View metadata, citation and similar papers at ggre ac Uk brought to you by .{ CORE

provided by KU ScholarWorks

KU ScholarWorks | http://kuscholarworks.ku.edu

Please share your stories about how Open Access to this article benefits you.

LIBRARIES

The University of Kansas

Negative Diffusion and Traveling Waves in

High Dimensional Lattice Systems

by H. J. Hupkes, and E. S. Van Vleck

2013

This is the published version of the article, made available with the
permission of the publisher. The original published version can be
found at the link below.

Hupkes, Van Vleck. (2013). Negative Diffusion and Traveling Waves
in High Dimensional Lattice Systems. SIAM Journal on Mathematical
Analysis 45:1068-1135.

Published version: http://www.dx.doi.org/10.1137/120880628

Terms of Use: http://www2.ku.edu/~scholar/docs/license.shtml

KU ScholarWorks is a service provided by the KU Libraries’ Office
of Scholarly Communication & Copyright.


https://core.ac.uk/display/213406755?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Downloaded 06/30/14 to 129.237.46.100. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

SIAM J. MATH. ANAL. (© 2013 Society for Industrial and Applied Mathematics
Vol. 45, No. 3, pp. 1068-1135

NEGATIVE DIFFUSION AND TRAVELING WAVES IN HIGH
DIMENSIONAL LATTICE SYSTEMS*

H. J. HUPKES' AND E. S. VAN VLECK?

Abstract. We consider bistable reaction diffusion systems posed on rectangular lattices in two
or more spatial dimensions. The discrete diffusion term is allowed to have positive spatially periodic
coefficients, and the two spatially periodic equilibria are required to be well ordered. We establish
the existence of traveling wave solutions to such pure lattice systems that connect the two stable
equilibria. In addition, we show that these waves can be approximated by traveling wave solutions to
systems that incorporate both local and nonlocal diffusion. In certain special situations our results
can also be applied to reaction diffusion systems that include (potentially large) negative coefficients.
Indeed, upon splitting the lattice suitably and applying separate coordinate transformations to each
sublattice, such systems can sometimes be transformed into a periodic diffusion problem that fits
within our framework. In such cases, the resulting traveling structure for the original system has a
separate wave profile for each sublattice and connects spatially periodic patterns that need not be
well ordered. There is no direct analogue of this procedure that can be applied to reaction diffusion
systems with continuous spatial variables.

Key words. traveling waves, lattice differential equations, comparison principles, negative
diffusion, periodic diffusion

AMS subject classifications. 34K31, 37L60

DOI. 10.1137/120880628

1. Introduction. In this paper we consider the family of nonlocal systems

N

(1.1) u(z,t) = yuge(x,t) + ZAj [u(x +75,t) — u(z, t)] + f(u(x,t) ;p),
j=0

parametrized by p € V' C R. The diffusion constant satisfies v > 0, the function u
takes values in R™ for some n > 2, the real (n x n)-matrices A; have nonnegative
entries, and the Jacobian D f(-; p) has nonnegative off-diagonal elements. The shifts
rog <11 < --- <7y can be taken to be both positive and negative, i.e., rg < 0 < ry.
We are interested in nonlinearities f that are bistable. In particular, writing 0 =
(0,...,0) e R®" and 1 = (1,...,1) € R, we assume that f(0;p) = f(1;p) = 0 are
two stable equilibria for all p € V' and that all other equilibria in the cube [0, 1]™ are
unstable.

We are particularly interested in traveling wave solutions of (1.1) that connect
the two stable equilibria. Such solutions can be written in the form u(x,t) = ¢(z —ct)
for some wave speed ¢ € R and some wave profile ¢ : R — R"™ that satisfies the limits

(1.2) lim ¢(¢) =0, lim ¢(¢) = 1.

§——o0 E—+o0
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It is not hard to see that this pair (¢, ¢) must satisfy the differential equation

N

(1.3) —cd (&) = 40" (€) + Y Aj[d(€ +75.t) — H(E)] + [((€) 5 ).

Jj=0

Due to the presence of the shifts in the argument of ¢ that are both positive and
negative, the system (1.3) is referred to as a functional differential equation of mixed
type (MFDE).

Our contribution in this paper is to show that for each v > 0, (1.1) has a family
of traveling wave solutions, parametrized by p € V. This family depends smoothly
on the parameter p whenever v > 0 or the wave speed c is nonzero. In addition, upon
fixing the parameter p, traveling waves for (1.1) with v = 0 can be approximated by a
sequence of traveling waves for (1.1) with v =, | 0. As such, we generalize previous
results obtained in [32, 25] for scalar versions of (1.3), i.e., where n = 1.

Lattice differential equations. Let us emphasize here that our interest in (1.1)
is rather indirect. Indeed, our primary motivation for this paper comes from the study
of differential equations posed on lattices in two or more spatial dimensions. Consider,
for example, the system

d
(1.4) q i = Qij[Wig1 g+ Ui g1 + i1+ w1 — dugg] + glug, p),
posed on the two-dimensional lattice (4,5) € Z2. A typical smooth family of bistable
nonlinearities is given by the cubics

(L5) g(usp) = u(u— p)(1 - )

with 0 < p < 1. We now discuss a number of different scenarios for the diffusion
coefficients o;;.

Positive diffusion. In the spatially homogeneous case a;; = o > 0, the lattice
differential equation (LDE) (1.4) reduces to the system

(1.6) = auiy1,j + Ui 1 + Uim1,5 + i1 — dug] + g(uij, p),

d
ar"
which is often referred to as the two-dimensional discrete Nagumo equation. It has
been used to describe phenomena such as phase transitions in Ising models [3] and
to develop pattern recognition algorithms in image processing [11, 10]. Many authors
have studied this LDE, focusing primarily on the richness of the set of equilibria [30]
and the existence of traveling wave solutions [32, 43].
The LDE (1.6) with o = h~2 can be seen as the discretization of the PDE

(1.7) Ou = Au+ f(u)

on a two-dimensional grid with node spacing h > 0. However, the two equations are

known to display significant differences in dynamical behavior, especially when a > 0

is small and one is far away from the continuous limit. In order to illustrate this, let us

consider waves that travel through the lattice in the direction (o1, 02) = (cos,sin6).
Substituting the Ansatz

(1.8) uij(t) = ¢((i,4) - (01,02) — ct) = ¢(ior + joa — ct)

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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1070 H. J. HUPKES AND E. S. VAN VLECK

into (1.6), we arrive at the system

(1.9) —c¢'(€) = alp(E+01)+d(E+02)+d(E—01)+(E—02) —46(€)]+9(8(€); p) =0,

which is a scalar version of the MFDE (1.3) with v = 0. As above, we require the
limits
(1.10) lim ¢(&) =0, lim ¢(¢) = 1.

£——o0 £—+o0

Notice that the direction (o1, 02) appears explicitly in the traveling wave MFDE
(1.9), which does not happen for the PDE (1.7). As a consequence, the LDE (1.6)
admits spatial anisotropy in the sense that the wave speed ¢ depends on the angle 6
of propagation through the lattice. Numerical illustrations of this fact can be found
in [25, 14, 27].

Notice furthermore that the traveling wave MFDE (1.9) becomes singular in the
limit ¢ — 0. One of the consequences of this fact is that typically an entire range of
values of p can exist for which the wave speed satisfies ¢ = 0. This phenomenon is
called propagation failure and does not occur for the PDE (1.7). It has been studied
extensively in [5], where one replaces the cubic nonlinearity ¢ by an idealized cartoon
nonlinearity to obtain explicit solutions to (1.9). For each propagation angle 6, the
quantity p*(0) is defined to be the supremum of values p > % for which the wavespeed
satisfies ¢ = 0. It is proven that this critical value p*(0) typically satisfies p* > %,
depends continuously on € when tan is irrational, and is discontinuous when tan 6
is rational or infinite. By now there is plenty of numerical [14, 25] and theoretical
[33, 21] evidence to suggest that this behavior is not just an artifact of the idealized
nonlinearity g but also occurs in the case of the cubic nonlinearity (1.5).

Periodic diffusion. One of the advantages of using the discrete system (1.4) is that
it is relatively easy to model spatial inhomogeneities. Many physical systems have a
periodic spatial structure [17, 15, 36], so it is natural to study (1.4) with coefficients
a;; that vary in a periodic fashion. For example, let us suppose that a;; = oo > 0
whenever ¢ + j is odd and o;; = o > 0 whenever i + j is even, with a, 7# a.. Upon
writing

o (o1 + joo —ct for odd i + 7,
(1.11) Uij(t) = { ( ' ? )

pe(ioy + joo —ct)  for even i+ j,

we find the traveling wave MFDE
(1.12)

—c@(§) = Pe(§+01) + @ — 01) + Pe(§ + 02) + De(§ — 02) — 400(§) + g((bo(é);p),
—cd(€) = Po(§ + 01) + Bo(€ — 01) + G0 (€ + 02) + Po(€ — 02) — 46 (€) + (0 (£); p),

which clearly can be written in the form (1.3) with v = 0. Compared to (1.9), much
less is known about (1.12). In section 3.1 we discuss this issue further and show how
general periodic diffusion problems fit into our framework.

Negative diffusion. Although PDEs with negative diffusion are typically ill-posed,
the discrete system (1.4) with «;; = a < 0 does not suffer from this problem. In [39]
phase transitions are discussed for a grid of particles that have visco-elastic interac-
tions, which leads naturally to an LDE with negative diffusion. We refer to [4] for
an analysis of this problem on a one-dimensional lattice. Earlier results that provide
additional motivation for studying this type of antidiffusion can be found in [6, 7].

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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In section 3.2 we discuss a two-dimensional lattice with negative diffusion and
show how the framework in this paper can be used to construct traveling waves for
this system in special situations. The key observation is that splitting the lattice into
odd and even sites and applying a separate rescaling to the two sublattices transforms
the negative diffusion scalar system into a spatially periodic system. Whether this
rescaling can be performed in such a way that the rescaled system is bistable on the
cube [0,1]? depends on the structure of the nonlinearity. If this can be done, the
original system with negative diffusion has a traveling checkerboard solution, in the
sense that the odd and even lattice sites each have a separate wave profile traveling
with a common speed.

Continuous vs. discrete Laplacian. Let us briefly discuss our reasons for
including the second derivative term in (1.3), which clearly does not appear in the
traveling wave equations for the LDEs discussed above. First, as we have seen above,
very interesting features of LDEs arise in the regime where waves are pinned to the
lattice. Since the traveling wave systems (1.9) and (1.12) become singular as ¢ — 0,
numerical methods have considerable trouble resolving the shape of the wave profiles
in this regime. As illustrated in [1, 14, 25, 27], this difficulty can be overcome by adding
a small second order term as in (1.3). By understanding the limit v | 0 we can hence
study how well numerical methods can resolve the fine structure of propagation failure.

Besides this technical issue, there is also a physical reason to introduce a local
diffusion term in (1.1). Such a term arises naturally if we consider systems which
have local as well as nonlocal interactions, and it allows us to perform continuation
from systems with a continuous Laplacian to systems with a discrete Laplacian. We
refer to the Frenkel-Kontorova equations [38, 37] as an example in solid-state physics
where this is useful.

Existence of waves. By now, many authors have considered the existence of
wave-like solutions for dissipative LDEs, using a varied palette of techniques. A
significant portion of the work has focussed on spatially homogeneous LDEs with
positive discrete diffusion. The seminal work of Weinberger [42] is applicable to both
PDEs and LDEs and contains results on the existence of traveling waves primarily for
monostable nonlinearities but also for bistable systems. Using index theory, Zinner
[43] established the existence of traveling waves for the discrete Nagumo equation
posed on a one-dimensional lattice. Mallet-Paret developed a linear Fredholm theory
in [31] for MFDEs and employed this in [32] to obtain structural results for scalar
versions of (1.1) with v = 0. Bates, Chen, and Chmaj [2] used implicit function
theorem arguments to obtain the existence of traveling waves for LDEs with long-
range interactions that can be both attracting and repelling. In [23] Hupkes and
Sandstede developed a version of singular perturbation theory to construct traveling
waves for the two-component discrete FitzHugh-Nagumo system. In [22] modulated
traveling waves were constructed using a global center manifold analysis for (1.1) with
~ > 0. Finally, in a series of papers [34, 35] Shen studied scalar versions of (1.1) with
~v > 0 but with a time dependent nonlinearity. She employed comparison principles
to obtain existence, uniqueness, and stability results for wave-like solutions.

Main techniques. Roughly speaking, the arguments used to establish our main
results can be split into two main parts. In the first part, we fix the parameter p and
the constant v > 0 and construct a traveling wave solution for (1.1). In the second
part, we show that traveling waves persist under small perturbations of p and . This
allows us to take the limit v — 0 and obtain families of traveling waves for (1.1) even
for vy = 0.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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The techniques we use to attain the first goal differ from the approach taken in
[32, 25]. Indeed, the latter papers construct a global homotopy that transforms the
system (1.1) into a reference system that admits explicit solutions. The problem is
that this homotopy needs to be embedded into a so-called normal family that satisfies
a number of detailed technical constraints. It is unclear how these conditions can be
naturally generalized to higher dimensional systems.

In this paper, we avoid using any global homotopies or topological arguments
and directly construct traveling waves for (1.1) with v > 0. In particular, we do
not follow the route taken in the classical papers [41, 12] where traveling waves are
constructed for PDE versions of (1.1) with v > 0 that do not contain the nonlocal
terms but may include convective terms. Instead, we base our approach on the elegant
techniques developed by Chen [9], who studied scalar versions of (1.1) with v > 0 and
constructed traveling waves using only comparison principles. In sections 4-7 we
adapt these results for use in our higher dimensional setting. Although the main
spirit of the arguments remains the same, significant modifications need to be made
in order to account for the increased complexity of the cube [0,1]™ that contains the
dynamics of (1.1) as compared to the interval [0, 1].

The analysis in the second part of this paper does build upon ideas introduced in
[32] for v = 0 and [25] for v > 0. In particular, if (¢, ¢) is a traveling wave solution to
(1.1), we consider the linear operator

N
(1.13)  [Acyv](€) = =" (&) — ' (§) = Y Aj[v(§ +15) — v(€)] — D1 f(6(8); p)u(€)
7=0

associated to the linearization of (1.3). We show in section 8 that A. - is a Fredholm
operator and has a one-dimensional kernel that is spanned by the strictly positive
function ¢’. Once established, this Krein-Rutman-type result allows the use of an
implicit function theorem argument to construct a local branch of traveling wave
solutions to (1.1) that depend smoothly on the parameter p.

The main difficulty towards understanding A., is that one needs to rule out
potential kernel elements that decay as £ — doco at a rate that is faster than any
exponential. Indeed, the ad hoc arguments used in [32] for this purpose cannot be
immediately transferred to the high dimensional setting of (1.3). Similarly, the ap-
proach taken in [33] to prove a related Krein—-Rutman result exploits special structural
properties of the underlying system that are absent here.

Let us mention that recent results obtained in [8] actually cover some of the
cases considered here. Indeed, in [8] the authors construct traveling wave solutions
to LDEs that are posed on one-dimensional lattices and have periodic diffusion. It
turns out that whenever the pair (o1, 02) is rationally related, one can construct a
one-dimensional LDE covered by [8] for which the traveling wave system is equivalent
o (1.12). However, the techniques used in [8] differ considerably from those used here.
In particular, they work only for v = 0 and as such cannot account for the transition
~v 1 0. In addition, the intricate parameter dependence of waves is not studied.

We conclude this introduction by giving a brief overview of the structure of this
paper. In section 2 we state our assumptions and main results, and in section 3 we
show how these results can be applied to three specific examples. In section 4 we state
some basic comparison principles for (1.1). In section 5 we study spatially invariant
solutions to (1.1) and analyze the separatrix that divides the basins of attraction for
the two stable zeroes of f. In sections 6-7 we consider the evolution of a smooth
initial condition for (1.1) with 7 > 0 and prove that it converges to a traveling wave.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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In section 8 we study the traveling wave system (1.3) directly. In particular, we
generalize the local continuation results obtained by Mallet-Paret [32] to the current
high dimensional setting. We prove our main results in section 9 and end with a
discussion in section 10.

2. Main results. In this section we state our main results. We recall our main
family of nonlocal systems

N
(2.1) Opu(z,t) = yOpzu(x,t) + Z Ajlu(z +r5,t) —ulz, 0)] + f(u(z,t);p),

Jj=0

parametrized by p € V', where we take V to be a closed subset of R. The diffusion
constant satisfies v > 0, the shifts are ordered as ry < 1 < ... < 7y, and the function
u takes values in R™ for some n > 2. For convenience, we introduce the quantities
(2.2) Tmin (= Og}ignN rj =To, Tmax i= OISI}aéXN ri =TN.

Before we state the rest of our assumptions on (2.1), we need to introduce
some notation. First of all, we recall the shorthands 0 = (0,...,0) € R™ and
1=(1,...,1) € R*. Whenever B and C are two (p X ¢)-matrices, we use the notation
B > C to indicate that B;; > Cj; holds for all integers 1 <¢ < pand 1 < j < ¢, while
B > C implies that B;; > Cj; for all such ¢ and j. The relations < and < are defined
in the analogous fashion. Obviously, all these orderings transfer naturally to vectors.

We start by stating our assumption on the matrices {A4;}. Roughly speaking, all
these matrices must be nonnegative and together they must mix all the components
of u. Since adding a shift ry11 = 0 does not affect (2.1), we caution the reader that
this condition should be read together with (2.5) below.

(HA) For all 0 < j < N, the n x n-matrix A; satisfies A; > 0. In addition, the
matrix

N
(2.3) A=A
§=0

is irreducible in the sense that for each pair (i,5) € {1,...,n}? that has i # j,
there exists an integer k£ > 2 and a sequence /{1, ..., with {1 =i and ¢, = j
such that

(24) A£1£2A5253 . 'Aek—lek 7& 0.

Here A, denotes the (p, ¢)th element of the (n x n)-matrix A.
The following three conditions pertain to the nonlinearity f. They state that for each
parameter p € V, the function f(-;p) is order preserving in the terminology of [18]
and bistable when restricted to a neighborhood of the cube [0, 1]™.
(Hf1) The function f : R™ x V — R" is C*-smooth. In addition, for any p € V and
u € R™, there exists k = k(u, p) > 0 such that

(2.5) Dy f(usp) > A= k(u, p)I.

(Hf2) For all p € V, we have f(0;p) = f(1;p) = 0. In addition, if for some p € V
and A € C we have

(2.6) det[Dyf(v;p) — A =0

with either v = 0 or v = 1, then in fact Re A < 0.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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(Hf3) For all p € V, the set of vectors ¢ € R™ for which 0 < ¢ < 1 and f(g;p) =0
both hold is finite. In addition, for each such ¢ there exists a A\ € C with
Re A > 0 such that

(2.7) det[D;1f(q;p) — \] = 0.

Our final two assumptions are technical conditions on the structure of the system
(2.1). In particular, (HS1) states that any off-diagonal elements of D, f — A are either
identically zero or strictly positive. This should be compared to condition (ii) in [32,
sec. 2]. The second condition (HS2) states that it is impossible to rewrite (2.1) in
such a way that all the shifts are either nonnegative or nonpositive. Let us emphasize
that we fully expect our results to remain valid without this condition. The only
reason that we include it is to keep our arguments in section 8 relatively streamlined.
Indeed, the proofs in [32] often have to use separate techniques for the two special
cases Tmin = 0 and 7Tpax = 0. In our current high dimensional setting this would
become even more convoluted.

(HS1) Consider any pair (k,l) € {1,...,n}? with k # [. Then for each p € V, the

function

(2.8) g(u) = fr(u; p) — Apw

either satisfies 0y, g(u; p) > 0 for all u € R™ or 9y, 9(u; p) =0 for all u € R™.

(HS2) Pick any p € V and o € R™ and consider the function @ that is given by
Ui(x,t) = ui(z + o4,t). For any choice of N > 1, F : (R")N+! 5 R" and
To <71 < --- < Ty that allows us to rewrite (2.1) as

(2.9) O4ti(x,t) = YOpalilx, t) + F (U(x +70), ..., Uz + 7)),

we have 79 < 0 < 75.
Our first main result states that (2.1) admits a smooth family of traveling wave
solutions whenever v > 0. It can be seen as the direct generalization of [25, Thm. 3.1],
which applies only to scalar systems.

THEOREM 2.1. Suppose that (HA), (Hf1)-(Hf3), and (HS1)-(HS2) are all sat-
isfied. Then for any v > 0, there exist C'-smooth functions ¢, : V. — R and
P,V — W22(R,R") that satisfy the following properties.

(i) For any p € V, the function P = P,(p) has the limits

(2.10) lim P(¢) =0, lim P(¢) =1

£——00 §—+o0

and satisfies P’ > 0.
(ii) For any p € V, the function

(2.11) u(e,t) = Py (p)(z — e (o)1)

satisfies (2.1).
(iii) Consider any P € W2°°(R,R") that satisfies the limits

(2.12) lim P(¢) =0, lim P(¢) =1

£——00 §—+o0

and suppose that u(z,t) = P(x—ct) satisfies (2.1) for some p € V and c € R.
Then we have ¢ = ¢, (p) and P(-) = Py(p)(- — ) for some ¥ > 0.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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Our second main result shows that the traveling waves obtained in Theorem 2.1
can be used to approximate solutions to (2.1) at the critical value v = 0. It generalizes
[25, Thm. 3.10], which as before only applies to scalar systems.

THEOREM 2.2. Suppose that (HA), (Hf1)-(Hf3), and (HS1)-(HS2) are all satis-
fied. Consider two sequences 7y, > 0 and p, € V that have v, — v« and p, — p« as
n — 0o for some v, > 0 and p. € V. Then, possibly after passing to a subsequence,
we have ¢y, (prn) — ¢« € R and the limit

(2.13) P.(€) = lim Py, (pn)(©)

exists pointwise. The function Py is nondecreasing and satisfies the limits

(2.14) lim P,(€) =0, lim P.(6) =1.
£——00 §—+o0
If either v, > 0 or ¢, # 0, then the function u.(x,t) = P.(v — c.t) satisfies (2.1)

with v = v« and p = px. On the other hand, if v. = 0 and c. = 0, then the time-
independent function

(2.15) uy (2, ) := 151&1P*(£)

satisfies (2.1) for allx € R and t € R.

Our final main result describes the structure of the family of traveling wave so-
lutions to (2.1) at v = 0 and should be seen as a generalization of [32, Thm. 2.1].
As in the latter result, the wave speed c is uniquely defined for all p € V' and the
accompanying wave profiles are unique whenever ¢ # 0.

THEOREM 2.3 (cf. [32, Thm. 2.1]). Suppose that (HA), (Hf1)—(Hf3), and (HS1)-
(HS2) are all satisfied and fix v = 0. Then there exists a continuous function cg :
V' — R that satisfies the following properties.

(i) Writing V. C V for the open set, where co(p) # 0, the function co is C'-

smooth on V.
(ii) There exists a Ct-smooth function Py : V., — WL (R,R") such that for any
p € Vi, the function P = Py(p) has the limits

(2.16) lim P(¢) =0, lim P(¢) =1,

{——o0 §—+o0
satisfies P' > 0, and generates a solution to (2.1) with v = 0 by writing
(2.17) u(z,t) = Pz — colp)t).

(iii) For any p € V' \ Vi, there exists a nondecreasing function P : R — R™ that
has the limits

(2.18) lim P(¢) =0, lim P(¢) =1,

E——o00 §—+o0
such that the time-independent function
(2.19) u(z,t) = P(x)

satisfies (2.1).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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(iv) Consider any c # 0 and a function P € W>°(R,R") that satisfies the limits

(2.20) lim P(¢) =0, lim P(¢) = 1.

E——o00 §—+o0

Suppose that u(x,t) = P(x — ct) satisfies (2.1) with v = 0 for some p € V.
Then we must have ¢ = co(p) and P(-) = Po(p)(- — 9) for some ¢ > 0. In
particular, one has p € V.

(v) Consider any nondecreasing function P : R — R"™ that satisfies the limits

(2.21) lim P(¢) =0, lim P(¢) = 1.

{——o0 £—+o0

If u(z,t) = P(x) satisfies (2.1) with v = 0 for some p € V, then we must
have p € V \ V.

3. Examples. In this section we illustrate our main results by considering three
examples, all of which are posed on the two-dimensional spatial lattice Z2. We use
the nearest-neighbor discrete Laplacian

(3.1) [Ajulij = wip1j +uio1j +wijr1 +uijo1 — 4ugy,
together with the next-nearest-neighbor version
(3.2) [Axulij = Wit1,j41 + Wig1,j—1 + Uim1,j41 + Uim1,j—1 — duij.

In the first example, the diffusion coefficients are positive but spatially periodic. The
second example considers a system that is spatially homogeneous but that has negative
nearest-neighbor diffusion. We show how the problem can be transformed into an
equivalent spatially periodic system with positive diffusion coefficients. The third
example builds upon the second by adding positive next-nearest-neighbor interactions.
In all cases we establish that the assumptions (HA), (Hf1)-(Hf3), and (HS1)-(HS2)
are all satisfied under reasonable conditions on the nonlinearity.

3.1. Periodic diffusion. In this example we study the system
(33) Uiy = ouj[Aqulij + gij(wigsp),  4,J € L

The diffusion coefficients satisfy a;; > 0, and the system is periodic in the sense that
there exist integers p > 1 and ¢ > 1 such that the identities

(3.4) Qij = Qigp,j = Qi jtq, 9ij = Gitp,j = Gi,j+q

hold for all 4,5 € Z.
Let us decompose any pair (i,7) € Z? as

(3.5) i =i1p+ iz, 0 <iz <p, J=nq+ j2; 0<j2<q.
Introducing pq functions v%2+2 : Z2 x R — R, we write
(3.6) uij () =057 (t)

and look for a traveling wave solution

(3.7) V(L) = iy g, (i1 + jun — ct),
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which travels through the lattice in the direction (v1,v2). Here for each pair of integers
0 <ip <pand 0 < jy < g, the function ¢, j, : R — R satisfies the limits

(38) Eggloo ¢i2,j2 (6) =0, 52141100 ¢i2,j2 (6) =1L

The traveling wave system can be written as

=@, 5, (§) = iy iy [Piy 1,55 (€ +v1) + @iy jo+1(€ + 12)
(39) +¢i2—17j2(§_V1)+¢i2,j2—1(§_y2)]
+ Gin,go (Diz .32 ()5 )

with the understanding that ¢i,+p j, = @iy, jotq = Pis,jo- Upon embedding RP x R?
into RPY; this can be written as an equation of the form (1.3) with n = pg.

The assumptions (Hf1)-(Hf3) and (HS1) can be satisfied by picking each of the
nonlinearities f;; to be bistable, e.g.,

(3.10) 9ij(u;p) =u(l —u)(u—p), 0<p<L

The irreducibility of the matrix .4 appearing in (HA) follows easily from the fact that
each point in the grid Z? can reach any other point by a series of vertical and horizontal
jumps of unit length, mirroring the interactions encoded in the operator A . Finally,
to verify (HS2) it suffices to consider o € RP x R? and look at the components of (3.9)
for which oy, j, is maximal and minimal. The former components are guaranteed to
have at least one positive shift and the latter components have at least one negative
shift.

3.2. Negative diffusion. In this example we consider a model that has repelling
nearest-neighbor interactions. In particular, we consider the system

(3.11) iy = o[Ayuliy + g(ugip),  i,jEL

with o < 0. Let w;; = v;; for ¢ + j even and u;; = w;; for i 4+ j odd. Then (3.11) can
be rewritten as

i = alwiy1j +wio1j 4 wije1 +wijo1 — 4vig] + g(viji p),

3.12 .
( ) Wij = Vg1, + Vi1 + Vij1 + vijo1 — dwi] + g(wij; p).

The equilibrium solutions satisfy
(3.13) 0 =4a(w —v) + g(vp), 0 =4a(v—w)+ g(w;p),

which is the same pair of equations as encountered in the one-dimensional setting of
[4] upon replacing 4a by 2a.
Picking any pair of equilibria (v_,w_) and (v4,wy), let us introduce the new

variables
(3.14) wij = (vij —v-)/(v4 —v-),
| yij = (wiy —w_)/(ws —w_).

Using these new variables (3.12) transforms into the system
Fij = delYir1, +Yio1,5 + Yige1 + i1 — dxig] + ge(2ij; p),

(3.15) .
Gij = do[Tit1,j + Ti1,j + Tijj1 + Tijo1 — i) + 9o (viji p)
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with modified diffusion constants
(3.16) de = a(wy —w-)/(vy —v-),  do=0a(vy —v-)/(wy —w-)
and modified nonlinearities

ge(;p) = (v —v-)"tg((v4 —v_)x +v_3p)
oo (g — ) — (g —w)) + (v — )],

V4 —V—

(3.17) 9o(y; p) = (wy —w_)"g((wy —w )y +w_;p)

+ w+4—aw_ [y((wy —w_) — (vy —v)) = (v= —w_)].

In order to have d.,d, > 0 it suffices to demand (w4 —w_)(v4+ —v_) < 0. Different
choices for equilibria that satisfy this requirement are listed in the table in section 5.3
of [4] for the cubic nonlinearity g(u; p) = u(l — u)(u — p).

Upon looking for a traveling wave solution

(318) Tij (t) =¢ (iVl + jvo — Ct), Yij (t) = d)z(iVl + jvo — Ct),

we can write the resulting traveling wave system as

3
(3.19) —cd/(§) = > Aj[0(§+715) — ()] + f(6(£): p).
J=0

Here the shifts are given by

(320) ro ="V, Ti1=V2, T2=—l, T3= V2,

while the matrices A; > 0 are given by

(3.21) A=Ay = Ay = Ay = <C?O c(l)) |
and the nonlinearity f is defined as
N [ 9e(@15p) + 4de(d2 — d1)
(3.22) Fop) = (—gowz;p) T dd, (61 - ¢2)) |
This allows us to compute
(3.23)
D1 f(;p)
_ (—(D1g@(¢1; p) + 4de) 4d. >
4d, —(D1go(p2; p) +4d,)
_ (—ID1g((vy —v_)p1 +v_;p) + 40] 4d,
- 4d, —[D1g((wy —w-)us +w—; p) + 4al

Clearly the irreducibility condition on A is satisfied together with (Hf1l), (HS1), and
(HS2). In addition, the bistability criteria (Hf2)—(Hf3) can be verified by studying the
table in [4, sec. 5.3]. In the bistable case, we hence see that (3.12) admits a traveling
wave solution that connects (v_,w_) to (v4,wy).
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3.3. Mixed diffusion. In this example we expand upon the model in section 3.2
by adding an attracting next-nearest-neighbor interaction. In particular, we consider
the system

(3.24) Uiy = alAguli; + B[Axuli; + g(uijip), LI EL

with a < 0 < 8. We emphasize that there is no direct condition on the size of either «
or 3, so our setup differs considerably from the perturbative context of [2]. We again
write u;; = v;; for i+ j even and u,;; = w;; for i+ j odd, which transforms (3.24) into

bij = wit1j +wio1j +wije1 + w1 — 4] + B[Ax]i; + g(vij; p),

3.25 .
( ) Wij = aVig1,j + Vic1,j + Vi jr1 + Ui j—1 — dwi;] + BIAcw]i; + g(wij; P)-

Notice that the equilibrium conditions (3.13) remain unchanged. In particular, we
can repeat the coordinate change (3.14) to obtain the equivalent system

Tij = de[Yit1,5 + Yie1,j + Yij+1 + Yij—1 — 4xij] + B[Axx]ij + ge (l‘ij;p),
Gij = do[it1,j + Tic1,j + Tijjr1 + i1 — i) + BIAxYlis + 9o (vigi ),

in which the diffusion constants d., d, and the nonlinearities g., g, are again given
by (3.16)—(3.17).
Substitution of the traveling wave ansatz (3.18) now yields the system

(3.26)

(3.27) —cd/(¢ ZA (& +77) — A& + f(6(€); p)
with shifts

To = V1, T = Vg, Ty = —V1, r3 = —rg,
(3.28)

ry=V1+Va, T5=1V1—Ve, Tg=—V1+le T7=—V—U
and matrices
(3.29) AO:AleQ:A?,:(C? %) Ay = As = Ag = Ar — BI.

0

The nonlinearity f is still given by (3.22). In particular, the presence of the next-
nearest-neighbor interactions does not affect the location of the equilibria or their
stability. This means that our main results are applicable to (3.24) whenever the
conditions described in section 3.2 hold for (3.11).

4. Preliminary results. In this section we obtain preliminary results on the
nonlinear system

(4.1) ou(z,t) = [Du](z,t) + f(u(z,t)).
Here we have introduced the nonlocal differential operator
(4.2) [Du](x,t) = yOrgu(z,t) + [J * ul(x,t),
in which
N
(4.3) [J * u](x,t) ZAJ w(x +rj,t) —u(x,t)).
7=0

We impose the following condition on the nonlinearity f to reflect the fact that we
have dropped the dependence on the parameter p.
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(h)gy The function f : R" — R™ satisfies the conditions (Hf1)-(Hf3) with the
understanding that V' = {0} and f(-;0) = f(-).
Before we proceed, we need to fix the function space in which we will consider
(4.1). To this end, we introduce the spaces
(4.4)
BCOR,R") = {u € C(R,E") | [ull g0 = supgcs [u(€)] < oo},

BC*(R,R") = {u € C*(R,R") | [[u]l e 1= max{|Jull gco . [l gco » [0 peo} < 00}

We also introduce the set X that contains all functions u € L*(R x [0, 00), R™) that
satisfy the following two properties.

(i)y For all t > 0 we have u(-,t) € BC?*(R,R") and d;u(-,t) € BC°(R,R™).

(ii), Ast |0 we have the uniform limit

(4.5) sup
z€R

u(z, t) — /_OO Z(x — 2 t)u(a’,0) dx’

— 0,
in which Z denotes the standard heat kernel

(4.6) Z(6,t) = \/%ﬂ exp [_i_t} .

In particular, functions in X' can be spatially discontinuous at ¢ = 0 and temporally
discontinuous as ¢t | 0. To accomodate functions that are smooth for all ¢ > 0 we
introduce the subset

(4.7) X ={ueX|u(,0) € BC*(R,R")}.

Our first two results state a comparison and regularity principle for (4.1). The proof
of the comparison principle closely follows the arguments developed in [9, Thm. 5.1].

PROPOSITION 4.1 (cf. [9, (C2)]). Consider the nonlinear system (4.1) with v >0
and suppose that (HA) and (h)§4 are satisfied. Let u,v € X be a pair of functions that
satisfy the uniform bounds

(4.8) -1 <u(z,t) <2, -1 <w(z,t) <2, x€eR, t>0,

together with the differential inequalities
(4.9)
Owu(z,t) > [Dul(x,t) + f(u(x,t)), Ov(z,t) < [Dv](x,t) + f(v(x,t)), t>0

and the initial inequality
(4.10) u(z,0) > v(z,0), xr eR.

Then if v = 0, the inequality u(x,t) > v(x,t) holds for all x € R and t > 0. On the
other hand, if v > 0, then there exists a continuous matriz-valued function

(4.11) 7y : R x (0,00) — RZE"
that does not depend on u and v, such that the lower bound
1
(4.12) u(z,t) —v(z,t) > ny(x,t)/ [u(o,0) — v(0,0)]do
0

holds for all x € R and t > 0.
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Proof. First assume that v > 0. Upon writing w(zx,t) = u(x,t) — v(z,t) together
with

1
(4.13) Z(z,t) :/0 Df(v(z,t) + dw(z,t))dd,

the estimate

dw(z,t) > [Dw)(z,t) + f(u(z,t) — f(v(z, 1))

(4.14)
[Dw](z,t) + Z(z, t)w(x,t)

holds for all ¢ > 0. In order to show that w(z,t) > 0 for all ¢ > 0 and = € R, let
us assume to the contrary that this is false. In particular, suppose that there exist
t. >0, z, € R and an integer 1 < ¢ < n for which w;(z.,t.) = —9 < 0. Picking € > 0
and K > 0 in such a way that ¥ = ee?5**, we can now define

(4.15) T :=sup{t > 0| w(x,t) > —ee* 1 for all z € R}.

The requirement (4.5) together with the convergence (ii)y implies that 0 < T < t,.
In addition, there exists an integer 1 < ¢ < n with

- , _ __,2KT
(4.16) wlIgl% wi(z,T) ee“"

since otherwise the lower bound (4.14) together with the inclusion w(-, T') € BC*(R,R")

would allow the constant T' to be increased. Without loss of generality we may there-

fore assume that w;(0,7T') < —Ze?KT.

Consider now the function

(4.17) W (@t ) = —e G + crz(x)) (21,

in which ¢ > 0 is a parameter and z : R — R is a smooth function that has z(0) = 1,
z(£00) =3,1< 2 <3, and [2”| < 1. Write o, € (4, 1] for the minimal value of ¢ for
which w(z,t) > w™ (z,t;0) holds for all (z,t) € R x [0,T]. Since

(4.18) w™ (Foo,t;0,) = —€ E + 30*} K1 < —geeﬂ“l,

there exist 1 <49 < n, o € R and 0 < ¢ty < T such that w;, (zo,to) = w; (zo,t0;04).
The definition of o, now implies that

Oywiy (0, t0) < dyw; (w0, to; 04),
(4.19) Dxwiy (20, t0) = pw; (To,t0; 04),

awmwio ($07 tO) 2 arwwl_o (an tO; U*)a
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which in turns leads to the estimate
(4.20)

7
——€K82Kt0

> Opw;, (zo,to) > Orwiy (20, to)

> [Dw]io (:Eo, to) + [1(5507 tO)w(CCOa to)]io
N

= ’Yarrwig (3703 tO) + Z[Ajw(mﬂ + Tj, to)]io + [(I(:EO? tO) - A)w(ZII(), tO)]io
=0

N
> Y0zzw; (T, t0) + Y _[Ajw™ (zo +7j,t0)]iy + [(Z(0,t0) — A)w™ (20, t0)] -
=0

J

In the last inequality we used the fact that all nondiagonal elements of Z(xg,ty) — A
are nonnegative, where A is the matrix appearing in (HA). In particular, we obtain
the bound

N
(4.21) —ZeKeZKtO > —3e [y +2) |4+ | D*f]|| 25,
j=0

This leads to a contradiction upon choosing K > 1 to be sufficiently large, showing
that indeed w(z,t) > 0 for all z € R and t > 0.

From now on, we assume that v > 0. We pick k > 1 in such a way that
Z(x,t) > I+ Aholds for all z € R and ¢ > 0. Writing @(z, t) = e™w(x,t), we obtain
the differential inequality

N
(4.22) Oy (w,t) > YOpe®(x,t) + > Ajl(x +75,1), >0,
j=0

Similar arguments as above show that w(x,t) > Z(x,t) > 0 for (z,t) € R x [0, 00),
where Z € X can be represented as
Z(z,t) = / Zy(x — 2 t)w(z’,0)dz’
R
(4.23) N
+ Z/ / Zy(x— 't — 8)A;zZ(a" + 1, s)da' ds,
—o/o Jr

in which we have used the rescaled heat kernel

(424) Z’Y(fvt) = Z(f,’yt).

Indeed, notice that z(x,0) = w(x,0) while also

N
(4.25) O2(x,t) = Y0puZ(@,t) + > AjE(w +15,1),  t>0.
j=0

Using the fact that A’ > 0 for some integer £ > 0, one can use a standard boot-
strapping argument to construct the function 7, that satisfies the desired proper-
ties. a
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PROPOSITION 4.2 (cf. [9, C4]). Suppose that (HA) and (h)sa are satisfied and
consider any u € X that satisfies (4.1) with v > 0 for all t > 0. Suppose furthermore
that 0 < u(z,0) <1 holds for all x € R. Then we have

(4.26) sup [|[u(-, 1) gz < 00.
t>0

Proof. By the comparison principle we have 0 < wu(z,t) < 1 for all ¢ > 0. The
uniform bounds on d,u and O0,,u can now be obtained by combining the parabolic
regularity results obtained in [28, Chap. V, sec. 3, Thm. 3.1.] and [28, Chap. VII,
sec. 5, Thm. 5.1.]; see also [13, Thm. A.8]. O

Before stating our next result, we need to introduce some notation. First of all,
we note that the Perron—Frobenius theorem [16] in combination with (Hf2) implies
that the largest eigenvalue A; of the matrix D f(0) is simple and that we can pick
v; € R™ in such a way that

(4.27) Df(0)v; = Ay, A <0, v > 0, log| = 1.

In addition, upon writing A, for the largest eigenvalue of D f(1), we can pick v, € R™
in such a way that

(4.28) Df(1)v, = A\pvy, A <0, v > 0, || = 1.

Furthermore, we introduce a C*°-smooth function H; : R — [0,1] that satisfies
0<H| <2 0<H! <4, H{(-1)=0and H; (1) = 1. For convenience, we also use
the function H_ =1 — H,. Finally, we write

(4.29) H(E) = H_(€)ur + H. (E)v,.
Since |u| = |vy| = 1, we see that |H(€)] < 1 and |[DH](E)| < ky with Ky =

4~ + 2n || A|l. Throughout the remainder of this section we use these functions to

construct sub- and super-solutions to (4.1) that approximate traveling waves.
PROPOSITION 4.3. Consider the nonlinear system (4.1) with v > 0 and suppose

that (HA) and (h)sa are satisfied. Consider any u € X that satisfies (4.1) for all

t > 0. In addition, suppose that Oyu(x,t) > 0 for all x € R and t > 0 and that the

following limaits hold for all t > 0,

(4.30) IEIPOO u(z,t) =0, zli)ﬂ;o u(z,t) = 1.

Finally, suppose that there exists a C*-smooth function £ : [0,00) — R with ||¢|, <

oo such that for every 6 > 0, there exist constants M = M(0) > 1 and k = k() > 0

that allow us to write

(4.31) lu(z,t)] <& for x <&(t) — M, |1 —u(z,t)| <§ forz>&lt)+M
together with

(4.32) Ozu(z,t)(t) > k1 for |z — &) < M + 2+ (Tmax — Tmin)

for allt > 0.

Then there exist constants o1 > 1 and B > 0 such that for all sufficiently small
0 > 0, the functions

wh(z,t) = u(z + o10(1 — e ), t) + se P H(z + 016(1 — e Bt) — £(1)),

(438) (1) = ule — 016(1 — eF1), 1) — e~ P H (& — o16(1 — e=5) — £(1))
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satisfy the differential inequalities
(4.34)

oywt(z,t) > [Dw'](,t) + f(w+(x,t)), Ow™ (z,t) < [Dw™(x,t) + f(w_ (x,t))

for allt > 0.

Proof. We will only consider the function w™, as the statements concerning w™
can be handled in a similar fashion. For convenience, we introduce the shorthand
y =+ 010(1 — e P*) and compute
(4.35)

dywt (z,t) = Byu(y,t) + Borde P 0puly, t) + de= P (Boore™ Pt — & (1)) H' (y — £(t))

- ﬁée‘ﬁt?{(y — f(t)).
In particular, upon writing
(4.36) T (z,t) = owt(z,t) — [DwT](z,t) — f(wt(z,1)),

we may compute
(4.37) ' g
Tt (@,t) = [Dul(y,t) + f(uly, 1)) — [Dwt](z,t) — f(w(z,1))

+ Bo1de PO u(y, t) + de Pt (Bdore Pt — £ () H (y — £(t))
— Boe” P H (y — £(t))
= Fuly.0) = £ (u(y,t) + e P H(y — &) ) — de P [DH](y — £(1))
+ Bo1de PO u(y, t) + de Pt (Bdore Pt — £ (8))H (y — £(t))
— BSe P H (y — £(1)).
Pick 9 > 0 and 8 > 0 to be sufficiently small to ensure that Df(u)v, < —2fv,
holds for all w that have |u — 1| < dp, while also D f(u)v; < —28v, for all u that have

|u| < dp.
Restricting our attention to the setting y > M (d9) + &(t) + 1 — 7min, we see that

(4.38) [DH](y —&(1) =0,  H'(y—&(1) =0,  H(y—£@1) =,

which implies that

(4.39) T, t) > Ty (x,t) = f(u(y,t)) — f(u(y,t) + 56_[%1},,) — Bée=Pty,.
We may now estimate

(4.40) ‘jOJr(ﬂJ, t) +de PIDf (u(y, t))vr + ﬁévre_m‘ < % ||D2fH 5228 v, 2.

In particular, by choosing a sufficiently small § > 0, our choice of § > 0 ensures that
(4.41) T (z,t) > %ﬂ&vrefﬁt > 0.

A similar estimate can be obtained for y < £(t) — M (dp) — 1 — Tmax-
We now turn to the case that |y — £(t)| < M(dp) + 2 + max — Tmin, Which allows
us to estimate
(4.42)
|T* (2, 1) — Borde P 0u(y, t)| < [|Df| de™ Pt + de=Plry
+26%Bore P + 5 ||¢'|| et + Boe

= 8¢ P |IDF| + ka + 20Bore™"" + ||€']| + B].
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In particular, upon choosing
(4.43) o1 =487 k(80) T [IDSI + ra + 1€ + 5]

and subsequently restricting ¢ to ensure that
1
(4.44) 0 < gﬁ(éo),

the desired conclusion J*(z,t) > 0 follows easily. O

COROLLARY 4.4. Consider the setting of Proposition 4.3. There exist constants
o2 > 1, 03 >0, and f > 0 such that for any sufficiently small 6 > 0 and any pair
w* € X that satisfies (4.1) together with the initial bounds

(4.45) wt (x,0) < u(x,0)+ 41, w™ (x,0) > u(z,0) — 1,
the inequalities

wt(z,t) < ulz+ 096(1 — e P, t) + o3de P,
(4.46) (1) < u ( );t)

w™(z,t) > u(z — 026(1 — e P?),t) — g30e 7"

hold for all t > 0.

COROLLARY 4.5. Consider the system (4.1) with v > 0 and suppose that (HA)
and (h)sa are satisfied.  Suppose furthermore that there exists a pair (P,c) €
BC?(R,R") x R that satisfies the limits

(4.47) lim P(¢) =0, lim P(¢) =1

£——00 §—+o0

has P'(§) > 0 for all £ € R and yields a solution to (4.1) upon writing u(x,t) =
Pz — ct).

Then there exist constants oo > 1, o3 > 0 and 8 > 0 such that for any sufficiently
small § > 0 and any pair w* € X that satisfies (4.1) together with the initial bounds

(4.48) wt(x,0) < P(x) + 61, w™ (x,0) > P(x) — 41,

the inequalities

(4.49) wh(z,t) < Pz + 026(1 — e Pt) — ct) + o307,
w™(z,t) > Pz — 026(1 — e7Pt) — ct) — o36e 7",

hold for all t > 0.

5. Spatially invariant solutions. Throughout this section, we study the class
of spatially invariant solutions to our main nonlinear system (2.1). In particular, we
consider the initial value problem

(5.1) u'(t) = f(u(t)), u(0) =ug € R"

and impose the following condition on the nonlinearity f to reflect the fact that we
have dropped the dependence on the parameter p.

(h)gs The function f : R™ — R™ satisfies the conditions (Hf1)-(Hf3) for some

irreducible matrix A > 0 € R™*" with the understanding that V = {0} and

f(50)=f().
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@ WA (i)

Fi1c. 1. Panel (i) illustrates the definitions of K+« and Wk and depicts a number of trajectories
under the flow ®. Panel (ii) highlights the relation between the definitions of the tangent spaces T'(q)
and Ti (¢). Finally, panel (iii) represents the tubular neighborhood U(81) and the constant k.

We use the notation u(t) = ®(¢;ug) to refer to the unique solution of the initial value
problem (5.1). In addition, we are interested in the linearized problem

(5.2) V'(t) = Df(®(t;u0))v(t), v(0) = vy € R™

for any ug € R™ and write v(t) = ¥(t; ug)vg to refer to the solution of this system.
The eigenvectors v; > 0 and v, > 0 introduced in (4.27)-(4.28) can be used to
introduce a convenient forward-invariant set for (5.1) that is slightly larger than the
cube [0, 1]™.
PROPOSITION 5.1. Consider the nonlinear ODE (5.1) and suppose that (h)g is
satisfied. Then there exists €, > 0 such that for each 0 < € < 2¢, the set

(5.3) Kle)={ueR"| —evyy <u<1+ev.}

satisfies ®(t;K(e)) C K(e) for all t > 0. In addition, if f(q) = O for some q €
K(ex) \ {0,1}, then in fact 0 < g < 1.

Using the constant €, > 0 introduced above, we write K, = K(e,). We recall that
the w-limit set for any v € R™ is defined by
(5.4)

wh(u) = v €R™| there exists a sequence tj, — oo with klim D(tg;u) = U} .
—00

Note that (Hf2) implies that both 0 and 1 are stable. In particular, if 0 € w™ (u) for
some u € R™, then in fact we have lim;_, o ®(¢;u) = 0 with a similar statement for 1.
A second consequence of (Hf2) is that the sets

(5:5) B(0)={ue K. |wh(u)={0}}, B1)={uek,|w"(u)={1}}

are both open in .. Our main focus in this section is the separatrix that divides
B(0) and B(1). In particular, we introduce the set

(5.6) W, = {u € K, for which {0,1} Nw™(u) = 0},

illustrated in Figure 1(i). In addition, for any ¢ € Wi, we introduce the suggestively
named space

(5.7) T(q) =0U{v e R" [ ¥(tq)v ¢ RE, URZ, for all ¢ > 0}

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 06/30/14 to 129.237.46.100. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

NEGATIVE DIFFUSION IN LATTICE SYSTEMS 1087

and write
(5.8) TW.) = {(¢,¥) | ¢ € We and ¥ € T(q)}.

Our first main result summarizes some useful properties of the separatrix W, and
validates the notation used in the definitions above.

PROPOSITION 5.2. Consider the nonlinear ODE (5.1) and suppose that (h)g; is
satisfied. Then the following properties hold.

(1) The set W, is compact and satisfies (t; Wy) C W, for every t > 0.

(ii) Consider any continuous path I' : [0,1] — K, that has I'(0) € B(0), I'(1) €

B(1), and

(5.9) [(t1) <T(t2),  T(t1) # L(t2)

for all 0 < t1 < to < 1. Then there is precisely one 0 < t, < 1 such that
D(ty) € W.

(iii) The set W, is an (n — 1)-dimensional submanifold of K. that is C'-smooth.
For any q € W, the tangent space to W, at q is given by T(q).

(iv) There exist constants K > 0 and o > 0 such that for all g € W, and € T(q)
we have

(5.10) [U(tq)p| < Kem® [ [ (t; q)1] .-
(v) For every e > 0 there exists 0 = U(e) > 0 such that
(5.11) |U(t;q)1| > de

holds for all ¢ € Wy and all t > 0.
Our next point of concern is the construction of a tubular neighborhood around

the separatrix W,. To this end, we pick any ¢ € W, and consider the following subset
of T'(q):

(5.12) T(q)={YeT(q)| 1+ >0}

In addition, for any §; > 0 and ¢ € W, N [0, 1]™, we consider the restricted sets

Ti(q) = (v € T(q) | ¢ — &1 (1 +¢] € [0,1]"},
T3 (q) = (Y € T(q) | g+ d1[1 + ] € [0,1]"},

as illustrated in Figure 1(ii). For any §; > 0, these sets allow us to define the regions
(5.14)
U (61) = {u € [0,1]" | u < g+ 61[1 + 1] for some g € W, N[0,1]", ¢ € T; (¢)},

UT(81) = {u € [0,1]" | u> g — [l +] for some g € W, N[0,1]",% € T, (q)},

(5.13)

together with the tubular neighborhood
(5.15) U(S1) =U (1) NUT(61) C [0,1]™

depicted in Figure 1(iii). The final two main results of this section establish some
useful properties of this tubular neighborhood that will play an important role in the
construction of sub- and supersolutions for (2.1).

PROPOSITION 5.3. Consider the nonlinear ODE (5.1) and suppose that (h)gs is
satisfied. Then the following properties hold.
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(i) Pick a sufficiently small 51 > 0 and consider any continuous path I": [0,1] —
[0,1]™ that has T'(0) =0, T'(1) =1 and T'(t1) < T'(t2) for all 0 <t; <tg < 1.
Then there exists t; < to, < t, such that

(5.16) I'(te) =qeW.N[0,1]"
together with
(5.17) D(t) =q— 0 +w), D) =q+01+v]

for some Y € i{l (q) and ¢, € fgg(q)

(ii) For any sufficiently small 51 > 0, there exist constants ¥ = ¥9(61) > 0 and
T =T(61) > 1 so that for every g € W, N [0,1]"™ and every pair 11 € féil(q)
there exist two functions

(5.18) 05, (t) = 85 (t; ¢, <) € C'([0,00),R™)
that satisfy the initial conditions

(5.19) ¢5,(0) =q—0ai[L+v-], ¢ (0) =g+ [l +14],
together with the estimates
(5.20) 0<¢; (H)<&hl, (1-0)1<¢f(t)<1, t>T,
and the differential inequalities
(5.21)
Lo ()~ F(05,0) > 01, Lot t) - (65(0) <01, 120
PROPOSITION 5.4. Consider the nonlinear ODE (5.1) and suppose that (h)g; is

satisfied. Then there exists a constant ky such that for any 61 > 0, any g € W,N[0, 1],
and any

(5.22) v € RZ5 URY,, [v| > Ky o1,

we have ¢+ v ¢ U(d1).

Throughout the remainder of this section we treat (h)§5 as a standing assumption
and provide the proofs of Propositions 5.1-5.4. We start by establishing that the
vector field of (5.1) points inwards on the boundary of K(e).

Proof of Proposition 5.1. Since v; > 0 and D f(0)v; = A\jy; for \; < 0, we can pick
€ > 0 to be sufficiently small to ensure that D f(—tev;)v; < %vl forall 0 <t < 1. This
implies that

1
(5.23) f(=ev) = —6/0 Df(—tev))v; > —e%vl > 0.

Similarly, we can ensure that f(1 + ev,) < 0. Now, consider any u € 9K (e). Suppose
that for some integer 1 < i < n we have u; = —e(v;);. We may then compute

Flu)i = fl—ew)i + X fo 03 fi(—e(l — tyv + tu)(uj + e(vr);) dt

(5.24)
> f(=ev)i + 2254 Aij(uj + €(ur);) > 0.
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A similar argument shows that f(u); < 0 if u; = 1 + €(v,);. In particular, the vector
field f points inwards on 9K (€), establishing that IC(¢) is forward invariant under the
flow .

We now turn to the claim concerning the equilibria. Let us first show that any
q € 9[0,1]"\ {0, 1} must have f(g) # 0. Assuming to the contrary that f(g) = 0, we
introduce the three sets

(5.25) ¥ ={i|q =0}, Yo ={ilq =1}, Y3={jl0<gq <1}

and observe that either 3; or g is nonempty. If 3; is nonempty, then for every
1 € X1 we can write

1
(5.26) 0=flgi= Y, /ajfi(tq)qjdtz D Ayg >0,

jeS,un; Y0 JETLUS,

which shows that A;; = 0 whenever ¢ € ¥; and j € 3 U X3. Since both these sets
are nonempty, this contradicts the irreducibility of A. A similar contradiction can be
obtained if Y5 is nonempty.

To complete the proof, let us suppose that there exists a sequence €, — 0 and
qr € K(ex) \ [0,1]™ with f(qr) = 0. After passing to a subsequence, we must have
qr — g« € 0]0,1]™ with f(g«) = 0, which implies that ¢. € {0,1}. This is impossible
due to the stability assumption (Hf2) on these zeroes. O

Proof of Proposition 5.2(1). The compactness of W, is a consequence of the
disjoint union

(5.27) K. = B(0) UB(1) UW..

In addition, the nature of w-limit sets implies that W, inherits the forward invariance
of K. O

In order to prove item (ii) of Proposition 5.2, we need to understand the topology
of Wi. In particular, we show that W, is completely unordered.

LEMMA 5.5. For any pair p,q € W, that has p # q, neither of the two inequalities
p < q and g < p can hold.

Proof. Without loss of generality, let us suppose that p < g. The comparison
principle now implies that for any ¢ > 0 we have

(5.28) ®(t;p) < (t;9).
Pick any ¢, > 0 and consider the ray
(5.29) L={ueR"|u=9D(ts;p) + (1 — 9)P(t.;q) with 0 < < 1}.

A result due to Hirsch [19, Lem. 4.3] states that the set of u € L that do not converge
to an equilibrium is at most countable. Therefore, since the set of equilibria in I, is
finite, there exist uy,us € L with u; < us that both converge to the same equilibrium
Joo- Now, we must have ¢, # 0 and goo # 1 since otherwise ®(¢;p) — 0 or ®(t;9) — 1
as t — oco. In particular, by Proposition 5.1 and (Hf3) the equilibrium g., must be
an unstable equilibrium. Obviously, u; and us both lie on the center-stable manifold
W (goo) and @ (t;u1) < ®(¢;ug) for all £ > 0.

Let us write Ass > 0 for the largest eigenvalue of Df(gs) and vs > 0 for an
associated eigenvector. In addition, we write V¢ C R™ for the subspace spanned by
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the generalized eigenvectors of D f(g~) that are associated to eigenvalues that have
Re A < 0. We claim that any nonzero v € V° cannot have v > 0 or v < 0. Indeed,
if this is the case, then by the comparison principle we have ¥(t; g0 )v > 0 for every
t > 0, which allows us to pick to and € > 0 with ¥ (¢; ¢oo)v > €voo. This implies that
U(t + to; goo)v > ee’>tv,,, which gives a contradiction. In particular, there exists
C > 0 such that for any nonzero v € V° we have

(5.30) v+ |v|C1 ¢ RY,, v—|v]C1 ¢ RZ,.

In the vicinity of ¢, the center-stable manifold W (g, ) can be written as a graph
over V. However, in view of (5.30) this contradicts the fact that ®(¢;u1) < P(¢; ug)
must hold for all ¢ > 0. a

Proof of Proposition 5.2(ii). Write I'. = {I'(¢)}}_, and note that ', is a closed
subset of IC... The existence of ¢, follows from the fact that the nonempty sets 8(0)NI.
and B(1) NI, are both open in I',, which means they cannot cover I', together. The
uniqueness of t, follows from Lemma 5.5. O

We now set out to address the smoothness of the manifold W,. To this end, we
pick any u € R™ and introduce the hyperplane

(5.31) Vu={veR"|(v,1) = (u,1)},

in which (-,-) denotes the standard inner product on R™. In particular, V), contains
u and is perpendicular to 1. For any § > 0, we also introduce the open subset

(5.32) Vus ={veV,||v—u| <}

As a first step, we modify an argument due to Hirsch [18] which allows us to show
that W, is a Lipschitz-smooth manifold of dimension n — 1.

LEMMA 5.6 (cf. [18, Thm. 3.1]). Consider any g € Wi for which q ¢ OK.. Then
there exists a constant 6 > 0 and a Lipschitz-smooth function p = pg : Vg6 — R such
that

(5.33) v+ pv)l e W,

forallv e V,s.

Proof. Pick € > 0 to be sufficiently small to ensure that the two points g+ := g£el
satisfy ¢qr € K, but qu ¢ OK,.. Lemma 5.5 implies that ¢g— € B(0) and ¢4 € B(1).
Since both these basins of attraction are open, there exists 6 > 0 such that V, s C
B(0) and V,, s C B(1). Proposition 5.2(ii) now implies that for every pair v+ € V,, 5
that is related by vy —v_ = 2¢1, the line between v_ and v; has a unique intersection
with W,. This intersection point can be used to define p(v) for v = Jv_+1vy € Vys.

To see that p is Lipschitz continuous, consider two sequences v, Uy in Vg 5 that
have

(5.34) lo(vk) — p(Vr)| / |vk — Vx| — o0 as k — co.

Write 7 : R™ — V, for the linear projection onto V, along 1. Upon defining
(5.35) wg = vk + p(vg)1, Wk = v + p(Uk)1,

we obviously have

(5.36) Vi = TWg, 7[7;.3 = W@k.
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In addition, we can compute
(5.37)  |we — wk|/ [k — V| = | [p(vk)1 = p(Vk)1] = |vi = Vi| |/ [k — Vk| = o0,
which implies that
(5.38) |wi, — Wk |/ vk — Vx| = 00 as k — 0.
Upon writing ay = [wy, — W]/ |w, — Wk, this shows that
(5.39) lag| / |raw] = 1/ |rax| — oo as k — oo,

which means that map — 0 as k — oco. Switching v and vy for the appropriate
values of k, this implies that o — 1/]1| as k — oo, which shows that ai, > 0
for some integer k., > 0. However, the resulting inequality wy, > wg, contradicts
Lemma 5.5. d

Before we can obtain additional smoothness properties for the separatrix W, we
need to develop some preliminary results for the tangent space T(W,). In particular,
we set out to prove part (iv) of Proposition 5.2, which provides an exponential sepa-
ration for the linearized flow ¥ acting on T'(¢) and on the perpendicular direction 1.

LEMMA 5.7. The set T(W.) N (W, x S"71) is compact in R™ x R™.

Proof. Consider any sequence {(qx, %)} € T(W.) that has |¢,| =1 for all k € N.
Passing to a subsequence, we find g, — q. € W, and ¢, — ¢, € S" ! as k — oo, and
it suffices to show that 1, € T'(¢«). If not, there exists 7' > 0 such that

(5.40) U(T; ¢ )b, € R%o URZ,.

The proof of the comparison principle in Proposition 4.1 now implies that for all ¢t > 0
we actually have

(5.41) U(T + t; g+ )0 € RYG URE,,.

Basic continuity properties can now be used to show that for all ¢ sufficiently close to
g« and all ¥ sufficiently close to ¥, we have

(5.42) V(T +t;q)) € R URY,

which leads to a contradiction. 0
LEMMA 5.8. There exists 6« > 0 such that

(5.43) U(t;q)1 = 6. [V(t9)11

holds for all ¢ € W.
Proof. Fixing g € W, let us consider the function

(5.44) g(t) =V (t;q)1/ [¥(t; q)1].

Upon writing ¢(t) = ®(¢;q), a short computation shows that we may write ¢'(¢) =
G(t,g(t)) after introducing the function

(5.45) G(t.g) = Df(q(t))g — 9(Df(q(t))g, 91).

By construction, we have g(t) € S*~1 N R%, for all ¢ > 0. Let us suppose that we
have a sequence t; — oo with g(tx) — ORZ,. By compactness, we may pass to a
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subsequence for which g(tx) — g. for some g, € ORZ, N S"~!. Arguing similarly as
in the proof of Proposition 5.1, the conditions (Hf1) and (HA) imply that there exists
at least one integer 1 < i < n with (g«); = 0 and G;(t,g.) > ¥ > 0 for all ¢ > 0. Using
the fact that ¢(t) remains in the compact set W, for all ¢ > 0, we hence see that
there exists § > 0 such that G;(t,g) > 39 > 0 whenever |g — g,| < 6. This however
precludes g(t) from approaching g. and hence leads to a contradiction. 0

Proof of Proposition 5.2(iv). For any ¢ € W, and v € T(q) NS"~1, we introduce
the two functions v, (t) = ¥(t;q)v and ¢, (t) = V(t; ¢)Abs(v), where Abs(v) € RZ,
is the vector given by Abs(v); = |v;|. Remembering that we cannot have v > 0 or
v < 0, the comparion principle now implies that for all ¢ > 0 we have

(5'46) _¢v7q(t) < wv,q(t) < ¢v,q(t)'

Pick any T, > 0. We now claim that there exists 0 < ¢ < 1 such that for all
(g,v) € T(W,) with |v| =1, we have

(5'47) _19¢v,q(T*) < wv,q(T*) < 19¢v7q(T*)~

If not, there exist sequences (qx,vi) € TWs), ix € {1,...,n} and 0 < ¥ < 1 with
|vg]| =1 and ¥ — 1 such that

(5'48) |¢vk>qk (T*)'Lk | > ﬁk(bvk#lk (T*)'Lk .

Lemma 5.7 shows that after passing to a subsequence, we have qr — g« € Wi,
vg — Vs € T(g«), and i — .. Continuity properties of ¥ now imply that

(5-49) |7r/)v*,q* (T*)i* | = va*,q* (T*)i* ;

which gives a contradiction. Using the fact that Abs(1y ¢(T%)) < Vv q(Ts), we may
iterate (5.47) to obtain

(5.50) —0*W(kTy; )1 < —9%¢y o (KT) < 1y g(kT) < 9%y o(kT.) < 9"V (KT,; )1,

which suffices to complete the proof. O

In order to establish that the separatrix W, is C'-smooth, we need to study the
smoothness of the map v — pq(v) introduced in Lemma 5.6. In particular, we show
that the sets T'(q) are in fact vector spaces that can be used to describe the derivatives
of the map pj.

LEMMA 5.9. Pick any g € W, and consider 11,12 € T(q). If either 11 < 1o or
11 > 1o holds, then in fact ¥ = 1s.

Proof. Let us suppose for concreteness that i1 < 19 but 11 # 1. For all t > 0,
the comparison principle now implies that

(5.51) W (t; )i < U(t;q)1hs.

In particular, there exist ¢, > 0 and € > 0 such that

(5.52) U(ts; q)[th1 + €1] < U(ty; q)tha.

Lemma 5.8 and Proposition 5.2(iv) together imply that for sufficiently large T > 0
we have

(5.53) U(te +T;q)[Y1 + €1] > 0.
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This however implies that also U(t. + T';¢)v2 > 0, which contradicts the fact that

Y2 € T(q). i
LEMMA 5.10. Recall the hyperplane Vo defined in (5.31). For each g € W, there
exists a bounded linear map 7, : Vo — R such that for any v € Vy we have

(5.54) v+ (14v)1 € T(q).

In particular, the space T(q) is an (n — 1)-dimensional vector space.

Proof. We first show that T'(¢) is a vector space. Observe that the definition (5.7)
directly implies that for any A € R we have Ay € T'(q) whenever ¢ € T'(¢q). Suppose
now that there exist 11,12 € T(q) with ¥1 +19 ¢ T'(¢q). This implies that there exists
t. > 0 such that

(5.55) U (te; q)hr + W(ts;q)ha > 0,

possibly after switching ¢¥1 — —t and ¥9 — —1)5. In particular, we have U(t,; ¢)1; >
—W(t4; q)1b2. This however contradicts Lemma 5.9 since both W(t.; )11 and ¥ (t.; q)ve
are contained in T'(®(t.;q)).

Let us now consider the open sets
(5.56) Vi(q) = {¢ € R™ | ¥(ts;q)y > O for some t, > 0},
. V_(q) = {¢ € R™ | ¥(ts; )y < O for some ¢, > 0}.

Pick any v € Vy. By choosing A = 2|v|, we can ensure that v = A1 € Vi(q). The
nonordering of T'(¢) now implies that there exists precisely one 7 € (—A, \) such that
v+ 71 € T(q), which can be used to define the value 7,v. O

LEMMA 5.11. Consider any g € Wi, for which q ¢ OK.. The function p = py :
Vy.5 — R defined in Lemma 5.6 is C'-smooth with

(5.57) Dp(v) = Tq(v), q(v) = v+ p(v)1.

Proof. We start by showing that p is differentiable at gq. Pick any vy € Vy with
|v] = 1. Let hy be a sequence of real numbers with hy, — 0 and consider the sequence

(5.58) o = hik[p(q + hivo) — p(g)] = hikp(q + hivo),

where we used p(q) = 0. The Lipschitz continuity of g implies that ay is bounded. It
hence suffices to show that for any convergent subsequence oy — «, we in fact have
o = T4vp. Suppose therefore that a. # 74v0 and introduce the vectors

(5.59) v =q + hipvo € Vg 5, wy, = vk + p(vK)1 € W
By construction, we have

(5.60) wy, = q + hi[vo + agl].

Upon writing

(5.61) () = B(t;wp) — B(t; ),

together with ¢(t) = ®(¢; q), we may compute

2, (t) = [/0 Df(q(t) + szi(t)) ds| zx(t)
= Df(a(t))zr(t) + N (t, 2 (1)),

(5.62)
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in which we have N'(¢,z) = O(|z|*) and DoN (¢, 2) = O(|z|) as z — 0, uniformly for
t > 0. In particular, we may write

(5.63) zi(t) = U (t; q)zk(0) + U(t; q)/0 (= s;q(5))N (s, 21(s)) ds.
Notice that
(5.64) Zk(O) = hk[’Uo + Oék] = hip + Vhil + O(hk) as k — oo

with ¢ = vg + (74v0)1 € T'(¢) and ¥ = o, — T4vp # 0. In particular, there exists ¢, > 0
such that

(5.65) U(te;q)[tp +91] € REoUR™,.

This means that for sufficiently large & we must have either z(t.) > 0 or zx(t.) < 0,
which violates the nonordering property of W, established in Lemma 5.5. Similar
arguments can be used to show that p is differentiable at all points v € Vg 5.

To see that (¢,v) — T4v is continuous, consider a sequence vy — v, € Vp and
QK — G« € Wi Writing ¢y, = vp+(7g,v5)1 € T'(gr), we observe that the sequence {¢y }
is bounded since {v;} is bounded and |74, || < 2. Consider an arbitrary convergent
subsequence 1, — 1, € R™. Recalling the linear projection = : R™ — V4 onto V)
along 1, we note that m; = vi, which in turn implies that 7w, = v.. Since T'(Wi)
is closed, we have 9. € T(q.), which shows that

(5.66) Vi = Ty + (Tq, Thi)1 = s + (74, 04)1,

as desired. 0
We now proceed to establish part (v) of Proposition 5.2. The main idea is that
U(t; )1 cannot decay exponentially as t — oo, since a nonlinear argument would then
allow us to show that ®(t; ¢+ €1) cannot converge to 1 as t — oo for all small € > 0.
LEMMA 5.12. For every K > 0 and € > 0, there exists a constant T, such that
for every ¢ € W, we have

(5.67) |U(ts;q)1] > Ke

for some t. = t.(q) that has 0 < t, <T,.
Proof. Arguing to the contrary, there exist two constants K, > 0 and €, > 0
together with two sequences T, — oo and ¢x € W, such that

(5.68) |W(t; qr)1l] < Kee " for all 0 < t < Ty.

After passing to a subsequence, we have g — ¢« € Wy as k — oo and by continuity
also

(5.69) |W(t;q.)1] < Kye ' for all t > 0.

In order to show that this cannot happen, we will construct a supersolution to the
nonlinear ODE (5.1). In particular, we write ¢, (t) = ®(¢; ¢, ) and consider the function

(5.70) ut (t) = qu(t) + 01 (1 + 5101) U (t; g )1,
in which the constants C' > 1 and §; > 0 remain to be determined. Upon writing

d

(5.71) THt) = au+(zt) — fu™ (1),
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we may compute
TT(t) = f(a«(t)) + Df(q«(t))01(1 + 6:C)¥(¢; g2 )1 4 03C V(£ g )1
— g« () + 01(1 + 6:C) (¢t g.)1)
(5.72) = —[f(gu(t) + 61(1 + 5:1CH) V(£ 0.)1) — f(qu(t))
— Df(q.(£))81(1 + 6:C) T (¢; ¢.)1]
+62CV(t; g )1.

In particular, we find that

(5.73) |TH(t) = 3CU(t;q.)1] < L[|D2f|| 63 (1 + 6:C1) W (t; g.) 1]

In view of Lemma 5.8, it is possible to choose C' > 1 in such a way that we have
(5.74) CV(t;q.)1 > 2K, || D*f|| [¥(t; ¢.)1] 1

for all ¢ > 0. In addition, the assumption (5.69) allows us to choose d; > 0 in such a
way that

(5.75) (146,01 |W(t; q.)1] < 2K,

for all ¢ > 0. These choices ensure that for all £ > 0 we have
1
(5.76) | T (1) = 61 CU(t0.)1[1 < S6TCT (¢ )1

and hence J*(t) > 0. In particular, u™(¢) is a supersolution for (5.1), which means
that for all ¢ > 0 we have

(5.77) ut(t) > ®(t;ut(0)) > q.(t).

However, after possibly decreasing the size of §; > 0 and increasing the size of €, > 0
that appears in the definition of W, we see that <I>(t; u+(0)) — 1 ast — oo. This is
precluded by the definition (5.70), which requires u™(t) — g«(t) — 0 as t — co. O

Proof of Proposition 5.2(v). Recall the constant §, > 0 from Lemma 5.8 and
pick K > 0 in such a way that KJ, > 1. Recall the constant T, = T, (K, €) from
Lemma 5.12 and choose ¥ > 0 to ensure that

(5.78) | (t;q)1] > 9 for all ¢ € W, and 0 < ¢ < T,

which is possible by compactness. For every g € W, we may estimate
(5.79) Ut (q); )1 > 0, |V (t(q); )11 > K,e (D1 > emct(D)1,
In particular, for any ¢ > 0 there is a chain 0 :=tg < t; < --- < tp with
(5.80) ti —ticg < T, t—t, <T., U(t;;q)1 > e i1
for all 1 <14 < ¢. This implies the desired conclusion

(5.81) |W(t; q)1] > e~ 9 > e~ 0. O

In the final part of this section, we provide proofs for Propositions 5.3-5.4. We
start by establishing some basic properties of the restriction spaces T'(¢) and T;lt(q)7

which will be used to construct the functions gb[;il mentioned in part (ii) of Proposi-
tion 5.3. N N
LEMMA 5.13. The spaces T(q) and Tgf(q) satisfy the following properties.
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(i) There exists a constant C > 1 such that
(5.82) 1<1+9y|<C

holds for any q € Wy and any ¢ € f(q)
(ii) There exists a constant ¥ > 0 such that for any ¢ € W, and any v > 0, the
inequalities

(5.83) lg+v—g =9I, lg—v—ql =D

hold for all g € W,.
(iii) For all sufficiently small §1 > 0, there exists a constant € = €(61) > 0 such
that for any ¢ € W, N [0,1]™ and any pair 4 € Ti(q), the vectors

(5.84) u-=q—06[1+¢_]+el,  up=q+a[l+ipy]—el
satisfy the inequalities

(5.85) 0<u_<gq_, g+ <up <1

for some pair qr € Wy. In particular, we have the limits

(5.86) tli>IEo O(t;u_) =0, tliglo O(t;uy) =1.

Proof. The lower bound in (i) is trivial, since we cannot have ¢ < 0. The upper
bound in (i) follows from the fact that the function

(5.87) G:TW)N (We xS" 1) = R
defined by
(5.88) G(q,v) = lrg%xn{wi}/ 1I£ii£n{7/)i} <0

is well defined and continuous.

Restricting ourselves to sufficiently small v € RZ,, the statement in (ii) follows
from the compactness of 7 (W,) together with the fact that any ¢ € T(q) cannot
have ¢ < 0 or 1) > 0. For large |v|, we can use the compactness of W, together with
the fact that ¢ &+ v ¢ W,. Finally, the statements in (iii) follow directly from (i) and
(ii). 0

LEMMA 5.14. There exists a constant K > 0 such that for any pair we € K,
that has w— < wy, the function

(580) o) = dltsw_,wy) = e B(Gw) + (1 e KNB(twy)

satisfies the estimate

(5.90) ¢'(t) — f(o(t) = %Ke*f“ [®(t;wy) — (t;w-)] >0
for allt > 0.

Proof. Writing J(t) = ¢/(t) — f(¢(t)), we can compute
(5.91)

J(t)=Ke X [d(t;wy) — ®(t;w-)]
+e Kf(@(two)) — f(o(t)] + (1 — e K [f(@(twy)) — f(6())].
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This allows us to estimate
|T(t) = Ke 5t [D(t;wy) — D(t;w)] |
< e K| Dfle(t) — @t w-)|
+ (1= e K1) [ Df] o(t) — B(t; ws)|

(5.92) et et
Se MDA = em T [0 wy) — Bt w-))|
+ (1 —e ") [ Dfle " |D(twy) — (tw-)]
< 26Kt DJ| B (tws) — B(t;w)].
The desired bound (5.90) now follows upon choosing K =4 ||Df]|. 0

Proof of Proposition 5.3(1). The existence of ¢, follows directly from Proposi-
tion 5.2(ii). The existence of ¢; and ¢, follows from the fact that the (n—1)-dimensional
space T'(¢) can be written as a graph over the plane Vy, which is perpendicular
to 1. d

Proof of Proposition 5.3(ii). We restrict ourselves to constructing the function
¢s. (t). Recall the eigenvalue A; < 0 and the eigenvector v; > 0 for Df(0) that were
defined in (4.27). Note that there exists a positive cone C C RZ, together with a
constant x > 0 such that v; € int(K) while -

1
(593) Flu) < 5 Al
for any u € Cy, in which
(5.94) Co={uellul <k}

Since A; is a simple eigenvalue for D f(0) and v; is the only eigenvector of Df(0) in
RZ,, it is possible to choose a second cone C’ and constant £’ > 0 in such a way that

(5.95) v €int(C") c ' CC, K <K,
both hold, together with the trapping bound
(5.96) O(t;u') € Cy, for all t > 0 and v’ € Cpr.

For any 6; > 0, ¢ € W, N[0,1]™ and ¢ € f{l(q), we now introduce the pair of vectors
(5.97)
w— = w_(51,q,¢) =q— 51[1 + w]v Wy = w+(517q7’l¢/)) =4q— 51[1 + 1/)] + 6(61)17

using the quantity €(d1) defined in Lemma 5.13(iii). Since both wi € B(0) and
wx > 0, we find that there exists a time 7" such that ®(¢f;wy) € C’, for some pair
0 < t¥ < T. By compactness, this time 7' = T'(6;) can be chosen to be independent
of the pair (g, ).

We now construct ¢5 by recalling the function ¢ from Lemma 5.14 and writing

(5.98) s, (1) = @75, (1); W, w),

where 75, : [0,00) — [0,00) is a Cl-smooth function that has v, (t) = t for all
0 <t <T(é1), together with

(5.99) 0 <3, () <1, T(61) <5, (1) <T(61) + 1, t>T(5).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 06/30/14 to 129.237.46.100. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

1098 H. J. HUPKES AND E. S. VAN VLECK

Notice that

(5100)  S65,(1) — (35, (0) = %50 Gty w.) — F(Ds(0); 0 w,)).

By compactness, there exists a constant 14 = v41(d1) such that

(5.101) D(t;wy) — P(t;w_) > 111, 0<t<T(61)+1,

independent of the pair (g,%). In particular, for some constant vo = v5(d1) we have

(5.102) ¢ (vs(t);w—,wi) = f(P(vs(t);wo,wi)) > el ¢ >0.

In addition, there exists v3 = v3(d1) such that
(5.103) —f((b("/[;(t);w,,er)) > 13l, t>T(01),

since ®(t;wy) € Cy, for all ¢ > T'(51) and ¢(v5(t); w—, w4 ) is bounded away from zero
uniformly for the choice of (g, ). In particular, for all ¢ > T'(§;) we have

%% (t) = f (95, (1) = () [¢ (vs(t);w—, wy) = f(P(vs(t); w—,wy))]
(5.104) —[L=51f (s (t); w—, wy))
> s(t)rel + [L — y5()]vs1,

which completes the proof. ad

Proof of Proposition 5.4. Recall the constants C' > 1 and ¥ > 0 appearing
in Lemma 5.13. Ttems (i) and (ii) of this lemma imply that it suffices to choose
ky=C(1l+97 1. O

6. Existence of traveling waves—initial estimates. In this section we re-
turn to the nonlinear system

(6-1) atu(xvt) = [Du](x, t) + f(u(x’t))’

in which the nonlocal differential operator D is defined in (4.2). Throughout this
section we restrict ourselves to the setting v > 0. In addition to the condition (h)§ 4
we need to impose the following assumption on the separatrix W, introduced in
section 5.

(HW) There exist constants € > 0 and ¢ such that the inequality

(6.2) [W(t;q)1] > vt

holds for all g € W, and t > 0.
This condition is slightly stronger than the statement in Proposition 5.2(v). However,
in what follows we will use the fact that arbitrarily small perturbations of the system
(6.1) are sufficient to ensure that (HW) does in fact hold.
In order to show that (6.1) admits a traveling wave solution, we will consider the
long-term behavior of the function u. € X that satisfies (6.1) for all t > 0 and has
the initial profile

(6.3) u.(z,0) = = (1 + tanh(z))1.

N~
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FIG. 2. Panel (i) illustrates the definitions of & (t;9) and & (t;9), the spatial coordinates
where ux(-,t) crosses £(6) and £-(8). Panel (ii) zooms in near qo(t) and illustrates the definitions
of §l+ (t;0) and &, (t;9), the spatial coordinates between which ux(-,t) is guaranteed to be inside the
tubular neighborhood U ().

Notice that u.(-,0) is strictly increasing, while lim,_, o, us(2,0) = 0 and lim,—, 1 o
uy(z,0) = 1. Our first main result in this section shows that these properties persist
for all ¢ > 0. In particular, upon introducing the spaces

&1(6) = {0 < v <41 for which v; = 6 for some 1 <4 <n},

6.4
(64) E-(0) ={(1-9)1 <wv <1 for which v; = (1 —0) for some 1 < i <n},

we see that for each ¢ > 0, the function w.(-,t) has unique intersection points with
&(0) and &,.(0) whenever § > 0 is sufficiently small. Our second main result states
that the distance between these intersection points can be uniformly bounded for
t > 0. This key property allows the use of compactness arguments in section 7 to
show that u. converges to a traveling wave.

PROPOSITION 6.1. Consider the system (6.1) with v > 0 and suppose that (HA),
(h)§4, and (HW) are all satisfied. Then the function u, satisfies the following prop-
erties.

(i) For each t > 0, the function u.(-,t) is strictly increasing and satisfies the

limits

(6.5) lim wu.(z,t) =0, lim w.(z,t) = 1.

Tr—r—00 Tr—r 00

(ii) Pick a sufficiently small § > 0. For every t > 0, there exist unique quantities
(6.6) 6 (1:0) < & (150) < &alt) < & (1:0) < &6 (130)
with the property that
(6.7) (&) EED), ualgl 1) € E:0)
together with

Ui (&6, t) = o € Wi N[0, 1]7,
(6.8) u (1) = go — 6[1 + 1],
u (&, 5t) = qo + 0[1 + 1]

for some pair Y € f{(%) and Y, € f;r(qo); see Figure 2.
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(ili) For each sufficiently small 6 > 0, there exist constants € = €¢(6) > 0, C' =

C(6) > 1, and T =T(6) > 1 such that for all t > 7 > 0 we have
& (50) <&H(m0) + 271 + Ot = 1),
(6.9) &5 (8:0) > & (r18) — 267 — Ot — 1),

while for all 7> 0 and t > 7+ T we have
EX(t;0) <& (30) + 2+ Ot — 1),

(6.10) & (59) = & (7:6) —2¢ 71 = C(t 7).

(iv) There exists a constant § > 0 and a constant hy > 1 such that for all t > 0
we have

(6.11) & (t:0) = & (t:6) < ha.

COROLLARY 6.2. Consider the setting of Proposition 6.1. For every sufficiently
small § > 0 there exists m1(d) > 1 such that for all t > 0 we have

(6.12) & (t;0) — & (£;0) < ma(6).

Proof. Pick a sufficiently small § > 0 and pick ¢ > T = T(§). We may then
compute

EF(t:0) — & (150) <& (t—T50) — &H(t —T56) +4e +2CT

(6.13)
< hy+4et+2CT.

For 0 < ¢ < T, one can use the continuity of the quantities £ and & with respect
to t. O

Throughout the remainder of this section, we treat (HA), (h)g,, and (HW) as
standing assumptions and fix v > 0. Roughly speaking, our approach towards es-
tablishing Proposition 6.1 is to adapt Lemmas 3.2 and 4.3 from [9] to our higher
dimensional setting. The chief obstacle is that we need to accomodate for the flow
along the separatrix W,. Indeed, in the scalar context of [9] this flow is trivial as the
separatrix consists of a single point.

LEMMA 6.3 (cf. [9, Lem. 3.2]). Recall the functions ¢3 defined in Proposition 5.3
and the functions Hy defined in section 4. For any sufficiently small 5 > 0, there
exist constants € = €(0) > 0 and C = C(§) > 1 such that for any ¢ € W, N [0,1]",
any pair Yy € féi (q), and any 0 > 0, the functions
(6.14)

wh(z,t) = (1+6v,)Hy (1 + e(z + Ct)) + ¢5 (t+ 0;q, - )H_ (1 + e(z + Ct)),

w™(z,t) = —6uH_(e(x — Ct) — 1) + ¢ (t + 65 ¢, ¥4 ) Hy (e(x — Ct) — 1)

satisfy the differential inequalities (4.34).
Proof. We will prove the statement only for w™ and 6 = 0, the arguments for w™
and 6 > 0 being analogous. Writing y = 1 + ¢(z + Ct), we compute

(6.15) dw™ (z,t) = eC(1 + dv,)H', (y) + [¢5 ] () H-(y) + eCo; (t)H' (y).
In particular, upon writing

(6.16) T (z,t) = opwt (z,t) — [DwT](z,t) — f(w'(z,1)),
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we obtain
(6.17)
T*(x,t) = eC(1 + ov)HY (y) + [¢5 ] () H-(y) + eCd5 (1) H.(y)

— [P + v ) Hi[(y) — [Dos () H-(y)
= (1 +0v)Hi(y) + % ( VH-(y))
=eC(1+ ov, — @5 (1)) H (y) — f((1+ v, )Hy(y) + o5 () H-(y))
— [D(L+ 60, HL () [D% (OH (o) + 65 /(D ().

Possibly after decreasing the constant €(d) in Lemma 5.13, we have 1+ dv, — ¢ (t) >
%5% > 0 for all ¢ > 0. In addition, using the fact that the differential operator D
vanishes on constant functions, it is not hard to see that

(6.18) [D(L +80,) Ho () + [Do; (1) H-](y) — 0 as € = 0,

uniformly for ¢ > 0 and y € R. Finally, the inequality (5.21) implies that there exist
k= k() > 0 and v; = v1(d) > 0 such that

(6.19) (05 ) () H-(y) — f((1 + dv)Hy(y) + &5 () H-(y)) > 11

whenever Hy (y) < k or H_(y) < k. In particular, for all such y we can arrange for
J T (x,t) > 0 by picking a sufficiently small € > 0.

On the other hand, there exists 1o = v2(d) > 0 such that H (y) > v» forally € R
for which k < Hy(y) < 1— k. Choosing C > 1 to be sufficiently large ensures that
also J T (x,t) > 0 for these values of y. a

Proof of Proposition 6.1(1). At t = 0, the statements follow directly from our
choice (6.3) for u.(z,0). The fact that u.(-,t) is strictly increasing for ¢ > 0 follows
from the comparison principle and the fact that u,(-,0) is strictly increasing. For each
fixed ¢t > 0, the limits (6.5) can be obtained by studying the functions w® constructed
in Lemma 6.3 and taking the limits 6 — 0 and 6 — oo. O

Proof of Proposition 6.1(ii). The existence of & and g, follows from Proposi-
tion 5.2(ii). The existence of & and & follows from Proposition 5.3(i), while the
existence of & and &' follows from the limits (6.5). The uniqueness of all these
quantities follows from the fact that u.(-, ) is strictly increasing for all ¢ > 0. O

Proof of Proposition 6.1(iii). We first focus on the bound (6.9) for &, (¢;0). By
choosing 6 > 0 to be sufficiently small, we can ensure that there exists a # > 0 and
a pair ¢ € W, and ¢4 € T (q) such that ¢F (0;¢,v¢+) < u.(&§5(7,6),7) while also
¢F (0 +t;q,101) ¢ U(S) for all t > 0. In particular, recalling the function w™ (z,t) =
w™ (z,t;0,q,1¥4,0) from Lemma 6.3, we see that

(6.20) u(z,7) > w (z+C1 = &FH(7,6),7).
Now, for all ¢ > 7 we have

(6.21) w” (2 + Ctt) = ¢f (t+0;q,04) UG),
which by the comparison principle implies that

(6.22) E7(t,0) <2+ Ot — CT + £ (7,6),

as desired. The bound for §l+ follows in a similar fashion.
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We now turn to the bound (6.10) for & (¢;0). Write ¢ = ¢o(7) and ¥ = 9y(7)
and recall the function w*(z,t) = wt (z,t; 6, q,4_,0) from Lemma 6.3. For all z € R,
we have

(6.23) u(z,7) <wt (z— & (7,6),0).
Notice furthermore that
(6.24) w+(—2671 —Ct—1)t—7) =05 (t —T59,¢_).

Recall the constant 7' = T'(0) introduced in Proposition 5.3(ii). Since ¢; (t—7;¢,7%-) <
01 whenever t > 7 + T, the comparison principle implies that for all such ¢ we have

(6.25) & (4,6) > =21 = C(t —7) + &1 (7,9),

as desired. The bound for £ follows in a similar fashion. O

In order to establish item (iv) of Proposition 6.1, we need to understand the
flow of (6.1) near the separatrix W,. The condition (HW) roughly states that this
separatrix is repulsive. Since solutions to (6.1) that have small spatial derivatives
locally tend to follow the flow of the ODE (5.1), it is reasonable to expect that w.(-,t)
cannot become very flat near the separatrix.

In order to make this precise, we pick ¢ € W, and introduce the notation

(6.26) By(t) = Df(®(t;q)).
Before considering the full nonlinear system (6.1), we focus on the linearized system
(6.27) Ow(z,t) = [Dv)(z,t) + By(t)v(z,t)

in the next series of results. We use the notation Hy to refer to the Heaviside function
defined by

(6.28) Hy(z) =0 for x <0, Hy(x) =1 for z > 0.

LEMMA 6.4. For all sufficiently large T > 1, there exists £ = §(T) > 1 such that
for any g € Wy and any ¢ € T(q), the function w € X that satisfies the linear PDE
(6.27) with the initial condition

(6.29) w(z,0) = Ho(z)[1 + ¢]
satisfies the bound

(6.30) W, )2 FUT50L 26
together with

(6.31) w(z,T) <

Proof. Pick any ¢ € W, and ¢ € f(q) and consider the function

(6.32) w(z,t) = Hi(—1+ ex) ¥ (t;q) (1 + ) — vt¥ (¢ 9)1,
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where € > 0 and v = v(¢) > 0 remain to be determined. Upon writing
(6.33) T (z,t) = Qw™ (z,t) — [Dw™](x,t) — By(t)w™ (z,t)
and introducing the new variable y = —1 + ex, we may compute
T~ (a,t) = Hy(y)Be(1)W(E ¢)(1 +¢) — v¥(t;q)1 — vBy(8) (¢ ¢)1
— [P ()1 +¢)Hy](y)
— Hi(y)By()W(t;q)(1 + ) + vt By (1) ¥(E; )1
= —v¥(tq)1 = [DU(t¢)(1 + ) Hi](y)-

(6.34)

By Proposition 5.2(iv), Lemma 5.13, and the assumption (HW), there exist constants
K > 1 and 9 > 0 such that

(6.35) KU(t;q)1 > ¥(t;q)(1 + ) + 91
forallt >0, q € W., and ¢ € f(q) In particular, since
(6.36) [DvH4]|(y) - 0ase—0

uniformly for v € S"~1, we can choose v(e) > 0 in such a way that J~(z,t) < 0
holds for all # € R and ¢ > 0, while also v(e) — 0 as ¢ — 0. In particular, by the
comparison principle we have w(z,t) > w™ (z,t) for all z € R and ¢ > 0.

Recall the constant d, from Lemma 5.8. Upon choosing a sufficiently large 7' > 1,
Proposition 5.2(iv) implies that

(6.37) |U(T; q)y| < 11—05* |U(T;9)1]

for all ¢ € W, and ¢ € f(q) We now choose €, > 0 in such a way that v(e,)T <
and write £ = 2¢;1. For any = > £, we can now use Lemma 5.8 to estimate

T5q)(1+ ) — Tv(e)¥(T;9)1
T;q)1 — 0, [¥(T;9)1|1 — £¥(T;9)1
(T;9)1 — 5¥(T;9)1 — 5¥(T;9)1

=3(T; L.

1
10
w™ (z,T) = Y(
> (
(6.38) >

The lower bound (6.31) can be obtained in a similar fashion by studying the function
(6.39) wh (z,t) = Hi (1 + ex) ¥ (¢ q) (1 + ) + vt (¢ ) 1. 0

LEMMA 6.5. There exists a constant C > 1 such that for any q € Wy and any
Y € T(q), the function w € X that satisfies the linear PDE (6.27) with the initial
condition

(6.40) w(z,0) = Ho(z)[1 + ]
satisfies the bound
(6.41) |0,w(z,t)| < Ct Y2 |W(t; )1

forallz € R andt > 0.
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Proof. We write y(-,t) for the Fourier transform of d,w(-,t), i.e.,

(6.42) y(v,t) = /OO e 9w(z, t) da.

— 00

Fixing v € R, a short computation shows that the function y(v, -) satisfies the ODE

N
(6.43) Ory(v,t) = | = + ) (€™ = 1)A; + By(t) | y(v,t)
j=0

for ¢ > 0 with the initial condition

(6.44) y(v,0) =1+ .

Let us now consider the nonlocal system
N

(6.45) opv(z,t) = —yv2u(x,t) + Z Ajlv(z +15,t) —v(z,t)] + By(t)v(x, t).
§=0

Upon writing

(6.46) v(z,t) = e y(v,t),

one readily sees that v and hence also v(z,t) := Rev(z,t) solve (6.45). In view of the
initial estimate

(6.47) —(14¢) <0(x,0) = cos(va)[1 +¢] <1+,
the comparison principle implies that
(6.48) [5(2,0)| < e 10 (¢ q)[1 + o).

A similar result holds for the imaginary part of v(x,t), which in view of Proposi-
tion 5.2(iv) and Lemma 5.13 yields the estimate

(6.49) ly(v, £)] < 27 TW(t q)[1 + ] < Cre 7 1t g)1

for some C7 > 1. In particular, we may compute

1 [~ T e
/ ewzy(y’ t)dV < % |:/ e~ tdy:| |\Il(t,q)1|,
™

27 J_ o oo

(6.50) |0a (2, £)] =

which establishes the desired bound. d

LEMMA 6.6. Recall the constant ry that appears in Proposition 5.4. There exists
a constant Ty > 1 such that for any q € W, and any pair ¥, ¥, € T(q), there exists
& = E(@; V0, Yw) € R such that the solutions vi,wy € X to the linear system (6.27)
with the initial conditions

(6.51) vr(z,0) = Ho(z)[1 + 4], wi(#,0) = —Ho(—2)[1 + Y]
satisfy the inequalities

(6.52) o1 (&, Ts)| = 3ku, |wi(&«, Ts)| > 3ky.
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Proof. First, we claim that for all ¢t > 0 we have the limits

(6.53) zEIPoo vi(z,t) =0, lim wr(x,t) = ¥(t;q)[1 + o],

Tr—+00

together with their analogues

(6.54) m wi(z,t) = =P q)[1 + Yuwl, m wi(z,t) = 0.

li li
T—r—00 Tr—r+00

Indeed, the comparison principle shows that 0 < vy(x,t) < U(¢;¢)[1 + ] for all
xz € Rand ¢t > 0. The limits in (6.53) can now be read off from the subsolution
w™ (z,t) and the supersolution w* (z,t) constructed in (6.32) and (6.39). The limits
for wy follow after the replacements wy — —wy and x — —zx.

Upon writing

(6.55) wy(z,t) = wi(z,t) + (¢ q0)[1 + Yul,

Lemma 6.4 implies that after picking a sufficiently large 7' > 1, we have

(6.56) u(¢(T),T) >

(AU

V(T59)1,  wi(=4(T),T) < z¥(T59)1.

at| =

Possibly after increasing T', we can ensure that
6
(6.57) V(T3 [ + o] < 2¥(T59)1.

Using the fact that both vi (-, T') and wi(-,T) are nondecreasing functions, we see that
the inequalities
(6.58)

ule,T) 2 SHo(e—ET)B(T5a)l, @1, T) < SW(T50)1+ Ho(a+€(T)) U(T; )1

o]

hold for all € R. In particular, we obtain

U(T;q)1 + E1)1(33 +2¢4(T),T).

(6.59) @z, T) < 1

o]

The comparison principle now implies that for all ¢t > T" we have
(6.60)
wi(z,t) = wi(z,t) — U(t; ¢)[1 + Y]
1 5
< cU(t )1+ qur(e +26(T),6) = V(91 = Yt )vw

4 ) )
< W)L+ Jr(e,) + SCETH B0+ |W(E a1

In view of (HW), it is possible to pick T, > T in such a way that

4 15 5 _
(6.61) —2U(T2:q) L+ —Fru L+ S6(T)CT Y [W(Te; g) 1 14U (T )| 1 < —3meeL

holds for all ¢ € W, and 9, € f(q) The requirements in the statement of this result
can now be satisfied by choosing &, = £.(q, 1) to ensure that

(662) |U1(€*,T*)| = 3/€u. 0
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1+, q+61[1+1,)

e q+61[14+ 1,
l,‘[(u[)) ’('[[(-70) ’('[[[(-,0)

0 0 q q X q,
T 1
—hy ha

q— 0141,

—[1+ 1] wy(+,0) q— 01+, wir(+,0) wir(+,0)

0

(i) i (i)

F1G. 3. Panels (1)—(iii) dllustrate the initial conditions for the functions v through vir and wy
through wrrr described in Lemmas 6.6—6.8.

We are now ready to turn to the full nonlinear system (6.1). We use the linear
solutions vy and wy defined above to obtain upper and lower bounds on solutions to
(6.1) that have increasingly intricate initial conditions; see Figure 3.

LEMMA 6.7. Recall the constants T and & = &.(q,Yy, V) introduced in
Lemma 6.6. There exists a constant 61 > 0 such that for any ¢ € W, N [0,1]",
Yy € f;[ (q), and ¥y, € f{l (q), the solutions vir, wir € X to the nonlinear system (4.1)
with the initial conditions

(6.63)  wi(z,0) =g+ 61 Ho(z)[1+ ),  wulz,0)=q— 61 Ho(—z)[1+ 1]
satisfy the inequalities

(6.64) (e, Ti) 2 @(t9),  wu(és, Th) < (t;q),

together with the estimates

(6.65) o (&, To) — @(t;9)| = 201ku,  |wn(&e, Th) — (t;9)| = 261Ky

Proof. We set out to construct a subsolution for vy;. To this end, we recall the
function vi(x,t) = vi(x,t; ¢,%,) from Lemma 6.6 and write

(6.66) v (2,t) = ®(t;q) + S1v1(z, t) — 6TCLU(t; q)1,
together with

(6.67) T~ (2,t) = 8o~ (2,) — [Dv](2,t) — f (v (1)),
Writing q(¢) = ®(t; q), we compute

(6.68)
T (z,t) = f(qt)) + 61 [Dvi](x,t) + 61 By(t)vi(z,t) — 67CV(t;q)1 — 67CtB, (1) V(E59)1

— 61 [Dur)(z, t) — f(q(t) + drvi(z, t) — 63CtV(t;q)1)
= —[f(q(t) + dror(z,t) — 67CLU(t;9)1) — f(q(t))
— Df(g(t)[61v1(z, t) — 67 C1U(t; q)1]] — 67C(t;9)1.

In particular, we see that

(6.69) |T(2,t) +03CU(tq0)1] < §||D?f| 62 (loala, )] + 6,0t | (t:q)1] ).
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We now choose C' > 1 in such a way that
(6.70) CU(t;q)1 > 4| D*f| Jor(z, 1)) * 1

holds for all x € R and 0 < ¢t < T,. In addition, we choose d; to be sufficiently small
to ensure that

(6.71) 462082 | (t;q)1)° 1 < W(t;9)1
for all 0 <t < T.. This ensures that for all such ¢ and  we have
(6.72) |T~(2,t) + 62CT(t; qo)1|1 < L63CT(tqo)1,

which shows that J ~(z,t) < 0forallz € Rand 0 <t < T.,. Since v~ (x,0) = vr1(z,0),
the comparison principle implies that vip(z, Tx) > v~ (z, Ty) for all x € R. By further
decreasing 1 to ensure that

(6.73) O CT. | (Th; q)1| < Ky,

the first estimate in (6.65) can be obtained. The estimate for wrr can be obtained in
a similar fashion. d

LEMMA 6.8. Recall the constants T, and & = &.(q, Yy, Yw) introduced in
Lemma 6.6, together with the constant 61 > 0 introduced in Lemma 6.7. There exists
a constant he > 1 such that for any ¢ € W, N[0,1]", any ¢, € Tg;(q), and any

Yy € fts_l(q), the solutions vy, wip € X to the nonlinear system (4.1) with the initial
conditions

’UHI(CE, 0) = qHQ(CC + hg) + (51H0(:E)[1 + ’Q/JU],

(6.74) wini(z,0) = (1 — Ho(x — h2))q + 1Ho(z — ha) — 61 Ho(—)[1 + 1y,]

satisfy the inequalities

(6.75) v (&, Ti) = @(t; ), winn (&, i) < (L5 9),

together with the estimates

(6.76) lori (&, Ti) — @(t; q)| > 156w, lwirr (&x, Ti) — D(t;q)| > d1ku-
Proof. For any vs > 0, we introduce the C*([0, o), R) function

te—vat for 0 <t <uwy?,
(6.77) gus(t) = { vite™d  fort >yl

Notice that g, (t) > 0 for t > 0, together with g,,(0) =0, g,.(0) = 1 and 0 < g,,(t) <

vy te~!. We again write ¢(t) = ®(t; q) and consider the function

(6.78) v~ (z,t) = vi(z,t) —q(t)H- (1+e(x— & — C1(t—T4))) — kate*' 1 — C3g,, (1)1,

in which the constants ¢ > 0, v5 > 0, v3 > 1, C7 > 1, ko > 0, and C5 > 1 remain
to be determined. As before, we set out to show that J~(x,t) <0 for all x € R and
0 <t < T, in which

(6.79) T (z,t) = o™ (z,t) — [Dv|(z,t) — f (v (2,1)).
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Upon writing y = 1+ ¢(z — & — C1(t — T%)), we may compute
(6.80)
I (z,1)
= [Duu](x,t) + f(vu(z,t)) — f(q(t)) H (y) + Creq(t)H' (y) — rae”*'1

— vakate”'1 — Csg,, (t)1 — [Donl(z,t) + [Dq(t)H_](y)
— flon(z,t) — () H-(y) — rate'1 — C30,,(t)1)

= flon(z,t)) — f(on(e,t) — g(t) H-(y) — wate”'1 — C39,,(t)1) — f(a(t)) H-(y)
— ka(1 +vat)e”'1 — Csg,, (£)1 — Creq(t) HY, (y) + [Da(t) H-](y).

)
)

Before we proceed further, we claim that for all 0 < ¢ < T}, we have the limit

(6.81) mli)IPoo vir(z, t) = q(t).

Indeed, after the substitution C' — —C in (6.66), the function v~ constructed there
is in fact a supersolution for vr;. The limit (6.81) now follows from the limits (6.53).

For any 9 € (0,1), we write yy for the unique y € R that has H_(y) = 9 and
introduce the constant

(6.82) M(e) = sup lonr (2, t) — q(¢)] -
0<t<T.,y<yi-e

Since x = z(y,t) = e 'y + & + C1(t — Ti) and y1— — —1 as € | 0, the limit (6.81)
implies that M(e) — 0 as € | 0.
Let us now introduce the notation

(6.83) G(z,t) = |\7’ (2,t) + Ko (1 + vot)e”?t1 + C3g,,(t)1 + C’leq(t)Hg_(y)| )

Whenever y < y. and 0 <t < T, we can use f(0) = 0 to obtain the estimate
(6.84)

Ga,t) < |f(unlz, 1) = fla(®)] +[1 = H-(y)[ | f(q(®))|
+ 1D [lon (e, t) — a®)] + (1 = H-(y))q(t)] + [rate™ 1] + [C3gu, ()1]]
+ [Pt H-](y)]
<2|[Df|| M(e) + e(|f (g + DI a(®)])
+ [[Dg(t) H-|(y)| + rate”" | DFI 1] + Csgu, () [ DS [1].-

We now fix vy = 2||Df|||1]. In addition, we choose
(6.85)
iz = tia(€) = 8[|DfI| M(e) + de sup 1F (@I +IDfll gl +4  sup [[DgH_|(y)]
q *

qEW.,y€

and remark that ko(€) — 0 as € | 0. By appropriately restricting ¢ > 0 we can hence
ensure that

(6.86) ko (€)Te”? T < 61Ky

With these restrictions in place, we obtain the estimate

1 1
(6.87) G(x,t) < kote™' | DF| 1] + G ng—ge*l IDf11].
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We now pick C53 > 1 in such a way that
(6.88) C3 >4 sup [[f(g)| + [ Df]l |ql]
qEW,
and v3 > 1 to ensure that

(689) V3 > 4/%2_103671 HDfH |].|7 C3V3_1 < =d1ky-

N =

The first condition on v3 ensures that
(6.90) Gz, t) < Frovate”?’ + Lky,

which in turn implies that 7~ (z,t) < 0 whenever y < y. and 0 < ¢t < T,.
Whenever y > y., we can use the inequality H_(y) < € to estimate

(6.91)

G(x,t) < e|f(a®) + DIl [ela(t)] + mate” 1 + C3gu,(t)1]

+ |[Dg(t)H-](y)|
<e([f@) + DS a®)]) + [[Dg(t)H-](y)| + [rate”>" + Csgu, ()] IDfII 1]

This estimate is stronger than (6.84), so we do not have to consider it further.
It remains to consider the case that y;_. < y < y. and 0 < ¢t < T). In this case
we may estimate

Ga,t) < H-(y) | (a(t)] + | DI [H-(y) |g(t)| + rate”" 1 + Cagyy (1)1]
+ [Dg(t)H_](y)]
(6.92) < H_(y) |£(a(t)| + | DfI| H-(y) a(t)]

1
+ [[Dg(t)H-|(y)| + rate™ | Df] 1] + C3V—3€’1 IDFI 1]

Our restrictions on ks, v, and v3 now yield

G(z,t) < H_(y)|f(a@®)| + | DfI| H-(y) |a(t)]
(6.93) 1 e 1
+ 5/4:21/2156 2P 4 5/4:2.

In addition, the restriction on C3 implies that there exists ¢, > 0 such that

(6.94) Csg,,(t) = 21f(a(®)] + 2 DS lq(t)]

holds for all 0 < ¢ < t,. This shows that J (z,t) <0 for 0 <t < t,.
Now, there exists ¢ > 0 such that

(6.95) q(t) > 91

holds for all ¢ > ¢, independent of the choice of ¢ € W, N[0,1]". In particular, we
can choose C1 = C1(€) > 1 in such a way that

(6.96) Creq(t)H' (y) > H_(y) sup [|f(q)|+ DSl lql]1

qEW,

and hence J~ (z,t) <0 holds for all y1_. <y < y. and t, <t <T,.
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To complete the proof, we can pick

(6.97) hy >2¢7t — &, + C1(e)Ts,

which ensures that

(6.98) vz, 0) > v~ (z,0), z €R.

The desired inequality (6.76) for vy now follows from the comparison principle to-
gether with the choices (6.86) and (6.89). The inequality for wirr can be established
in an analogous fashion. 0

Proof of Proposition 6.1(iv). Recall the constants T, and & = &.(q, ¥y, ¥w)
introduced in Lemma 6.6 and the constant §; > 0 introduced in Lemma 6.7. In
addition, recall the constant hs > 1 and the functions vy, wyr introduced in Lemma
6.8.

For any to > 0, we set out to show that

(699) 5; (to + T, (51) — fl—i_(to + T, (51) < max{f;(to, (51) — fl—i_(to, 51), 2h2}
Without loss of generality, we will assume that &,(tg) = 0. We write
(6100) hy = max{ff (to, 51), hg}, h_ = min{ff'(to, (51), —hg},

which shows that for all x € R we have
(6.101)
us (2, t0) > vir(r —hy, 05 ¢0(t0), ¥r(to)), us(z,t0) < wir(z—h—,0;¢s(t0), Yu(to)).

In particular, the comparison principle implies that

(6.102) s (s, to + Ti) > v (s — hey Ti; 4o (t0), ¥ (t0)),
Ui (&xs o + 1) < win(§e — h—, Ti; go(to), tu(to))-
Using the definition of xs, we see that
(6.103) w(&x+hy,to+Ty) €U (1) \U(S1), w(e+h_,to+Ti) €U (61)\U(01).
In particular, we find that
(6.104) & (to+ T, 61) < &+ hy, & (to + Ty 01) > €+ he,
which shows that

(6.105) & (to+T%, 1)=& (to+T%, 61) < hy—h_ < max{2hs, &, (to,01)— & (to, 01)},

as desired. In order to establish the uniform bound (6.11), it now suffices to note that
for all 0 <t < T,, we have

& (6,81) = &(t,81) < € (0:0) — & (030) + 4e ! + Ct
F(0;0) = §7(0;0) + 4e~ 1 + CT.,

— o7

(6.106)

by Proposition 6.1(iii). O
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7. Existence of traveling waves—convergence. The preparations in sec-
tion 6 allow us to return to the nonlinear system

(7.1) Ou(z,t) = [Dul(x,t) + f(u(x,t))

and establish the existence of traveling waves. In particular, in this section we set out
to prove the following result.

PROPOSITION 7.1. Consider the nonlinear system (7.1) with v > 0 and suppose
that (HA), (h)g,, and (HW) are all satisfied. Then there exists a constant c € R and
a function P € W2%>°(R,R") that satisfies the limits
(7.2) lim P(¢) =0, Eli%m P& =1,

§——o0
has P’ > 0, and yields a solution to (7.1) upon writing
(7.3) u(z,t) = Pz — ct).

Our approach towards proving the above result closely follows the arguments used
in steps 3 and 4 of [9, sec. 4]. In particular, we consider the evolution of the solution
u, € X to (7.1) that has the smooth initial profile (6.3). Combining regularity results
with the comparison principle, it is possible to show that in an appropriate comoving
frame wu, converges temporally to a function U, which in turn must be the profile of
a traveling wave solution to (7.1).

Throughout the remainder of this section we fix v > 0 and treat (HA), (h)g,, and

(HW) as standing assumptions. We also recall the functions &, 5?[, and &F defined
in Proposition 6.1.
LEMMA 7.2. For every M > 0 there exists a constant nas > 0 such that

(7.4) Opts(x 4+ &6 (1), 1) > nmrl

holds for all t >0 and —M <z < M.
Proof. Applying Proposition 4.1 to the functions u(x,t) = u.(z + h,t + 7) and
v(x,t) = u(x,t 4+ 7) and subsequently taking the limit ~ — 0 shows that

y+1
(7.5) Opus(z, t+7) > ny(xz —y,t) / Ozt (o, 7)do
y

holds for all t > 0, 7 > 0, and z,y € R. In view of Lemma 5.13(ii), there exists a
constant 1 > 0 such that for all 7 > 0 we have

(7.6) |u* (fr_ (7;51),7) — Uy (5[”(7’;51),7'” > .

In particular, there exists a constant v5 > 0 such that for all 7 > 0, there exists y, € R
that satisfies

(7.7) €o(T) —h1 <& (1,01) Syr E7(7,01) =1 < &o(7) +h1 — 1,

together with an integer 1 < i, <n so that

yr+1
(7.8) / Ot (0, 7)]i. do > vs.

-
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This means that for all 1 < j < n and 7 > 0 we have
(7.9) [Ozus(z, 7+ 1)]; > ny(z — yr, 1)ji 2 > 0.
Notice that (6.9) and Corollary 6.2 imply that

(o (T+1) = &o(T)| < & (7, 01) — & (7,01) + 4€1(01) + 2C(d1)

(7.10)

< m1(51) + 46_1(51) + 20(51)
In particular, for each M > 0, the quantity x —y, appearing in (7.9) can be uniformly
bounded for all 7 > 0 and = € R that have |z — & (7 + 1) < M.

In order to complete the proof, it now suffices to establish (7.4) for 0 < ¢ < 1.
This can be achieved by using regularity and the fact that d,u.(x,t) > 0 for all z € R
and ¢t > 0. O

LEMMA 7.3. There exists a C'-smooth function U : R — R” and a sequence
t; — oo such that

where the convergence is in the space BC?(R,R™). In addition, we have the inequality
U'(€) > 0 for all £ € R together with the limits

(7.12) lim U() =0, lim U(¢) = 1.
£——o0 §—o00
Proof. Since the family {u.(-+&-(t),t)}+>0 consists of strictly increasing bounded
functions, there exists a sequence ¢; — oo and a nondecreasing function U such that
the pointwise convergence

(7.13) e (§ + 8o (t) ty) = UE),  j— o0

holds for all £ € R. Obviously, the bounds 0 < U < 1 carry over from the correspond-
ing bounds for u,. In addition, we have U(0) € W, N[0, 1]™ by compactness. In view
of Corollary 6.2, the limits (7.12) can be obtained by observing that for all 6 > 0 we
have

(7.14) U(=mi(8)) <01,  U(mi(d)) > (1)1

Proposition 4.2 implies that there exists C7 > 1 such that |Oyu.(z,t)] < C; for all
x € R and t > 0. Combining this estimate with Lemma 7.2, we obtain the inequality

(7.15) Mel+1hl SUE+R) —U(E) < Cihl

for all 0 < h < 1. Applying Corollary 6.2, we see that the convergence wu,(- +
&(tj),t;) — U holds in BC°(R,R"). Another application of Proposition 4.2 yields
a uniform bound on 9,,u,, which combined with the Ascoli-Arzela theorem shows
that in fact U € C1(R,R"). Finally, the lower bound in (7.15) yields U’(¢) > 0 for
all £ € R. d L

We now introduce the function U € X that solves the nonlinear system (7.1) with
the initial condition

(7.16) U(z,0) =U(x).
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The uniform convergence (7.11) implies that for every 6 > 0, we have the inequalities
(7.17) Ui (@ + &6 (), t5) — 01 < U(x) < us(x + & (t5),t5) + 61

for all sufficiently large integers j. In view of Lemma 7.2, all the conditions of Corol-
lary 4.4 are satisfied, which shows that for all sufficiently large j and all ¢ > 0 we
have

(7.18) U, t) > ua(@ + Eo(t)) + 020(1 — e P1) ¢ + 1) — o3de P11,

Uz, t) < ue(x + & () + 020(1 — e Ph),t + ;) + o3de P!,
Sending j — oo and subsequently 6 — 0, we find

(7.19) lim sup w, (z + & (t;), t; + 1) < U(x,t) < liminf u, (@ + & (t;), t; + 1)
j—}OO

Jj—o0

for all z € R and ¢t > 0. Using similar arguments as in the proof of Lemma 7.3, this
shows that

(7.20) Un(- 4 Eo(tj), t; +1) = U(t),  j— oo,

where the convergence is in the space BC?(R, R").
LEMMA 7.4. For all t > 0, we have the limits

(7.21) lim 8,0 (z,t) =0.

|z]—+o0

Proof. There exists C' > 0 such that the estimate

2
(7.22) 19" 16 0.11.8m) < C el o,11.2m) 10l o2p0,11.2m)

holds for any ¢ € C?([0,1],R"). Proposition 4.2 provides uniform bounds on 9,,u.,
which can be combined with Corollary 6.2 to yield

(7.23) lim  sup Jpu.(§+ & (1), t) =0.

T2 g >, t>1

In particular, an application of Ascoli-Arzela shows that for each ¢ > 0, the conver-
gence (7.20) holds in BC'(R,R™). The limits (7.21) now follow from (7.23). O
Corollary 6.2 implies that there exist dg > 0 and mg > 1 such that

(7.24) U (T — mo, 1) — Jp1 < uy(x,0) < us(x + mo, 1) + Jp1.
Corollary 4.4 hence yields the estimates

(7.25) U (2,1) > us(x — Mo — 0260(1 — e, t + 1) — 0350711,
. U (2,1) < Us(w 4+ Mo + 0260(1 — e, t + 1) + 0350 P11.

Setting t = ¢; and sending j — oo, we can use the convergence (7.20) to obtain
(7.26) Uz — mo — 0280,1) < U(z) < U(x + mg + 020, 1)
for all x € R. This allows us to define two constants £, < £* with

(7.27) & =sup{€|U(-+&1) <UM}, & =mf{¢|U(+61)>U()
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LEMMA 7.5. We have &, = £*. _
Proof. Assume to the contrary that £* > &.. Then we have U(z + &:,1) < U(z)

for all x € R, but U(- + &, 1) # U. This means that U(x + &,,2) < U(x,1) for all
2 € R. In particular, for any M > 1 there exists h = h(M) such that

(7.28) Uz + & + 202h,2) < U(z, 1)

holds for all 2 € [-M, M]. In view of the bound (7.21) on 8,U, we can ensure that
the inequality

(7.29) Uz + & +02(2+ 03)h,2) —hl < U(x,1)
holds for all 2 € R by fixing a sufficiently large M > 1 and picking h = h(M).

The uniform convergence (7.11) implies that for all sufficiently large integers j
and all x € R we have

| =

(730) u*(x,tj) - < U($ - fo(tj)) < u*(x,tj) + g,

which in turn implies that for all t > 0 and x € R we have
(7.31)

h h ~ h h
U ({E - g(fg,t—f—tj) - §0'31 < U({E — fo(tj),t) < Uy <$+ g(fg,t—f—tj) + §U31.

Combining this with (7.29) implies that

7 1
(732) U ({E + & + 09 <Z + U3> h,tj + 2> — (1 + 1(73) hl < u*(x,tj + 1)

A final application of the comparison principle now shows that for all t > ¢; + 1 and
all z € R we have

1
(7.33) Uy (a: +&+ 202(1 +o3)h,t+ 1) — 03 <1 + 103) he P11 < u,(z,t).

Writing = £ + & (tx) together with ¢ = t; and subsequently sending k& — oo, we
may use (7.20) to obtain

(7.34) i <5 FE+ 2ol b onn 1) <U©),

which contradicts the definition of &,. O
Proof of Proposition 7.1. The argument used in the proof of Lemma 7.5 can be
repeated for any 1 <t < 2, which implies that for all 1 <t < 2 we have

(7.35) Uz, t) =U(z —c(t))

for some function ¢(t). Since U satisfies (7.1), one sees that ¢(t) must be a constant,
which implies that U is a traveling wave solution to (7.1). O

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 06/30/14 to 129.237.46.100. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

NEGATIVE DIFFUSION IN LATTICE SYSTEMS 1115

8. Persistence of traveling waves. In this section, we turn our attention
directly to the traveling wave MFDE

(8.1) —yu (&) — cu/( ZA u(&+r;) —u(©)] + f(u(Q)).

In order to reflect the fact that we have dropped the dependence of the nonlinearity
on p, we impose the following condition.
(h)gs The conditions (HA), (Hf1)—(Hf3), and (HS1)-(HS2) are all satisfied with the
understanding that V' = {0} and f(-;0) = f(-).

The main goal is to show that the techniques developed in [32, 25] for scalar
versions of (8.1) can be adapted to the current high dimensional setting. Although
the broad ideas used in [32] continue to work, there are important technical details
that need to be addressed. Briefly stated, the problem is that unlike scalars, nonzero
matrices cannot necessarily be inverted.

Our first main result states that (8.1) cannot simultaneously have heteroclinic
solutions that connect the two stable equilibria to an unstable equilibrium. This is
an essential ingredient towards understanding the limiting behavior of wave profiles
as system parameters are changed.

PROPOSITION 8.1 (cf. [32, Lem. 7.1]). Consider the nonlinear MFDE (8.1) with
v > 0 and suppose that (h)§8 is satisfied. Consider any q. € R™ that has 0 < g, <
1 together with f(q.) = 0. Then there do not simultaneously exist nondecreasing
solutions u— and uy to (8.1) that have

(8.2)
lim u_(§)=0 lim u_(£) = g, li = qu, 1 =1.
Jm u(§) =0, lm u(§) =g Jm ui(§) =g (i (€)

Our second main result concerns the linearization of (8.1) around a solution u =
P, which we write as

N
(8.3) —"(€) — e’ (&) =Y A€+ 15) — v(&)] + Df (P(€))v(€).
7=0

For convenience, write s, = 1if v =0 and s, = 2 if v > 0. We introduce the operator
(8.4) Acy : W (R,R™) = L>=(R,R")

associated to the linear MFDE (8.3) that acts as
(85)  [Aeyv](§) = —70"(§) — ev'( ZA (€+75) = v(©)] = DF(P(€)v(©)-
We also introduce the formal adjoint A7, : W**(R,R") — L*>°(R,R") that acts as

Ajlv(€ —r5) = v(©)] = DF(P(€))v(8).

-

Il
=]

(8.6)  [AZ,v](§) = — " (&) +v'(§) —

J
Our second main result gives conditions under which A is a Fredholm operator with
a one-dimensional kernel and zero index. As in [32], this result allows us to use the
implicit function theorem to show that solutions to the nonlinear system (8.1) persist
under small changes of system parameters.
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PROPOSITION 8.2 (cf. [32, Thm. 4.1]). Consider the linear MFDE (8.3) with
v >0 and v+ [c| > 0 and suppose that (h)gg is satisfied. Suppose furthermore that
for some a > 0 the function P € BC(R,R"™) has the asymptotics

(8.7) |P(€)] = O(e ), £ — —o0, |P(€) — 1| = O(e ¢, £ — 4o0.

Finally, suppose that that there exists a nontrivial solution p € W2+ (R,R"™) to (8.3)
that has p(§) > 0 for all § € R. Then the operator A is a Fredholm operator with

(8.8) dim Ker(A.,,) = dim Ker(A7 ) = codim Range(A ;) = 1.

In addition, the element p € Ker(A. ) satisfies p(§) > 0 for all § € R and there exists
p« € Ker(A7 ) that has p.(§) > 0 for all § € R.

The crucial ingredient in the proof of these two results is a detailed understand-
ing of the asymptotic behavior of solutions to (8.1). One expects that if a solution
approaches an equilibrium ¢, the asymptotic behavior can be understood by studying
the autonomous system

N
(8.9) —cv'(§) = 1"(€) + Y A& + 1) — v(€)] + Df()v($).
§=0
In particular, in the first part of this section we analyze the characteristic function
N
(8.10) Acrglz) = —y2% —cz =Y Aj(e”7 —1) = Df(q)
§=0

and look for pairs A € C, w € C" that have A, 4(A)w = 0. Indeed, any such pair
yields a solution to (8.9) upon writing v(¢) = e*w, and one hopes that the leading
order behavior of solutions to the nonlinear system (8.1) can be expressed in terms
of such eigensolutions. A result along these lines can be found in [31, Prop. 7.2].
However, when dealing with MFDEs, there is a possibility that solutions approach
their limits at a rate that is faster than any exponential. In the second part of this
section, we will develop comparison principles and find a specific restatement of (8.3)
that will allow us to rule out this pathological possibility.

Our analysis of the characteristic function (8.10) is aided considerably by earlier
work in [8]. In particular, upon writing

N
(8.11) AN =) A = 1)+ Df(q),

j=0
the authors studied the eigenvalue problem
(8.12) v = Ag(AN)v, v >0,

which is closely related to (8.10). By Perron—Frobenius [16], this problem has a unique
solution pair p = p14(A), v = vg(A) > 0 for each A € R. The results in [8] state that
Hq is analytic and strictly convex with (X)) — 0o as A — oo. In particular, for any
0 <t<1and A # Ay we have the inequality

(8.13) ot + (1= DA2) <ty (M) + (1= Opag(No):

Upon introducing the polynomial ¢, (X)) = —yA%2 — ¢\, we see that any A € R that
solves

(8.14) Yey(A) = pg(A)
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automatically has A¢ 5 q(A)vg(A) = 0. Vice versa, if A, 5 4(A)v = 0 for some nonzero
v > 0, then (8.14) must be satisfied. Since 1" (\) < 0 and p is strictly convex, (8.14)
has at most two real solutions. The next three results explore the relation between
the functions pq and Ac 4

LEMMA 8.3. Suppose that (h)gg is satisfied and pick any solution to f(q) =0 for
which the equation det[Df(q) — M| = 0 has no solutions with Re A > 0. Then (8.14)
with v > 0 has precisely two real solutions A\~ < 0 < \T.

Proof. This follows from the fact that our assumption on ¢ implies that 114(0) < 0
while on the other hand . (0) = 0. O

LEMMA 8.4. Suppose that (h)qg is satisfied and pick any solution to f(q) = 0 for
which the equation det[Df(q) — )\IT =0 has at least one solution with Re A > 0. Then
for any pair A= < 0 < AT, (8.14) with v > 0 cannot be satisfied for both A = \*.

Proof. This follows from the fact that our assumption on ¢ implies that 4(0) > 0
while again 9. ~(0) = 0. O

LEMMA 8.5. Suppose that (h)gg is satisfied, pick any g € [0,1]" for which f(q) =
0, and consider the autonomous sytem (8.9) with v > 0. Suppose that (8.14) has two
distinct solutions A\~ < A*. Then the characteristic equation det A, 4(2) = 0 has
two simple roots at z = N, In addition, consider any z € C\ {\7,\*} for which
det Ag 5,q(2) = 0. Then either Rez < A~ or Rez > AT must hold, where equality is
only possible if v =c = 0. If in fact Imz = 0, then we cannot have A, q(2)v = 0
for any nonzero v € RY,.

Proof. For convenience, we introduce the shorthand 1(\) = 1. ()). Note that
AE are simple roots to (8.14), which means 1’ (\*) # ,u;(/\i). In order to show that
z = AT are also simple roots of det A, 4(z) = 0, we must show that

d
(8.15) e det Acy,q(2))2=ax # 0.

To see this, we introduce the function
(8.16) F(p, z) = det[pI — Aq(2)],

which clearly satisfies F(uq(A),A) = 0 for all A € R. In addition, since pq4(A) is a
simple eigenvalue for A,(\) we must have D;F(1q(A), A) # 0. The implicit function
theorem now yields

(8.17) /‘:1(/\) = _D2—7:(Mq()‘)a /\) /Dl}—(ﬂq(/\)v)‘)'

Upon writing G(z) = det A, 4(2), we obviously have G(z) = F(¢(z),z). We may
hence compute

(8.18) G'(z) = D1F(¥(2), 2)Y'(2) + D2 F(¥(2), 2),
which yields

G'(AF) = DiF (P(A5), AE) ' (AF) + DaF ($(AF), A*F)
(8.19) = D1 F (ptg(AE), AE) ' (AE) + Do F (g (AE), A%)
= D1 F (p1g(AF), AF) [/ (AF) — g (AF)].

In particular, we have G'(A%) # 0, as desired.
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Let us now consider a pair (z,v,) € Cx C" that has A, 4(2)v, = 0. In addition,
let us suppose that A~ < Rez < AT but z # AE. Upon writing z = A\ + ‘v with
A v € R, let us consider the nonlocal system

Opv(x,t) = YOpav(,t) + (VA2 + cA)v(z, t)

8.20 N
( ) + ZAj[eij(x—Frj,t) —v(z,t)] + Df(q)u(x,t).

J=0

A short calculation shows that the two functions

’U(iC, t) Re ezu(wf(chZq/)\)t) Vs,
(8.21)
(

w(z, t) = elkal N+ ety W\
both satisfy (8.20). Since vg(A) > 0, there exists £ > 0 such that
(8.22) —kw(z,t) <ov(z,t) < kw(z,t)

holds for all z € R and ¢t > 0. If A= < X < AT, then w(z,t) — 0 as t — oo, which
contradicts the fact that |jv(-,t)||,, does not decay. Let us therefore suppose that
either A = A*. In this case w(x,t) = v,()) is constant in time and space. However,
by appropriately choosing x we can ensure that v(z,0) < kw(x,0) with equality
v, (T4, 0) = Kw;, (x4,0) for some (but not all) z, € R and 1 < i, <n. If v > 0, the
comparison principle stated in Proposition 4.1 implies that v(z,t) < kw(z,t) for all
t > 0, which contradicts the fact that

(8.23) v, ((c4 29Nt + 24, t) = v, (24, 0) = Kw;, (4,0) = Kw;, (@4, t).

If v = 0, we can only conclude that v(z,t) < kw(z,t) for all t > 0. If, however, ¢ # 0
also, then for all small ¢t > 0 we have

(8.24) Vi, (Tay t) < i, (24,0) = Kw;, (T4, 1)
but also
(8.25) v, (24, 27 lve| ) = kwi(,, 2 e ).

This violates the uniqueness of solutions to (8.20) with v = 0 and hence completes
our proof. a
We now turn our attention to the linear system

N

(8.26) —"(€) — e’ (&) =Y A& +75) + B(Ev(€),

j=0
together with its inhomogeneous counterpart
N
(8.27) —0"(€) — /(&) = Y A&+ 1) + B(E)v(&) + h(§).
j=0

We remark that (8.26) reduces to (8.3) upon writing B(§) = Df(P(€)) — A. Alterna-
tively, if u; and wg both satisfy (8.1), the difference v = u; — ug satisfies (8.26) with
coefficients

(8.28) B(e) = / [Df (ua(€) + o (ua (&) — us(€))) — A] do.

This motivates the following condition on the function B.
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(hb) We have B € L>®(R,R"*") and there exists k > 0 such that B(£) + I > 0
for all ¢ € R. In addition, for any pair (i,5) € {1,...,n}? with i # j we either
have B;;(§) =0 for all £ € R or B;;(§) > k5 > 0 for all £ € R.
In order to generalize the results in [32], we need to exploit some freedom that we
have in the formulation of the MFDE (8.26) that is not present in the scalar case. In
particular, for any v € L (R, R") and o € R"™, we introduce the new function v? that
has

(8.29) vy (&) = vi(§ + 04).

A short calculation shows that the homogeneous system (8.26) is equivalent to the
system

(8.30) —1Decv? (§) — eDev? (€) = [J707](€) + Biag(§)v7 (),

in which we have introduced the matrix-valued function

(8.31) [Biiaglix (&) = Bii(§ + 04)dik,

together with the operator
N n

(8.32) [J7w ZZ kv (E+ 15+ 0 — o) 4—2:31;C (E+o0)vp(E+ 05— op).
§=0 k=0 ki

For convenience, we introduce the index set

(8.33) I=10,....,N+1}x{1,...,n}?

and rewrite the operator J7 as
(8:34) [J70i(€) = Y SuBiu©ul€ +rj+ o1 — o),
(j,k, 1) €T

using appropriately defined scalar functions {ﬁ;’kl}.

The assumption (hb) implies that there exist constants {aﬁl} that do not depend
on o such that the inequalities

(835) 0 < Oé < 6]kl (f) < a]k[? (]a ka l) € Iv

hold for all o € R™ and £ € R. Furthermore, (hb) implies that the constants can be
chosen in such a way that =0 automatically implies that also a;rkl = 0. We now
introduce the sets

1?7 ={(j, k1) € | oy > 0 and rj + o — 01 < 0},
(8.36) ISZ{(j,k,l)€I|Oé;kl > 0 and rj + o — 0; = 0},

7 ={(j, k,1) € | ajyy > 0 and r; + o — oy > 0}.
In addition, we introduce the quantities

8.37 r’. = min r;+ o — 0y ré = max r;-+op— 0
( ) min (j,k,l)EIi J ’ max (j,k,l)El—i J
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with the understanding that extrema over empty sets are taken to be zero. Finally,
we introduce the sets
(8.38)

7 ={le{l,...,n} for which (j,k,1)¢Z° forall 0 < j < N+ 1land 1<k <n},

Y7 ={le{1,...,n} for which (j,k,1) ¢ Z7 forall0 < j < N+1and 1 <k < n},

together with the pair of projection operators

Vs 7;621,

(8.39) g R — R", [rGv]; = { 0, i¢xq.

For some of our results we will need to impose the following condition, which
should be compared to (HS2).

(hs) For all 0 € R™ we have Z7 # () and Z7 # 0.

LEMMA 8.6. Suppose that (hb) is satisfied. There exists 0. € R™ such that for
every (j,k,1) € I7* we have (j', k', k) € I7* for some pair 0 < j7 < N + 1 and
1<k <n.

Proof. We consider the weighted graph

(8.40) G=(V(G),€(G),ug)

with vertices

(8.41) VG)={1,...,n}

and (repeated) directed edges

(8.42) EG)={G.k1) €T az, >0}, wi(j k1) =r;+0k— 0y

with the understanding that the edge (4, k,{) points from k to [. Stated in terms of
this graph, we need to prove that every vertex that has an outgoing edge with negative
weight must also have an incoming edge with negative weight.

For each o, we write L(o) C V(G) for the set of vertices that are part of a
directed loop with negative weight, i.e., we say k € L(o) if for some ¢ > 2 there exists

a sequence
(8.43) ki,... ke, ki=ki=k
together with a sequence

(8.44) J1ye ey jo—1

such that for all 1 <i < ¢ —1 we have (j;, ki, kiv+1) € Z°.

-~

In addition, we write C(o) C V(G) for the set of vertices that are reachable from
L(o) via negative weight edges. More precisely, we say k € C(o) if for some ¢ > 1
there exists a sequence

(8.45) ki,..., kg, k1 € L(0), ke=k
together with a sequence

(846) jla"'ujéfl
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such that for all 1 < 4 < ¢ — 1 we have (j;, ki, kix1) € Z°. Obviously, we have
L(o) C C(0o).

We remark that it suffices to find o, such that k € C(o,) holds whenever (j, k,1) €
Z%+. We therefore write

(8.47) Plo)={(,k1) €I’ |k ¢C(o)}

for the set of problematic edges. In addition, we write
(8.48)
Pmin(U) = {(]a k? l) € P(U) | wg(j/a k/a l/) Z wg(ja k? l) fOI‘ au (j/v k/v l/) € P(U)}

for the set of minimally weighted problematic edges, together with

-~

(8.49) Vmin(o) ={k € V(G) | 3(J, k,1) € Pmin(0)}

for the set of vertices with outgoing minimally weighted problematic edges.
We start at 0, = 0. If P(o,,) = (), we are done. If not, we write

[Uo]k it k ¢ Vmin(oo)a

(8.50) TR =\ (oule + 0K it k € V()
where £[k] > 1 is the length of the longest chain of directed edges in Ppin(0s) that
originates from k. This integer is well defined because Ppin(0,) can contain no loops.

Our choice of o(t) ensures that the weights of edges in Py, are strictly increasing
as t increases. In particular, we may write ¢, > 0 for the first time ¢ > 0 for which
either wg(t) (4, k,1) > 0 for all (4,k,1) € Pmin(0o) or for which there exists (j,k,1) €

-~

E(G) with either k ¢ C(o,) or | ¢ C(o,) such that
(8.51) wlD Gk, 1) < wlW (G K1) for all (77, K, 1) € Puin(0s).

Varying ¢ does not affect the weights of edges between elements of C(o,). In
particular, we have

(8.52) C(os) C C(o(ts)).

We can hence set 0, = o(t.) and repeat the process. Since the minimum weight of
the edges in P(o,) increases with each step by an amount that is bounded away from
zero, we will have P(o,,) = () after a finite number of steps. O

LEMMA 8.7. Suppose that (hb) and (hs) are satisfied. There exists o € R such
that for every 1 <1 < n there exists a pair 0 < 7 < N+ 1 and 1 < k < n for which
(j, k,1) € Z°*. In particular, X7 = {).

Proof. We continue using the setup developed in the proof of Lemma 8.6 and
write o, for the vector constructed there. The assumption (hs) implies that C(o.) is
nonempty. We write C¢(o.) for the complement of this set. If C¢(o.) is empty, there
is nothing to prove. We now introduce the function o(t) by writing

AP it k € C(o),

(8.53) o (t) = [0+t if k€ Co.).

Notice that at t = 0, all edges between C(o,) and C¢(o,) have nonnegative weight. In
addition, the weights of edges internal to C(o,) and C¢(o,) remain unchanged upon
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changing t. However, the weights of edges pointing from C(o,) to C¢(o) decrease as
t increases, while the weights of edges that point from C¢(c.) to C(o,) increase as t
increases. In particular, there exists ¢, > 0 for which

(8.54) C(o.) C C(a(ts)),  C(ow) # Clo(ts)).

This process can be repeated as often as needed to find o, € R™ for which
Cowx) = 0. O

With these preparations in hand, we are ready to formulate two comparison prin-
ciples for (8.27). These should be seen as the analogue of results obtained in [32,
sec. 3] for v = 0 and [25] for v > 0. The latter case is easier to handle because the
comparison principle from section 4 can be invoked.

PROPOSITION 8.8. Consider the inhomogeneous system (8.27) with h(€) > 0 and
suppose that (HA), (hb), and (hs) are satisfied. Fiz vy > 0 and ¢ € R with either v > 0
or ¢ # 0. Consider any function v € W°(R,R"™) that has v(§) > 0 for all £ € R
and satisfies (8.27) for all £ € R. If there exists a pair (ig,&) € {1,...,n} x R with
Vi (€0) = 0, then in fact v(§) = 0 for all £ € R.

PROPOSITION 8.9. Consider the homogeneous system (8.26) with v = ¢ =0 and
suppose that (HA), (hb), and (hs) are satisfied. Consider any function

(8.55) v e L®(R,R)

that satisfies (8.26) with v = ¢ = 0 for all £ € R and has v(§) > 0 for all £ € R.
Suppose furthermore that there exists ig € {1,...,n} and 7 € R for which

(8.56) vig(€) =0,  E>T.

Then we have v(§) = 0 for all £ € R.

LEMMA 8.10 (cf. [25, Cor. A.7]). If~v > 0, all the statements in Proposition 8.8
are valid, even if (hs) is not satisfied.

Proof. Since h(§) > 0, we observe that ¥(z,t) = v(z — ct) satisfies the differential
inequality

0i0(z,t) = Y0, 0(x, t) +
(8.57) /
> Y0y, 0(x, t) +

A;o(E+1j,t) + Bz — ct)v(z,t) + h(zx — ct)

(WEIE

Il
=]

Ao+ rj,t) + Bz — ct)v(a, t),
j

which is covered by the comparison principle stated in Proposition 4.1. In particular,
if v does not vanish everywhere, we must have v(x,t) > 0 for all x € R and ¢ > 0.
This contradicts the fact that v;, ({0 + ct,t) = v;,(§0) = 0. O

LEMMA 8.11 (cf. [32, Lem. 3.1]). Consider the inhomogeneous system (8.27)
with h(€) > 0 and suppose that (HA) and (hb) are satisfied. Fix v = 0 and ¢ # 0
and consider any function v € W1>°(R,R") that has v(§) > 0 for all £ € R and
satisfies (8.27) for all € € R. Suppose furthermore that there exists a pair (ig,&y) €
{1,...,n} x R such that v;,(&) = 0. Then if ¢ <0, we have

(858) U(é-) = 07 5 S 50 + NTmin,
while if ¢ > 0 we have

(8.59) v(€) =0, &> & + Nrmax.
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Proof. We restrict ourselves to the case ¢ > 0. Notice that for any 1 < i <n and
&« € R for which v;(£,) = 0, the system (8.27) implies that v}(&,) < 0. In particular, a
standard differential inequality now implies that v;(§) = 0 for all £ > &,. In addition,
a necessary condition for v;(£,) = 0 is that

(860) [Aj]wvg(f* + Tj) =0, 1<?<n, 0<j3<N.

Using condition (HA) repeatedly, we now see that for all 1 < ¢ < n there exists
&0 < &« + nrmax for which ve(&e) = 0, which completes the proof. O

LEMMA 8.12 (cf. [32, Lem. 3.3]). Suppose that (HA) and (hb) are satisfied and
fit T €R, v >0, and ¢ € R with v+ |¢| > 0. Recall the vector o, € R™ defined in
Lemma 8.6. Consider any function

(8.61) v7* € L((—o0, T + 75, R™)

max

that satisfies the homogeneous system (8.30) for all £ < 7 and suppose that

(8.62) v7*(€) =0, T4l <EL T+

Suppose furthermore that v+ (&) # 0 for some & < T+ ros,. Then there exist two
pairs
(8.63)

(i—,&2) e{1,...,n} x (—oo, 7+ 12,1, (ix,&4) € {1,...,n} x (=00, 7 +77%.]
that have |§4 — &_| < |ro=.| together with

(864) Vi_ (ff) <0< Uiy (er)

Proof. Without loss of generality, we suppose that 7 = 0 and o, = 0. It suffices
to show that there exists § > 0 such that (8.62) together with the inequality

(865) 'U(f) <0, 2rmin < 5 < Tmin,
automatically implies that
(866) Ul(f) = Oa —6 + Tmin S 5 S Tmin, 1 S l S n.

We pick 6 > 0 in such a way that r; < —2 whenever 7; < 0. Let us now consider
any (j,k,1) € Z° and any &, € R that has

(867) —0 + Tmin < 5* + Tj < Tmin-

Our choice of § > 0 shows that rpyi, < & < 0, which means v'(§) = v"(§) = 0 and
v(€ 4+ 1) = 0 whenever 0 < r < 7. In particular, (8.30) now implies that

(8.68) v(E +15) = 0.

In particular, we have established (8.66) for all [ ¢ ° .

Upon writing w(§) = 7 v(€) and viewing this as an element of R™ with m =

#39 | the properties described in Lemma, 8.6 allow us to write

(8.69) —yw"(§) — cw'(€) = L+ (§evi w + g(6),
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where L (&) is a linear operator mapping C([0, Tmax], R™) into R™ and [evgw](ﬂ) =
w(€ +6) for 0 <0 < rZ The function ¢(§) incorporates the contributions from

max*

(I — 7 )v and satisfies
(870) g(g) = 07 =0+ Tmin < 5 < Tmin-

In particular, the uniqueness of solutions to advanced equations now implies that also
w(§) =0 for =0 4 rmin < € < Tmin, as desired. a

LEMMA 8.13. Consider the inhomogeneous linear system (8.27) with h(§) > 0
and suppose that (HA), (hb), and (hs) are satisfied. Fiz 7 € R, v = 0, and ¢ # 0.
Consider any function v € WH° (R, R") that satisfies (8.27) for all ¢ € R and suppose
that

(8.71) v(€) =0, E>T

Suppose furthermore that v(§) > 0 for all € € R. Then we have v(§) = 0 for all
£eR.

Proof. Recall the vector g, € R™ defined in Lemma 8.7. Since v vanishes on a
half line, it it clear that v7+* vanishes on an interval of length rZ: — ros:. We can

now proceed as in the first part of the proof of Lemma 8.12, noting that in this case
Y7 =¢. 0O

Proof of Propostion 8.8. If v > 0, the claim follows from Lemma 8.10. If v =
0, then Lemma 8.11 implies that v vanishes on an entire half line. Possibly after
substituting £ — —&, Lemma 8.13 can be used to extend this conclusion to the full
line. d

LEMMA 8.14 (cf. [32, Lem. 3.3]). Suppose that (HA), (hb), and (hs) are satisfied
and fit 7 € R. Recall the vector o.. € R™ defined in Lemma 8.7. Consider any
function
(8.72) v7* € L®((—oo, 7 + rZs ], R™)

max

that satisfies the homogeneous system (8.30) with v = c¢ =0 for all £ < T and suppose
that

(8.73) v (€) =0,  THrEn <E<THITy

min max"*

Suppose furthermore that v7=* (&) # 0 for some & < T+ ris:. Then there exist two
pairs
(8.74)

(i—,&-) e{1,...,n} x (—oo, 7+ 1], (i+,&4) € {1,...,n} x (=00, T+ 175 ]

that have |£4 — &_| < |ro%:

min

together with
(8.75) W (60) < 0 < vl (€4).

1

Proof. We can proceed as in the first part of the proof of Lemma 8.12, noting
that (hs) again implies that 37 = (). O

Proof of Proposition 8.9. Picking any pair (j,1y) € {1,...,n}? for which [A;];, >
0, we must have v;,(§) = 0 for all £ > 7+ ;. In view of the irreducibility assumption
(HA), we can repeat this argument to show that v(£) = 0 for all £ > 7 + nryp.x. We
can now apply Lemma 8.14 to conclude that in fact v(§) = 0 for all £ € R. O

As a final preparation before we turn to the proof of Propositions 8.1 and 8.2, we
need to rule out the possibility that solutions to the homogeneous system (8.26) decay
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at a rate that is faster than any exponential. For v > 0 we can proceed exactly as
in [25], but for v = 0 we need to exploit the special properties of the restated system
(8.30).

LEMMA 8.15 (cf. [25, Lem. A.1]). Consider the homogeneous system (8.26) and
suppose that (HA) and (hb) are satisfied. Fiz v >0, c € R, and 7 € R. There ezists
a constant ¥ > 0 such that any function

(8.76) v € W2 ([T — Tmin, 00), R™) N L>®([7,00), R™)

that satisfies (8.26) for all £ > 7 — rmin and has v(§) > 0 for all £ > 7 must have

j§|v< = —IE)l, €7 —rmm

Proof. Upon writing

(8.78) w(g) = e*%v(¢),

a short computation shows that for all £ > 7 — ry;n we have

(8.77)

N

C2 c
(8.79) —yw”(€) + 7v© = > Ajem T w(E + 1) + B(Ow(€).
J=0

Recalling the constant x > 0 appearing in (hb), we can use this to estimate

2

w" () = Zw() - —ZA e H I w(E +15) - —B(S) ©
(8.80) K 7 =0

< Lzﬁ 1&] w(§).

We now write K = [40—,:2 + %5]1/2 and fix an arbitrary &y > 7 — rpm. A standard
differential inequality shows that for every integer 1 < ¢ < n, we have

(8.81) w;(€) < Crie™ 80 4 Oy e KES) > g,
in which
(8.82) Cii= 2K —[Kw; (&) 4+ wi(&o)], Cai = 2K —[Kw;(&) — wi(&o)].

Since w > 0, we must have Cy; > 0 for all 1 < ¢ < n, which implies w'(§) >
—Kw(&). The bound (8.77) follows directly from this. O

LEMMA 8.16 (cf. [32, Prop. 4.5]). Consider the homogeneous system (8.26) and
suppose that (HA) and (hb) are satisfied. Fix v =0, ¢ # 0, and 7 € R. There exist
constants R > 0, ¥ > 0, and o € R™ such that any function

(8.83) v € WH([7 — rmin, 00), R™) N L ([, 00), R™)

that satisfies (8.26) for all £ > T — riin and has v(§) > 0 for all £ > 7 must have

D@ > 00 E),  ExT+R

(8.84) i
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Proof. We restrict ourselves to the case ¢ > 0, noting that the case ¢ < 0 can be
treated similarly. We recall the constant o, appearing in Lemma 8.6 and pick o = 0.
Choosing R = —rmin + 2 |0, an initial estimate shows that for all £ > 7 + R we have

(8.85) Dev?(§) = —c 7 [J707](€) — ¢ Biag(§)v7(€) < ¢ rv(€).

In particular, upon writing v = ¢~ 'x and w(¢) = e 507 (), we have w’'(¢) < 0 for
E>T+R.

For any 1 < i < n, we write e; € R™ for the standard unit vector (e;); = 6.
Using these vectors, we construct the matrix

. 7 = o, .e N ““Vere;.
8.86 A° Tl v(rj+or—o) ;f
(7,k,1)eT?

We now pick € > 0 to be so small that r; + g, — 0y < —2¢ holds for all (j,%,1) € Z7.
In addition, we pick any & > 7+ R — ryin + €. For any 7+ R — rpin < € < &, we
have the inequality

W) =~ Y BTy (E 1y + oy, — o)
(j,k,l)eI

— ¢ [BGiag (&) + K]w(€)
< —c T AT w(E - 2e).

(8.87)

Integrating (8.87) from & — € to &1, we obtain

(8.88) w(éy) —w(é; —€) < —ec LA w (& — 2€).

Discarding the term w(&;) > 0, this gives

(8.89) ec T AT w(& — 2¢) < w(éy —e).

Let us now consider any v > 0 that has A2 v = 0. Since A > 0, it is not hard to see
that (I — % )v = 0. In particular, upon writing K = Ker(.A? ), we can pick Ks,. C R™
and K} C R™ in such a way that we have the decompositions

(8.90) R"=K, &K, K = K5t @ span;cso {ei}, 77 (Ks1) = {0}.

There now exists a bounded operator Q : Range(A%) — K such that the identity
A% v = w implies that

(8.91) v=Qw+qs: +gs

for some g5 € Ky1 and g € span;cso {€;}. By compactness, there exists ez > 0
such that for all ¢ € Kx;1 with |g| = 1 we have

(8.92) min ¢; < —ég, max ¢; > €.
1<i<n 1<i<n

If we require v > 0 in (8.91), we may hence estimate

(8.93) lgse| < C1 |Qul
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for some C7 > 0. In addition, since our special choice of ¢ implies that 77 A% = 0,
there exists a constant Cy > 0 such that the inequality

(8.94) |(I — 77| < Co [(I — 77 )w|

holds whenever A% v = w for some v > 0.
The estimate (8.89) now implies

(8.95) |(I = 7% )w(& — 2€)| < ce O |(I — 77 )w(ér — €]
In particular, for all £ > 7+ R — rpi, and 0 < § < € we have
(8.96) |(I =77 w(& —0)| < [(I =77 )w(€ —€)| < ce'Co |(I — 77 )w(§)].

Repeating this estimate a sufficient number of times, we see that there exists a con-
stant C3 > 0 such that for all £ > 7+ R — 2ryi, + 2 |o| we have

(8.97) |(I = 77 )w(€ + Tamin — 2]0])| < C5 |(I — 77 )w(E)].

Using the fact that oz;rkl = 0 whenever a7, = 0, this allows us to compute

w'(€) ==t Y epafy eI — 77 w(E + vy + oy — o))y
(4,k,1)eTT

ot Y ey w(E oyt ox — o)l
(4,k,1)ETFUIT

- C_l[Bgiag (f) + KJ]’UJ(f)
> —Cylw(§)|1

(8.98)

for some constant Cy > 0. Since w > 0, this yields

d

(8.99)  Zelw(©" = 26w(©) v (§)) = ~20u(w (), 1) w(©)l = =2C4 L] w(©)l*
for all £ > 7+ R — 2rmin + 2|o|. Upon increasing the constant R appropriately, this
estimate is sufficiently strong to complete the proof. 0

LEMMA 8.17. Consider the homogeneous system (8.26) and suppose that (HA),
(hb), and (hs) are satisfied. Fix v =0, ¢ = 0, and 7 € R. There exist constants
K>0,b0>0, R>0, and 0 € R™ such that any function

(8.100) v € L*¥([r,00),R")

that satisfies (8.26) for all § > T — rmin and has 0 < v(&2) < v(&1) whenever T < & <
& must have

(8.101) 07 (&)] < K& o7 (&)

foralltT+ R<& <&.

Proof. We recall the constant o, appearing in Lemma 8.6 and pick 0 = 0,4. As
above, we pick € > 0 to be so small that r; + o, —0; < —2¢ holds for all (j,k,1) € 7.
Upon writing

(8.102) AT = 3 agene],

(4,k,1)ET
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we can pick R = —rpin + 2 |o| and obtain the estimate

AT (=200 < Y B (E+ 75+ ok — 1)

(Gk,DeZ?

== Y eSOt tor—a)

(4,k,1)EZFUIT
- Bgiag (é-),ua (f)
< K7 (§)

(8.103)

for all £ > 7 4+ R. Arguing as in the proof of Lemma 8.16 and remembering that
37 = (), we see that there exists Cy > 0 such that

(8.104) [v7(§ = 2€)| < C2 [07(§))

holds for all & > 7 4+ R. Repeating this estimate and exploiting the fact that v is
nonincreasing yields the desired bound (8.101). O

Proof of Proposition 8.1. It suffices to show that the existence of u_ implies that
Acry,q.(A2)v— = 0 for some A\_ < 0 and nonzero v_ € RZ,, while the existence of
u implies that A. 4. (A\+)vs = 0 for some Ay > 0 and nonzero v € RZ. Indeed,
Lemma 8.4 precludes these two consequences from occurring simultaneously.

Assuming the existence of u_, we write y(§) = ¢. — u—(£) and observe that
y(€) > 0 for all £ € R because u_ is nondecreasing. Either Proposition 8.8 or 8.9
imply that in fact y(£) > 0 holds for all £ € R. Pick a sequence &, — oo and define
the functions z,(§) = y(€ + &)/ |y(€,)|, which all satisfy |z,(0)] = 1. After passing
to a subsequence, we have the pointwise convergence z, — z for some nonincreasing
function z € L (R,R™). We claim that z satisfies the autonomous system (8.9) with
q = g« and does not decay faster than exponentially as £ — oo.

To see this, we will assume without loss of generality that o, = 0., = 0 holds for
the constants appearing in Lemmas 8.16 and 8.17. If v + |¢| > 0, we can use either
Lemma 8.15 or Lemma 8.16 to conclude that

(3.105) 02 2 len(€)] 2 0120 )
for all £ € R. In particular, since |z,(0)| = 1, the sequences z, and 7z, are uniformly
bounded and equicontinuous on each compact interval, which implies that the con-
vergence z, — z is in fact uniform on such intervals. To see that z satisfies (8.9), it
now suffices to look at an integrated version of (8.9), as in [29, proof of Thm. 3.1]. In
addition, the estimate (8.105) carries over to z, which together with |z(0)| = 1 shows
that z does not decay faster than exponentially as & — oco. On the other hand, if
v = ¢ =0, then the fact that z solves (8.9) is immediate and we can use Lemma 8.17
to rule out the faster than exponential decay of z.

Applying either [31, Prop. 7.2] or an argument similar to the proof of [32, Lem. 5.3],
we now obtain the asymptotic expansion

4
(8.106) 2(¢) = Z Ki(f)pi(f)e*béeiwf + O(ef(bJre)s)’ €= o0,

=1

for some b > 0 and ¢ > 1, in which each K is a scalar function that never vanishes.
Furthermore, K; is periodic if v = ¢ = 0 and the shifts {r;} are rationally related but
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constant otherwise. In addition, each p; is a C"-valued nonzero polynomial for which
€ pi(€)e e is an eigensolution to (8.9). Since z(¢) > 0, we must have v; = 0
for each 1 < i </, together with

(8.107) vi = Jim £7desPi)p. (£) € RL,.
— 00 -
In particular, we must have A 5 4. (—b)v; = 0, as desired. O

Proof of Proposition 8.2. We first use the spectral flow theorem [31, Thm. C] to
show that ind(A. ) = 0. In particular, let us write

(8.108) M) = (1 —9)Df(0) +IDf(1) + v(I)I,

where the scalar function v satisfies v(0) = v(1) = 0 and is further determined below.
In addition, we write

N
(8.109) Ag(z) = —y2% —cz — Z A7 —1) — M(9).
=0

Since off-diagonal elements of M () are nonnegative, we can introduce the functions
Ai(9) and A, (¥) that track the roots A~ and At featured in Lemma 8.5, where we use
the function v to ensure that these two roots never collide. Since the characteristic
equation

(8.110) det Ay(z) =0
has no solutions with A\;(9) < Rez < A.(¢9), we can use the inequalities
(8.111) M) <0< A (0),  A(1) <0< A (1)

to conclude that every root of (8.110) that crosses the imaginary axis as ¢ is increased
from zero to one must also cross back. In particular, the crossing number for this
transition is zero, as desired.

Proposition 8.8 immediately implies that p > 0. Either Lemma 8.15 or Lemma 8.16
imply that p(§) does not decay faster than exponentially as £ — +oo. In particular,
we can use Lemma 8.3 and [31, Prop. 7.2] together with the inequality p > 0 to
obtain the asymptotic expressions

CPuy_e I8l 4+ O(e=(A-Falely ¢ oo,
(8112) p(f) = { C_I:_UJrei)\Jrlgl + O(e*()\++e)\§|)’ £ — 0

for some € > 0 with
(8.113) A- >0, Ap >0, v_ > 0, vy >0

and positive constants C% > 0.

Suppose that there exists some & € Ker(A.,) that is linearly independent of p.
By adding some multiple of p and replacing x by —z if necessary, we may assume that
x satisfies a similar asymptotic expansion (8.112) with the same quantities (8.113)
but with C? < 0 and C§ = 0. We claim that there exists an integer 1 < ¢y < n and
& € R for which z;,(&) > 0. Indeed, assuming to the contrary that x(£) < 0 for all
¢ € R, we may argue as above to conclude that z(§) < 0 for all £ € R and hence also
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C% <0, in contrast to our assumption. By choosing a sufficiently large po > 1, we
hence see that

(8.114) Pio (§0) — HoTie (§0) <0

We now consider the family p — puzx € Ker(A. ) for 0 < p < po. The asymptotic
expressions for p and = ensure that there exist 7, K, A € R such that

(8.115) p(€) —pa(§) > Ke M1 >0, ¢ >7,  0<p<p
This allows us to define the quantity

(8.116) pa = sup {p € [0, po] | p(§) — px(§) > 0 for all £ € R}.

In view of the asymptotics (8.115), we must have p;, (§x) — p«s, (§«) = 0 for some
integer 1 < i, < m and & € R. As above, this however immediately implies that
(&) = pwx(§) for all € R, which establishes dim Ker(A. ) = 1.

It now suffices to show that there exists a nontrivial p. € Ker(A} ) that satisfies
ps« > 0, since the strict inequality p. > 0 can then be obtained by repeating the argu-
ments used above for p. Assuming to the contrary that (ps)i, (§+) > 0> (pa)i_ (€-)
for two pairs 1 < iy < n and £+ € R, we remark that Lemma 8.12 implies that we
can pick a compactly supported continuous function h : R — R%Z, for which

(8.117) / " (pe(©).h(0) dé = 0.

—00

In particular, we have h = A, yx for some bounded function z : R — R".
Since x satisfies the homogeneous system (8.26) for all sufficiently large |£|, we
see that = enjoys the asymptotic expressions (8.112). In particular, the quantity

(8.118) pr = inf {p e R | 2(§) + pp(§) > 0 for all £ € R}

is finite and we may write y = x + p.p. Obviously, we have y(£) > 0 for all £ € R, but
y may not vanish identically since A,y = h. Proposition 8.8 now implies that in fact
y(€) > 0 for all £ € R. In particular, y also enjoys the asymptotic expression (8.112)
with constants CY > 0. This however means that for all sufficiently small ¢ > 0 we
have y — ep > 0, which is a direct violation of the definition of p.. O

9. Proof of main results. In this final section we prove the main results for-
mulated in section 2 for the family of nonlocal systems

(9.1) Owu(x,t) = [Du](z,t) + f(u(x,t); p).

In order to accomplish this, we study how solutions to the traveling wave MFDE
(9.2) —yu” (&) — cu'( ZA (4 7)) —u(©)] + F(u();p)

behave as the parameter p is varied, paying special attention to the singular limit
v — 0. In particular, we establish the following key result, which is stronger than
Theorem 2.2 and instrumental in the proof of the remaining theorems.
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PROPOSITION 9.1. Suppose that (HA) and (Hfl)—(Hf3) are satisfied and consider
a sequence

(9.3) (Yns €ns Py Pr)nen € [0,00) x R x V' x W2®(R,R")

for which vy, + |cn| > 0 for all n € N and for which we have the limits v, — v« > 0
and pp, — px €V as n — oo. Suppose furthermore that for every n € N, the function
P, has P} (&) > 0 for all £ € R, solves the traveling wave MFDE (9.2) with ¢ = ¢y,
Y =Yn, and p = py, and satisfies the limits

(9.4) lm P(§) =0,  lim Py(§) =1

E——o0

Then, possibly after passing to a subsequence, we have ¢, — ¢, € R and the limit
(9.5) P.(¢) := lim P,(¢)

n—oo
exists pointwise. The function Py is nondecreasing and satisfies the limits

(9.6) Jm P(©)=0.  lm P(§)=1

In addition, for almost all £ € R the function Py satisfies the MFDE (9.2) with v = 7.,
C=Cy, and p = px.

Our proof of the above result is largely based on ideas developed in [32, Thm. 2.3]
and [25, Thm. 3.10]. However, we borrow a technique from [9] in order to establish
that the wave speeds {¢, } are bounded.

LEMMA 9.2 (cf. [9, Thm. 3.5]). Consider the setting of Proposition 9.1. We have
the uniform bound

(9.7) sup |ep| < 0.
neN

Proof. Pick any n € N and write f,, = f(+; pn), together with
(9.8) [Dru)(z,t) = Y O0rzu(z, t) + [J * u](z, t).

In addition, write v/, > 0 and v, > 0 for the eigenvectors described in (4.27) for Df,.
Pick 6 > 0, € > 0, and C > 1 and consider the function

(9.9) wy, (z,t) = —6vL H_(e(x — Ct)) + (1 — 6v], ) Hy (e(z — C1)).
Upon writing
(9.10) T @,1) = oy (1) — [Py 1) — o (w; ()
and introducing the shorthand y = e¢(z — Ct), we may compute
T (1) = Cedul, H' (y) — Ce(1 — 507 (y)

+08[Dpoy, H-|(y) — [P (1 = dvp) Hyl(y)

— fu( = UL H- () + (1 = 60} Ho ()

= —Ce(1 — v, + ovl)H (y)
+ 0[Py, H-|(y) — [P (1 = dvp) Hil(y)

— fa( = SULH- () + (1= S05) H (),

(9.11)
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in which we have used H’ (y) = —H/, (y). We now pick ¢ > 0 to be sufficiently small
to ensure that there exist constants x > 0 and ¥ > 0 such that for all n € N the
inequality

(9.12) fu((— 00LH_(y) + (1 = 80 Ho () > 01

holds whenever |H_(y)| <  or |H4+(y)| < . This is possible because of (Hfl) and
the convergence p,, — p, € V. In addition, we pick ¢ > 0 to be so small that

, 9
(9.13) |[Padvs, Ho](y) = [Pa(l = Svi) Hi ()] < 5
holds for all y € R and n € N. This is possible because we have a uniform bound on
Yn. Finally, we pick C' > 1 to be so large that for all n € N we have

(9.14)
Ce(1— vl +0vl)H (y) > 21+

ful = O0LH- () + (1 = v Ho () |1

whenever x < H, (y) < 1 — x. This is possible because H’ (y) is bounded away from
zero on this region. Note that these choices ensure that 7, (z,t) < 0 for all z € R
and ¢t > 0.

For each n € N there exists a constant 6,, > 1 such that

(9.15) P.(z+60,) > w, (z,0)

holds for all z € R, while also

(9.16) P, (z. — 0n) < w, (4,0)

for some z, € R. The comparison principle stated in Proposition 4.1 now implies that
(9.17) P, (z+ 60, — cpt) > w, (x,t) = w, (x — Ct,0).

We claim that this implies that ¢, < C. Indeed, if this is not the case, a contradiction
can be obtained by choosing t = 26,,(c,, — C)~! and = = z, + Ct. Since the constant
C > 1 does not depend on n, we have obtained a uniform upper bound for the wave
speed. A similar argument can be used to obtain a uniform lower bound. O

Proof of Proposition 9.1. The existence of the limiting function P, follows from
the fact that P/ > 0, while the existence of ¢, € R follows from Lemma 9.2. Arguing
as in the proof of [25, Thm. 3.10], we can conclude that P, satisfies the MFDE (9.2)
with v = 7., ¢ = ¢4, and p = p, for almost all £ € R. In addition, if either v, > 0 or
¢« # 0, then (9.2) is in fact satisfied for all £ € R. Finally, both limits

(9.18) v_ = lim P.(§) >0, vy = lim P.(§) <1

§——o0 E—+o0

exist and satisfy f(vy;ps) =0.
The key issue is to show that

(9.19) v_ =0, vy = 1.

To see this, let us pick § > 0 in such a way that f(v;p.) = 0 has no solutions
€ [0,1]™\ {0, 1} that have either |v] < § or |[v — 1| < §. We then consider the two
sequences {(;, },{¢} C R that are uniquely determined by the identities

(9.20) 1P =6, PG 1] =4
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By shifting the functions P, appropriately, we may assume that ¢, < 0 < ¢; holds
for all n € N. Note that it suffices to show that ¢ — ¢, is bounded. Indeed, this
means that the sequences (I are both bounded separately, which in view of our choice
of § > 0 directly implies the limits (9.19).

Arguing by contradiction, let us assume that ¢ — (;; — oo and define the func-

tions

Arguing as above, we may pass to a subsequence for which we have the pointwise
limits 2, — 2 and x,4 — 2}, where both z¥ solve the MFDE (9.2). In addition,
using the fact that there do not exist 0 < ¢1 < g2 < 1 for which f(¢1) = f(g2) =0,
we have the identical limits

. - _ _ . +
(9.22) 522100 T, =q= 5££noo x)
for some 0 < ¢ < 1 that has f(¢) = 0. Proposition 8.1 now gives the desired
contradiction. O

Proof of Theorem 2.1. For each p € V, the existence of Py(p) and c¢,(p) can
be obtained by approximating the nonlinearity f with a sequence of nonlinearities
fn that satisfy the assumption (HW) and using Proposition 9.1 to show that the
traveling waves obtained in Proposition 7.1 converge to a traveling wave for (9.1)
with the desired nonlinearity f.

In view of the preparatory results obtained in section 8, the uniqueness of this pair
P, (p), cy(p) can be obtained by following the proof of [32, Prop. 6.5]. In addition,
the smooth dependence of P, and c, on the parameter p can be obtained by following
the proof of [25, Prop 3.2] and invoking Proposition 9.1. O

Proof of Theorem 2.2. The statements follow directly from Proposition 9.1. d

Proof of Theorem 2.3. For each p € V, the existence of the wave speed ¢y and
the profile P described in (ii) and (iii) follows upon using Proposition 9.1 to write
co = limy0cy(p) and P(§) = lim,—0 Py (p)(§), where the limits are taken after
passing to an appropriate subsequence. In view of the preparatory results obtained in
section 8, the smoothness properties in (i) and (ii) can be obtained by following the
proof of [32, Prop. 6.4], while the uniqueness claims in (iv) and (v) can be established
as in the proof of [32, Prop. 6.5]. a

10. Discussion. In this paper we constructed traveling wave solutions to a class
of high dimensional LDEs that includes bistable reaction diffusion problems with spa-
tially periodic diffusion coefficients. This was achieved by adding a small continuous
diffusion term to the system and using parameter continuation techniques together
with the comparison principle.

A key ingredient in our approach was the analysis of the operator A, given in
(1.13), which arises when considering the linearization of (1.1) around a traveling wave.
We established a Krein—Rutman-type result for this Fredholm operator, allowing the
use of the implicit function theorem to construct solutions to parameter-dependent
families of reaction diffusion systems.

Let us emphasize here that we expect the results for A, , to be useful in further
applications. Indeed, when considering LDEs posed on one-dimensional lattices, the
Fredholm properties of similar operators have been used to study the stability of waves
[24], glue waves together [26], and analyze singular perturbations [23]. In addition,
a recent result [20] provides a set of spectral conditions on A, that are sufficient
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to guarantee the nonlinear stability of the waves constructed in this paper for LDEs
posed on high dimensional lattices. Our results here are sufficiently strong to verify
an important subset of these conditions. Let us also mention the recent work [40],
where our results on A. are used to construct traveling waves for reaction diffusion
systems that do not admit a comparison principle, even after variable transformations
of the type used in section 3.2.

Models involving infinite range nonlocal interactions are attracting increasing
attention, motivated for example by the desire to discretize fractional Laplacians.
At present however, our techniques require us to limit our attention chiefly to finite
range interactions. We do wish to point out that small infinite range tails can be
incorporated into our framework from a bifurcational point of view. The chief obstacle
toward removing this restriction is that the Fredholm results developed in [31] and
[29] are stated only for finite-range operators. We believe that a careful study of the
proofs should allow most of the results to be extended to infinite range interactions.
Technical complications will however undoubtedly arise, similar to those encountered
when studying delay differential equations with infinite delays.
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