one has degree equal to one, and the first to (—1), as
the function v§(0) is decreasing in ¢. Thus degFy = —1 and hence degF; = —1 so that the kernel of
Id — K1 is not empty. This finishes the proof of Proposition 3.5. [J

3.2 Solution on the whole line

Having constructed a solution (¢%, u®) of (3.18) which satisfies the a priori estimates (3.19), we now
pass to the limit a,, — +oo. The aforementioned bounds imply that passing to a subsequence
an — +00 we obtain a speed ¢ € R, |¢| < K and a positive function u € CZ(R), 0 < u < K which
satisfy

—ClUy = Ugy + pu(l —p*u), 0<u(x) <K,

u(0) =¢/2. (3.21)
We now have to verify that u(x) satisfies the boundary conditions (3.2) at infinity and that ¢ = 2,/p.
This will finish the proof of Theorem 1.4 for ¢ = ¢* = 2,/p and is done in several steps.
Monotonicity on the right

We first show that u(z) is monotonically decreasing on the right. This will be the consequence of
the two following lemmas.

Lemma 3.6 Let u satisfy (3.21). Then there exists a sequence T, so that |z,| — 400 and u(x,) —
0 as n — +o0.

Proof. If infgu > 0, then as u < K, we know from Lemma 3.4 that infgu > &, which would

contradict the normalization u(0) = ¢/2. O
We will assume without loss of generality that x,, — 4o0.
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Lemma 3.7 Assume that u satisfies (3.21), and that there exists a sequence x, — —+00, so that
u(zy) — 0 as n — +oo. Then there exists Ry so that u(z) is monotonically decreasing for x > Ry
and limg_, 4 oo u(x) = 0.

Proof. Let us assume that the statement is false. As wu(z,) — 0 as n — +oo and u(x) is not
eventually monotonic, there exists another sequence z, — +o0 so that u(z) attains a local minimum
at z, and u(z,) — 0. It follows from (3.21) that

pxu(zy) > 1. (3.22)

On the other hand, as u(x) is bounded in C?(R), the Harnack inequality implies that for any R > 0
and any ¢ > 0 there exists N so that u(x) < ¢ for all € (2, — R, z,, + R). This, however, contradicts
(3.22) when R is sufficiently large and 0 is sufficiently small. [J

Characterization of the minimal speed

We now prove that ¢ = 2,/u and that there exists no traveling wave solution of speed ¢ < 2,/u. As
we already know that ¢ < 2,/p, this will be a direct consequence of the next lemma.

Lemma 3.8 Assume that u is a positive bounded solution of (3.21) such that liminf, 4. u(z) =0,
then ¢ > 2,/p.

Proof. Take a sequence x,, — 400 such that u(x,) — 0 and set v,(z) = u(z + =) /u(zy). As uis
bounded and satisfies (3.21), the Harnack inequality implies that the sequence v,, is locally uniformly
bounded. This function satisfies:

—v — vl = pop (1 — ¢ x @y in R,

where u,(x) = u(x 4+ x,). The Harnack inequality implies that the shifted functions @(z,) converge
to zero locally uniformly in z. Thus one may assume, up to extraction of a subsequence, that the
sequence v, converges to a function v that satisfies:

—v" — v’ = pv in R. (3.23)
Moreover, v is positive since it is nonnegative and v(0) = 1. Equation (3.23) admits such a solution
if and only if ¢ > 2,/u1, which ends the proof. [
The limit on the left

Lastly, we show that u(x) is strictly positive on the left. This will conclude the proof of Theorem 1.4
for ¢ = c¢*.

Lemma 3.9 Assume that u(x) satisfies (3.21) with ¢ > 0. Then we have

liminf u(x) > 0. (3.24)

Tr——00

Proof. Let us assume that there exists a sequence y, — —oo such that u(y,) — 0. Then using the
arguments as in the proof of Lemmas 3.7 and 3.8 we would be able to show that ¢ < 0 which is a
contradiction. [
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3.3 Traveling waves with speeds ¢ > c*

The last part in the proof of Theorem 1.4 is to take ¢ > 2,/u and construct a traveling wave
moving with speed c¢. The proof also goes through an approximating problem on a finite interval
but solution for the latter problem is constructed with different boundary values and using sub- and
super-solutions rather than with the a priori bounds. The key point is that though the super-solution
is an unbounded exponential, the solution itself is bounded uniformly in the interval size 2a: see
Lemma 3.10.

Sub- and super-solutions

To begin we need a pair of sub- and super-solutions. As a super-solution we take the exponential

Ge(z) = e,

with A, > 0 being the smallest root of
M —cAe+pu=0.
The function §. satisfies
—C, = ¢ + pe = ¢ + pe(l — ¢ * Ge).
Next, we look for a sub-solution 7. which would satisfy
_CTZJ < ’l“g + pure — MQC((Z) * Cjc)
Note that
— —Ac(z—Yy) _ —Ae
o= [ Sy = 2,
with
Z.= [ oty

We take r. of the form

1

7’0(33) = Zei)\cgc

o 67()\6+€)m’

with € > 0 small chosen so that
Ye =c(Ae +€) — ()\C+6)2—u>0,

and A > 1 to be chosen below. Note that r.(z) > 0 only on the set {A < e°*}, that is, for
x > (InA)/e. Then we have

—erl =1l — pre + pGe(d % @) = [—cAe + )+ Ao+ )%+ p] e T 4 7 pgee AT
— _,ycef()\ﬁ»s):v + ZCM672)\C:E

= ¢~ (Aete)z [—’yc + Zc,ue_(’\c_g)x} <0

1 Z,
T > ln< C’u>,
Ae — € Ve

which includes the set {r.(x) > 0}, provided that ¢ < A\, and A is sufficiently large. We set

for all

Te() = max(0,7.(x)).

This function still satisfies
_Cﬂ: - fg < Nfc - NQCQS * 607
but in the sense of distributions.
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The finite domain problem

Given ¢ > 2,/ consider an approximating problem on the interval (—a, a):

—cu' = u" + pu(l — pxu), u(*a)=7.(da). (3.25)

Define a convex set of functions R, = {u € C(—a,a) : 7.(x) < u(z) < g.(x), and consider the
mapping ®, which maps a function ug € C(—a,a) to the solution of

—cu = u" + pug(1 — pxup), u(Ea)=7.(+a). (3.26)

The map ¥, is compact. We claim that it leaves the set R, invariant. Indeed, given ug € R,, the
function ¢, satisfies the inequality

—cql — @1 = pde > pug > pug(l — pxug) = —cu —u”,

and u(+a) = 7e(+a) < g.(+a). It follows from the maximum principle that u(x) < g.(x) for all
x € (—a,a). On the other hand, the function 7.(x) satisfies

—cTl — T < pFe — pGed * Ge < prug(l — ¢ xug) = —cu’ —u”,

and u(+a) = r.(£a). It follows that u(x) > r.(z) for all z € (—a, a) and thus the set R, is invariant.
The Schauder fixed point theorem now implies that the mapping ®, has a fixed point u, in R,
which, in addition, satisfies 7.(x) < uq(z) < Ge(z). Now, we show that uy(z) is uniformly bounded.

Lemma 3.10 There exists a constant Ko which does not depend on ¢ > cx = 2,/i so that any
solution of (8.25) satisfies 0 < ug(x) < Ko for all a > 1 and all x € (—a,a).

Proof. The proof is exactly as that of Lemma 3.1: set

Ko= max uq(x) =uq(xp),
z€(—a,a)

and assume Ky > 1. Then u,(z) attains its maximum at a point s € (—a,a), and the maximum
principle implies that ¢ x uq(xpr) < 1. Also, we have
—cul, — ul < Ko,
so that:
(u/ ecx)’ > _NKOQCI'

a

Integrating from x,; to x > )7, we find, since v/ (x,7) = 0:

() > Ko (1 B e*C(mfo)> _

Hence, for x > x;s, we obtain

_ 1 — e—clz—zar)
uq(x) > Ko [1 — ux CxM +p ¢ 2 ] =Ko [1 — p(z — zp)*Ble(z — zpr))]
_ 2
> Ko [1 _ N;”’MW ,

with B(y) as in (3.8). Since u,(a) < e~ this implies that if Ko > 1 then z; < a — I, with [,
which depends on p. In the latter case, we have

0 0 y2
1> ¢xu(zy) > | d)u(zy —y)dy > KO/ () (1 B “2) W
—l, —lu +

This shows that Ky is bounded by a constant which depends neither on ¢ nor on a. This proves
Lemma 3.10. [
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Passing to the limit a, — +

As a consequence of Lemma 3.10 the family u,(z) is uniformly bounded in C?“(R) and we may pass
to the limit @ — +o00, possibly along a subsequence. In this limit, we have u, — w, and u(x) is a
solution of

—cu' = u" + pu(l — ¢ xu),

which satisfies 7.(z) < u(z) < min(Ky,G.(z)). In particular, we have lim, i~ u(x) = 0. If we
had liminf, . o u(x) = 0, then Lemma 3.8 applied to u(—2z) would give ¢ < —2,/p, which is a
contradiction. Thus liminf, , ~ u(x) > 0 and the proof of Theorem 1.4 is complete. [

4 Convergence on the left

In this section, we assume that é(f) > 0 for all £ € R or that y is small and we prove that any
traveling wave has the left limit u(—oo) = 1 under either of these conditions.
Triviality of uniformly positive ”traveling waves”

We first show that even with ¢ # 0 the only uniformly positive bounded solution of

—ClUy = Ugy + pu(l —p*u), 0<u(x) <K,

u(0) =¢/2. (4.1)
is u=11if $(&) > 0 for all £ € R or if p is small.

Lemma 4.1 ((¢) > 0) Let u € CZ(R) satisfy (4.1). Assume that 0 < u(z) < K, infyegu(z) >
o >0 and that $(&) > 0 for all € € R. Then u(z) =1 for all z € R.

Proof. The proof is very similar to that of Theorem 1.2. Let u(x) > o > 0 be a solution to (3.21).
Set v = u — 1, multiply this equation by v/u and integrate between L,, and R, chosen as before:
L, — —00, R, — 400 as n — 400, |ug(—Lyn)| + |uz(Ry)| < 1/n:

R, 12 Ry 1,1 / R, R,
_/ Y vd:v—i—/ Y e - [uv—cu—kcln(u)“ :—/ v(pxv)dx

_, u? L, U u Ln L,
so that P " )
n n Ry
/_Ln Z—zdx + /_Ln v(p*v)dx [uuv + cln(u) — cu] L
Therefore, we have
Rn ul2 Ry C
/ —dx + / v(pxv)dr < — + |c||Gy, (4.2)
L, U —Ln n

Ry
where G,, = [In(u) — u]’ . As in the proof of Theorem 1.2 we claim that

n

R,
lim inf/ v(z)(pxv)(z)dz > 0. (4.3)

n—4o00 —Ln

This, together with (4.2) leads to

I o Jual” i _
im sup 5—dr < |c|limsup |Gp| := K.
u

n—+oo J—-L, n—-+o00
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As a consequence of the boundedness of u, we have
/ [u'|?dxr < CK.
R

Elliptic regularity and the standard translation arguments imply that then u(z) tends to two con-
stants uy and u~ as ¥ — +00. These constants have to be solutions of (3.21) and thus u* = 1,
since u(z) > « > 0. This implies, in turn, that G,, — 0 as n — +o00 and thus K = 0 and u(z) = 1.
Therefore, it remains only to show that (4.3) holds in the case ¢ # 0. However, it is straight-

forward to verify that the proof of (2.26) still applies. The only minor modification required is an
addtional term of the form C'G,, in (2.39) (this is the only place where the equation for v(x) is used
in the proof of (2.26)) in the expression for

Ry 12

/ u—de.
—Ln, u

It is easy to check that this modification is harmless and (4.3) holds. This completes the proof of
Lemma 4.1. U

Lemma 4.2 (Small ) There exists po > 0 (that does not depend on the speed ¢ € R) such that
for all 0 < p < po, if u is a bounded solution of (3.21) such that infyer u(x) > o > 0, then u(z) =1
for all x € R.

Proof. We use the same method as in the proof of Theorem 1.1. First of all, using the same
rescaling as in the proof of Theorem 1.1, we assume that 4 = 1 and use as a new parameter the
range of the nonlocal kernel . The (rescaled) function u then satisfies

—u" — cu' = u(l — ¢y *u) in R. (4.4)

We need to prove that u = 1 for o small enough. First, arguing as in the proof of Lemmas 3.1
and 3.10 we may show that there exists a constant Ky which does not depend on the speed ¢ so
that if u(z) attains a local maximum at a point zps then u(zyr) < Ko. If M = sup,cp u(z) > Ko
then wu(z) approaches M monotonically either as x — —oco or © — +00. The standard translation
argument and elliptic regularity imply that then w = M is a solution of (4.4), hence M = 1. We
conclude that in any case 0 < o < u(z) < K for all x € R, with Ky independent of c¢. We also have
a bound K7 := sup |uy| < +00o from the standard elliptic regularity estimates, with the constant K
that may depend on c.
Next, multiply (4.4) by (u — 1) and integrate in x between (—R) and R. We obtain

R R R
/|ux2da:—(u—1)ux IjR—g((u—l)Z(R)—(u—l)z(—R)) = —/u(l—u)Qda:—/u(l—u)(u—(ba*u)d:c.
—-R —-R —R

(4.5)
It follows that

R 2 R 2 c 2 2
/R|u$| d:c+/_Ru(1—u) dx — 5((u—1) (R)— (u—1)*(—R))

R 1/2 R 1/2
<2Ki(Ko—1)+ /Ky </ u(l— u)Qda?> (/ lu — ¢o *u\Qdaz> .

-R -R
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We know from the proof of Theorem 1.1 that, for o € (0, 0¢), one has

R R
/ lu — ¢ x ul?dx < 002/ luz|*dz + Co. (4.6)
R -R

Thus, using the same computations as in the proof of Theorem 1.1, one has, still for o small enough:

R R c
/ g |*da +/ u(1l — u)’de — 5((u —1)?(R) - (u—1*(-R)) < C(1 + K,). (4.7)
-R -R

This implies that
oo
/ lug|?dz < +o0

—0o0
and thus elliptic regularity and the usual translation arguments imply that u(x) converges to two

constants uy and u_ as x — £oo. As infru > 0, these constants are positive. Moreover, these
constants have to satisfies equation (4.4). Thus

u(+00) = u(—o0) = 1.

We can now conclude the proof. We return to (4.5) but now integrate from L, to R, with
L, — —o0 and R,, — 400 chosen so that u,(Ly,),us(R,) — 0 as n — 400 — this is possible since
u(x) is a smooth bounded function. Then we obtain

Ry

Ry
/ uidr — (u— 1)uy

__ /R (1 — u)’de — /R" w(1 = u)(u — Gy * u)da.

n

_ g((“ —1)%(Ry) — (u—1)%(Ly)) (4.8)

Ly

Passing to the limit n — 400 we get

1/2 1/2

/ugdx + /u(l —u)ds < K, /u(l — u)2dz / = by xuldz | (4.9)
R

R R R

As (u — ¢ *u) and u, are L?(R) functions, the Fourier theory gives us the upper bound

/ U — ¢ * ul?dx < 002/ [ug|*dx
R R

1/2 1/2
/ | |*da + / u(l —u)’de < C\/Koo (/ u(l — u)de> (/ |ux\2dx>
R R R R

and thus we conclude that for o > 0 sufficiently small we have

/|u$|2d:c = /u(l —u)?dz =0,

we get,

and thus u(z) = 1. O
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The left limit
Finally, we show that if either ¢(¢) > 0 for all € € R or u € (0, yig), the left limit is u(—o0) = 1.

Lemma 4.3 Assume that u is a bounded solution of (3.21) with liminf, ._u(z) > a > 0 and
assume that uw = 1 is the only bounded function with a positive infimum that satisfies equation
(3.21). Then limy_,_ o u(z) = 1.

Proof. Set o = liminf,_,_ u(z), take a sequence 1, — +00, and consider the functions v, (z) =
u(x — ry). The uniform bounds on the function w(z) imply that we can extract a subsequence
ny — 400 so that the sequence vy, (z) converges locally uniformly to a limit v(z), which satisfies

—ct' =" +9(1 — ¢pxv), infv>a>0.
x

The uniqueness hypothesis implies that v(x) = 1. It follows that the whole sequence v, (x) converges
locally uniformly to v(z) =1 as n — 400 and the conclusion of Lemma 4.3 follows. [J
This completes the proof of Theorems 1.5 and 1.6.

5 Non-monotonic waves

We now show that there is a range of parameters where we both know that there exists a traveling
wave connecting the states u = 0 and v = 1, and that no monotonic traveling wave of this type
may exist. First, we need a couple of definitions. We assume in this section that ¢(z) is continuous,
¢»(0) > 0 and ¢(x) decays sufficiently fast at infinity so that the Laplace transform of ¢ is defined
for all v € R,

o) = [ s mdo = lin (. R) (5.1)

where we have set
N R
y>—R

Define the function
(5.2)

() = sup

then ju.(c) is increasing in ¢ for ¢ > 0. Note that ®(s) > Ce®l for some a > 0, and thus

c 52 s
< py(c) < sup <> +c <Sup> = My + cM;.
am == 5w ) T\ e

In particular, the inverse function é(u) = u; (1) satisfies ¢(u) = O(u) for large p, and for u large
enough 2,/p1 < ¢(i). We have the following proposition, which precises Theorem 1.7.

Proposition 5.1 Assume that p satisfies 2,/p := c¢*(u) < é(p). Then for c¢*(n) < ¢ < é(u), the
problem

—cu' = u" + pu(l — pxu), u(—oc0) =1, u(+o0) =0, (5.3)
does not admit a traveling wave solution which is monotonic on any interval of the form (—oo, Ry). In

particular, for <z3(§) >0 for all§ € R and p large enough, traveling waves with speeds c € [2,/f1, (1))
exist and are not monotonic.
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Proof. Existence of a traveling wave with the speeds ¢ > ¢, = 2,/u follows from Theorem 1.4.
Hence, all we need to show is that when u is sufficiently large this wave may not be monotonic.
The main idea of the proof is to translate far to the left, linearize around w = 1 and show that the
linearized equation admits no monotonic in x solution, a property which is elementary if we knew
that all solution are of the form e** for some z € C.

Let us assume for the sake of contradiction that (5.3) admits a monotonically, say decreasing,
solution u(z) and write u(z) = 1 — v(z). The function v(x) is monotonically increasing and satisfies

V' 4 v + pu(d*v) = pd*v, v(—o00) =0, v(+oc) = 1. (5.4)

Consider the points z, — —oo such that v(z,) = 1/n and set

(x4 )
wp(z) = o)
The function wy,(x) is increasing and satisfies
Wy, + cwy, + pgn(T)wn = f1p * wn, we(0) = 1, (5.5)

with 0 < g, (z) = (pxv)(x + ) < 1.

We now show that the sequence wy,(z) converges to a limit w(x) as n — 4o00. First, we prove
that the sequence wy(z) is bounded in 012 JY(R). Without loss of generality let us assume that
¢(x) > 0 on the interval (—2,2). It suffices to show that wy (1) < My with some constant My which
is independent of n. To see that, multiply (5.5) by a non-negative test function ¥ (x) € C%(—1,0),
such that ¢(z) > 0 for all z € (—1,0), then we get

/_l[w”wn = c'wn + pgnipwnde = / (/ $(z — wa(y )d;;) da. (5.6)

As 0 <wp(z) <1forx <0,and 0 < g,(z) < 1, the left side of (5.6) can be bounded from above by

0
/ "t — et + pgntbwnldz < Cy,
—1

with the constant Cy which does not depend on n. On the other hand, the right side of (5.6) may
be bounded from below by

/3;:4 (/ P(x — wn(y )dy) dz > Cy /_;;:4 ( 1+°O o(x — y)wn(y)dy) dx > Cywn(1).

As wp(z) < wy(0) = 1, it follows that 0 < w,(1) < By with a constant Gy(u, ¢) independent of n.
The same argument leads to an estimate

wp(z + 1) < Bowy(z), for all z € R. (5.7)

Therefore, the right side of (5.5) is locally uniformly bounded which gives C? (R) bounds for wy,.

loc
Finally, differentiating (5.5) in = we get the local ClQO?(R) bounds.

We may now pass to the (strong) limit n — 400, for a subsequence if necessary, and, as g, (z) — 0
locally uniformly from the previous step, conclude that w,, (x) converges locally uniformly as n — +o0

to a solution w(x) of the linearized problem

{ w" + cw’ = ppxw, w(0) =1,

(5.8)
w>0, w(x)>0, w(x)—0 aszx— —oc.
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It follows from differentiating (5.8) that z(z) = w'(z) satisfies
2"+ >0,

and z(z) — 0 as  — —o0, at least along some subsequence. Thus, integrating between —oo and x
we get 2/(z) > 0. Thus, the function w(z) is actually convex.

Moreover, the function w(z) satisfies the same estimate (5.7): w(x + 1) < fow(z) and, since it
is monotonically increasing, it follows that there are constants A > 0 and 7 > 0 so that

w(z) > Ae?*, for all x < 0. (5.9)
Hence, we may define
7 = inf{7y : there exists A > 0 so that w(x) > Ae?* for all z < 0.}

We will now show that no such solution may exist in the stated range of ¢ and pu. As u > u.(c),
we may find R so that

s(c+ s)
> py(c, R) :=su .
ILL /’L ( ) S>I(:)) @(S, R)

1
Let 6g = = In(u/ps(c, R)) > 0 and take vo € (3,7 + dp/2) so that

Yo — o < 7. (5.10)

Since vy > 7, (5.9) holds with some A > 0, thus the function w satisfies

w" + cw’ > A,u/ (1) TV dy Aud (o, R)e°%, x < —R.
y>—R

Integrating on the interval (—oo,z), with x < —R gives

AM(I)(’YOa R) et

w'(x) + cw > r < —R.
70
Integrating again leads to the inequality
_ > AM(I)(70¢ R) 0% > Ap 0T — AeéoR"rVo&?’ Ve < —R. (51]_)
Y0(70 +¢) px(c, R)

We may iterate the argument so that for all integers N > 1 we have
w(—NR) > Ae=(0—00)NE,

Consider now any y < 0 and the non-negative integer IV, such that
—(Ny +1)R <y < —NyR.

One has
w(y) > w(—(Ny +1)R) > Ae~(0=0)(Ny+DE > g/c(v0—d0)y

with A’ = Ae=(0=0)E  Therefore, 49 — dp > 7 which contradicts (5.10). Hence, such a monotonic
solution w may not exist. [
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