Universiteit

w4 Leiden
The Netherlands

Travelling waves on trees and square lattices
Jukic, M.

Citation
Jukic, M. (2022, September 22). Travelling waves on trees and square
lattices. Retrieved from https://hdl.handle.net/1887/3463735

Version: Publisher's Version
Licence agreement concerning inclusion of doctoral
License: thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/3463735

Note: To cite this publication please use the final published version (if
applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3463735

Travelling Waves on Trees
and Square Lattices

Mia Jukic







Travelling Waves on Trees and Square
Lattices

Proefschrift

ter verkrijging van
de graad van doctor aan de Universiteit Leiden,
op gezag van rector magnificus prof.dr.ir. H. Bijl,
volgens besluit van het college voor promoties
te verdedigen op donderdag 22 september 2022
klokke 13.45 uur

door

Mia Juki¢
geboren te Zagreb, Kroatié
in 1993



Promotores:
Prof. dr. H.J. Hupkes
Prof. dr. A. Doelman

Promotiecommissie:

Prof. dr. F.A.J. de Haas

Prof. dr. R.M.H. Merks

Prof. dr. A. Scheel (University of Minnesota)
Prof. dr. A. Vainchtein (University of Pittsburgh)
Prof. dr. E.S. Van Vleck (University of Kansas)

Cover: (©) 2022 Mia Jukié
This research was funded by Netherlands Organization for Scientific Research (NWO)
through the grant 639.032.612.



To the loving memory of my father Tado,
Who first showed me the magic of numbers.






CONTENTS

1 Introduction 5
1.1 Reaction equation . . . .. ... ... ..o o 6
1.2 Diffusion equation . . . . . .. ... ... 8
1.3 Travelling waveson R . . . .. . .. ... ..o 8
1.4 Travelling waves on lattice domains . . . . . . . ... ... ... .. .. 10
1.5 Integer lattice Z . . . . . . . . ... 11

1.5.1 Fundamental solution of the discrete heat equation . . . . . . . 11
1.5.2 WavefrontsonZ . . . . . . . ... . 12
1.5.3 Pinning on lattices . . . . . . .. ... oo 13
1.6 Infinite k-ary trees . . . . . . . ... L L 16
1.7 Two-dimensional lattice Z2 . . . . . .. ... .. ... .. ....... 19
1.7.1 Stability of travelling waves on Z2 . . . .. ... .. ...... 20
1.8 Graphs and lattices . . . . . .. ... oL oL o 21
1.8.1 Graph Laplacian . . . . . . ... ... .. ... ... ...... 21
1.9 Overview of the thesis . . . . . .. ... ... ... ... ... ..... 23

2 Dynamics of curved travelling fronts for the discrete Allen-Cahn
equation on a two-dimensional lattice 25
2.1 Imtroduction . . . . . . .. . ... 25
2.2 Mainresults . . . . . . ..o 35

2.2.1 Interface formation . . . . . . . . . ... ... 36
2.2.2 Imterface evolution . . . . . . ... ... ... .. 37
2.3 Omega limit points . . . . . . . ... . o 38
2.4 Trapped entire solutions . . . . . . ... ... Lo 43
2.5 Large time behaviourof w . . . . . . . ... L oo 46
2.5.1 Proof of Proposition 2.5.1 and Theorem 2.2.2 . . . . . ... .. 47
2.5.2 Phase asymptotics . . . . . ... 50
2.6 Discrete heat equation . . . . . . . ... Lo 52
2.6.1 Discrete heat kernel . . . . ... ... o000 53
2.6.2 Gradient bounds . . . . .. ... L L oL 56
2.7 Construction of super- and sub-solutions . . . . . . . ... ... .... 57
2.8 Phase approximation . . . . . ... ... 63



CONTENTS

2.8.1 Approximating~yby V. . .. ... oo 63
2.8.2 Tracking V withD .. ... ... .. .. ... .. 65
2.8.3 Proof of Theorem 2.2.3 . . ... ... ... ... ... .... 69
2.9 Stability results . . . . ... 70
2.9.1 Spatial asymptotics . . . . .. ... 72
2.9.2 Phase asymptotics . . . . . ... L Lo 74
Curvature-driven front propagation through planar lattices in oblique
directions 77
3.1 Imtroduction . . . . . . . . . . . . .. 77
3.2 Mainresults . . . . . . . L 85
3.2.1 Travelling waves . . . . . ... ... 86
3.2.2 Interface formation . . . . . . . . ... ... ... ... .. 92
3.2.3 Interface asymptotics . . . . . . ... ... L. 94
3.24 Numerical results . . . . . ... ... oo 95
3.3 Omega limit points . . . . . .. ... ... L oo 98
3.3.1 Constructionof w . . ... ... oo 99
3.3.2 Trapped entire solutions . . . . . . . .. .. ... 100
3.4 Large time behaviourof w . . . . . . . ... oL o 103
3.4.1 Phase construction . . . . . ... ..o oo 104
3.4.2 Phase asymptotics . . . . . ... Lo 106
3.5 Linearized phase evolution . . . . . . . .. .. .. ... ... 107
3.5.1 Strategy . . . . . ... 109
3.5.2 Contour deformation . . . . . .. .. ... ... ... ...... 113
3.5.3 Global and outer bounds . . . ... .. ... ... ... ... 118
3.5.4 Corebounds . .. ... ... ... ... ... 119
3.6 Phase approximation strategies . . . . . . . . ... ... L. 122
3.6.1 Coefficient identities . . . . . . . . .. .. ... .. .. ..., 125
3.6.2 Quadratic comparisons . . . . . . .. ... 128
3.6.3 Cole-Hopf transformation . . . ... .. ... ... ... .... 132
3.7 Construction of super- and sub-solutions . . . . . . .. ... ... ... 134
3.7.1 Preliminaries . . . . . ... ... ..o 135
3.72 Analysisof Jp . . . . . . . e 136
3.7.3 Analysis of Tps v o 137
3.7.4 Analysis of Jpeo, and Jgoo, . . . . ... 139
3.7.5 Final splitting . . . . . . L 141
3.7.6 Proof of Proposition 3.7.1 . . . . .. ... ... ... ... ... 145
3.8 Phase approximation and stability results . . . . ... ... ... ... 147
Propagation reversal for bistable differential equations on trees 149
4.1 Imtroduction . . . . . . . . . . L L 149
4.2 Mainresults . . . . . ..o 154
4.2.1 Cubic nonlinearity . . . . ... ... ... . 159
4.3 Comparison principles . . . . . . . .. ... 162
4.4 Pinned monotonic waves . . . . . . . . .. .. 163
4.5 Small dregime . . . . .. ... 165



CONTENTS

4.6 Largedregime . . . . . . .. . . ...
4.6.1 Proof of Proposition 4.6.3 . . . . . . . ... ... ... ... ..
4.7 Cubic nonlinearity . . . . . . ... L o
4.7.1 Proof of Lemma 4.7.3 . . . . . ... ... .. ... ...,
4.8 Spatial chaos . . . . . . ...
4.8.1 The Moser theorem . . . ... ... ... ... .........
4.9 Numerics . . . . . . . e
Bibliography
Samenvatting
Acknowledgements

Curriculum Vitae

199

201

203



CONTENTS



CHAPTER
ONE

INTRODUCTION

In this thesis we study bistable reaction-diffusion equations on (multidimensional)
lattice domains. The power of reaction-diffusion equations is that they can successfully
model various natural and social phenomena with their intuitive and relatively simple
(mathematical) representation. In mathematical notation, a lattice reaction-diffusion
differential equation is any lattice differential equation (LDE) of the following form

() = d[Au(t)], + gun(t). pe A, (1.0.1)
diffusion reaction

where A : (*°(A) — £°°(A) represents a diffusion operator on a lattice A C Z™ and
d > 0 is a diffusion constant. We call g : R — R the reaction function. One example
of such a lattice differential equation on the integer lattice Z is given by

() = ui—1(t) — 2ui(t) + uita(t) + g(ui(t)),

with¢ € Zand t € Ror ¢t > 0. Lattice equations are closely related to their continuous
counterparts
wi(a,t) = dAgula, t) + glu(z, 1)), (10.2)

where z belongs to some open subset of R™ and A, is the standard Laplace operator
on R™. One of the main features of reaction-diffusion equations, both on discrete and
continuous domains, is that they admit special solutions, so-called ‘travelling waves’,
which we can describe as fixed profiles ® : R — R that move in a particular direction
with some speed c. Depending on their shape, we can roughly divide waves into three
categories:

e pulses or solitons, which can be described as local perturbations __/\__
e periodic pulses (wave trains) NN

e monotone wave fronts that connect two constant states ._/_

In this thesis we focus on the latter type of wave and we study their existence,
propagation and long term behaviour on two type of discrete domains - the two-
dimensional lattice Z?, and infinite trees.
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To guide the reader through the mechanism behind the formation of travelling
waves, we will first take a separate look into the phenomena of reaction and diffusion
to discover how they work together to form moving solutions. We will explain basic
concepts on continuous domains and gradually extend them to the lattice domains
treated in this thesis. By @ we always denote a time-derivative of the function u.

1.1 Reaction equation

In this section we explore various types of reaction equations and explain how do they
influence the long-term behaviour of solutions u(t) to (1.0.2) when d = 0 . In the
absence of diffusion, this PDE turns into a pure ODE and therefore we can drop the
variable x.

Exponential growth, g(u) = ru

One of the simplest reaction equations is given by
U = ru, (1.1.1)

whose solution is given by u(t) = Ce™, for any C € R. For C = 0 we have an
equilibrium solution @ = 0 that does not change in time.

For r < 0 we say that @ = 0 is a stable equilibrium since the solution u(t) ap-
proaches @ as t — co. For r > 0, w = 0 is an unstable equilibrium since the solution
u(t) diverges away from u as t — oo.

Logistic growth, g(u) = ru(l — u)
The logistic growth equation was first proposed by Pierre-Frangois Verhulst in [92] to
model the population growth of the species u. Namely, provided that the growth rate

and maximum capacity of the population are given by the positive constants r and

K respectively, we have
U
v =ru(l — —=). 1.1.2

In words, when the population u is very small, it grows exponentially with some rate
r > 0, i.e., u =~ ru. However, as it grows and reaches its maximum capacity K, its
growth rate is approaching 0 and we have u ~ 0. The explicit solution to this equation
is given by
K
u(t) =
1+ (K/C—1)e"t

where C' > 0 is the initial population number at time ¢ = 0. This equation has
two equilibrium points @ = 0 and w = K, with the later being stable since the limit
lim;_, oo u(t) = K holds.

The logistic growth equation has found numerous applications beyond population
growth models. One example is the SIS epidemiological model [59] that mod-
els diseases like common cold or influenza that do not provide long-term immunity.
Namely, individuals in a population are divided into two categories, I (infected) and S
(susceptible). We assume that the population size is constant in time and equal to N,
ie., I(t)4+ S(t) = N for all t > 0. Moreover, by 5 > 0 we denote the average number

(1.1.3)



Reaction equation 7

of contacts between individuals, multiplied by the probability of a transmission in a
contact. The recovery rate of infected individuals is given by . These assumptions
lead to the following ODEs for I and S

_BS . B8S

)y Ny S=-—-2"T441.
1= NIt

Together with our assumption I + S = N, and setting Ry := % we arrive at

1

I'=~(Ro—1)I(1— m)v

which is of the same form as (1.1.2). If Ry > 1, then the number of infected people

will grow to
. 1
Jim 1) = (1= 0N,
which one often refers to as the herd immunity threshold. For Ry < 1, the point T = 0
is a stable equilibrium since we have lim;_, o, I(t) = 0 which implies that the disease

is eradicated.

Bistable reaction, g(u) = u(1 — u)(u — a)

In many physical systems two stable equilibria compete for dominance. For example,
in contrast to the logistic growth equation in which the population size always grows
towards its carrying capacity, for some species undercrowding or a low density limits
its growth and leads to extinction. This principle is called the Allee effect.

To model this effect, we assume that the maximum capacity is rescaled to 1 and
that there exists a critical parameter a € (0,1) such that v < a implies that the
population is dying out and u > a implies that the population grows. Then the
equation for the density u(t) is given by

i =u(l —u)(u—a). (1.1.4)

We have three equilibria @ € {0, a, 1}, with 0 and 1 being the stable points, in the
sense that «(0) < a implies lim;_, o u(t) = 0 and u(0) > a implies lim; o u(t) = 1.
To justify this conclusion, it is enough to observe that g(u) < 0 for v € (0,a) and
g(u) > 0 for u € (a,1). Indeed, if u(0) < a, then we have u(t) < 0 for small ¢ and the
population is decreasing towards 0. On the contrary, for u(0) > a, we have u(t) > 0,
which suggests that u is increasing towards 1.

We also point out that the cubic nonlinearity (1.1.4) is only one of the numerous
possibilities for modelling bistable reaction effects. As its name suggests, a bistable
reaction term can be any function that has two stable equilibria with one unstable
equilibrium point a in between. This is equivalent to the following basic assumptions
we use in all chapters of this thesis, namely

g(u) <0, for u € (0,a), g(u) >0, for u € (a,1),

with

g'(0)<0,  ¢'(1)<0, g'(a)>0.
To emphasize this dependence of the nonlinearity g on the bistable parameter a in
the rest of this text we denote g = g(+; a).
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1.2 Diffusion equation

In this section we study the equation (1.0.2) in the absence of reaction. For simplicity
we take d = 1. The diffusion equation, more commonly known as the heat equation
is one of the most studied partial differential equations. It takes the form

ug(z,t) = Agu(z,t) (1.2.1)

where £ € R™, t > 0 and A, is the standard Laplace operator on R™, namely
n
Azu(z,t) = Zuxmz (z,1).
i=1

Heat equation on R In the case of only one spatial variable, the heat equation is
simply
ug(,t) = uge (2, 1), zeR, t>0. (1.2.2)

Provided that we have u(-,0) = uy € L>®°(R), an explicit formula for the solution
u(z,t) is readily available, namely

1 s
u(x,t) = \/R/Re o ug(y)dy

= [H(-,t) * ug(x).

Here the function H : R x (0,00) — (0, 00), defined by

(1.2.3)

I a2
H(z,t) = T te EE
T

is called the fundamental solution or the heat kernel. Taking derivatives in (1.2.3),
and evaluating them either on H or ug results in the estimate

. 1
sup iz (2, )] < C min{Juol| t, lJuoel 1 ) (1.2.4)
z€R
This formula shows that the heat equation on R averages solutions, in the sense that
their derivatives converge to 0 as ¢ — co.

1.3 Travelling waves on R

Combining the bistable reaction function g(u;a) and the diffusion operator results in
an interplay between the harsh reaction jumps and the smoothening effect of diffusion.
As a result, we have a special solution of (1.0.2) that we call a travelling wave, see
Figure 1.1.

To find such a wave profile ®, we assume that u(x,t) = ®(x — ct) and we plug this
Ansatz into (1.0.2). Upon substituting £ = x — ¢t we arrive at the second-order ODE

— e¥(€) = dB"(€) + g(D(E): ), (13.0)
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t=0 t=0.2 t=16

Figure 1.1: Travelling wave on R. Under the influence of the bistable reaction term,
the initial small perturbations are first pushed to either 0 or 1.

which we couple to the boundary conditions
P(—o0) =0, D(o0) =1, (1.3.2)

since we want to connect two stable points of the nonlinearity g. The existence of a
(unique up to translation) solution (¥, ¢) to (1.3.1)-(1.3.2) is shown in [33] via phase-
plane analysis. In particular, the authors introduce an additional function P = @’
that transforms the second-order ODE (1.3.1) into a system of two first-order ODEs

CI)’(g) = P(¢), 1
PI§) =—59'(6) — S9(®():a),

to which we add the boundary conditions P(—oc0) = 0, P(oco) = 0. A short compu-
tation shows that (0,0) and (1,0) are two saddle equilibrium points of this system.
Therefore, the solution (®, P) corresponds to an orbit lying in the intersection of the
unstable manifold of (0,0) and the stable manifold of (1,0). As Fife shows using a
geometric argument in [33], there exists a unique speed ¢ such that these manifolds
intersect in the first quadrant of the (®, P) plane. This result automatically shows
that the wave is monotonically increasing, i.e., ' > 0.
In the case of the standard cubic nonlinearity

g(u;a) = u(l —u)(u—a) (1.3.3)
one can check that the explicit solution to (1.3.1) is given by

o(&) = %-l—%tanh%, c:\/ﬁ(a—%). (1.3.4)

We can read off two important properties from the second formula.

1. The speed satisfies ¢ = 0 if and only if a = 1/2;
2. Up to the sign change, the speed ¢ is symmetric around a = 1/2.
This symmetry result is expected since diffusion operator does not prefer neither of the

equilibrium points 0 and 1, which means that the propagation direction is in general
determined by the reaction function, or more precisely, by the sign of its integral



10 Introduction

-0.15

-0.20

— G(u) — G

-0.01 0.008

-0.02

-0.03

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

Figure 1.2: The cubic nonlinearity g(u;a) = u(l — u)(u — a) with its double-well
potential G(u;a). On the left we have a = 0.35, and we observe that G(0;a) >
G(1;a). On the right we have a = 0.5 and the system is in balance as the equality
G(0;a) = G(1;a) holds.

Guja) = — fou g(u; a)du. The function G is often called the double-well potential, see
Figure 1.2.

To give a visual interpretation, when a < 1/2, the equilibrium point 1 with the
lower potential energy invades the point 0 with the higher potential energy and the
wave moves to the left. If a > 1/2, the role of the stable states 0 and 1 is reversed,
and the wave propagates to the right with speed ¢ > 0. For a = 1/2, the wave speed
c is equal to 0 as a consequence of both states being in balance due to the equality
G(0;a) = G(1;a).

1.4 Travelling waves on lattice domains

In what follows we transfer the familiar concepts from §1.2 and §1.3 to lattice domains.
In the absence of the diffusion operator, both equations (1.0.1) and (1.0.2) are systems
of decoupled first order ODEs that we have already covered in §1.1.

Therefore, the first obvious difference between these two type of equations comes
from the diffusion operator A. On the continuous domain R"™, the Laplace operator
A, is a local operator, i.e., to evaluate A,u(xg) one needs to know the values of
the function u in an arbitrarily small neighborhood around some point 3. On the
contrary, the discrete diffusion operator is a nonlocal operator on the lattice A since it
couples multiple points on a lattice. Moreover, its definition differs per type of lattice
that we study. We explain these concepts further in the following subsection by
studying three kinds of lattice domains - the integers Z, the two-dimensional domain
7?2 and infinite k-ary trees Tj.
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1.5 Integer lattice Z

On the integer domain Z, one example of a discrete diffusion operator is given by
[AU}Z = Ujr1 — 2U; + Ui—1, (1.5.1)
which is considered as the standard discretization of the continuous Laplace operator.

The full bistable lattice reaction-diffusion equation on Z now reads

;i (t) = d(uit1(t) — 2u;(t) +ui—1(t)) + g(ui(t); a), i€ Z, t>0. (1.5.2)

1.5.1 Fundamental solution of the discrete heat equation

The main goal of this subsection is to draw parallels between the discrete heat equation
associated to (1.5.1), namely

’U,,(t) = Ui+1(t) — QUZ(t) + ui—l(t); 1€Z, t>0, (153)

and the continuous heat equation (1.2.2). We tackle (1.5.3) by applying the Fourier
transform which results in the simple ODE in the Fourier space

iA _ 2t(cosw—1) 4
La(e) = o Nig(g),

whose solution is given by
’LAL(f) _ e2t(coso.)—l),aO(g)7

where 4’ = u(0) € (?(Z). By applying the inverse Fourier transform we derive the
explicit formula for the solution

1 i ;
ui(t) = o ;Zug /_7T cos ((i — k)w)e s« gy, (1.5.4)

In this formula we recognize the integral representation

1 s
L) = & / cos (kw)et ¥ du,

T™J-xn

of the modified Bessel functions of the first kind Ix(t) for ¢ > 0 and k € Z, see
Figure 1.5.1.

Setting Gi(t) := e 21} (2t), the solution (1.5.4) can hence be written as the
convolution between the sequence G and the initial condition v, i.e.,

u(t) = G *uP.

This is in line with the continuous heat equation where the solution is obtained by
convolving between the Gaussian kernel with the initial state, see equation (1.2.3).
Our analysis in §2.6 shows that the first differences of solutions decay as

sup w1 () — wi(t)] = Ot '/?).
i€z

Therefore, the discrete heat equation on Z averages out its solutions, in the sense
that their first differences converge to 0 as ¢ — oo, with the same decay rate as the
solutions of the continuous heat equation. We summarize the similarities between the
discrete and continuous heat kernels in Table 1.1.
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Modified Bessel functions of the first kind /,(t) Fundamental solution G(t)

— h(t)

I(t)
— I3(t)
20004 — la(t)
— Is(t)

Figure 1.3: On the left we plot modified Bessel functions of the first kind for
k € {1,2,3,4,5} and on the right we plot the corresponding fundamental solution
Gr(t) = e "Iy (t).

1.5.2 Wave-fronts on Z

Similarities between the fundamental solutions of the continuous and discrete heat
equation suggest that the discrete reaction-diffusion equation (1.5.2) also admits trav-
elling wave solutions. To find such solutions, we mimic the procedure from §1.3 and
we plug the Ansatz u;(t) = ®(i — ct) into (1.5.2). Upon substituting & = i — ct, this
approach results in the following differential equation for ® and ¢

—c®'(§) = d(P(E+1) —22(8) + P(§ — 1)) + g(P(£); a). (1.5.5)

As before, we couple it to the boundary conditions that connect two stable points of
the nonlinearity g, namely

®(—00) =0, ®(o0) = 1. (1.5.6)

Already at this point we can observe the first difference between the lattice and
continuous equations. Namely, the differential equation (1.5.5) involves both past and
future values. We call this type of differential equation a mixed functional differential
equation (MFDE). Using Brouwer’s fixed point theorem, Zinner [97] was the first to
show that there exists a travelling wave solution provided that the diffusion parameter
d is big enough. In the seminal paper [67] Mallet-Paret gives detailed existence and
uniqueness results for a much more general class of MFDEs. In particular, for every
a € (0,1) and d > 0 there exists a speed ¢ € R and non-decreasing profile  : R — R
that satisfy (1.5.5)-(1.5.6). In case ¢ # 0 this wave-pair is unique upon fixing ®(0) =
1/2. Moreover, in this case both the speed ¢ and profile ® € C''(R) depend smoothly
on the parameters a and d, and the strict inequality ® > 0 holds. When we want to
emphasize this dependence of the speed ¢ on parameters a and d we write ¢(a, d).

Provided that the nonlinearity g is the standard cubic we have just as in (1.3.4)
the symmetry relation

e(1/24 a,d) = —¢(1/2 — a,d),

for every a € (0,1/2) and d > 0. This relation shows that the speed ¢ is, up to the
sign change, symmetrical around the axis a = 1/2. Moreover, we have ¢(1/2,d) =0
for every d > 0.
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Heat equation on R and Z

Domain Continuous domain R Discrete domain Z
Fundamental = R
solution Hz,t) = Vzrad Gi(t) = e *1;(2)
Singularity lim H(0,1) = Go(0) = 0
att=0 t—0 B = 0 =
Integral of 1 a2 o B
the kernel Vart fRe wdr = Zkez e L (2t) = 1
Decay rate SUp, g |te (2, 8)] < Ct1/2 | sup;ey [uipy (t) — us(t)] < Ct=1/2
of solutions zeR [He - Y1 = iez Wi+ i <

Table 1.1: In this table we draw some parallels between the (fundamental) solutions
of the continuous and discrete heat equations.

Before we delve into the further analysis of waves on lattices, we want to point out
some crucial differences between equation (1.5.5) and its counterpart on a continuous
domain.

1.5.3 Pinning on lattices

Turning back to lattice domains, we point out one of the key differences between the
MFDE (1.5.5) and ODE (1.3.1). In particular, setting ¢ = 0 in (1.5.5) results in a
difference equation

0=d(®iy1 —20; + Q1) + g(P;;0), (1.5.7)

to which we add the boundary conditions

lim ®; =0, lim ®; = 1. (1.5.8)

i——00 i—00

This change from a differential to a difference equation is an underlying mechanism
that causes the pinning of waves. Namely, we say that pinning or propagation failure
occurs when the equality ¢ = 0 holds for a range of bistable parameters a in some
nontrivial interval [a_,a4]. This is in stark contrast with the continuous reaction-
diffusion equation, in which we have ¢ = 0 for only one value of the bistable parameter
a, see Figure 1.4. The first systematic study of this phenomenon was performed by
Keener in [55]. In this paper, Keener embeds the difference equation (1.5.7) into the
framework set up by Moser in [71] to show the existence of infinitely many chaotic
solutions that block the propagation of waves. Since we also employ this theory in
Chapter 4, we give this construction some attention here.
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lattice domain Z continuous domain R

c(a) c(a)

IS)
IS)

~0.1 0.1

Figure 1.4: Speed c as the function of a. In this example we take d = 0.025
and the standard cubic nonlinearity (1.3.3). On the left we plot numerical solutions
of the MFDE (1.5.5), and on the right we plot the analytical solution c(a) for the
ODE (1.3.1).

Spatial chaos The substitution P; := ®;_ transforms the difference equation (1.5.7)
into the two-dimensional recurrence relation

1
O,y =20, - P — Eg(fbi; a),
R+1 == (biv

(1.5.9)

for i € Z. We define a mapping ¢ : R? — R? by

wwm::@u—v—ng@ﬂQ,

together with its inverse
1 1
67w v) = (0,20 —u— Zgwia) ).

We can now take any (®g, Py) € R? to define a bi-infinite sequence (®;, P;);cz by
setting ‘
((I)Z,Pz) = (,ZSZ(@(), P()), i € 7. (1510)

By construction this sequence satisfies the system (1.5.9). However, taking for ex-
ample (®g, Py) = (0.5,0.7) and the cubic nonlinearity (4.1.2) with @ = 0.2 we soon
arrive at @19 = 4.89 x 10''. Due to its very large values, this sequence does not corre-
spond with the physical notion of a travelling wave. Therefore, at this point it is not
immediately clear that one can actually find a bounded sequence that satisfies (1.5.9).

To prove that such bounded sequences indeed exist, Keener applied results from
the field of Symbolic Dynamics, in particular the Moser theorem [71]. This result
implies that for every small diffusion d there exist a correspondence between sequences
in the set

S = {(...,871,80,81,...)281‘ 6{0,1}}

and bounded solutions to (1.5.9). Specifically, there exist z¢ € [0,a) and z; € (a,1]
such that for each (s;)icz C S we can find a sequence (®;, P;)icz C [0,1]? that
satisfies (1.5.9), together with

(bi € [O,l‘o), if S = Oa (bi S (l’l,l], if S = 17
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Figure 1.5: Two possible stationary solutions of (1.5.5) and their corresponding
sequences (s;)icz.

see Figure 1.5. To conclude, for small d one can construct a rich variety of solutions in
[0,1]%. Moreover, using the comparison principle, Keener shows that intervals [0, z()
and (x1, 1] are invariant for (1.5.2) in the sense that for all 7 € Z we have

u;(0) € [0, 20) = u;(t) € [0,20) for all £ > 0,
u;(0) € (x1,1] = w;(t) € (x1,1] for all £ > 0.

Therefore, solutions to the LDE (1.5.3) are blocked from propagating in any direction.

Pinning in systems like (1.5.9) can also be studied from the Dynamical Systems
point of view. For example, in [47] the authors characterize pinned fronts as intersec-
tion points of stable and unstable manifold of saddle equilibrium points. We describe
this construction in the next paragraph.

Stable and unstable manifolds Equilibrium points (®, P) of the system (1.5.9)
are defined as scalar solutions to
=P, =20 -P—d 'g(d;a). (1.5.11)
One can verify that (0,0) and (1, 1) are saddle equilibrium points to which we associate
the sets

W*(0,0) = {(u,v) : $""(u,v) = (0,0), as n — oo},

we(1,1) = {(u,v) : $"(u,v) — (1,1), as n — oo}.

These sets W*(0,0) and W#*(1, 1) are called the stable and unstable manifold of points
(0,0) and (1,1), respectively. If a point (®g, Py) lies in the intersection of these two
sets then its associated sequence (1.5.10) also belongs to W*(0,0) N W*(1,1) and it
satisfies the boundary conditions (1.5.8). We call such solutions pinned fronts since
they connect two stable points of the nonlinearity g. Provided that g is the cubic
function, a result by Qin and Xian from [76] implies that at least two sequences
lie the intersection W*(0,0) N W*(1,1). If these manifolds intersect transversely for
some parameter ag, then these pinned waves persist as we vary a around ag, so we
obtain pinned fronts in some nonempty interval [a_,a™] around ag. At @ = a_ and
a = a4 the manifolds intersect tangentially, and finally, for a ¢ [a_, a ] the manifolds
are disjoint, which means that no pinned fronts exist. To visualize this process, we
implemented a numerical algorithm from [41] and we show our results in Figure 1.6.
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Figure 1.6: This sequence of panels shows the formation and disappearance of a
pinned front as we increase the bistable parameter a. We plot W*(0,0) and W?*(1,1)
in orange and blue, respectively. A pinned front exists if these two manifolds intersect.
Based on these numerical simulations, for d = 0.1 we can find pinned fronts for
a approximately in [0.455,0.545]. At the end points of this interval the manifold
intersection is tangential.

To conclude this section, we summarize the similarities and some basic differences
between the waves on continuous and lattice domains in Table 1.2.

1.6 Infinite k-ary trees

Chapter 4 of this thesis is concerned with the propagation and pinning of waves
on infinite k-ary trees Tg. Infinite k-ary trees are undirected graphs in which the
neighbourhood of each node consists of one parent with coordinates (i — 1, ), and k
children

(G4 1,kj), i+ 1,kj+1),....,6+1,kj+k—1),
see Figure 1.7. Assuming that the diffusion parameter d is equal between all nodes,

the bistable reaction-diffusion equation takes the form

k—1
Uij = d( D Uik — um) + d(uio1j = uig) + g(ui 53 a), (1.6.1)
=0

for all (i,j) € Z x Ny. In this thesis we focus on so-called ‘layer’ solutions, i.e.,
solutions for which we have w; ;(t) = w;(¢) for all (¢,7) and ¢ > 0. Such solutions



Infinite k-ary trees

Travelling waves on R and Z

Domain

Continuous domain R

Discrete domain Z

Type of the equation

a second-order ODE for
allce R

MFDE for ¢ # 0 and a dif-
ference equation for ¢ = 0.

Singular
perturbation
problem as ¢ — 0

No, setting ¢ = 0 does
not change the nature
of the equation.

Yes, since the MFDE
transforms into a differ-
ence equation.

Uniqueness of
solutions for
(avd) € (07 1) X IR>0

A solution pair (9, ¢) is
unique.

A solution pair (P,c¢) is
unique only when ¢ # 0.

Smoothness of

Both ® and ®' are in

The wave and its deriva-
tive are in C(R) provided

solutions C(R) that ¢ 2 0.
There is 1o pinnine: ¢ — Yes; analytical results for
Pinning pl 8 €= | 4 < 1 and open problem

0= a=3 for large d.

Table 1.2: In this table we summarize some similarities and basic differences be-
tween the travelling wave solutions of the continuous equation (1.3.1) and the lattice
equation (4.1.6).

satisfy the simplified version of (1.6.1), namely

Searching for a travelling wave solution of the form u;(t) = ®(i — ct) we arrive at the
MFDE

—c®(§) =d (k2§ +1) = (k+ 1)2(5) + B(§ — 1)) + g(B(&); ),

coupled with the boundary conditions (1.5.8). Since this MFDE falls under the general
framework of Mallet-Paret, there exists a travelling wave solution (®,¢) for every
k > 0. For £k = 1 we recover the standard bistable reaction diffusion equation on
Z. We notice that the future and the past terms in MFDE (1.6.3) are asymmetrical
in the parameter k. Indeed, we can also rewrite this equation as a reaction-diffusion
equation with a convection term d(k — 1)(®(€ 4+ 1) — ®(&)) on the lattice Z, namely

—c@(§) = d (2§ +1) = 28(§) + (£ — 1)) + g(2(£); a)
+d(k = 1)(2(§ +1) — ©(E)).

(1.6.3)

(1.6.4)

For k # 1, the convection term also contributes to the speed of the wave ¢ and it is
expected that the speed ¢ will not be symmetric anymore around the axis a = 1/2,
also in the case of the standard cubic nonlinearity.
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Figure 1.7: Infinite k-ary tree with £ = 2 and indicated layers.

Motivation and main questions Our work is inspired by the study of Kouvaris,
Kori and Mikhailov [62], in which the authors perform a non-rigorous analysis of the
bistable reaction-diffusion equation on semi-finite k-ary trees. They discover that the
direction of wave propagation largely depends on the branch factor k.

Therefore, our main questions in this work are the following.

Q1 Do travelling waves on k-ary trees admit both positive and negative speeds?

Q2 Does the asymmetry in the equation cause a preferred direction for a travelling
wave?

Q3 What is the shape of the pinning region?

Q4 Can the increase in diffusion parameter d cause the wave to change its direction
of propagation for a fixed bistable parameter a and tree parameter k7

The initial numerical observations indeed suggest that the region in which ¢ = 0 is
now finite and asymmetric, in contrary to the case k = 1, see Figure 1.8.

These numerical findings motivated us to perform a rigorous mathematical analysis
to answer the above-mentioned questions. Our methods rely on the construction of
two different types of sub-solutions that help us to detect the regions in which we
have ¢ < 0. Moreover, exploiting certain parameter transformations we can also
detect regions in which ¢ > 0. We sum up our results into the following answers to
our initial questions.

A1 Yes, for every bistable nonlinearity and every k # 1, there exists a parameter
regime (a,d) close to a = 0 for which we have ¢ < 0. Similarly, ¢ > 0 holds for
some parameter regime (a, d) close to a = 1.

A2 For k > 1, the wave prefers to retreat on the k-ary tree. In particular, for
each bistable parameter a € (0, 1) there exists a parameter d*(a) such that the
travelling wave solution of (1.6.3) for d > d*(a) travels with the strictly negative
speed ¢ < 0 [Theorem 4.2.5 in Chapter 4].

A3 We show that the pinning region exists for d < 1. The previous answer implies
that the pinning region is finite.

A4 Yes. For each k > 1 and parameter a close to one the wave experiences at least
once the following changes as we increase d from 0 to 4oc:

pinning (¢ = 0) — spreading (¢ > 0) — pinning (¢ = 0) — retreating (¢ < 0).
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Figure 1.8: Initial numerical observations for the wave propagation on k-ary trees
for the standard cubic nonlinearity (1.3.3). For k = 1(left) we have the standard
LDE on Z whose wave solution has no preferred direction. In other words, the speed
c is, up to the sign change, symmetrical around the axis a = % On the right we show
the direction of the wave propagation on the k-ary tree with k = 3.

In addition, our methods provide more than abstract existence results. For in-
stance, our results include an analytical description of regions where we surely have
¢ <0, c=0 and ¢ > 0 for the standard cubic nonlinearity.

1.7 Two-dimensional lattice Z2

In Chapters 2 and 3 of this thesis we study the bistable reaction-diffusion equation
on the two-dimensional lattice Z2. For the discrete diffusion operator we take the
plus-shaped Laplacian operator that takes into account the four closest neighbours of
each point (i,7) € Z2, i.e.,

[Augj] = wiv1j +wim1j + w1 +uig—1 — du (1.7.1)

and set the diffusion coefficient to 1, i.e., d = 1. Therefore, the central object of our
study in these chapters is the LDE

'L.Liyj = uiJrl’j + uifl,j + ui,j+1 + Ui,j,1 - 4ui,j + g(ui,j; CL), (172)

with (i,5) € Z?. The function g : R — R is a bistable reaction function. We couple
this LDE with an initial condition

u(0) = u’ € °(Z?). (1.7.3)

Due to the anisotropy of the lattice, wavefront solutions to this LDE experience
yet another feature that is uncharacteristic for waves on continuous domains, namely,
the wave-pair (®,c¢) depends on the direction of propagation. To elaborate, as we
have a two-dimensional lattice, it is natural to search for travelling wave solutions
that move in the specific direction (op,,0,) € R?, with the normalization condition
02 + 02 = 1. In particular, we plug the Ansatz

u;,;(t) = ®(iop, + jo, — ct)
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polar plot ¢(f) for a = 0.42 polar plot ¢(#) for a = 0.4995 polar plot ¢(f) for a = 0.4998

- a =042 - a=0.4995 e a = 0.4998

Figure 1.9: These plots depict the directional dependence of speed ¢ on the angle
0 = arctano,/on, of the wave-propagation for three different values of parameter
a. The first image shows the smoothness of the graph 6 — ¢(f) when far from the
pinning region. On the second and third image we see the situation in which the
waves propagate in some directions but are pinned in other.

into (1.7.2), which results in the MFDE

—c®'(§) = B(E+on) + P —0op) + P(E+00) + P(E — 00) — 4P(€)
+ 9(®(€); a),

coupled with the boundary conditions

(1.7.4)

lim ®(&) =0 lim ®(&) =1.
Jm 2(€) =0,  lim &()
The novelty compared to the previous sections is that the wave-pair solution (¢, ®)
now depends also on the chosen direction (op,0,), see Figure 1.9. This phenomenon
does not occur for the standard waves on continuous domain R", as the analogous

wave Ansatz u(x,y,t) = ®(xop + yo, — ct) would again result in the second-order
ODE (1.3.1).

1.7.1 Stability of travelling waves on Z?

In this work we are interested in the stability and long-term behaviour of the moving
waves, far from the pinning regime. For that reason we are not interested in small d ~
0, but we fix d = 1. In general, the main stability question (SQ) can be paraphrased
as following.

SQ Given an initial condition u® € X, where X is a normed space, under which
assumptions on u® does the solution u(t) of the initial value problem (1.7.2)-
(1.7.3) converge in X to the travelling wave solution ® as t — oo ?

This question has already been the main topic of two prequel papers [44] and [43]. To
demonstrate their results, we assume that (ox,0,) = (1,0) and consider the initial
perturbations of the form

ug ;= (i) + vy ;. (1.7.5)
In [44] the authors assume that v° is an arbitrarily big, but localized sequence, i.e.,
vg ;=0

|#]+[5]—o00
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They show that this assumption is sufficient to guarantee that

sup |ui ;(t) — @(i —ct)| — 0, as t — oo.
(3,5)€2?

In their companion paper [43] the authors consider initial perturbations v° as elements
of the space ¢ (¢*(Z); R), for any p € [1,00]. They prove that there exists § > 0 such
that

HUOHeP(Z;El(Z)) <9

implies the algebraic convergence of the solution u(t) to the travelling wave solution
in (P(¢1(Z);R). Taking p = oo, we see that the absolute value of the initial pertur-
bation necessarily needs to be bounded by a constant §, and localized only in the
j-direction. However, due to technical obstacles, this result is shown exclusively for
rational directions, that is, for (o, 0,) € Z?, whereas [44] handles both rational and
irrational directions.

Chapters 2 and 3 of this thesis concern with the stability question of the travelling
waves, but now with arbitrarily large perturbations in >°(Z?). Adapting the frame-
work and methods developed by Matano and Nara in [69] for the bistable reaction-
diffusion equation on R"™, we extend stability results to bounded perturbations that
need not to be small or localized. However, to compromise for this generality, we
assume that v° is a localized perturbation from a sequence that is periodic in the
variable j, i.e., the initial perturbation u° satisfies the following two conditions (C):

(C1) We have the spatially uniform bounds when i — 400

limsup sup u). <a liminf inf ¥, > a. 1.7.6
H*oop(i,j)gw v i—too (igj)ez? (1.7.6)

(C3) There exists P € Z such that

: 0 0
e =0l =0 0

see Figure 2.3 in Chapter 2. We show that these two conditions are enough to guar-
antee the orbital stability of the travelling wave.

1.8 Graphs and lattices

To conclude this introduction, we provide some insight to shed light on our choices
of discrete diffusion operators. For lattices Z and Z?2, these choices can be considered
as merely standard discretizations of the continuous Laplace operator. On the other
hand, discrete structures such as k-ary trees T have no continuous analogue, and it
is not immediately clear how to derive a diffusion operator on such a structure.

1.8.1 Graph Laplacian

To explain the process of a discrete diffusion, let us first consider an undirected graph
G = (V, E) with vertices V, edges E and adjacency matrix A, i.e., A; y = 1 if the
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nodes I and J are connected and A; ; = 0 otherwise. We denote the neighbourhood
of the node I by N(I), i.e., N(I) = {J € G:A;;=1}. Moreover, to each node
I € G we assign a function ur(t). Provided that the rate of diffusion along the edge
of two connected nodes is equal to d > 0, the rate of change in time of the substance
u at the node I is given by

ar(ty=d Y (us(t) - ur(t)).
)

JeN(T

This equation is called the graph heat equation and the operator

[Aulr= Y (ug—ur)

JeN(I)

is called the discrete Laplace operator or the graph Laplacian.

Lattice domains can be considered as special cases of undirected graphs. For
example, we can see the integer lattice Z as a graph with vertices V = Z. Provided
that B = {{i,i £ 1} : i € Z}, the discrete Laplace operator reads

[AUL = (ui+1 — UZ) + (ui,1 - ui) = Uij4+1 — 2'LLZ + ;1. (181)

It is also possible to consider infinite range-interactions on Z. For example, in [8], the
authors take the discrete Laplacian operator on Z to be

[Au]; = Zak(ui+k — u;) (1.8.2)

kEZ

where the coefficients (ay)rez satisfy some symmetry and localization conditions,
such as Y, o, ||k < 0o and ap = a_y for k > 0. We can see these coefficients as
diffusion weights between each edge {u;, w;tx}

For A = Z2, the set V is naturally V = Z2. However, there are many possibilities
for the set E, which result in different representations of discrete Laplace operators.
For instance, if we take

B={{(i,7), (£ L)} {0, 7), @G5 £ 1)} : (4,5) € 2%},

then we obtain the plus-shaped discrete Laplacian (1.7.1). On the other hand, one
could also consider the set

E={{(i,5),(£1,j £ D} {G), (F1,jF 1)} (i,5) € 2%}
that gives us the cross-shaped discrete Laplacian A*, namely
[Axu]i,j = Uit jp1 T Ui—1 41 T+ U1 o1+ U1 -1 — 4 5.

For the infinite k-ary tree 7, the graph structure is already ingrained in its defi-
nition. By assuming that the weights between the nodes are equal, we arrive at the
discrete diffusion operator from (1.6.1). However, it would still be interesting to see
what happens should the weights between the node and its parent be different than
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the weight between the node and its child and how that would change the dynamics
between the retreating, pinned and spreading waves.

This freedom of choice of the diffusion operator results in infinite possibilities to
model various phenomena with underlying discrete structures using graphs and lat-
tices. As we have seen during the examples of the spatial chaos, pinning, directional-
dependency, diffusion-induced propagation-reversal, and many more that we did not
even tackle in this introduction, this variety makes lattices an interesting and rich
field of research.

1.9 Overview of the thesis

Here we present the content of the chapters in this thesis. Chapters 2 and 3 can be
regarded as companion chapters as they both study the bistable LDE on Z2, whereas
Chapter 4 concerns the bistable LDE on the infinite k-ary tree 7.

Chapter 2 In this chapter we consider the bistable reaction-diffusion equation on
the lattice Z2. This equation is also often called the Allen-Cahn equation. Our basic
assumption is that the initial condition u° is a perturbation from the wave that moves
in the horizontal direction. In the first part of this work, we do not assume that u° is a
localized or ‘small’ perturbation from the wave, but that it only satisfies the condition
(C1); see (1.7.6). Already this assumption is enough to guarantee that there exists a
one-dimensional differential equation which governs the flow of the zero-level surface
~(¢) of our solution u(t). We call this governing equation a discrete mean curvature
flow with a drift term. Using the Cole-Hopf transformation, we are able to transform
this equation to the discrete heat equation on Z to show that the zero-level surface
~(t) smoothens out over time and that the long-term behaviour of our solution is
determined by the travelling wave ®(- — v(¢)). In the second part of this work, by
adding the assumption (C2) from (1.7.7) we show that (t) — ¢t + u, for some p € R,
which ensures the orbital stability of the horizontal travelling wave.

Chapter 3 This chapter is a generalization of our work from Chapter 2 to ratio-
nal directions on Z?2, i.e., now we assume that u° is a perturbation of the wave that
moves in some direction (0, 0,) € Z2. The framework is similar to the one in Chap-
ter 2; however, due to the fact that our wave is not aligned with the lattice anymore,
we encounter more technical difficulties. One of these difficulties is that the gov-
erning equation for the zero-level surface v(t) does not transform via the Cole-Hopf
transformation to the discrete heat equation but to a linear lattice equation that has
both negative and asymmetrical coefficients. We treat this equation and its decay
estimates in detail in Section §3.5 , which can also be seen as a section independent
of this chapter.

Chapter 4 In this chapter we step away from the travelling waves on the two -
dimensional lattice to study a wave-propagation and pinning on infinite k-ary trees.
To show the existence of the pinning region that comprises chaotic solutions, we use
the Moser Theorem from the field of Symbolic Dynamics. On the other hand, we are
also interested in which parameter regimes the moving waves retreat (¢ < 0) or spread
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(¢ > 0). Therefore, we employ the comparison principle to two types of sub-solutions:
steep, step-like profiles that approximate the waves closer to the pinning region, and
wide-profiles which show that for d > 0 the wave always retreats, irrespective of the
value of the bistable parameter a.



CHAPTER
TWO

DYNAMICS OF CURVED TRAVELLING FRONTS FOR
THE DISCRETE ALLEN-CAHN EQUATION ON A
TWO-DIMENSIONAL LATTICE

I In this work we consider the discrete Allen-Cahn equation posed on a two - dimen-
sional rectangular lattice. We analyze the large-time behaviour of solutions that start
as bounded perturbations to the well-known planar front solution that travels in the
horizontal direction. In particular, we construct an asymptotic phase function ~;(t)
and show that for each vertical coordinate j the corresponding horizontal slice of the
solution converges to the planar front shifted by 7;(t). We exploit the comparison
principle to show that the evolution of these phase variables can be approximated by
an appropriate discretization of the mean curvature flow with a direction-dependent
drift term. This generalizes the results obtained in [69] for the spatially continuous
setting. Finally, we prove that the horizontal planar wave is nonlinearly stable with
respect to perturbations that are asymptotically periodic in the vertical direction.

2.1 Introduction

Our main aim in this paper is to explore the large time behaviour of the Allen-Cahn
lattice differential equation (LDE)

Uij = i1y + i1+ Uigar +uigo1 — 4w+ g(ui g5 0) (2.1.1)

posed on the planar lattice (i,7) € Z2. The nonlinearity g(-;a) € C%(R) is of bistable
type, in the sense that it has two stable equilibria at © = 0 and v = 1 and one unstable
equilibrium at u = a € (0,1). The prototypical example is the cubic

Jeub(u;a) = u(l —u)(u — a). (2.1.2)

1The content of this chapter has been published as Mia Juki¢, Hermen Jan Hupkes, Dynamics of
curved travelling fronts for the discrete Allen-Cahn equation on a two-dimensional lattice, Discrete
& Continuous Dynamical Systems, see [52].

25



26 Dynamics of curved travelling fronts for the discrete Allen-Cahn equation

We are interested in the stability properties of curved versions of the horizontal
travelling front

wii(t)=®(i—ct), B(—00) =0,  B(+o0) =1 (2.1.3)

in the case where ¢ # 0. In particular, for initial conditions that are j-uniformly
‘front-like’ in the sense

limsupsupu; ;(0) < a, lim inf inug u; ;(0) > a, (2.1.4)

is—o00 jER i—oo jE
we establish the uniform convergence
ui j(t) = (i — (1),  t— oo, (2.1.5)

for some appropriately constructed transverse phase variables 7;(t). In addition, we
show that the evolution of these phases can be approximated by a discrete version of
the mean curvature flow.

After adding further restrictions to (2.1.4), a detailed analysis of this curvature
flow allows us to establish the convergence v;(t) — ct + p. In fact, it turns out that
the set of initial conditions covered by this result is significantly broader than the sets
considered in earlier work [44, 43]. As a consequence, we widen the known basin of
attraction for the planar horizontal wave (2.1.3).

Continuous setting The LDE (2.1.1) can be seen as a discrete analogue of the
two-dimensional Allen-Cahn PDE

Up = Ugg + Uyy + g(u; a). (2.1.6)
Our primary interest here is in planar travelling travelling front solutions
u(z,y,t) = ®(xcosl + ysinf — ct) (2.1.7)
that connect the two stable equilibria, in the sense that the waveprofile ® satisfies
5Er_noofl)(f) =0, élggo o) =1. (2.1.8)
Direct substitution shows that the wave (®, ¢) must satisfy the #-independent ODE
—c®'(§) = "() + g(2(&):a), (2.1.9)

reflecting the rotational symmetry of (2.1.6). Indeed, (2.1.9) also arises as the wave
ODE for the one-dimensional counterpart

Up = Uge + g(u;a). (2.1.10)

of (2.1.6). The existence of solutions to (2.1.9) can be obtained via phase-plane anal-
ysis [33] for any parameter ¢ € (0,1). Moreover, the pair (®,c) is unique up to
translations, depends smoothly on the parameter a, and admits the strict monotonic-
ity ' > 0.

Let us remark that one can also study (generalized) traveling waves in the setting
where ¢ is also allowed to depend on the spatial variables. For example, in [29] the
authors construct nonlinearities that depend periodically on z and show that the
resulting #-dependence of the wavespeed can be quite intricate.
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Modelling background Reaction-diffusion equations have been used as modelling
tools in many different fields. For example, the classical papers [4, 5] use both one-
and multi-dimensional versions of such equations to describe the expression of genes
throughout a population. Bistable nonlinearities such as (2.1.2) are typically used
to model the strong Allee effect - a biological phenomenon which arises in the field
of the population dynamics [88]. Indeed, the parameter a can be seen as a type of
minimum viability threshold that a population needs to reach in order to grow, in
contrast to the standard logistic dynamics. Adding the ability for the population
to diffuse throughout its spatial habitat results in systems such as (2.1.6) [87]. In
this setting, travelling waves provide a mechanism by which species can invade (or
withdraw from) the spatial domain.

In many applications this spatial domain has a discrete structure, in which case it
is more natural to consider the LDE (2.1.1). For example, in [64, 58] the authors use
this LDE to study populations in patchy landscapes. This allows them to describe and
analyze a so-called ‘invasion pinning’ scenario, wherein a species fails to propagate as
a direct consequence of the spatial discreteness.

By now, models involving LDEs have appeared in many other scientific and tech-
nological fields. For example, they have been used to describe phase transitions in
Ising models [9], nerve pulse propagation in myelinated axons [11, 12, 55, 56], calcium
channels dynamics [6], crystal growth in materials [15] and wave propagation through
semiconductors [17]. For a more extensive list we recommend the surveys [24, 22, 50].

Stability of PDE waves The first stability result for the wave (2.1.7) in the one-
dimensional setting of (2.1.10) was established by Fife and McLeod in [34]. In par-
ticular, they showed that this wave (and its translates) attracts all solutions u with
initial conditions that satisfy

limsupu(z,0) < a, liminf u(x,0) > a, (2.1.11)

Tr— —00 T—+00

together with wu(-,0) € [0,1]. This latter restriction was later weakened to u(-,0) €
L*>*(R) in [32]. Both these proofs rely on the construction of super- and sub-solutions
for (2.1.10) in order to exploit the comparison principle for parabolic equations. More
recently, similar large-basin stability results have been obtained using variational
methods that do not appeal to the comparison principle [36, 78].

In [54], Kapitula established the multidimensional stability of traveling waves in
H*(R™), for n > 2 and k > | %t |. These results were recently extended by Zeng [95],
who considered perturbations in L*°(R™). An alternate stability proof exploiting the
comparison principle can be found in the seminal paper [14], where the authors study
the interaction of travelling fronts with compact obstacles. Let us also mention the
pioneering works [94, 63] which contain the first stability results for n > 4 together
with partial results for n = 2, 3.

Based on the techniques developed by Kapitula, Roussier [79] was able to con-
sider ‘asymptotically spherical’ waves and establish their stability under spherically
symmetric perturbations. Such solutions behave as

u(x,y,t)—><1>(V$2+y2—ct—C’llnt), t — 00 (2.1.12)



28 Dynamics of curved travelling fronts for the discrete Allen-Cahn equation

and were first studied by Uchiyama and Jones [51, 89]. Note that the extra time
dependence highlights the important role that curvature-driven effects have to play.

Curved PDE fronts Our work in the present paper is inspired heavily by the
results for (2.1.6) obtained by Matano and Nara in [69]. They considered bounded
initial conditions satisfying the limits

limsupsupug(z,y) < a, liminf inf ug(z,y) > a, (2.1.13)
x——o00 ycR rz—oo yeR
which form the natural two-dimensional generalization of (2.1.11). They show that
eventually horizontal cross-sections of u become sufficiently monotonic to allow a
phase v = v(y, t) to be uniquely defined by the requirement

u(Y(y,1),y,t) = ®(0). (2.1.14)

These phase variables can be used to characterize the asymptotic behaviour of w.
In particular, the authors establish the limit

lim sup |u(z,y,t) — ®(z—y(y,t))| =0 (2.1.15)
t—o0 (z,y)ER2

and show that - asymptotically - the phase v closely tracks solutions I' to the PDE

r r
L — CE——, (2.1.16)

Jirm QTP

Upon supplementing (2.1.13) with the requirement that the initial condition u(:, -, 0)
is uniquely ergodic in the z-direction, a careful analysis of (2.1.16) can be used to
show that y(y,t) — ct+p for some p € R. This can hence be interpreted as a stability
result for the planar waves (2.1.7) under a large class of non-localized perturbations.
Note however that no information is provided on the rate at which the convergence
takes place. Very recently - and simultaneously with our analysis here - Matano,
Mori and Nara generalized this approach to consider radially expanding surfaces in
anisotropic continuous media [68].

Mean curvature flow In order to interpret the PDE (2.1.16), we consider the
interfacial graph G(¢t) := {(T'(y,t),vy) : y € R}. Writing v(y,t) for the rightward-
pointing normal vector, V(y,t) for the horizontal velocity vector and H(y,t) for the
curvature at the point (I'(y,t),y), we obtain

v=[1+12]7"%(1,-1,), V = (I',0), H=[1+12]""1,,
(2.1.17)
In particular, (2.1.16) can be written in the form

V.-v=H+e¢, (2.1.18)

which can be interpreted as a mean curvature flow with an additional normal drift of
size c. It is no coincidence that this drift does not depend on v: it reflects the fact
that the speed of the planar waves (2.1.7) does not depend on the angle 6.
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In a sense, it is not too surprising that the mean curvature flow plays a role in the
asymptotic dynamics of wave interfaces. Indeed, one of the main historical reasons
for considering the Allen-Cahn PDE is that it actually desingularizes this flow by
smoothing out the transition region [1, 27]. However, from a technical point of view,
its role in [69] is actually rather minor.

Instead, the main PDE used to capture the behaviour of the phase v is the non-
linear heat equation

C
Vi=Vyy+ 5Vy2 +e. (2.1.19)

This PDE can be reformulated as a standard linear heat equation by a Cole-Hopf
transformation and hence explicitly solved. These solutions can subsequently be used
to construct super- and sub-solutions to (2.1.6) of the form

L= V(ya t)

in which ¢ and p are small correction terms that allow spatially homogeneous pertur-
bations at ¢ = 0 to be traded off for phase-shifts as t — oo.

Using the comparison principle, one can use the functions (2.1.20) to show that the
phase v can be approximated asymptotically by V. A second comparison principle
argument subsequently shows that V' can be used to track the solution I" of (2.1.16).
It therefore plays a crucial role as an intermediary to obtain the desired relation
between v and I'.

ut(z,y,t) = ® +q(t) | £p(t), (2.1.20)

Spatially discrete travelling waves Plugging the travelling wave ansatz

ui;(t) = ®(icosf + jsinf — ct), (2.1.21)
®(—o0) =0, O(+o00) =1

into the Allen-Cahn LDE (2.1.1), we obtain the functional differential equation of

mixed type (MFDE)

—c®'(€) = ®(€ + cos ) + P(€ — cosf) + P(€ +sinf) + ®(¢ — sinb)
—49(¢) + g(®(£); ).

The existence of such waves (®g,cy) was first obtained for the horizontal direction
6 = 0 [39, 97] and subsequently generalized to arbitrary directions [67]. This 6-
dependence is a direct consequence of the anisotropy of the lattice, which breaks the
rotational symmetry of the PDE (2.1.6).

A second important difference between (2.1.9) and (2.1.22) is that the character
of the latter system depends crucially on the speed ¢, which depends uniquely but
intricately on the parameters (6, a). When ¢ # 0 the associated waveprofile is unique
up to translation and satisfies ® > 0. When ¢ = 0 however, one loses the uniqueness
and smoothness of waveprofiles. In addition, monotonic and non-monotonic profiles
typically coexist. This behaviour is a direct consequence of the fact that (2.1.22)
reduces to a difference equation, posed on a discrete (tanf € Q) or dense (tan ¢ Q)

(2.1.22)
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subset of R. The transition between these two regimes is a highly interesting and
widely studied topic, focusing on themes such as propagation failure [47, 45, 55],
crystallographic pinning [65, 45] and frictionless kink propagation [7, 30]; see [50] for
an overview.

For the remainder of the present paper we only consider the case ¢ # 0 and
shift our attention to the stability properties of the associated waves. In one spatial
dimension Zinner obtained the first stability result [96], which was followed by the
development of a diverse set of tools exploiting either the comparison principle [20],
monodromy operators [23] or spatial-temporal Green’s functions [10, 82]. The first
stability result in two spatial dimensions was obtained in [43] for waves travelling in
arbitrary rational (tanf € Q) directions. Taking § = 0 here for presentation purposes,
the authors consider initial conditions of the form

u; j(0) = (i) + v} (2.1.23)

and show that u converges algebraically to the horizontal wave ®(i — ct). Here the
initial perturbation v is taken to be sufficiently small in £>°(Z; ¢*(Z;R)). In particu-
lar, the perturbation v° is only required to be localized in the direction perpendicular
to the wave propagation.

The restriction tan 6 € Q was removed in the sequel paper [44], where the initial
perturbation v° in (2.1.23) can be of arbitrary size as long as it is localized in the
sense that

. 0
Ii\+1|1jr|n—>oo lv; ;| = 0. (2.1.24)
The proof relies on the construction of explicit sub- and super-solutions to the LDE
(2.1.1), generalizing the PDE constructions from [14]. This construction is especially
delicate for the cases 6 ¢ T7Z, where the disalignment with the lattice directions causes
slowly decaying modes that need to be carefully controlled.

Curved LDE fronts In order to avoid the problematic slowly decaying terms dis-
cussed above, we restrict ourselves to the horizontal waves (2.1.3) throughout the
remainder of the paper. The novelty is that we allow general bounded initial condi-
tions that satisfy the limits (2.1.4). To compare this with the discussion above, we
note that this class includes initial conditions of the form

i j(0) = @ (i — K;) + v, (2.1.25)

in which & is an arbitrary bounded sequence and v° is allowed to be small in space
£ (Z;él (Z;R)) or to satisfy the localization condition (2.1.24). In particular, we
significantly expand the set of initial conditions that were

considered in [43, 44].

Our main aim is to follow the program of [69] that we outlined above as closely
as possible. However, the first obstacle already arises when one attempts to define
appropriate phase coordinates ;(t) for ¢ > 1. Indeed, it no longer makes sense to
define the interface of u(t) as the set of points where u; ;(t) = ®(0), since this solution
set can behave highly erratically due to the discreteness of the spatial variables. To
resolve this, we establish an asymptotic monotonicity result in the interfacial region
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Figure 2.1: In §2.5 we show that for each j € Z and t > 0, the function i — u; ;(¥)
is monotonic inside an interfacial region I that is depicted in light blue. The dark
blue dots represent the horizontal solution slice i — w; ;(t). Since u is monotonic
inside I, we can find an unique value i, for which u;, ;(t) < 1/2 < u;,+1,;(¢t). We
subsequently shift the travelling wave profile ® in such a way that it matches the
solution slice at .. The phase v;(t) is then defined as the argument where this shifted
profile equals one half.

where u; ;(t) ~ ®(0). This allows us to ‘fill’ the troublesome gaps between lattice
points by performing a spatial interpolation based on the shape of ®; see Fig. 2.1.

This fundamental problem of not being able to move continuously between lattice
points occurs in many other parts of our analysis. For example, we need to construct
so-called w-limit points of solution sequences in order to establish the uniform con-
vergence (2.1.5). In [69] this is achieved by passing to a new coordinate 2’ = z — ¢t
that ‘freezes’ the wave at the cost of an extra convective term in the PDE (2.1.6).
Such a coordinate transformation does not exist in the discrete case, forcing us to use
a more involved discontinuous version of this freezing process.

Discrete curvature flow We remark that it is by no means a-priori clear how
the mean curvature PDE (2.1.16) should be discretized in order to track the discrete
phase coordinates 7;(t). For example, there is more than one reasonable way to define
geometric notions such as normal vectors and curvature in discrete settings [26]. On
the other hand, the discussion above shows that there may be range of ‘suitable’
choices, as we only desire the tracking to be approximate.

Introducing the convenient notation

[Brl; = \/1 + (Tjp1 —T;)? ; (Tj_1 — Fj)z’

[0®)T]; =Ty +Tjoy — 20y,
we will use the standard symmetric discretizations

Vv BT H — 20T (2.1.26)
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Figure 2.2: The panel on the left represents a graph j — I';(t) at a fixed time ¢. The
right panel zooms in on three nodes of this graph to illustrate the identities (2.1.27)
and (2.1.28) that underpin the drift term in our discrete curvature flow.

for the normal velocity and curvature terms in (2.1.18). However, the remaining
normal drift term requires more care to account for the direction dependence of the
planar front speeds. In particular, it seems natural make the replacement

C %(CQ+ + 09,), (2'1'27)

in which the angles
0~ = arctan (FJ — Fj_l), 0+ = arctan (Fj+1 — FJ) (2128)

measure the orientation of the normal vectors for the lower and upper segments of
the interface at (I';, j); see Fig. 2.2.

In order to make this more explicit, we use the identity [Opcolo—o = O derived in
[49, Lem. 2.2] to obtain the expansions

co_ ~c+ %[83@]9:0@ —T;.1)% o, ~c+ %[agca]gzo(er —T;)? (2.1.29)
which suggests the replacement
cr et %[3309]9:0 (B —1). (2.1.30)
In order to prevent the quadratic growth in this term, we make the final adjustment
¢ e+ [OFcolo—o(1— Br1), (2.1.31)
which agrees with (2.1.30) up to second order in the differences I'j1q —T';.

Allin all, the discrete mean curvature flow that we use in this paper to approximate
the phases «; can be written as

BT = BP0 + ¢ + [0 colo=o (1 — Br ). (2.1.32)
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While this justification appears to be rather ad-hoc, it turns out that our approxi-
mation procedure is not sensitive to O((I‘jil - Fj)B)—correction terms. In addition,
we explain below how the crucial lower order terms can be recovered by independent
technical considerations.

Super- and sub-solutions The technical heart of this paper is formed by our
construction of suitable spatially discrete versions of the sub- and super-solutions
(2.1.20). The correct generalization of (2.1.19) that preserves the Cole-Hopf structure
turns out to be

V= é (ed<"j+1—‘/f> 24 ed(‘/ffl—‘/ﬂ) Y (2.1.33)

in which we are still free to pick the coefficient d. Indeed, this LDE reduces to the
discrete heat equation upon picking h(t) = eV =),

However, the discrete Laplacian spawns terms proportional to @”(5‘2, — 1) if one
simply substitutes a direct discretization of the PDE super-solution (2.1.20) with
(2.1.33) into (2.1.1). These terms decay as O(t~!) and hence cannot be integrated
and absorbed into the phaseshift g(t).

Similar difficulties were also encountered in [44]. The novelty here is that this
troublesome behaviour occurs even for the horizontal direction # = 0, which is com-
pletely aligned with the lattice. Inspired by the normal form approach developed in
[44], we therefore set out to construct sub- and super-solutions of the form

s (8) = @ (i = Vi(t) £ q(t) + (i = Vit) £q()) ([Bv]] - 1) £p(t),  (21.34)

using the extra residual function 7 to neutralize the slowly decaying terms. Working
through the computations, it turns out the relevant condition on the pair (r,d) can
be formulated as

Lowr + dP' = —3", (2.1.35)

in which the Fredholm operator Ly encodes the linearization of the wave MFDE
(2.1.22) around ®; see §2.7. Using the Fredholm theory for MFDEs developed in
[66, 67] together with the computations in §2.8 and [49, §2], it turns out that d must
be given by

[03D(6)] (2.1.36)

6=0’

1 1 1
d = §C+ 5[8309]9:() = 5

in which the quantity .
0
D(9) = p——yz (2.1.37)
is referred to as the directional dispersion. This quantity measures the horizontal
speed of waves travelling in the direction 6, which also plays an important role in the
construction of travelling corner solutions to (2.1.1).

Let us emphasize that in the general case 6 # 0 it is not readily apparent whether
the approach developed in this paper can be extended. The main source of the
difficulties is the misalignment of the discrete Laplacian, which causes an imbalance
between the quadratic convective terms; see e.g. (2.1.29). As a result the Cole-Hopf
structure cannot be readily preserved, which is crucial for our analysis here. We
believe that this can be corrected by further variable transformations and a more
extensive super-solution Ansatz, but leave this subject to future work.
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Figure 2.3: Both panels illustrate front-like initial conditions that satisfy (2.1.4)
and hence fall within the framework of this paper. Panel a) provides an example of
an initial perturbation that converges uniformly to a traveling front. On the contrary,
the initial perturbation in b) does not uniformly converge to a traveling planar front,
but the evolution of the interface is described asymptotically by (2.1.32).

Stability results As a by-product of our analysis, we are able to extend the stability
results obtained previously in [43, 44]. For example, if the phase sequence x appearing
in the initial condition (2.1.25) is periodic (see e.g. Fig. 2.3a), we show that there
exists an asymptotic phase p € R for which we have the convergence () — ¢t + u
as t — oo. In particular, the horizontal planar wave retains its stability under such
perturbations, provided we allow for a phase-shift.

In order to prove this result, we first analyze the behaviour of (2.1.1) and (2.1.33)
when applied to j-periodic sequences. We subsequently add a localized initial per-
turbation and show that the effects remain localized in some sense. Since the heat-
equation eventually eliminates such localized perturbations, the desired asymptotic
convergence persists. We remark that our stability result is slightly less general than
its continuous counterpart from [69], since it is not yet clear to us how ergodicity
properties can be transferred to our discrete setting.

We emphasize that this stability result does not hold for arbitrary bounded & in
(2.1.25). For example, if there exist k= and xT for which we have the limits

lim k; =k, lim k= kT (2.1.38)
Jj——0o0 Jj—-+oo
(see e.g. Fig. 2.3b), then the results in §2.9 imply that for every ¢ > 0 we have the
convergence
wi j(t) = ®(i —ct — %)  asj — +oo, (2.1.39)

uniformly in ¢. In particular, the interface (t) describes the phase transition between
x~ and kT, which is asymptotically captured by (2.1.32).

Organization After formulating our assumptions and main results in §2.2, we
transfer the standard w-limit point constructions for the PDE (2.1.6) to our dis-
crete setting in §2.3. In §2.4 we (partially) generalize the results from [13] concerning
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trapped entire solutions to the setting of (2.1.1). In particular, we prove that ev-
ery entire solution of the Allen-Cahn LDE trapped between two traveling waves is
a traveling wave itself. In §2.5 we focus on the large-time behaviour of the solution
u and establish the discrete counterpart of (2.1.15). We move on in §2.6 to obtain
decay estimates for discrete gradients of solutions to the discrete heat equation. We
exploit these in §2.7 to construct super- and sub-solutions, which we use in §2.8 to ap-
proximate the phase v with the solution of the discrete mean curvature flow (2.1.32).
Finally, in §2.9 we establish the stability results discussed above for the horizontal
planar travelling wave.

Acknowledgments Both authors acknowledge support from the Netherlands Or-
ganization for Scientific Research (NWO) (grant 639.032.612).

2.2 Main results

Our principal interest in this paper is the discrete Allen-Cahn equation
Wi = (A%u);; + g(u ;) (2.2.1)
posed on the planar lattice (i,7) € Z2. The discrete Laplacian A : £°°(Z?) — (>°(Z?)
is defined as
(ATu);j = wip1j + Wi jo1 + wim1,; + i j—1 — 4u 4, (2.2.2)
while the nonlinearity is assumed to satisfy the following bistability condition.

(Hg) The nonlinear function g : R — R is C?-smooth and there exists a € (0,1) for
which we have

9(0) =g(a) =g(1) =0,  4'(0)<0, g¢'(1)<0. (2.2.3)
In addition, we have the inequalities

g>0on (—00,0)U (a,l), g <0on (0,a)U(1,00). (2.2.4)

Existence results for planar traveling wave solutions of (2.2.1) were established in
[67]. More precisely, if we pick an arbitrary angle 6 € [0,27), then (2.2.1) admits a
solution of the form

u;(t) = Pg(icos O + jsinb — cyt), (2.2.5)
for some wave speed ¢y € R and wave profile @y : R — R that satisfies the boundary

conditions
lim ®y(¢) =0, lim ®y(¢) = 1. (2.2.6)

£——o0 E—+4o0

Substituting the Ansatz (2.2.5) into (2.2.1), we see that the the pair (®g,cy) must
satisfy the MFDE

—cg®p (&) = Pp(€ + cos ) + Pg(& + sinb) + Py(€ — cos ) + Py (€ — sinb)

— 40y (&) + g(Po(£)). (22.7)
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The results in [67] state that ¢y is unique. In addition, when ¢y # 0, the wave
profile @4 is unique up to translation and satisfies ®;, > 0. In this paper, we are
interested in planar waves that travel in the horizontal direction § = 0. Since we rely
on smoothness properties of the wave profile, we demand that ¢y # 0.

(H®) There exists a non-zero speed ¢ # 0 and a wave profile ® € C1(R, R) so that the
pair (®,c) satisfies the boundary conditions (2.2.6) and the MFDE (2.2.7) for
1

the horizontal direction # = 0. In addition, we have the normalization ®(0) = 3.

Our main results concern the Cauchy problem for the Allen-Cahn LDE. In par-
ticular, we look for functions

u € C'([0,00);£>°(Z?)) (2.2.8)
that satisfy the LDE (2.2.1) for ¢ > 0 together with the initial condition

u; 5 (0) = ug (2.2.9)
for some u® € £°°(Z?). Observe that the comparison principle together with the
bistable structure of g imply that such solutions are unique and exist globally. We

impose the following structural condition on u°.

(HO) The initial condition u° € £°°(Z?) satisfies the inequalities

lim sup sup u?j <a, lim inf inf u?j > a. (2.2.10)
is—o0 jEZ i—oo jEZ 7

Notice that we do not impose the usual assumption 0 < u° < 1 or any kind of decay
in the spatial limits. As explained in detail in §2.1, this condition is less restrictive
than its counterparts from [43, 44] and includes the general class (2.1.25).

2.2.1 Interface formation

Our first goal is to find a link between the solution (2.2.8) of the general Cauchy
problem for (2.2.1) and the planar travelling wave (®, ¢). The result below provides a
key tool for this purpose when ¢ > 1. In particular, it establishes that for each fixed
j € Z, the horizontal slice i — u;;(t) ‘crosses through’ the value u = % in a monotonic

2
fashion.

Proposition 2.2.1 (see §2.5). There exists a time T > 0 such that for every j € Z
and t > T there exists a unique i, = i,(J,t) with the property

N

1
0 < ui*,j(t) S =

2.2.11
> (2:2.11)

i, y1,5(t) >
These functions i(j, t) can be used to define a set of phases (v, (t))jEZ that measure

in some sense where the value u = % is ‘crossed’. More precisely, we define a function

v : [T, 00) — £°(Z) that acts as

vi(t) =i (4, t) — @ (i, (.0),5(1)); (2.2.12)
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see Fig. 2.1. The motivation behind the second term on the right is our desire to
recover the traditional phase when w is itself a travelling wave. Indeed, in the special
case that

wiy(t) = B(i — ct — p)

for some p € R, the phase condition ®(0) = % implies that

i(j,t) = et + ).

In particular, we obtain
v;(t) = ct + p,
which allows us to write
uij(t) = (i — y5(t)). (2.2.13)

The drawback of this relatively straightforward construction is that the phases ~;(t)
will in general admit discontinuities. However, the size of these jumps will tend to
zero as t — oo, which suffices for our asymptotic purposes.

Our main result here is that this phase description (2.2.13) holds asymptotically
for any initial condition u° that satisfies (H0). In particular, for large time, the
dynamics of the full solution u can be approximated by the behaviour of the phase
coordinates ~(t).

Theorem 2.2.2 (see §2.5). Suppose that (Hg), (H®) and (HO) are satisfied and
consider the solution u of the discrete Allen-Cahn equation (2.2.1) with the initial
condition (2.2.9). Then we have the limit

lim sup |ug;(t) — ®(i —v;(t))| = 0. (2.2.14)
t=00 (5,5)ez?

2.2.2 Interface evolution

Our second main goal is to uncover the long-term dynamics of the phase ~y defined in
(2.2.12). In particular, we show that this evolution can be approximated by a discrete
version of the mean curvature flow with an appropriate drift term.

In order to formulate this equation, we pick a sequence I' € £*°(Z) and introduce
the discrete derivatives

[0°T]; = i -1y,
(07Tl = T =T,
[0@T]; = Tjp—20;+ 0,

together with the sequence

[Brl; = \/ 1+ %(8+F)§ + %(a—r);.

As explained in §2.1, the driving force in (2.2.3) below is not a constant as in the PDE
case. Instead, it features additional terms that arise due to the underlying anisotropy
of the lattice.
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Theorem 2.2.3 (see §2.8). Suppose that (Hg), (H®) and (HO) are all satisfied,
consider the solution u of the LDE (2.2.1) with the initial condition (2.2.9) and recall
the phase v defined in (2.2.12). Then for every e > 0, there exists 7. > T so that for

any T > T, the solution
[:[r,00) = £°(2)

to the initial value problem

{ Br'T = Br0@T + (c+ [02colo=0) — Br [93colo—o
I(r) = (1)

satisfies the estimate
sup [1(t) = 7(D)ll= <&

Our final result provides more detailed information on the asymptotics of -y in the
special case that the initial condition u is a localized perturbation from a front-like
background state that is periodic in j. Indeed, this provides sufficient control on
(2.2.3) to show that the corresponding solution converges to a planar travelling front.
We emphasize that the case P = 1 encompasses the stability results from [43, 44],
albeit only for horizontal waves.

Theorem 2.2.4 (see §2.9). Suppose that (Hg), (H®) and (HO) are satisfied and
consider the solution u of the discrete Allen-Cahn equation (2.2.1) with the initial
condition (2.2.9). Suppose furthermore that there exists a sequence u®P°r € (>°(Z?)
so that the following two properties hold.

(a) We have the limit

ud; —ul®T 50, as il +]j] = 0. (2.2.15)

(b) There exists an integer P > 1 so that

ugjjl?jfp - u?j]r?ef, for all (i,5) € Z*. (2.2.16)

Then there exists a constant € R for which we have the limit

lim  sup |u;;(t) — @i —ct —p)| =0. (2.2.17)
7% (i.g) €z

2.3 Omega limit points

The techniques used in [69] relied heavily upon the ability to construct so-called omega
limit points. More specifically, consider a solution u : R? x [0,00) — R to the PDE
(2.1.6) together with an unbounded sequence 0 < t; < t3 < ... and a set of vertical
shifts (yx) C R. One can then establish [69] the existence of an entire solution w to
(2.1.6) for which the convergence

u(x + cte, y + yr, t + 1) = w(z,y,t)  in CLLR? x R) (2.3.1)
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holds as k — oo, possibly after passing to a subsequence. This can be achieved
efficiently by replacing x with the travelling wave coordinate x — ct.

Any direct attempt to generalize this procedure to the LDE setting will fail on
account of the fact that ¢ — ct is not necessarily an integer. Indeed, this prevents us
from introducing a well-defined co-moving frame. Our approach here to handle this
is rather crude: we simply round the horizontal shifts upward towards the nearest
integer.

To illustrate this, let us consider the planar wave solution

() = B(i — ct)

together with an unbounded sequence 0 < ¢; < t3 < ... and a set of vertical shifts
() C Z. Possibly taking a subsequence, we obtain the convergence

[0, 1] =) |—Ctk-‘ —cty, — 0,
as k — oo, which means that
Uit Tety],j+in (E T 1) = @(i + ety ] — ct — cty) — P(i — ct +0,,)

as k — oo. In particular, we do still recover an entire solution, at the price of a
small phase-shift that would not occur in the continuous framework. As we will
see throughout the following sections, this phase-shift does not cause any qualitative
difficulties.

Our main result confirms that our procedure indeed generates w-limit points. In
addition, it states that such limits are trapped between two travelling waves, which
turns out to be a crucial point in our analysis. The consequences of this fact will be
discussed in greater depth in §2.4.

Proposition 2.3.1. Suppose that assumptions (Hg), (H®) and (H0O) are satisfied.
Let u € C1([0,00);£>°(Z?)) be a solution of the LDE (2.2.1). Then for any sequence
(Jk, ti) in Z % [0,00) with 0 < t1 <ty < -+ — 00, there exists a subsequence (jn, ,tn,)
and a function w € C*(R; €°°(Z*)) with the following properties.

(i) We have the convergence
Wi fetn, Tg4in, (E+ tng) = wij () in Cioc(Z? X R) (2.3.2)
as k — oo.
(ii) The limit w satisfies the discrete Allen-Cahn equation (2.2.1) on Z2 x R.
(iii) There exists a constant 8 € R such that

Oi—ct—0) <w;;j(t) <Pi—ct+6), forallicZ andtecR.  (2.3.3)

We refer to such a function w as an w-limit point of the solution u. The proof
of the bounds (2.3.3) relies on the fact that the LDE (2.2.1) admits a comparison
principle; see [44, Prop. 3.1]. In order to exploit this, we introduce the residual

T =1 — Atu— f(u) (2.3.4)
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and recall that a function

u e C’l([O,oo);foo(ZQ))
is referred to as a sub- or super-solution to the discrete Allen-Cahn equation (2.2.1)
if J[ul;;(t) < 0 respectively J[u]; ;(t) > 0 holds for all ¢ > 0 and (4,5) € Z* Our
first result describes a standard pair of such solutions, using the well-known principle

that uniform perturbations to the travelling wave ® at ¢ = 0 can be traded off for
phase-shifts at t = oco.

Lemma 2.3.2. Assume that (Hg) and (H®) are satisfied. Then for any qo € (0,a)
and q1 € (0,1 — a), there exist constants > 0 and C > 1 so that the functions
w5 (t) = @ (i — et + Cqo(1 — e™")) + goe™*, (2.3.5)

: () =®(i—ct—Cq(1—e ")) —qre ™ (2.3.6)

’LL,LJ

are a super- respectively sub-solution of the discrete Allen-Cahn equation (2.2.1).

Proof. The arguments from Lemma 4.1 in [34] can be copied almost verbatim; see for
example [20]. O

We now turn to the solution v of the LDE (2.2.1) with the initial condition (2.2.9).
Using two a-priori estimates we will show that u can eventually be controlled by time
translates of u™ and u~. By exploiting the divergence t;, — oo of the time-shifts
for the w-limit point, we can subsequently eliminate the uniform additive terms in
(2.3.5)-(2.3.6) and recover the phase-shifts in (2.3.3).

Lemma 2.3.3. Assume that (Hg) and (HO) are satisfied. Pick qo € (0,a) in such a
way that the initial condition u® satisfies

. 0
I;m sup sup u; ; < qo-
i——00 jJEZ

Then for every t > 0 we have the bound

limsupsup u; ;(t) < qo- (2.3.7)

i——00 jJEZ
Proof. First, we find a constant d € (0, go) for which

lim sup sup U?J <d. (2.3.8)

1——00 jJEZ
Next, we pick a constant M in such a way that
“?J <d+ Melel, for every (i,]) € Z2. (2.3.9)

Writing K > 0 for the maximum value of the function g on the interval [a, 1], we
choose a > 0 sufficiently large to have

2K

04
O[|C| — E COSh|C‘ > m

(2.3.10)
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We now claim that the j-independent function
w; ;(t) = d + MelelHlelt+at) (2.3.11)
is a super-solution to (2.2.1). To see this, we compute
Twli ;(t) = Meleltitlelt+at) (62 + ale| —e7lel — el 4 2) —g(w; ;1))

) 4
— MelelGHlelt+at) <a|c| — % coshé) — g(wi;(t))

> (wi(1) — d) 22— (s (1),

where ¢ is a number between 0 and |c|. For w; ;(t) € [0, a]U[1, o), we have g(w; ;(t )
0, which immediately gives J[w]; ;(t) > 0. On the other hand, for w; ;(t) € [ 1] ou
choice for K yields

Tlwls () = (a,—d)2—d CK>K >0

Applying the comparison principle we conclude
w; (1) < wi;(t) = d 4 Melel@Flelt+at) (2.3.12)

for every t > 0 and (i,5) € Z2. Taking the supremum over j € Z and sending i to
—oo we obtain the desired inequality (2.3.7). O

Lemma 2.3.4. Suppose that (Hg), (H®) and (H0O) are satisfied. Let u be the solution
of the discrete Allen-Cahn equation (2.2.1) with the initial condition (2.2.9). Then
for every qo > 0 there exists T > 0 so that

uij(t) <1+ % (2.3.13)
holds for every t > T and (i,j) € Z>.
Proof. Let u be the solution to the scalar initial value problem
u = g(u), t>0
{ o g(? (2.3.14)
a(0) = |[u Hm(za'

Since g(u) < 0 for all u > 1, there exists 7' > 0 such that a(t) < 1 + £ for all
t > T. Exploiting the fact that @ is also a spatially homogeneous solution to (2.2.1),
the comparison principle yields u; ;(t) < @(t) for all t > 0 and (i, j) € Z?. Combining
these observations leads directly to (2.3.13). O

Lemma 2.3.5. Assume that (Hg), (H®) and (HO) are satisfied. Then there exists a
time T > 0 together with constants

q € (0,a), q1 € (0,1 —a), 0y € R, 0, € R, uw>0, C>0
(2.3.15)
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so that the solution u to (2.2.1) with the initial condition (2.2.9) satisfies the estimates

u; () < @ (z 4600 —c(t—T)+ Cqo(1 — eiﬂ(t*T))) + goe =T, (2.3.16)
uij(t) = @ (z — 0 —c(t—T)—Cqi (1 - e_“(t_T))) — qe D) (2.3.17)
forallt >T.

Proof. We first choose gy € (0,a) in such a way that

lim sup supu?)j < qo. (2.3.18)

i——00 jEZ
Using Lemma 2.3.4, we obtain 1" > 0 for which
wi (T) <1+ %" for every (i, ) € Z2. (2.3.19)
On the other hand, Lemma 2.3.3 allows us to find ¥, € Z so that
u; ;(T) < qo, fori <, andjeZ. (2.3.20)
Finally, in view of the limits (2.2.6) there exists ¥, € Z for which
(1) >1— %O, for every i > 1.

Combining these inequalities and recalling the definition (2.3.5), we obtain
uij(T) < @(i — o+ Up) + g0 = u;_y_ 1y, (0) (2.3.21)

for all ¢ € Z. The desired upper bound (2.3.16) with 6y = ¥, — ¥, now follows from
Lemma 2.3.2 and the comparison principle. The lower bound can be obtained in a
similar fashion.

O
Proof of Proposition 2.3.1. Fix an integer L € N and consider the functions
uk € O([-L, L; REEFD*(L+)
that are defined by
uf,j(t) = Uit fet, 1,5+ (E+ ), (i,j,t) € {~L,...,L}* x [-L, L]

for all sufficiently large k. Lemma 2.3.4 implies that the solution v and hence the
functions u* are globally bounded. Since the derivative 7 satisfies (2.2.1), it follows
that ¥ is also a globally bounded sequence. Hence, Ascoli-Arzela implies that the
sequence u” is relatively compact. By using a standard diagonalization argument
together with (2.2.1), we obtain a subsequence u™* and a function w : R — ¢>°(Z?)
so that
sup k() — wi (O] + 4% () — @i ()] — 0,
(4,4,t)EK

for every compact K C Z? x R. This immediately implies (i) and (4i). The bounds
(2.3.3) follow directly from Lemma 2.3.5. O
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2.4 Trapped entire solutions

The main point of this section is to prove that every entire solution that is trapped
between two traveling waves is a traveling wave itself. This is a very useful result
when combined with Proposition 2.3.1, since it implies that every w-limit point of
the solution w is a traveling wave. This will turn out to be a crucial tool during our
analysis of the large time behaviour of w.

Proposition 2.4.1. Assume that (Hg) and (H®) are satisfied and consider a function
w € CY(R; £>(Z?)) that satisfies the Allen-Cahn LDE (2.2.1) for all t € R. Assume
furthermore that there exists a constant 6 for which the bounds

P(i —ct —0) <w; j(t) < P(i —ct +6) (2.4.1)
hold for all (i,5) € Z* and t € R. Then there exists a constant 0y € [—0,0] so that
wij(t) = ®(i —ct —0y), forall (i,7) € Z*, t € R.

This result is a generalization of [13, Thm. 3.1] to the current spatially discrete
setting. The main complication lies in the fact that the LDE (2.2.1) is a nonlocal
equation, as opposed to the PDE (2.1.6). For example, if a smooth function f :
E c R? — R attains a local minimum at some point zy, then we automatically have
Af(zo) > 0. This is an important ingredient for the arguments in [13], but fails to
hold in our spatially discrete setting.

Indeed, if v € £°°(Z?) attains a minimum in £ C Z? at some point (4,5) € E, it
does not automatically follow that the discrete Laplacian satisfies (A*v); ; > 0. This
conclusion can only be obtained if one can verify that the nearest neighbours of (i, j)
are also contained in E. This is the key purpose of our first technical result.

Lemma 2.4.2. Consider the setting of Proposition 2.4.1 and pick a sufficiently small
§ > 0. Choose a pair (I,J) € Z? together with a constant o € R. Suppose for some
K € Z that the function

I
V7 (8) = wisrjea (t +o+ %) (2.4.2)
satisfies the inequality
Uzj (t) S w,’7j(t) (243)
whenever i — ct € [k, k + 1]. Then the following claims holds true.
(1) If w; ;(t) > 1—6 wheneveri—ct > k, then in fact (2.4.3) holds for all i —ct > k.

(ii) If v ;(t) < & whenever i —ct <k +1, then in fact (2.4.3) holds for all i — ct <
K+ 1.

Proof. Starting with (i), we define the set

E:={(i,jit) €Z* xR:i—ct>r}.
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Since both functions w and v? are globally bounded, the quantity
e =inf{e>0:v" <w+ein E}
is finite. In addition, by continuity we have
v <w4+€e inE. (2.4.4)

To prove the claim, it suffices to show that ¢* = 0. Assuming to the contrary that
€* > 0, we can find sequences ¢, 7 €* and (iy, jn,t,) in E with the property that
Wi, n (tn) + €0 <07 S (tn) < wi, . (tn) + € for each n € N. (2.4.5)

tnsJn

Sending n — oo we conclude that

Jim wi,, g, (tn) =07, j, () + € = 0. (2.4.6)

Now, notice that the assumption (2.4.1) and the inequality ¢* > 0 imply that the

sequence [, := i, — ct,, is bounded. In addition, our assumption (2.4.3) implies that

l, > £+ 1. In particular, we can assume that the bounded sequence i, — [ct,] is

equal to an integer L > k.

Applying Proposition 3.1 to the function w and the sequence (jy,,t,), we obtain a
limiting function w™ for which we have

hm wH_ [Ctn—‘7j+jvz (t + tn) = wi‘; (t)7 (247)

n—oo

for each (i, j,t) € Z* x R. By construction it also holds that

. - 0o I o
nhﬁnolo Vit fetn ] jtin (EHEn) = Wiyt + p + E) (2.4.8)
Next we define the function z = z; ;(t) as
[e'e] [e'e) I g %
2ij(t) = Wi j (t) - Wz'+1,j+J(t + - + E) + €. (2.4.9)

For (i,4,t) € E we have (i+[cty], j+jn, t+tn) € E. Combining this with the fact that
the inequality (2.4.4) survives the limit (2.4.7), we have z; ;(t) > 0 in E. By (2.4.6)
we obtain zr, 0(0) = 0. Also, for i—ct = k, we have (i+[cty], j+jn,t+1tn) € [k, K+1].
In particular, we find

zij(t) > € >0, fori—ct=-r. (2.4.10)

Therefore, it must hold that L > x + 1.
We pick § to be small enough so that g is non-increasing on [1 — §,1]. Since
w™ € [1—4,1] and g is locally Lipschitz continuous on E, there exists B > 0 so that

5(0) — (A%2)0(0) = (55 (1) — 9wyt + - + )
I o (2.4.11)

> g(wiS(t) + €) — g(wiSy st + -+ z))
> —Bzivj(t)
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for all (i,j,t) € E. Since z attains its minimum at the point (L,0,0) € E with
L > k+ 1, we have 21, 0(0) = 0. In addition, the inequality (A*z)r0(0) > 0 holds
since all the nearest neighbours of (L,0,0) are contained in E. In particular, we
compute

0< 2L7O(O) — (A+Z)L}0(0) + BzL)o(O) = —<A+Z)L70(O) <0. (2.4.12)

Therefore, (A*2)(0),0 = 0 must hold, which implies that z9,—1(0) = 0.

If L = k + 1 then we are done, since z > ¢* > 0 for i — ¢t = k which contradicts
(2.4.10). On the other hand, if L — 1 > k4 1 we can iteratively decrease L using this
procedure until we reach the desired contradiction. Statement (ii) can be obtained in
a similar fashion using |ct, | instead of [ct,]. d

Lemma 2.4.3. Consider the setting of Propostion 2.4.1, fix an arbitrary pair (I,J) €
72 and recall the functions v° defined in (2.4.2) Then the quantity

Oy 1= inf{oeR:v& <w inZ* xR for all & > o} (2.4.13)
satisfies o, < 0.

Proof. First we show that o, < co. Without loss of generality, we may assume that
0 < 6 < 1/2 holds for the constant defined in Lemma 2.4.2. The inequalities (2.4.1)
allow k € N such that

Y%

w; ;(t) 1-96, i—ct>r,

(2.4.14)
wlv,j(t) S 5, i —ct S —K.

Foro > 2k+1andi—ct < k+1onehasi—ct—o < —k. It follows from (2.4.14)
that v“ < doni—ct <k+1. Using § <1— 0 we have v7 <w on i —ct € [k, Kk + 1].
Hence, both items (3) and (i) of Lemma 2.4.2 are satisfied and the bound v? < w on
R follows immediately. Since o > 2k + 1 was arbitrary, we conclude that o, < 2x+ 1.

Arguing by contradiction, let us assume that o, > 0. Defining the set

S={-r-1<i—-ct<k+1}, (2.4.15)

we now claim that
iréf (w—v7*)=0. (2.4.16)

Assume to the contrary that infg(w—v7*) = K > 0. Then, using the global Lipschitz
continuity of w, there exists a constant M > 0 such that

wij(t) =75 () = wii(t) — i (1) + o5 () — 757 () > K — Mp (2.4.17)

holds for every u > 0 and (4,5,t) € S. Hence, there exists uo € (0,04) such that
v7# <won S, for all p € [0, o). Item (i) in Lemma 2.4.2 implies that v7~# < w
for i — ¢t > Kk and for all u € [0, uo]. Furthermore, since o, — g > 0, we have
7= ~H < § for i —ct < —k. Since also v7* T < w for —k—1 < i—ct < —k, item (%) of
Lemma 2.4.2 implies that v7*~# < w also holds on ¢ — ¢t < —k. All together, we have
v7*~* < w on Z? x R, which contradicts the minimality of o, and yields (2.4.16).
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We can hence find a sequence (i, jn,t,) in S such that

Wi (tn) =077 (tn) = 0 as n — oo. (2.4.18)

Since i,, — ct,, is bounded, we can assume that i, — [ct, ] is equal to a constant, which
we denote by L. As before, we obtain the convergence

nlggo Wit ety ],j+in (EF tn) = wiy (D), (2.4.19)

where w™ is also an entire solution of the LDE (2.2.1). Hence, the function z = z; ;(t)
defined as

[e%¢] [e%) I (o
Zi’j(t) = Wi,j(t) - wi+]’j+](t + - + ?) (2.4.20)
satisfies
zi; > 0forall (i,5,t) € Z* xR (2.4.21)

and z1,0(0) = 0. Using an argument similar to the one in the proof of Lemma 2.4.2,
it follows that z; ;(0) = 0 for all (i, ) € Z%. We then obtain z = 0 by the uniqueness
of bounded solutions for (2.2.1).

In particular, we have w§(0) = wgy 4., (kl/c + ko./c) for all k € Z. However, we
also have the limits

klim witps(kl/c+koi/c) =1, klim witps(kI/c+koi/c) =0, (2.4.22)
——o00 ’ —00 ’

since w™ is trapped between two traveling waves as well. We have hence reached a
contradiction and conclude o, < 0. O

Proof of Proposition 2.4.1. From Lemma 2.4.3, we know that
I
Wi j (t) > wi+17]—+J(t + —) on Zz X ]R, (2423)
c

for arbitrary (I,.J) € Z2. Hence, the function w depends only on the value of i — ct.
More precisely, there exists a function ¢ such that w; ;(t) = ¥ (i — ct). The result now
follows directly from the fact that solutions to the travelling wave problem (2.2.6)-
(2.2.7) for # = 0 and ¢ # 0 are unique up to translation. a

2.5 Large time behaviour of u

The main goal of this section is to study the qualitative large time behaviour of the
solution u to our main initial value problem. In particular, we connect this behaviour
to the dynamics of the phase v defined in (2.2.12) and thereby establish Theorem 2.2.2.
In addition, we provide an asymptotic flatness result for this phase.

Our first main result concerns the large-time behaviour of the interfacial region

I ={(i,)) € 2% : ®(-2) <, () < ©(2)} (2.5.1)

where u takes values close to 1/2. For fixed j and ¢, we establish that the horizontal
coordinate i can not jump in and out from the interface region, which is non-empty.
In particular, once the map i — w;;(t) enters the interval [®(—2), ®(2)] from below,
it cannot exit throughout the lower boundary. In addition, it is strictly increasing in
i and cannot reenter the interval once it has left through the upper boundary.
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Proposition 2.5.1. Suppose that the assumptions (Hg), (H®) and (HO) are satisfied
and let u be a solution of the discrete Allen-Cahn equation (2.2.1) with the initial
condition (2.2.9). Then there exists a constant T > 0 so that the following statements
are satisfied.

(i) For eacht > T and j € Z there exists i € Z for which

DN =

(i) We have the inequality

inf g (f) — ui .
o1 Bhyeg, it (B) i (0) > 0 (2.5.3)

(iii) Consider any t > T and (i,j) € Z* for which u; ;(t) < ®(—2) holds. Then we
also have u;_1 ;(t) < (-2).

(iv) Consider any t > T and (i,7) € Z* for which u; ;(t) > ®(2) holds. Then we
also have u;tq () > ©(2).

Our second main result shows that the discrete derivative of the phase with respect
to j tends to zero. This will turn out to be crucial in order to keep the mean curvature
flow under control. We emphasize that this does not necessarily mean that the phase
tends to a constant; see (2.1.39).

Proposition 2.5.2. Consider the setting of Proposition 2.5.1 and recall the phase
v [T,00) = £>2(Z) defined in (2.2.12). Then we have the limit

lim sup |[Yj1(t) = 7;(t)] = 0.

t—o0 je

Proof of Proposition 2.2.1. The statement follows directly from Proposition 2.5.1. O

2.5.1 Proof of Proposition 2.5.1 and Theorem 2.2.2

The key towards establishing Proposition 2.5.1 is to obtain strict monotonicity prop-
erties in compact regions that move with the wavespeed c. This is achieved in the
following result, which leverages the travelling wave identification obtained in Propo-
sition 2.4.1.

Lemma 2.5.3. Consider the setting of Proposition 2.5.1 and pick a constant R > 0.
Then there exists a constant T > 0 such that

inf i1 () —u; i (t 0. 2.5.4
jeZ,\iflcrtl\gR,tZTuz—H’]( ) uw( ) > ( )

Proof. Arguing by contradiction, let us assume that there exists a constant R > 0 so
that

inf . (1) —w (1) <0
j€z, |i71ct|§R7tZTul+177( ) — u4,5(t) <
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holds for every T' > 0. We can then find a sequence (t,,in,jn) € (0,00) x Z? with
0<t; <ty <---— oo for which we have the inequalities

lin — ctn] < R, Uiy 41,5, (tn) = Uiy g, (En) < 1/n. (2.5.5)

In particular, we may assume that the bounded sequence of integers i, — [ct,| is
identically equal to some constant L € Z. Applying Proposition 2.3.1 we obtain the
convergence

Uit Tet,,j4ia (E+ n) = wij(F) (2.5.6)
as n — 00, in which w is an w-limit point of the function u. In view of Proposition
2.4.1 we have w; j(t) = ®(i — ct — ) for some ) € R, which allow us to write

1/n 2 i, 415, (tn) = i, 5, (tn)
= ULt [etn]+1,n (Tn) = ULt [etn],gn (En)
— wr41,0(0) —wr,0(0)
— &(L +1—00) — D(L — 0)

for n — oo. This violates the strict monotonicity ® > 0 and hence yields the desired
contradiction. O

Proof of Proposition 2.5.1. We first prove item (74). Assuming that this statement

fails, we can find a sequence (g, i, jr) for which we have 0 < t; < t3 < ... = o0
together with the inequalities
Ui, 5 (te) < ©(=2), Ui —1,5; (tk) > ©(=2). (25.7)

It follows from Lemma 2.3.5 that the sequence iy — ¢t is bounded. Arguing as in the
proof of Lemma 2.5.3, we can hence again assume that there exists L € Z for which
we have L =i, — [cti]. In addition, we obtain the limits

Wiy, i (tk) = wr,0(0) < B(=2), Uiy, —1,,, (te) = wr—10(0) > ®(=2). (2.5.8)

Here w is an w-limit point for u, which must be a travelling wave by Proposition 2.4.1.
This again violates the strict monotonicity of ®. Item (iv) follows analogously.

Turning to (i), we assume that there exists a sequence (t, ik, ji) with T' < t; <
ta < ... = 0o together with

1
iy, g, (k) < @(=2), Ui+, (k) > 5 = €(0) (2.5.9)

and seek a contradiction. Arguing as above, we can find L € Z together with an
w-limit point w for u with

WL.0 S @(—2), wL+1’0(0) 2 (P(O), (2510)

which violates Proposition 2.4.1.

It remains to establish (ii). Picking ¢ > T and (i,5) € I;, it follows from
Lemma 2.3.5 that ¢ — ¢t is bounded by some constant R that depends only on T
Increasing T if necessary, we can apply Lemma 2.5.3 to obtain the desired bound
(2.5.3). a
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Lemma 2.5.4. Consider the setting of Proposition 2.5.1 and recall the phase 7y :
[T,00) — £°°(Z) defined in (2.2.12). Then there exists T, > T and M > 0 such that
for every t > T, we have

[|v(t) — ct|] e < M. (2.5.11)

Proof. In view of the definition (2.2.12) it suffices to show that i, — ct is bounded.
Combining Lemma 2.3.5 and (2.2.11) and possibly increasing T' > 0, we see that

D(0) < i, (aye1,5 () < @(1(G,8) + 1+ 0 — et + T + Cao(1 — e 7))
+ goe Ht=T)
for all t > T. Choosing T, > T in such a way that
®(0) — goe M) > d(—1),
we conclude that
iv(j,t) + 1460 — ct 4+ T + Cqo(1 — e 1)) > 1, t>T,.. (25.12)

Hence, i, — ct is bounded from below. An upper bound can be obtained in a similar
way. O

Proof of Theorem 2.2.2. Arguing by contradiction once more, let us assume that there
exist § > 0 together with sequences (ix,jx) € Z2 and T < t; < ty < --- — oo for
which

|Ag] = [wiy g (tr) = @ (ik — 75 (t)) | = 0. (2.5.13)

We first claim that the sequence iy — cty is bounded. To see this, we first use
Lemma 2.5.4 to conclude that v;, (tx) — ctx is bounded. Using (2.3.17) we subse-
quently find

A > B (i — cty + o) — qre " — @iy, — ety + i),
in which
ap =T — 0y — Cqy (1 — e te=T)), B = ctr, — i, (tk) (2.5.14)

are two bounded sequences. In particular, if i — ctg is unbounded we can use the
exponential decay of ® to achieve Ay > —§ for all large k. A similar argument using
(2.3.16) yields Ag < 6, which contradicts (2.5.13) and hence establishes our claim.

In particular, we can extract a constant subsequence iy, — [ct ] =: L € Z. Passing
to a further subsequence, we may also assume that i, (j,t) — [ctr] =: L € Z. The
definition (2.2.12) allows us to write

@ (i1 — 3 (1)) = @ (i = 62 Gy ) + 07 (ti G i (1)) )
‘I’<ik — fetr] = iuGiks tr) + [ete] + @7 (i, Gy t0) 0 (tk))>
(0]

(£ E4 8 (g g0 (0)) ) -
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Applying Proposition 2.3.1, we see that there exists an w-limit point w for u for which
the limits

Wi i (L) = wr,0(0), Ui et (BR) = Wi o(0) (2.5.15)

hold as k — co. Writing w; ;(t) = ®(i —ct —x¢) in view of Proposition 2.4.1, we hence
find
Ay, — (L — o) —<1>(L—E+c1>*1(c1>(i—xo))) ~0 (2.5.16)

as k — oo, which clearly contradicts (2.5.13). O

2.5.2 Phase asymptotics

In this subsection we shift our attention to vertical differences of the phase 7, in order
to establish Proposition 2.5.2. Our first result resembles Lemma 2.5.3 in the sense
that we study the interfacial region of the wave, but in this case we get a flatness
result. This can subsequently be used to obtain a bound on the vertical differences
of the function i, defined in (2.2.11), which in view of (2.2.12) allows us to analyze
the phase ~.

Lemma 2.5.5. Consider the setting of Proposition 2.5.1 and pick a constant R > 0.
Then we have the limit

lim sup s 1 (£) — us (1) = 0.
=0 jez, |z>ct|§R| ig+1(8) — i (t)]

Proof. Assume to the contrary that there exist constants R > 0 and 6 > 0 together
with sequences (i, ji) € Z% and 0 < t; < to < ... — oo that satisfy the inequalities

ik, — cty] < R, [Wirje+1 (k) = iy i, (t)] = 0. (2.5.17)

As in the proof of the Lemma 2.5.3, we may assume that i, — [c¢t] = L € Z and use
Proposition 2.3.1 to conclude the convergence

Uiy g1 (E+ k) — Uiy g, () = Unsren ] jut1(Ee) — Untres] i (k)
— wr,1(0) —wr,0(0) (2.5.18)

in which w is an w-limit point of the function w. The last identity follows from
Proposition 2.4.1, which states that w is a planar wave travelling in the horizontal
direction. This obviously contradicts (2.5.17) and hence concludes the proof. O

Lemma 2.5.6. Consider the setting of Proposition 2.5.1 and recall the function i.
defined by (2.2.11). Then there exists T > T so that

li(G 4+ 1,8) — s (4, t)] <1 (2.5.19)

holds for all j € Z and all t > T.
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Proof. 1f the above claim does not hold, we can find sequences (ig, ik, jk) € Z° and
T <t <ty <--+— oo for which the inequality |ir — ix| > 1 holds, together with

Wi, (L) < 1/2, Uz g1 (te) < 1/2, (2.5.20)
Uit1,5, (te) > 1/2, Uz, 41,41 (k) > 1/2.

As before, we can assume that i + [cty] = L € Z and iy + [cty] = L € Z. In
addition, we can use Proposition 2.3.1 to construct an w-limit point w for u that
satisfies the inequalities

<1/2 .(0)<1/2

wr,0(0) <1/2, wa(0) <1/2, (2.5.21)
wL+1’0(0) > 1/2, "JL+1,1(0) > 1/2

on account of (2.5.20). Therefore, Proposition 2.4.1 shows that the bounds

L<6y<L+1, L<O<L+1

hold for some p € R. This allows us to conclude that |L — L| <1 and obtain the
contradiction |ig — 1] < 1. |

Proof of Proposition 2.5.2. Assume to the contrary that there exists § > 0 together
with subsequences (ji) € Z and T < t; < tg < -+ — oo for which

V1 (k) = i ()| = 6. (2.5.22)

We now claim that it is possible to pass to a subsequence that has i(ji + 1,tx) #
i(J, tr). Indeed, if actually i(ji + 1,tx) = i(jk, tx) = i holds for all large k, then we
can use Lemma 2.5.5 to obtain the contradiction

§ < Vgt (te) — 75 ()| = 127wy 5,) — 7wy jotr)|
< Cluiy, jp+1 — Uiy | = 0 as k — oo.

In particular, Lemma 2.5.6 allows us to assume that i(jr+1, tx) = i(j, tx) +1 without
loss of generality. Using the shorthand i = i(ji, tx), we find

Mir1() = i (O = 11+ 27wy j,) = 27 (Ui g1l
together with the inequalities

{u (tr) < 1/2, { Uit 1,ge+1 () < 1/2,

Uiy 41,5, (te) > 1/2, Uipt2,o+1(t) > 1/2.

We now proceed in a similar fashion as in the proof of Lemma 2.5.6. In particular,
we may assume that i, + [ctr] = L € Z and use Proposition 2.3.1 to construct an
w-limit point w for u that satisfies the inequalities
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wr+1,0(0) > 1/2,

wr,(0) <1/2
wL+271(O) > 1/2.

{WL+1,1(0) <1/2,

Again, Proposition 2.4.1 implies that w; ;(t) = ®(i — ¢t — x¢), for some zo € R.
The independence with respect to j implies that wz41,0(0) = wr4+1,1(0) = 3 and
consequently xg = L + 1. In particular, we find

Wi, g (te) = wL,O(O) = d(-1), WUip 41,541 (tx) — wL+1,1(0) = ®(0), (2.5.23)
and hence
jwr1(t) = 73, ()] = [1 4+ @71 (@(-1)) — =1 (2(0))| = 0

as k — oo, which leads to the desired contradiction with (2.5.22).

a
2.6 Discrete heat equation
In this section we obtain several preliminary estimates for the Cauchy problem
hy(t) = hya(8) + hja () — 2h;(2), (2.6.1)
h;(0) = hi (2.6.2)

associated to the discrete heat equation. These estimates will underpin our analysis
of the discrete curvature flow, using a nonlinear Cole-Hopf transformation to pass to
a suitable intermediate system.

To set the stage, we recall the well-known fact that the one-dimensional continuous
heat equation

H,=H R, t>0
= Ty yeRmE=u (2.6.3)
H(y,0) = Ho(y), y€R,
admits the explicit solution
Hiy,t) = — / ~U o ()d (2.6.4)
Jt) = e z x)dx. 6.
4 Vart Jr 0
Taking derivatives, one readily obtains the estimates
. 1
sup [, (3. )] < min{C | Holl .« ¢4, | Hos (2.6.5)
ye
Sup |Hyy(y, 1) < min{C || Hol| ot [[Hoyyll < }- (2.6.6)
y

The main result of this section transfers these estimates to the discrete setting
(2.6.1). This generalization is actually surprisingly delicate, caused by the fact that
supremum norms cannot be readily transferred to Fourier space.
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Proposition 2.6.1. There exists a constant K > 0 so that for any h° € (>(Z),
the solution h € C*([0,00);¢>°(Z)) to the initial value problem (2.6.1) satisfies the
first-difference bound

. 1
107 < i {101 I [°]] 7} (26.7)
together with the second-difference estimate
. 1
Ha@)h(t)Hgm < mm{Ha(Q)hOHZN K[| ?} (2.6.8)

for allt > 0.

Using a suitable Cole-Hopf transformation the linear heat equation (2.6.1) can be
transformed to the nonlinear initial value problem

. 1 _
V= E(edaJrV—Q—&-e_da V)+c, t>0 (2.6.9)
V)= VO, -

which will serve as a useful proxy for the discrete curvature flow. In order to exploit
the fact that this equation is invariant under spatially homogeneous perturbations,
we introduce the deviation seminorm

[V}dev = HV - VOH(OO (2610)
for sequences V' € £>°(Z).

Corollary 2.6.2. Fiz two constants ¢, d € R with d # 0. Then there exist positive
constants My, and k so that for any VO € £>°(Z?), the solution V : [0,00) — £>°(Z?)
to the initial value problem (2.6.9) satisfies the estimates

104V @] < Migerloe min{H@*VOHEOC %} , (2.6.11)
Ha<2>V(t)Hoo < MyperlV"lae min { |0V, %} . (2.6.12)

2.6.1 Discrete heat kernel

The discrete heat kernel G : [0,00) — ¢°°(Z) is the fundamental solution of the
discrete heat equation, in the sense that the function h = G satisfies (2.6.1)-(2.6.2)
with the initial condition

hy =1 and h?zOforj;éO.

We now recall the characterization

1 ™
I (t) = —/ e ¢3¢ cos(kw)dw, keZ, (2.6.13)
0

s
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for the family of modified Bessel functions of the first kind; see e.g. the classical
work by Watson [37]. By passing to the Fourier domain, one can readily confirm the

well-known identity
Gj(t) = e 2 I;(2t). (2.6.14)

We may now formally write
hi(t) =Y Gr(t)h)_y = e Y " I(2t)h9_, (2.6.15)
kEZ kEZ

for the solution to the general initial value problem (2.6.1)-(2.6.2). In order to see
that this is well-defined for h° € £°°(Z), one can use the generating function
e2@te™) = N L (1" (2.6.16)
k=—o0
together with the bound Ij(t) > 0 to conclude that G(t) € ¢}(Z). Further useful
properties of the functions Iy can be found in the result below.

Lemma 2.6.3. There exists a constant C > 0 so that for any integer k > 0 we have
the bound

t
e
I;(t) < C—, t>0, 2.6.17
together with
t
0 < Ip(t) — Ty () < C% t>0. (2.6.18)

Proof. The proof of (2.6.17) can be found in [37], while the lower bound in (2.6.18)
is established in [85]; see also [2, Eq. (16)]. Turning to the upper bound in (2.6.18),
we remark that cosw is negative for w € (7/2, ), which allows us to write

2 (7 < 2k +1
In(t) — Iy (t) = —/ e! ¥ sin( 2+ w) sin(%})dw
0

s

2 [™/? 2k + 1
:;/0 e sin( =) sin( 5 )dw + O(1)

as t — oo. Substituting u = 2v/¢sin(w/2) we find

Loy Vo —u?/2 -1 U u
I (t) — Iy (t) = e ; e sin | (2k + 1) sin i ——du
u

4t
+0(1)
as t — oco. The desired bound now follows from the fact that the integral can be
uniformly bounded in ¢ and k. O

In order to obtain the bounds in Proposition 2.6.1, the convolution (2.6.15) in-
dicates that we need to control the ¢/'-norm of the first and second differences of G.
The following two results provide the crucial ingredients to achieve this, exploiting
telescoping sums. To our surprise, we were unable to find these bounds directly in
the literature.
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Lemma 2.6.4. There exists a constant C > 0 so that the bound

> e (t) = L(t) < C

kEZ

(2.6.19)

\Jm
Py ~

holds for all t > 0.

Proof. We first note that the characterization (2.6.13) implies I (z) = I_x(z) for all
k € Z. Using (2.6.18), we can hence use a telescoping series to compute

D e (t) = L) =2 T(t) — T (8)

kEeZ k>0
=2Iy(t) — 2 lim In(t).
N—oc0

The result now follows from (2.6.17) together with the limit Iy (t) = 0as N — co. O

Lemma 2.6.5. There exists a constant C > 0 so that the bound

et
Z [Le41(t) = 20 (8) + -1 ()] < Cr (2.6.20)
kez

holds for all t > 0.

Proof. We claim that for every ¢t > 0 the function
Zso 3 k= v (1) = Loy () — 206(8) + L1 (£)

changes sign exactly once. Note that this allows us to obtain the desired bound
(2.6.20) from (2.6.18) by applying a telescoping argument similar to the one used in
the proof of Lemma 2.6.4.

Turning to the claim, we recall the notation

L L)
ARG R A

from [75] and use the identity I11(¢) + Ix—1(t) = 2I,(t) to compute

ak(t) =

21 (t)

y2(t) = 204(t) — 21(t) = (ak(t) = 1)

The inequality (15) in [73] directly implies that ay(t) < axy1(t), for every ¢ > 0 and
k > 0. In addition, the lower bound in (2.6.18) implies that

ao(t) —t = t(gég ~1) <0,

while for k > t we easily conclude ax(t) —t > k —t > 0. In particular, k — ap(t) — ¢t
changes sign precisely once. The claim now follows from the strict positivity I (¢) > 0
fort >0 and k > 0. O
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2.6.2 Gradient bounds

Using the representation (2.6.15) and the bounds for the discrete heat kernel obtained
above, we are now ready to establish Proposition 2.6.1 and Corollary 2.6.2.

Proof of Proposition 2.6.1. In order to establish (2.6.7), we apply a discrete derivative
to (2.6.15), which yields

(OTh);(t) = ey (Tny1(2t) — In(2)) h)_y.

kEZ
Applying (2.6.19), we hence find

_ 1

@R, O < e |IA% g D Micsa(26) = 1u(20] < OJ[1]] e
p Vit
€z

On the other hand, the inequality [[0%h(t)|[j < [|0Th||,.. follows directly from

the comparison principle, since O h satisfies the discrete heat equation with initial

value 9T hY. The second-order bound (2.6.8) can be obtained in a similar fashion by

exploiting the estimate (2.6.20). O

(2.6.21)

Proof of Corollary 2.6.2. Since the function V =V — VY also satisfies the first line of
(2.6.9), we may assume without loss of generality that VY = 0 and hence [V°]qe, =

‘ ‘Vo ‘ ’Zoo . Upon writing

h; (t) = ed(Vj(t)fct)y
straightforward calculations show that h satisfies (2.6.1) with the initial condition
hy(0) = e?V7,
which using the comparison principle implies that
hyt) > e VIl t>0. (2.6.22)

For any j € Z, the intermediate value theorem allows us to find A}, h3 € [hj, hji1]
and hj € [hj_1, h;] for which we have

Th; @p. 7,2 —p 32
oty = LOTh; oy, = L (8 hi  (@th)® (0~ hy) ) (2.623)

d by’ d\ hy 2(h3)*  2(h3)?

In particular, (2.6.22) yields the bounds

107 < eIl o 2621)
1 0 Y 2
H3<2>VHM <@ (e\dIHV oo H3<2>hH£w 4 2Vl o H3+h|’ew)~ (2.6.25)

In a similar fashion, we obtain
|08, < eVl o v0) |, (2.6.26)

Using |[0@h0||,.. <2][0Fh%|],., the desired estimates (2.6.11)-(2.6.12) can now be
established by applying Proposition 2.6.1. O
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2.7 Construction of super- and sub-solutions

In this section we construct refined sub- and super-solutions of (2.2.1) that use the
solution V' of the nonlinear system (2.6.9) as a type of phase. In particular, we add a
transverse j-dependence to the planar sub- and super-solutions (2.3.5)-(2.3.6), which
requires some substantial modifications to account for the slowly-decaying resonances
that arise in the residuals.

As a preparation, we introduce the linear operator L, : H' — L? associated to
the linearization of the travelling wave MFDE (2.2.7), which acts as

(Lewv) () = cv'(§) +v(€ +1) — 20(€) + v(€ — 1) + ¢ (2(8))v(€)-

In addition, we introduce the formal adjoint £2% : H' — L2 that acts as
(Liiw) (&) = —cu'(§) + w(g +1) = 2w(€) + w(g — 1) + ¢/ (D(E) w(©).

In view of the requirement ¢ # 0 in (H®), the results in [67] show that there exists a
strictly positive function ¢ € C1(R,R) for which we have

Ker £24 = span{4}, Range Ly, = {f € L?: (3, f) = 0}, (2.7.1)

together with the normalization (i, @) = 1.
We now fix the parameter d in the LDE (2.6.9) by writing

d=—(®" ). (2.7.2)
The characterization (2.7.1) implies that we can find a solution r € H' to the MFDE
Liwr +d®" = —" (2.7.3)

that becomes unique upon imposing the normalization (v,r) = 0. Multiplying this
residual function by the square gradients

(Vin = Vi)* | (Vyr =152
2 2

gives us the correction terms we need to control the resonances discussed above. In
order to account for the possibility that d = 0, the actual LDE that we use here is
given by

[av]; = [Bv];—1=

1 _

v E(eda+v_2+efda V)+C d+0,

OV +¢, d=0.

Proposition 2.7.1. Fiz R > 0 and suppose that the assumptions (Hg) and (H®)

both hold. Then for any € > 0, there ewist constants § > 0, v > 0 and C*-smooth
functions

(2.7.4)

p:[0,00) = R, q:[0,00) = R
so that for any V° € (>°(Z) with
[Vdev < R, |0V, <0
the following holds true.
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(i) Writing V : [0,00) — (>°(Z) for the solution to (2.7.4) with the initial condition
V(0) = VO, the functions ut and u™ defined by

uly(t) = (i = Vi) +a(t) +r(i = Vi) +a(t)) lew]; + p(2),

up () = (i = Vi(t) = q(t)) +7(i = Vi(t) = q(t)) [av]; — p(t)

are a super- respectively sub-solution of (2.2.1).

(2.7.5)

(i) We have q(0) = 0 together with the bound 0 < q(t) < € for allt > 0.
(i) We have the bound 0 < p(t) < e for all t > 0, together with the initial inequality
p(0) — [|r]| = 6% > v > 0. (2.7.6)

(iv) The asymptotic behaviour p(t) = O(t2) holds for t — cc.
In addition, the constants v = v(e) satisfy lim. o v(e) = 0.

In the remainder of this section we set out to establish this result for u®, which
requires us to understand the residual J[u™] introduced in (2.3.4). Upon introducing
the notation

&ij(t) =i—V;(t),
a short computation allows us to obtain the splitting

j[u+] = jglb + Jo + I,

in which the two expressions

[Jali; = - (&i+a)V;— @& +q) — 2(Eipr;+q)
—®(Eig1, + ) — P(Cic1,j + ) +49(& 5 + ) — 9((&iy +q),
[Ty = —1' (& +a) Vilew];

= (g1 @) [av]jpr —r (&1 + @) [av]ia
= (&ivry @) avly — 7 (i1 + @) lav] +4r (& + @) [av];
+7 (&g + ) (07V;00V; + 07 V;07 V)
are naturally related to the defining equations for ®, » and V', while
Ta = ¢(¥'(§+ ) + 7' (€ + @av) —g(u’) + g((€+q) +p

reflects the contributions associated to the dynamics of p and gq.

In order to control the quantities Jp and 7, we introduce the two simplified
expressions

Toapx = —(dP'(E+q) +2"(€+q))av,
Trape = (A€ +0) +"(E+ ) + ¢ (B +)r(€ +0))av

which will turn out to be useful approximations. Indeed, the two results below provide
bounds for the associated remainder terms

\7<I> :jlb;apx'i'R(I)v jr:jr;apx+Rr-
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Lemma 2.7.2. Fiz R > 0 and suppose that (Hg) and (H®) are satisfied. Then
there exists a constant M > 0 so that for any V € C1([0,00);¢>°) that satisfies the

LDE (2.7.4) with [V(0)]laey < R and any pair of functions p,q € C([0,00);R), we
have the estimate

Ra (1) ngin{HaJrV(O)Hem,t_%}, t>0.

Proof. Expanding ®(&; j+1 + ¢) to third order around &;; + ¢ and evaluating the
travelling wave MFDE (2.2.7) at this point, we find

(Talij =@ (&5 +q) (—Vg +0PV; + C) — " (& + q)lav];

1 fi,j+1 +q
——/’ B (5) (€11 +q — )ds

1 fz,JflJl‘q
o A O CTREY R

Substituting the LDE (2.7.4) and expanding €%V and e=49"V to third order, we
compute

(Talij = —d®" (& +q) [av]; — @7 (& j + @)lav];
1

&iji+1—4q
5[ e a5
2 &ii—q

1 &ij—1+4q
——/’ " (3) (€1 +q — 5)%ds
3

2 i,j+tq
1 4otV N ) 1 /0 )
“54 ), e® (doV — ) ds—&-ﬁ —dafvek (dO~V + )" ds.

Since the first line of this expression corresponds with Jgapx, the desired estimate
follows from Corollary 2.6.2. O

Lemma 2.7.3. Fiz R > 0 and suppose that (Hg) and (H®) are satisfied. Then
there exists a constant M > 0 so that for any V € C1([0,00);¢>°) that satisfies the
LDE (2.7.4) with [V(0)]aev < R and any pair of functions p,q € C([0,00);R), we
have the estimate

IR (8)]] e < Mmin{||8+V(O)||eoc ,t’%} , t>0. (2.7.7)

Proof. Expanding r(&; j+1 +¢) and 7(&; j—1 +¢) around §; ; + ¢ and evaluating (2.7.3)
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at this point, we find
(T)ig =7 &g +a) (= Vj+c)lav];
&ijr1+q &ij—1+q
— [av]jﬂ/ r'(s)ds — [av]j,l/ r'(s)ds
&iitaq &iitaq

=71 (&, +a) ([av]j+1 + [av]j—1 — 2[04V]j>

+r (&g +a) (0TV;0TV; +07V;07V)

+ (d‘b/(fi,j +q)+ 0" (& +q)+ 9’(‘1’(&',3‘ + Q))T(fi,j + (J)) [av];.
In order to estimate the terms in the third line above, we compute

1
vl =lavly =5 Viee = Vinr +V5 = Vict) V2 = Vit = Vi Vi)
1
= 5 (Va2 = Vira + V5 = Vi) (020 + 02V,

(2.7.8)

which can be thought of as a discrete analogue of the identity %(85) = 20,0yy.

Substituting (2.7.4) and expanding ¢%®"V and e~V up to second order, we can
again apply Corollary 2.6.2 to obtain the desired estimate. O

We are now ready to introduce our final approximation

J=Tapx+R (2.7.9)
by writing
Japx = (¥ (E+q) +r'(E+qav) +p
- Jy o (OE+a) +7(p+r(E+av))dr
—pr(§ +q)ay fol Ny (‘I’(E +q)+s(p+r(E+ q)av))ds dr.
(2.7.10)

We show below that the residual R satisfies the same bound as Re and R,.. This will
allow us to construct appropriate functions p and ¢ and establish Proposition 2.7.1.

Lemma 2.7.4. Fizx R > 0 and suppose that (Hg) and (H®) are satisfied. Then
there exists a constant M > 0 so that for any V € C1([0,00);£>) that satisfies the
LDE (2.7.4) with [V(0)]laey < R and any pair of functions p,q € C([0,00);R), we
have the estimate

IR(E)]] SMmin{||8+V(0)Hém7t_%}, t>0. (2.7.11)

Proof. Writing
japx;[ = jglb + \.7<I>;apx + jr;apX7

together with

Iy = g(®(E+q) —g(w™) + ¢ (2 + ) r(€ + Q)av,
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we have
japx;] = q((b/(g + q) + ,],.l(g + q)av) + p + Ig'

Upon rewriting Z, in the form

I, = (p+r<§+qav)fo (o€ +a) +7(p+rE+av))dr
( (§+q))7"(§+q)av
= —ply g (@€ +a) +7(p+rE+gav))dr

—ayr(E+q)(p+rE+qav) [y [T 9" (<I> +s(p+rE+ q)av))ds dr,

we obtain the splitting (2.7.9) with the residual

1

R = Ro+R,—r(€+q)ad ! T //<<I>—|—3(p—|—r(§+q)av)>dsd7'.

As before, the desired bound now follows from Corollary 2.6.2. O

Proof of Proposition 2.7.1. Without loss of generality, we assume that the constant
M from Lemma 2.7.4 satisfies

M = max{L [[r]| oo, IF'l] . sup_1g'(s)], sup_|g"(s)], Mee™}.
—1<s<2 —1<s<2

We first pick a constant m € (0, 1] in such a way that
—g'(s) >2m >0, for s € [—€,3¢] U [1 — 26,1 + 2¢],
reducing e if needed. Next, we define the positive constants

C. = max{1, 2m + M 1 5 e3m? o e3m? Mo,
O g @ <7 63M3C3’ T2 EBM2CE T 2m

together with the positive function
K.:[0,00) = R, tHMmin{ée,t’%}.

We now choose functions p, g € C* [0, 00) that satisfy

K.(t) < mp(t) < 20K,(t),  mlp(t)| < 2K.(1), q(t) = C. / p(s)ds,

where K, is defined by
0 <5 F
[ I t, € ‘
Ke(t) = 3 _5 _2
§Mt 2, t > (Se 3,

which we recognize as the absolute value of weak derivative of the function K.. The
functions p and ¢ are clearly nonnegative, with

M§, M6, M6, 1
p(O)—||7“||LOC(562 —M52 - — (1 —=6ém) > - (1— >>u6

63
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oM,
m

Furthermore, we have p(t) < < ¢, together with

1
3

q(t) < 20&/ K. (s)ds < 60€M§E =e.
m 0 m

In particular, items (ii)-(iv) are satisfied. In addition, using |ay| < M?§2 we obtain
the a-priori bound

Ip(t) + 7 (&i; (t) + q(t)) [av]; (B)] < %66 + M3 <e (2.7.12)

for all t > 0 and (i,7) € Z>2.
Turning to (i), Lemma 2.7.4 implies that it suffices to show that the approximate
residual (2.7.10) satisfies Japx > K.(t). Introducing the notation

i q P
Iy = 10'(c+q), Zp = 41’ (€ + g)av, o =12,
p p p
together with the integral expressions

o = —Jy o (®E+a) +r(p+r(E+qav))dr

Iy = —r(E+aav [y J; 9" (@€ +a) +s(p+r(E +gav))dsdr,

we see that
Tapx =p(Ta+Ip+Ic+Ip+1g).

Using the observation

_z
p()] 0, t<dc”
—= < _2
p(t) 3t71, >4, 8,

we obtain the global bounds

Zs] < C.M3§2 < %
Zc| < 36¢ < T
Ze| < M2?2 < %

When ®(€ +¢q) € (0,¢]U[1 —¢,1), we may use (2.7.12) to obtain the lower bound
Ip > 2m.
Together with Z4 > 0, this allows us to conclude
Tupe = mp(t) > K. (2). (2.7.13)
On the other hand, when ®(£ + ¢) € [¢,1 — €], we have

2 M
Zal 2 €22 2 omt M, Tp| < M,

€

which again yields (2.7.13). O
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2.8 Phase approximation

In this section we discuss the relation between the interface v defined in (2.2.12),
solutions of the discrete mean curvature flow

. 9r
= — 4+ 2dfr + ¢ — 24, (2.8.1)
Br
and solutions of the (nonlinear) heat LDE (2.7.4), both with d = —(®”,¢). In

particular, we establish Theorem 2.2.3 in two main steps.

The first step is to show that v can be well-approximated by V after allowing
sufficient time for the interface to ’flatten’. This is achieved using the sub- and super-
solutions constructed in §2.7.

Proposition 2.8.1. Assume that (Hg), (H®) and (HO) all hold and let u be a solution
of (2.2.1) with the initial condition (2.2.9). Then for every e > 0, there exists a
constant 7. > 0 so that for any T > 7., the solution V of the LDE (2.7.4) with the
initial value V(0) = v(7) satisfies

() = V(=) < t>7 (2.8.2)

The second step compares the dynamics of (2.8.1) and (2.7.4) and shows that the
solutions V and T' closely track each other. This is achieved by developing a local
comparison principle for (2.8.1) that is valid as long as T is sufficiently flat.

Proposition 2.8.2. Fiz R > 0. Then for any € > 0 there exists § > 0 so that any
pair ', V € C*([0,00),(>(Z,R)) that satisfies the assumptions

(a) T' satisfies the mean curvature LDE (2.8.1) on (0,00) X Z;
(b) V satisfies the heat LDE (2.7.4) on (0,00) X Z;
(¢c) T(0) = V(0), with [|0TV(0)]|0c <J and [V (0)]aev < R,

must in fact have
IT(t) = V(t)||joe <€ forallt>0.

2.8.1 Approximating v by V'

The main idea for our proof of Proposition 2.8.1 is to compare the information on
~ resulting from the asymptotic description (2.2.14) with the phase information that
can be derived from (2.7.5). In particular, we capture the solution u between the sub-
and super-solutions constructed in §2.7 and exploit the monotonicity properties of ®.

Lemma 2.8.3. Assume that (Hg), (H®) and (HO) all hold and let u be a solution of
(2.2.1) with the initial condition (2.2.9). Then for every e > 0, there exists a constant
Te > 0 so that for any T > 7. the solution V' of the LDE (2.7.4) with the initial value
V(0) = ~(7) satisfies

(i —v;(t) <(i—Vi(t—7)) +e (2.8.3)

for all (i,7) € Z* and t > 7.



64 Dynamics of curved travelling fronts for the discrete Allen-Cahn equation

Proof. Without loss of generality, we assume that 0 < ¢ < 1. Recalling the constant
Ve from Proposition 2.7.1, Theorem 2.2.2 and Lemma 2.5.4 allow us to find 7. > 0
and R > 0 for which the bounds

|ui i (t) — @ (i — (1) H< Ve, ()aev < R (2.8.4)

hold for all (4,5) € Z? and t > 7.. We now recall the constant § > 0 and the functions
p and ¢ that arise by applying Proposition 2.7.1 with our pair (¢, R). Decreasing §
if necessary, we may assume that ¢ > §. After possibly increasing 7., we may use
Proposition 2.5.2 to obtain

107 7()]] < &

We now recall the super-solution u™ defined in (2.7.5). Our choice for V together
with the bounds (2.7.6) and (2.8.4) imply that

w; (1) < <I>(i - 'yj(T)) + r(i - ’)/j(T)) [ay];(T) +p(0) = u;fj (0).
In particular, the comparison principle for LDE (2.2.1) together with the bound (2.8.4)
implies that

@U—%@D<m()+2w)§uf@—ﬂ+—%, t>7

Corollary 2.6.2 allows us to obtain the uniform bound |[|ay ||~ < C16% < Cy€? for
some Cy > 0. Recalling items (ii) and (iii) of Proposition 2.7.1, we obtain the bound

u (t) — @ (i — V;(t)) < Cae, t>0

Y

for some C5 > 0. In particular, we see that
1
@(i—yj(t))Sq)(i—Vj(t—T))—i—iug—i—Cge, t>T,
from which the statement can readily be obtained. O

Proof of Proposition 2.8.1. For convenience, we write

= min ®'(¢) > 0.
o= i ()

Recalling the constant 7. > 0 defined in Lemma 2.8.3 and picking 7 > 7., we set out
to show that
Vit — 1) —v;(t) <ol t> T
(

Arguing by contradiction, we plug i = [V;(t — 7)] into (2.8.3) and obtain
D[Vt )] — (1) S OVt~ )] ~ Vit~ 7) + € < B(1) ¢ < D(2), (285)

possibly after restricting the size of € > 0. This implies o~ 'e < V;(t — ) — ;(t) < 2.
The first inequality in (2.8.5) now yields the contradiction

e < J(Vj(th)f’yj(t))
O([Vi(t —7)] = 5(1) = @([V;(t = 7)] = V;(t = 7))

<
< 6



Phase approximation 65

since both arguments of ® are contained in the interval [0, 3]. An O(e) lower bound
for V;(t — 1) — v;(t) can be obtained in a similar fashion, which allows the proof to
be completed. O

2.8.2 Tracking V with I’

In this subsection we set out to establish Proposition 2.8.2. The main idea to establish
this approximation result is to apply a local comparison principle to the discrete
curvature LDE (2.8.1). To this end, we define the residual

oAr
ER
for any I' € C! ([O, 00); €°°(Z)). As usual, we say that T is a super- or sub-solution for

(2.8.1) if the inequality Jac[I'];(t) > 0 respectively Jqc[I'];(t) < 0 holds for all j € Z
and ¢t > 0.

Jae[l) =T — — 2dfr — ¢+ 2d (2.8.6)

Lemma 2.8.4 (Comparison principle). Pick a sufficiently small 6 > 0 and consider
a pair of functions =, I't ¢ C’l([O, oo),EOO(Z,R)) that satisfy the following assump-
tions:

(a) T~ is a subsolution of the LDE (2.8.1);
(b) T is a supersolution of the LDE (2.8.1);
(¢) The inequalities ||[0TT ™ (t)|] )0 < 0, and ||0TTT(t)]])ec < & hold for every t > 0;
—_ + .
(d) T';(0) <7 (0) holds for every j € Z.
Then for every j € Z and t > 0 we have the bound
- +
@) <T7@).

Proof. Define the function W : [0,00) — £°°(Z) by W (t) = Tt (t) — ' (¢). Then W
satisfies the differential inequality

W; > (Wjgq = W) F@,T7); + (W—y — W;)G(I,T7);,

in which the functions F' and G are defined by

FOO- T = 2 o (0fr~ +otrY) ( ‘oo )
7 612‘+ Br- + Br+ 2512_51214r ’
1 d or-
G-, I'MY=—— (0T~ 4+0T" ( — ) .
( ) B+ ( ) Br- + B+ 2B2_BR.

1
Pick 6 > 0 in such a way that I > §(|d| + 26) + 3. Notice that this choice and

assumption (¢) imply that both Sp- and Br+ are bounded by v/1 + 42, which in turn
implies
F(I—,T%) > -, GI—,T") >

N =
N =
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In order to prove that W > 0, we assume to the contrary that there exist j, € Z
and t, such that W; (t.) = —¢ < 0. Picking e > 0 and K > 0 in such a way that
¥ = ee?Kt | we can define

T :=sup{t>0: W) > —ee?XKt for all j € Z}.
Since W € C*([0,00) ; £>°(Z)) we must have T < t* and

inf W,(T) = —ee?KT.
inf W, (7)
Without loss of generality, we may assume that Wy (T') < —%eeQKT.

We now choose a sequence z € £°(Z,R) with the properties

=1, lim z =3 1<z <3 and |07z, <L

|7]—00

This allows us to define the function
_ 3
W (ta)= _E(Z + az;)e*Kt

in which a > 0 is a parameter. We denote by a* € (g, 7] the minimal value of a for

which W;(t) > W (t;a) for all (j,) € Z x [0,T]. In view of the limiting behaviour
. o 3 12Kt 9 okt
lim W: (t;a%) = —¢[= + 3a™]e”"" < —<ee”™’,
lil=o0 7 4 8

the minimality of a* allows us to conclude that there exist jo € Z and 0 < tg < T

such that Wj, (to) = W, (to;a*). As a consequence, we must have

Wi, (to) < W, (to; ).

In addition, the definitions of W~ and «* directly yield the inequalities
Wiot1(to) — Wiy (to) > W 1y (to; ™) — W, (to; ™),
Wjo—l(to) — Wi, (to) = ngfl(to; a’) — Wg; (to; ™).

Together with the bounds

L 7 _
Wjo (tha*) < 7ZEK62Kth ||8iW (t()aa*)”goo < 662Kt0,

this allows us to compute

*ZEK(ENQO 2 (6+W)jo (to) F(U, V)jo - (0" W)jo (to)G(U, V)jo

Y]

1 _ N 1., «
5(3+W )io(to; @) = 5 (0" W7)jq(to: a”)
27662Kt0.

This leads to the desired contradiction upon choosing K > 1 to be sufficiently large.
a
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In order to use the comparison principle above to compare V and I', we need to
obtain uniform bounds on the discrete derivatives 87V and 0%I. Corollary 2.6.2
provides such bounds for 97V, but the corresponding estimates for 1T require some
additional technical work.

We pursue this in the results below, establishing a second comparison principle
directly for the function Y := &+T'. Indeed, upon introducing the shorthand

H[T]j = \/1 + (T?-&-l +T?) /2

and differentiating (2.8.1), a short computation shows that T satisfies the LDE

. e e
Y= ?I[”E]% - H?T]?J1 + 2d(T[Y]; — T[Y];-1). (2.8.7)

Lemma 2.8.5. Pick a sufficiently small § > 0 and consider a pair of functions Y,
TF € C([0,00),£(Z)) that satisfy the following assumptions:

(a) YT~ is a subsolution of the LDE (2.8.7);
(b) YT is a supersolution of the LDE (2.8.7);
(¢) The inequalities || (t)|[,00 < 8 and [|XT(t)]|,o < 0 hold for every t > 0;
— + .
(d) Y;(0) <YF(0) holds for every j € Z.
Then for every j € Z and t > 0 we have the inequality

T;(t) < TF(t).

Proof. Defining Z;(t) = Tf(t) — Y (t), we see that Z;(0) > 0 for every j € Z.
Moreover, Z satisfies the differential inequality

Z; > F(Y ", YN(Zjs1 — Z;) + G(X Y1) 21(Z5m1 — Z5) + H(Y™,YT);Z5,

in which the functions F', G and H are defined by

POY=,T%), = — d(Yj+ ) o0 (0 +750)
T3 H[Y+]; + T[], 2M0[T+]31I[T ]
GOT- 1), = 1 oYy (T, +71,,) _d (Yo +750)
Bt (p MY IY -5y TI(YH]my + T[] )
HOT-T+), = d(Ya+ Y+ +07)  ofYy (Y + Y+ +7))
Y I[Y+]; + [~ 2M0[T+]2I0[ T3

— — + - + —
™Y (Tj +Y7+T, +Tj71)
PV 1 (P

(Y7 4+ +T, +75,)
CH]j—1 + T[]
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1

this choice and assumption (¢) imply that both II[T~] and II[Y"] are bounded by
V1 + 02. This in turn yields the bounds

We again pick § > 0 in such a way that

F(Y=—, YY) >1/2, G-, Y >1/2,  |H(YT",T)| <46(20 +|d).

Applying a similar procedure as in the proof of Lemma 2.8.4 allows us to conclude
that Z;(t) > 0 for every j € Z. O

Lemma 2.8.6. Fiz T > 0 and pick a sufficiently small 6o > 0. Then for any
% € (°°(Z) with ”8+F0|’£m < 8o, the solution T' € C*([0,T],>°(Z)) to the mean
curvature LDE (2.8.1) with T'(0) = I'° satisfies

|0FT(#)|| e < B0, for all t €10, T). (2.8.8)
Proof. Writing T = 91T, we can apply Grénwall’s inequality to (2.8.7) to find
1T (O] < K [IT(0)]]poe €, (2.8.9)

for some constants K > 1 and b > 0 that are independent of T'. Recalling the constant
§ > 0 from Lemma 2.8.5, we now choose 6y > 0 in such a way that joKe®”T < 4.
Applying the comparison principle from Lemma 2.8.5, we conclude that ||Y(t)|],e <
[|T(0)|] ;o holds for ¢ € [0,7]. Indeed, the constant function ||Y(0)||,- also satisfies
LDE (2.8.7). O

Corollary 2.8.7. Pick T° € (>°(Z). Then there exists an unique solution T' €
C'([0,00),£>(Z)) of the mean curvature LDE (2.8.1). Moreover, there exists § > 0
such that the initial bound ||8+F0H€m < 4, implies that also

|0FT()|] 0 <6, forallt>0. (2.8.10)

Proof. Existence and uniqueness follows from standard arguments. Applying an iter-
ative argument involving Lemma 2.8.6 leads to the uniform bound (2.8.10). g

Proof of Proposition 2.8.2. Using the fact that V satisfies the LDE (2.7.4), we com-
pute

0*V

JaelV1 =V — —5 —2dBy —c+2d (2.8.11)
By
1 1
=9V (1 - —) +2d(1+ zav — Bv) (2.8.12)
B 2
dotv 1 —do~V
+ — / e (dOTV — 5)%ds + — e (dO™V +5)%ds.  (2.8.13)
2d J, 2d Jy

Expanding By around 0 and using Corollary 2.6.2, we find a constant M > 0 for
which

3

1TaclV]llpe < Mmin {[[07V(0)]], .t7#}.
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We define the constant ¢ > 0 and the function K : [0,00) — R by

€3

0= M363°

K(t) = M min {5,15—%} .

Possibly reducing € > 0, we many assume that § > 0 is sufficiently small to satisfy
the requirements of Lemma 2.8.4 and Corollary 2.8.7.

Next, we pick a smooth function ¢ : [0, 00) that satisfies

K(t) < q(t) <2K(t)

and introduce the integral p(t) = fot q(s)ds. It is straightforward to check that 0 <
p(t) < e for every t > 0. By spatial homogeneity, we have Jac[V + p| = Jac[V] + p
and hence

1 Tac[V + plll g = 0.

In particular, the function V' + p is a supersolution of the LDE (2.7.4). Lemma 2.8.4
hence implies

L@t) <V(t)+p(t) <V(t) +e

The inequality V (t) — e < I'(¢) follows similarly by constructing an appropriate sub-
solution for the LDE (2.8.1). |

2.8.3 Proof of Theorem 2.2.3

As a final step, we need to link the parameter d = —(¥” 1)) used here and in §2.7
to the expressions in (2.2.3) that involve the wavespeed ¢ and its angular derivatives.
To this end, we recall the identity

(8309)\(9:0 = <(I)/(' + 1) - (I)I(‘ - 1) - 2(1)”71/)>

that was obtained in [49]. As expected, this expression vanishes in the continuum
limit since

o YR @ —h)

_9p! —
h—0 h 2® 0-

Lemma 2.8.8. Suppose that (Hg) and (H®) both hold. Then the parameter d defined
in (2.7.2) satisfies the identity

. (3309”0:0_

C
== 2.8.14
=3 2 (2:8.14)

Proof. Comparing (2.8.14) with (2.7.2) and recalling the characterization (2.7.1) to-
gether with the normalization (®’,v) = 1, it suffices to show that the function

h(§) = @'(§+1) = (€ = 1) + c®'(§)
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satisfies h € Range(ﬁtw). To achieve this, we write p(£) = £9/(¢) and recall the
travelling wave MFDE (2.2.7) to compute

Lowp(€) = 00/() + 0lE +1) +0l€ — 1) — 20(6) +¢' (8(6)) £(6)
= () + cEB"(€) + EF(E +1) + W€+ 1) + £~ 1)~ P (e~ 1)
~260/(€) + €4/ (9() @' ()
=€) + €3 (<O + (e + 1)+ B(E ~ 1)~ 20() + 9(21(0))
= h(e),
as desired. O

Proof of Theorem 2.2.3. The statements follow directly from Propositions 2.8.1-2.8.2
and Lemma 2.8.8. O

2.9 Stability results

Our goal here is to establish Theorem 2.2.4, our final main result. In particular, we
consider the two solutions

u: [0,00) — £°°(Z?), uP®" 1 [0,00) — £°(Z?) (2.9.1)
to the Allen-Cahn LDE (2.2.1) with the respective initial conditions
u(0) = u?, uPr(0) = uOPer,
together with their associated phases
v : [T, 00) = £°(Z), AP T, 00) = £7°(Z) (2.9.2)

that are defined by (2.2.12) for some sufficiently large 7' >> 1. Since the LDE (2.2.1)
is autonomous, the uniqueness of solutions imply that uP°" and hence the phase yP°*
inherit the j-periodicity

upjrp(t) = upy (1), Viep(t) =757 (1)

for t > 0 respectively ¢t > T'.

It is natural to expect that w.;(t) converges to u"5'(t) as [j| — oo, which we
confirm below in §2.9.1. However, one cannot expect the corresponding result to hold
for the phases (2.9.2), on account of the discontinuities that occur. In fact, we obtain
the following asymptotic "almost-convergence’ result.

Proposition 2.9.1. Consider the setting of Theorem 2.2.4 and recall the two phase
functions (2.9.2). Then for every e > 0 there exists a constant T, together with a
function

Je: [TQOO) — ZZO

so that we have the bound
[y () =57 ()] < e
for every t > T, and |j| > J(t).
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In order to explore the consequences of the approximation result Proposition 2.8.1,
we hence need to understand the evolution of asymptotically almost-periodic initial
conditions under (2.7.4). This is achieved in our second main result here. We em-
phasize that in the special case P = 1, the asymptotic phase pu is equal to the value
taken by the constant sequence V%Per,

Proposition 2.9.2. Suppose that the assumptions (Hg) and (H®) both hold, fix two

constants R > 0 and P € Z~q and pick a sufficiently large K > 0. Then for any

e >0 and J € Z>g, there exists a time T, ; > 0 so that the following holds true.
Consider any pair (VO,VOPer) € (°°(7)? that satisfies the conditions

(a) For all |j| > J we have |V} — V]-O;per| <e.

(b) The periodicity Vﬁf}fr = X/'j()?pe]r holds for all j € 7.

(¢c) We have the deviation bounds

[Vo;per]dcv S Ra [Vo]dcv S R.

Then there exists an asymptotic phase p € R so that the solution V : [0,00) — (>°(Z)
to the LDE (2.7.4) with the initial condition V(0) = VO satisfies the bound

V() = et — pllm gy < Ke, E>T . (2.9.3)

Proof of Theorem 2.2.4. Pick € > 0. Recalling the terminology of of Propositions
2.8.1 and 2.9.1, we introduce the constants 7. = max{r., 7.} and J. = J.(7.) and
write V(€ for the solution to the LDE (2.7.4) with the initial condition V(9)(0) =
~v(Te). Writing p. for the phase defined in Proposition 2.9.2, we combine (2.8.2) with
(2.9.3) to obtain

IN

[t +7) = VO@[ o +[[VOE) = et = p0)]
(K + 1)e,

[[y(t +Te) = ct = el g

IN

(2.9.4)
for all ¢t > Te,je'
We now claim that there exists u € R for which we have the limit

lim (e — ¢Te) = .

Indeed, the uniform bound on (t) — ¢t obtained in Lemma 2.5.4 allows us to find a
convergent subsequence, which using (2.9.4) can be transferred to the full set. Sending
€ J 0 we hence obtain

Jm [y (8) = et = pllgoe z) = 0,

which leads to the desired convergence in view of Theorem 2.2.2. O
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2.9.1 Spatial asymptotics

In this subsection we establish Proposition 2.9.1. As a preparation, we compare the
Jj-asymptotic behaviour of the two solutions (2.9.1). We remark that the arguments
in Lemma 2.9.4 below remain valid upon replacing the limits in (2.2.15) and (2.9.5)
by their two counterparts |i| £ j — oo, which are one-sided in j. This validates the
comments in §2.1 concerning the limit (2.1.39).

Lemma 2.9.3. Assume that (Hg) is satisfied and consider any u% € €>°(Z?). Then
for any € > 0 and time T > 0, there exists § > 0 so that for any u% € (>°(Z?) that
satisfies

|| — “OBHeoo(W) <9,
the solutions ug and up of the Allen-Cahn LDE (2.2.1) with the initial conditions
u(0) = u% and up(0) = u% satisfy

lua(®) = up(t)llgoe z2) < € t € [0,T].
Proof. This is a standard consequence of the well-posedness of (2.2.1) in />°(Z?). O

Lemma 2.9.4. Consider the setting of Theorem 2.2.4 and recall the two solutions
(2.9.1). Then for every T > 0 we have the spatial limit

w; (1) —up5 (1) =0, as |i| + |j] = oo. (2.9.5)

Proof. In view of symmetry considerations, it suffices to establish the claim for the
limit i4+j — —oco. To this end, we fix an arbitrary € > 0. We write uP°" for the solution
to the LDE (2.7.4) with the initial condition @P®*(0) = u%P + §, using Lemma 2.9.3
to pick § > 0 in such a way that

P (1) < uP(7) +

[NCN e

We subsequently pick M > 0 in such a way that

W0, < APT(0) 4 5+ MelIHD = G (0) 4 Melli+)

holds for every (i,j) € Z>.
On account of (HO) and the comparison principle, we can pick A > 1 in such a

way that
—A<aPT(t) < A

holds for all ¢ € [0, 7]. We now write
K =max{¢'(s) : —A<s< A} >0
and observe that (Hg) implies that
g(s+8) < g(s) + KB (2.9.6)

for any —A <s< Aand 8> 0.
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We now pick a > 0 in such a way that
A
alc] — 5 cosh|c| > K (2.9.7)

and claim that the function

wi,j(t) _ ﬁ?ir( ) + Me|c\(i+j+2|c\t+o¢t) (298)

is a super-solution to (2.2.1). Indeed, recalling the residual (2.3.4), a short computa-
tion yields

Twli;(t) = g (a5 (1) — g(wi (1))
+ MelelGHi+2lelt+at) (202 + ale| — 2elel — 2¢7lel 4 4)

= g(a;5 () — g(wi (1) + (wi;(t) —al5 (1)) (alel — % cosh ¢)

for some ¢ € [0, |¢|], which using (2.9.6) and (2.9.7) implies

4

(wij — upjr)(a|c| — % cosh é — K)

Jwli j

s

Y

> 0.
In particular, the comparison principles allows us to conclude that
e (7) S WEH(E) + 5 4 Ml 2Ll o)
which implies that there exists L. > 1 so that
w; (1) <up§(r) +e

for i + j < —L.. An analogous lower bound can be obtained by exploiting similar
sub-solutions, which completes the proof. O

Proof of Proposition 2.9.1. For any sufficiently large t > 1 and (i,j) € Z* we may
estimate

O(i =777 (1) — @(i — (1) <12 =777 (1) — uS (O] + |ui (1) — (i — 5 (1))]
+ ‘uper( ) — um(t)|.

Applying Theorem 2.2.2 and Lemma 2.9.4, we find a constant T, > 0 and a function
Je : [Te,00) — Z>( for which we have

(i — 777" (t) — @i — () < 3e (2.9.9)

for all ¢ > T, and |j| > Je(t). Recalling the constant M > 0 from Lemma 2.5.4 and
writing

v =min{® () : |{| < M + 1} >0,
we may substitute ¢ = [ct] into (2.9.9) to obtain

vy () = v 0] < ([et] = 7)) — @([et] —;(t)) < 3e

for all ¢ > T, and |j| > Jc(t). This yields the desired result after some minor rela-
belling. O
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2.9.2 Phase asymptotics

It remains to establish Proposition 2.9.2. We accomplish this by using the Cole-Hopf
transformation discussed in §2.6 to transform (2.7.4) into the linear heat LDE (2.6.1).
The bounds in §2.6 readily allow us to analyze solutions with initial conditions that
are asymptotically ‘almost-periodic’.

Lemma 2.9.5. Pick an integer P > 1 and let h € C*([0,00); (>°(Z)) be a solution to
the discrete heat equation (2.6.1) with an initial condition h® € ¢>°(Z) that satisfies
h?_HD = hg for all j € Z. Then upon introducing the average

we have the limit

is constant with respect to j. Since it also satisfies (2.6.1), we must have H,(t) = h.
The result now follows from the fact that |[01h(t)||, — 0 as t — oo; see (2.6.7). O

Proof of Proposition 2.9.2. We first treat the case d # 0 and write VP for the solu-
tion to the nonlinear LDE (2.7.4) with initial condition VPe*(0) = VOPer. Without
loss of generality, we may assume that V;"**" = 0. Inspired by the proof of Corollary
2.6.2, we introduce the functions

hper(t) — ed(VI’e"(t)—ct)7 h= ed(V(t)—ct)7 q(t) — edV(t)—dV"e"(t) -1 (2.9.10)

and note that hP°* and h both satisfy the linear heat LDE (2.6.1). By construction,
we have

h(0) = h**(0) + hP(0)4(0),

which allows us to write

hj(t) = WP () = Gr(t)hE(0)g;-k(0). (2.9.11)
keZ

Assuming 0 < e < 1 and R > 1, we see that
VO <R+|Vy|<R+e+V?<2R+1<3R

and hence ||VO < 4R. This allows us to obtain the global bounds

[l

AP (0)]| g < el I, [19(0)]] g < ™17 41,
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together with the tail bound
|4;(0)] < el — 1, j=1Jl.

Using (2.9.11), these bounds allow us to obtain the estimate

18(8) = P Dl < Y IGR@I(E = 1)+ D [Gr(®)]e (M7 1-1)

li—k|>J li—kl<J
< (M = DG + (2] = Dl 4+ 1) [|G(#)]] . -

Since ||G()||,, = 1 on account of (2.6.16) and ||G(t)||;.c < Ct~'/2 on account of
(2.6.17), we can find a time T'= T'(e, J, d, R) so that

1) = PP (1)) oo < 2(e!€ = 1)

forallt >1T.
After possibly increasing T, we can use Lemma 2.9.5 to conclude

h(t) — ||, < 4(elde —1), t>T,
[[7(t) = Ao < 4 )

for some h € [0,el7]. Inverting the transformation (2.9.10) hence leads to the
desired bound on V' with p = %. The remaining case d = 0 can be treated in the
same fashion as above, but now one does not need to use the nonlinear coordinate
transformation. O
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CHAPTER
THREE

CURVATURE-DRIVEN FRONT PROPAGATION
THROUGH PLANAR LATTICES IN OBLIQUE
DIRECTIONS

I In this paper we investigate the long-term behaviour of solutions to the discrete
Allen-Cahn equation posed on a two-dimensional lattice. We show that front-like
initial conditions evolve towards a planar travelling wave modulated by a phaseshift
~(t) that depends on the coordinate ! transverse to the primary direction of prop-
agation. This direction is allowed to be general, but rational, generalizing earlier
known results for the horizontal direction. We show that the behaviour of v can be
asymptotically linked to the behaviour of a suitably discretized mean curvature flow.
This allows us to show that travelling waves propagating in rational directions are
nonlinearly stable with respect to perturbations that are asymptotically periodic in
the transverse direction.

3.1 Introduction

The main goal of this paper is to study the behaviour of curved wavefronts under the
dynamics of the Allen-Cahn lattice differential equation (LDE)

'L.Liyj = uiJrl’j + ui7j+1 + Uiflyj + Uiﬁjfl — 4ui,j + g(ui,j; a), (311)

posed on the planar lattice (i,5) € Z?. For concreteness, we consider the standard
bistable nonlinearity

g(u;a) = u(u —a)(l —u), a € (0,1), (3.1.2)

throughout this introduction. We are interested in fronts that move in the rational di-
rection (o4, 0,) € Z?, which motivates the introduction of the parallel and transverse

1The content of this chapter has been published as Mia Juki¢, Hermen Jan Hupkes, Curvature-
driven front propagation through planar lattices in oblique directions, Communications on Pure &
Applied Analysis, see [53].

7
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coordinates
n=mn(i,j) =iop + jou, 1=1(i,7) =io, — jop (3.1.3)

that we use interchangeably with (i, j); see Figure 3.1.
Our main results state that initial conditions that are ‘front-like’ in the rough
sense that

u; ;(0) <a—e forn(ij) < —1, u; ;(0) >a+e forn(i,j)>1 (3.1.4)
holds for some € > 0, evolve towards an interface of the form

i j(t) = ®(n(i, §) — 3.5 (1)) (3.1.5)

Here the special case 7;(t) = ct represents the well-known planar travelling wave
solution to (3.1.1) that travels in the direction (o, 0,) and connects the two stable
equilibria

lim ®(¢) =0, lim ®(&) =1. (3.1.6)

£——o0 £—+o00

In general however we show that the dynamics of +; can be well-approximated by a
discrete mean-curvature flow. This generalizes the results from [52] where we only
considered the horizontal direction and extends the known basin of attraction for
planar travelling waves beyond the settings considered in [43, 44]. The misalignment
of the propagation direction with the underlying lattice causes several mathematical
intricacies that we resolve throughout this work.
Modelling background Lattice differential equations arise in numerous problems in
which the underlying discrete spatial topology plays an important role. For example,
in [11, 12, 55|, the authors use LDEs to model saltatory conduction, which describes
the ‘hopping’ behaviour of action potentials propagating through myelinated nerve
axons. In population dynamics, two-dimensional LDEs are used to model the strong
Allee effect on patchy landscapes; see [58, 88]. In both of these examples it is necessary
to include the spatial heterogeneity of the domain into the model in order to simulate
effects such as wave-pinning. Lattice models have also been used in many other fields,
such as material science, morphology and statistical mechanics [15, 25, 70, 9]. For
a more extensive list of references we refer the reader to the book by Keener and
Sneyd [57] or the surveys [50, 60].
Motivation In order to set the stage, we briefly discuss the continuous counterpart
of (3.1.1). This is the well-known Allen-Cahn PDE

Uy = KfUgy + uyy| + g(u;a), (3.1.7)

where we have included a diffusion constant « > 0. Planar travelling front solutions
of the form
u(z,y,t) = (xcosd + ysinf — ct) (3.1.8)

play a key role towards understanding the global behaviour of (3.1.7) [5]. They can
be found [33] by solving the travelling wave ODE

— /(&) = k() + 9(B(); a), (3.1.9)
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which does not depend on the direction of propagation (cos®,sin#). In addition,
the dependence on the diffusion coefficient s can be eliminated through the spatial
rescaling

E=&/VR, e c/VE. (3.1.10)

This was recently exploited by Matano, Mori & Nara in [68], who studied an
anisotropic version of (3.1.7) by allowing the diffusion coefficients to depend on Vu.
In terms of the travelling wave ODE (3.1.9), this effectively introduces a direction-
dependence k = k(6). The spatial rescalings (3.1.10) subsequently point to a natural
anistropic metric that can be used to analyze the long-time evolution of expansion
waves. Indeed, for initial conditions ug that satisfy

min  wug(x,y) > a, limsup wo(z,y) < a (3.1.11)
[(z,y)|<L |(@,y)|—o00

for some L > 1, the asymptotic behaviour of the level set

L(t) == {(z,y) € R* : u(z,y,t) = a}

is well approximated by the boundary of the Wulff shape [18, 74, 93| associated to
this metric, expanding at a speed of ¢ — [ct]~!. This latter term can be seen as a
correction for curvature-driven effects and also appears in the earlier isotropic studies
[89, 51, 79]. The key point is that the expanding Wulff shape is a self-similar solution
to an anisotropic mean curvature flow that also underpins the large-time behaviour
of curved wavefronts.

Returning to our LDE (3.1.1), we emphasize that anisotropic effects are a natural
consequence of the broken rotational symmetry, but they cannot be readily trans-
formed away by spatial rescalings such as (3.1.10). Nevertheless, initial numerical
experiments such as those in [91] indicate that the Wulff shape also plays an impor-
tant role in the long-term evolution of initial conditions such as (3.1.11), but that the
behaviour near the corners is rather subtle. One of our main longer term goals is to
gain a detailed understanding of this expansion mechanism. A key intermediate step
that we pursue in this paper is to understand how discretized curvature flows interact
with the dynamics of (3.1.1).

Curved PDE fronts

From a technical point of view, our work is chiefly inspired by the results obtained
in [69] by Matano and Nara. They considered the Cauchy problem for equation (3.1.7)
with an initial condition that roughly satisfies

u(z,y,0) <a—e for z <« —1, u(z,y,0) >a+e for x > 1,

again with € > 0. The authors show that for ¢ > 1 the solution u becomes monotone
around ®(0) = %, which, via the implicit theorem argument, allows a phase v(y, t) to
be defined via the requirement

u(y(y,t),y,t) = ©(0). (3.1.12)

This phase is particularly convenient because it determines the large time behaviour
of the solution u via the asymptotic limit

tlggo lu(z,y,t) — ®(z —(y,t))] = 0. (3.1.13)
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Moreover, the authors showed that the phase v can be closely tracked by solutions 6
to the PDE

&
0r = 0,y + 505 + ¢, (3.1.14)

by constructing super- and sub-solutions to (3.1.7) of the form

x_a(y7t)
\/ 1+ 02

where Z and z are small correction terms compensating for the initial differences in
phase and amplitude. The main advantage of the PDE (3.1.14) is that it transforms
into a standard heat equation via the Cole-Hopf transformation, which leads to explicit
expressions for the solution.

Describing the phase v with the dynamics of the PDE (3.1.14) has two main ad-
vantages [69]. First, the solution 6 approximates solutions of the mean curvature flow
with a drift term ¢, allowing for a physical interpretation of the phase . Second, this
description can be used to establish convergence results for initial conditions u° that
are uniquely ergodic, which includes the case that u is periodic or almost-periodic
in the transverse direction. These results are hence part of an ever-increasing family
of stability results for travelling fronts in dissipative PDEs, which include the classic
one-dimensional papers [34, 81] and their higher-dimensional counterparts [54, 94, 63].

ut(z,y,t) = ® + Z(t) | £ 2(1), (3.1.15)

Discrete setting Substituting the planar wave Ansatz
uij(t) = ®(n(i, j) — ct) (3.1.16)

into the LDE (3.1.1), we see that the wave pair (¢, ®) must satisfy the mixed functional
differential equation (MFDE)

—c®'(€) = ®(E+0p) +P(E—0n) +B(E+00) +B(E—0y) —4(€) +9(®(€);a), (3.1.17)

which we consider together with the boundary conditions (3.1.6). This MFDE has
been well-studied by now and various detailed existence and uniqueness results can be
found in the seminal paper [67] and the survey [50]. For now we simply point out the
qualitative differences between the ¢ = 0 and ¢ # 0 cases and the explicit dependence
on the propagation direction, which can be rather delicate. Indeed, for a single fixed
a € (0,1) certain directions can support freely travelling waves with smooth profiles,
while others only feature pinned step-like profiles [16, 46].

For our purposes in this paper, the main consequence of the spatial discreteness
is that it is no longer possible to construct sub- and super-solutions by applying
relatively straightforward phase modulations to the profile ® as in (3.1.15). Indeed,
the shifts in (3.1.17) prevent us from simply factorizing out a common factor ®’(&)
from the associated residuals as was possible in the series [68, 69, 14]. Inspired by
normal form theory, we circumvent this problem by using a super-solution Ansatz of
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l i - ¥ l. L) ]
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Figure 3.1: Both panels show the sublattice Z% obtained after the coordinate
transformation (3.1.3), for the rational direction (oh,0,) = (2,3) on the left and
the irrational angle w/6 on the right. We see that the left lattice is a proper subset
of Z2. On the right however the purple dots only coincide with Z? at the origin.
Moreover, the sets {ioy + jo, : (i,5) € Z*} and {ic, — jon : (i,5) € Z*} are both
dense in R. This feature significantly differentiates the analysis between the rational
and irrational directions.

the form
ui (8) = ®(n—0(0) + Z2() + Y pr(n—0u(t) + Z(t)) (i1 (t) — O:(2))
k=—N
+ 3 Y aew(n—0(t) + Z(t) Ok (t) — 0u(t)) (Our (£) — Ou(t)) + 2(t),
k=—Nk'/'=—N

(3.1.18)

in which N = 2max{|o|,|0y|}. The auxiliary functions (px), and (g ) are chosen in
such a way that the dangerous slowly decaying terms caused by the lattice anisotropy
are cancelled. To achieve this, it is necessary to carefully analyze the spectral stability
properties of the underlying planar wave (¢, ®) and exploit the Fredholm theory for
linear MFDEs that was developed by Mallet-Paret [66].

The Ansatz (3.1.18) (but with different functions p, ¢ and ) first appeared in [44]
- where it was used to study the evolution of initial conditions of the form

u;,5(0) = (IJ(n(i,j)) + vgj, lim |v2j| — 0.

[i[+]4]—o00
The authors established algebraic decay rates for the convergence
uij(t) = ®(n(i, j) — ct),

hence establishing the stability of the planar wave (3.1.16) under localized perturba-
tions, which form a (restrictive) subset of the general class (3.1.4) considered here.
The main novel aspect compared to [44] is that we need to incorporate nonlinear
terms in the evolution of € in order to capture the curvature-driven interface dynam-
ics resulting from the non-local nature of the perturbations. Indeed, our evolution
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equation for # takes the form

N
. |
() = - kz ax (ed<9l+k<t)—9l(t>> - 1) +e (3.1.19)

for a set of coefficients (ay) that is prescribed by the normal form analysis discussed
above. For now, we simply mention that the parameter d can be directly expressed
in terms of important geometric and spectral quantities associated to the wave (¢, D).
As we discuss in the sequel, this will allow us to make the connection between (3.1.19)
and a discretized mean curvature flow.

As in the continuous case, solutions to (3.1.19) can be used to approximate the
behaviour of the phase v appearing in (3.1.5). This control is sufficiently strong to
establish the convergence ~y(t) — ct + p for initial conditions of the form

ui j(0) = ®(n(i,j) — K1) + 07, 09| = 0, (3.1.20)

li]+]j]—o0
where k; is an arbitrary periodic sequence. The main significance compared to the
earlier results in [43, 44| is that this corresponds to an ‘infinite-energy’ shift in the
underlying wave position, during which the periodic wrinkles are flattened out under
the flow of (3.1.19).

We believe that the convergence (t) — ¢t + p also holds if for any continuous
U : (*° — R there exists a limit

R
i (Ktitn)
R—>oo 2R Z e

@:

that is uniform and homogeneous in k. Such sequences k are referred to as uniquely
ergodic, a class that includes almost-periodic sequences. This is discussed in detail
by Matano and Nara in [69, §2] and the main ideas can be readily transferred to
the present discrete setting. The subtle point is to check in which sense our phase
construction preserves this ergodicity, which we do not pursue here due to the technical
intricacies involved.

In our earlier work [52] we restricted attention to the horizontal direction

(Ghﬂav) = (17 0),

which greatly simplified the analysis of (3.1.18) and (3.1.19). Indeed, we were able
to choose N = 1, with a1 = a_1 = 1 and p_; = p; = 0, which means that the
linear terms reduce to the standard discrete heat equation. Solutions could hence be
represented explicitly in terms of modified Bessel functions of the first kind, for which
detailed bounds are available in the literature. In addition, the remaining auxiliary
functions satisfied the useful identities

q-1,41 =q+1,-1 =10, G-1,-1 = q41,41,

allowing the quadratic terms in the super-solution residual to be analyzed in a trans-
parent fashion.
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For general rational directions, some of the coefficients a; can become negative,
in which case (3.1.19) no longer admits a comparison principle. In addition, we can
no longer represent our solutions in terms of special functions for which powerful off-
the-shelf estimates are available. We resolve these issues in §3.5-3.6 by developing an
approximate comparison principle and using the saddle-point method to extract the
necessary decay rates on the Green’s function for the linear part of (3.1.19).

Mean curvature flows Matano and Nara proved in [69] that the solution 6(¢) to
the PDE (3.1.14) can be approximated by solutions I" to the PDE

r r
L = CEA——, (3.1.21)

STz (LT3

This equation is known as a mean curvature flow equation with an additional drift
term c¢. Indeed, writing v(y,t) for the rightward-pointing normal vector of the inter-
facial graph {I'(y,t),y)}, together with V'(y,t) for the horizontal velocity vector and
H(y,t) for the curvature, we can make the identifications

—3/2

-1/2
v=[1+T7] 77(1,-T,), V=(y,0), H=[1+T;] 7Ty,
In particular, (3.1.21) can be written in the form
V.v=H+e, (3.1.22)

which reflects the rotational invariance of the wavespeed c.

In the discrete setting there is no ‘canonical’ notion of a mean curvature flow due
to the absence of a suitable normal vector for the interface (I';,1). Indeed, for a fixed
index [ € Z one can consider the angle

Iy — Ty

k )
for any k € Z, which measures the orientation of the vector that is transverse to
the connection between (I';,1) and (I'j4x,! + k); see Figure 3.1. These can all be
considered as normal directions in some sense.

However, it is possible and natural to apply appropriate discretization schemes to
(3.1.22). In order to take the lattice anisotropy into account, we start by writing c,,
for the wavespeed associated to the planar wave solutions

(") = arctan

u(t) = Py (ncos e + Ising — cyt)

to (3.1.1) that travel at an additional angle of ¢ relative to our original planar wave
(3.1.16). This allows us to define the directional dispersion

C
D(p) = CO:SD,

which measures the speed at which level sets of the wave (c,, ®,) move along the
n-direction.
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Setting out to discretize the terms in (3.1.22), we first introduce the average
_ 1
erli=5x% D ot (3.1.23)
0<|kI<N

where we use 2N neighbours in order to account for all the interactions present in
(3.1.19). In addition, we introduce the notation

A 2B
Brii= |1+ > k—S(FHk —I)2, [Arli= ) k—;(9z+k —01), (3.1.24)
0< k<N 0< k<N

which depends on two sequences (Ay) and (By). These must satisfy the normalization
conditions

S Av=1, > Bi=1, > Bi/k=0 (3.1.25)

0<|k|<N 0<|k|<N 0<|k|<N

in order to ensure that fr and Ar reduce formally to the symbols /1 + T2 and I',,

in the continuum limit.
These sequences weigh the contributions of each of the normal directions ¢y, to
the components of our discrete curvature flow, which we formulate as

Br'T = Kk Br®Ar +er. (3.1.26)

It turns out that (3.1.26) and (3.1.19) can be matched up to cubic terms if and only
if the parameters are chosen as

N 2
1 ,  [02D(¢)] 0
R = §k:E_N]€ Qg d= T (3127)

The latter expression precisely matches the choice that comes from the technical con-
siderations that lead to (3.1.19) during the construction of our super-solution (3.1.18).
It also plays a key role in the related studies [40, 49] that concern travelling corner
solutions in anisotropic media.

Outlook In this paper we have restricted our attention to rational directions, primar-
ily due to the fact that we lose the periodicity of the Fourier transform for irrational
directions. In fact, the relevant Fourier symbol becomes quasi-periodic, making it
very cumbersome to extract the necessary decay estimates. We are working on fur-
ther reduction steps to bypass this issue, which could eventually allows us to consider
general rounded interfaces. On the other hand, we do believe that the approach de-
veloped here is already strong enough to handle further questions such as the stability
of the corner solutions constructed in [49] or the propagation of wavefronts through
structured networks.

Organization This paper is organized as follows. After stating our main results in
§3.2, we discuss the asymptotic formation of interfaces in §3.3 and §3.4 by exploiting
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Figure 3.2: Here we provide the geometric motivation behind the definition (3.1.23)
for ¢r with N = 2. Since there is no uniquely defined normal direction for discrete
graphs, we take the average of the velocities associated to the directions transverse
to the connecting lines between (I';,!) and (I'i4x,l + k). Here we consider each
0< |kl <2

the properties of w-limit points. These sections simplify the ideas in [52] and adapt
them to the more general setting considered in this paper. We proceed in §3.5 by
studying the linearization of our phase LDE (3.1.19). In particular, we use techniques
inspired by the saddle-point method to extract our required decay rates and establish
a quasi-comparison principle. These are used in §3.6 to incorporate the nonlinear
terms in (3.1.19) and build the bridge with the discrete curvature flow (3.1.26). These
ingredients allow us to construct sub- and super-solutions for (3.1.1) in §3.7, which
are subsequently used in §3.8 to establish our final stability results.

Acknowledgments Both authors acknowledge support from the Netherlands Or-
ganization for Scientific Research (NWO) (grant 639.032.612).

3.2 Main results
In this paper we are interested in the discrete Allen-Cahn equation
i () = [A%u(t)]i ; + g(ui;(t)) (3.2.1)

posed on the planar lattice Z2. The plus-shaped discrete Laplacian AT : (>°(Z2?) —
0>°(Z?) acts as a sum of differences over the nearest neighbors

[A ], o= i1y +uigen + tio1y + w1 — dui g, (3.2.2)

while the nonlinear function g satisfies the following standard bistability condition.

(Hg) The nonlinearity g : R — R is C®-smooth and there exists a € (0,1) such that

9(0) = g(a) = g(1) =0, g'(0)=g¢'(1) <0,
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In addition, we have the inequalities

g(x) >0 for z € (—00,0) U (a,1), g(x) <0 for z € (0,a)U(1,00).

In this paper we focus on travelling waves propagating in rational directions. That
is, we pick a direction (oy,0,) € Z? with ged(op,0,) = 1 and consider wave-profiles
®,. that connect the two stable equilibria of the nonlinear function g, while traveling
with the speed ¢, in the direction (o, 0y).

It is convenient to pass to a new (n,l)-coordinate system that is oriented parallel
(n) and transverse (1) to the direction of wave-propagation. In particular, we write

n:igh +j0va l:igq)fjgh
and introduce the notation
Z2 = {(n,1) € Z* : 3(i, j) € Z* : n = io}, + jo,, | = io, — jop} C Z?

for the image of the original grid Z2. Upon introducing the quantities

Ox =1/ J}QL +J12)7 Ooco = maX{|Jh|7 |0U|}7

we point out the mappings

(i+0haj+0v)’_)(n+o—z>l)’ (i+0v7j70h)}_)(nal+0—z)7

2

*

which implies that for any (n,l) € Z2 the point (n + ac?,l + bo?) is also an element

of Z2 for any (a,b) € Z?, see Figure 3.1.
In this new coordinate system the discrete Laplace operator (3.2.2) transforms as

X
[A%U]p1 = Untoy it0, T Untoyl—on T Un—oy l—0, T Un—cy,l+0), — 4Un,i- (3.2.3)

In particular, the initial value problem that we consider in this paper can be written
in the form

U (t) = [A u(®)]ng + g(una(t),  (n,0) €Z%,  t>0, (3.2.4)
U1 (0) = up (3.2.5)

for some initial condition u® € ¢°°(Z%). Our second assumption imposes a ‘front-like’
property on this initial condition u° , see Figure 3.4.

(HO) The initial condition u® € £°°(Z?%) satisfies

limsup sup u, <a, lim inf inf ud ;> a.
n——00 |€Z:(n,l)€L2, n—+00 [€Z:(nl)€22,

3.2.1 Travelling waves

A travelling wave solution is any solution of the form

Un,1(t) = Pu(n — cut) (3.2.6)
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for some wave-profile ®, and speed ¢, € R. Any such pair must necessarily satisfy
the MFDE

=@ (8) = Pu(E+0n) + i€+ 00) + Pu(§— 0p) + Pul(€ — 0) — 4D (€) +9(P(€)),
(3.2.7)
which we augment with the boundary conditions

lim ®,(£) =0, lim ®,(¢) = 1. (3.2.8)

£——o0 §—ro0

The existence of such pairs (c., @) was established by Mallet-Paret in [67], both for
rational and irrational directions. The wave-speed c, is unique once the direction
(oh,0,) and the detuning parameter a have been fixed, while the wave-profile @,
is monotonically increasing and unique up to translations provided that ¢, # 0. In
contrast to the continuous setting, there can be a range of values for a where ¢, = 0
holds; see [49] for a detailed discussion. The assumption below ensures that we are
outside of this so-called pinning regime.

(H®) There exists a wave-speed ¢, # 0 and a monotone wave profile @, that satisfy

the MFDE (3.2.7) together with the boundary conditions (3.2.8) and the phase

normalization ®,(0) = 3.

To examine the stability properties of the wave-pair (@, c,) under the dynamics
of (3.2.4), one usually starts by considering the linear variational problem

Oni(t) = [A"0(t)]ng + g’(‘b*(n - c*t))vn,l(t).

Taking the discrete Fourier transform along the transverse direction [, the problem
decouples into the set of one-dimensional LDEs

U (t) = €7 Vs, () + €79 0040, (8) + €7 Vg, (E) + €70, ()

3.2.9
40 (8) + 9@~ ) (1), e

indexed by the frequency variable w € [—7,7]. As shown in [48, §2], there is a close
relationship between the Green’s function for each of the LDEs (3.2.9) and their
associated linear operators

L, : W (R;C) — L>(R;C), w € [—7, 7]
which act as

[Lo,p] (&) = cup/ (&) + €T p(€ + 0p) + €T p(€ + 00) + €7 p(§ — op)

» (3.2.10)
o~ )~ lE)+ (8. )

A special role is reserved for the operator Ly, which encodes the linearized be-
haviour of the wave ®, under perturbations that are homogeneous in the transverse
direction. We briefly summarize several key Fredholm properties of this operator that
were obtained by Mallet-Paret in the seminal paper [66].
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Lemma 3.2.1 (see [66]). Assume that (Hg) and (H®) are satisfied. Then the operator
Lo : WL (R; C) — L*°(R;C) is Fredholm with index zero. It has a one-dimensional
kernel spanned by the strictly positive function ®,. In addition, its range admits the
characterization

Rito) = {7 € @R s [ wu(©)r©)ds =0} (32.11)
R
for some strictly positive bounded function? ¢, € C?(R;R) that we normalize to have

/R 0 (€)P(€)dE = 1.

Since clearly @), ¢ R(Ly) we see that A = 0 is a simple eigenvalue of the operator
Ly. The following result states that this property extends to a branch of simple
eigenvalues A, for the operators £, with w ~ 0.

Lemma 3.2.2 (see [43, Prop. 2.2|). Assume that (Hg) and (H®) are satisfied. Then
there exists a constant 0 < wg < 1 together with pairs

(Aws $w) € C x WH2(R; C),
defined for each w € (—wo,wq), that satisfy the following properties.

(i) For each w € (—wp,wp) we have the characterization
Ker(L,, — A\,) = span{¢,},
together with the algebraic simplicity condition

bw & R(Ly — Aw)-

(ii) We have \g =0, ¢g = P, and the maps w — A\, w — ¢, are analytic.

(i1i) For each w € (—wq,wo) we have the normalization
<¢waw*>L2 =1L

Our following assumption states that the map w — A, touches the origin in a
quadratic tangency, opening up to the left of the imaginary axis. This is a rather
standard condition that was also used in [43] and [44] to show that transverse phase
deformations decay at the standard rates prescribed by the heat equation. We re-
mark that Lemma 6.3 in [43] guarantees that this condition is satisfied whenever the
propagation direction is close to horizontal or diagonal. Furthermore, numerical ex-
periments in [43, §6] suggest that this extends to all directions where the wavespeed
does not vanish.

2In fact, 1« spans the kernel of the formal adjoint L that arises from Lo by flipping the sign of
c.
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(HS); The branch of eigenvalues (A, )w~o satisfies the inequality

[63)\0,,]“,:0 < 0.

Our final spectral assumption is far less standard and requires some technical
preparations. To this end, we introduce the set of shifts

(T1772)T37T4) = (0’;“0'1),—0'}“—0'1)) (3212>
and their associated translation operators T, that act as
[TLh](&) = h(E+ 7)), v e{l,2,3,4} (3.2.13)

for any function h € C(R). These can be used to define a collection of functions p°,
p®® and ¢°° that play a key role in §3.7 where we construct sub- and super-solutions for
(3.2.4). For our purposes here, we are chiefly interested in the associated coefficients

ay, as® and ag® that are related to the solvability condition (3.2.11).

Lemma 3.2.3 (see §3.6). Assume that (Hg) and (H®) both hold. Then for every
v,v' € {1,2,3,4} there exist bounded functions

o 00 00,
Dy Powrs Gy - R = R

that satisfy the identities

['C’(]p;i] (5) = [T,,CD’](S) - a;;y(bl(é')’
[Lopio (€)= g pi (&) — [TpP)(€) — aff,, (),
00 o d o d o 1 " o o (3214)
[Loaiy(6) = —ap;ygpu(ﬁ) [T gepi)(©) = 50" (24() 3y (€)
- §1V:V’ [TV(I);I] (5) - agfuu’(bl(g)'

Here the coefficients oy, opf,,, and ags,,, are given by

v

g, = /R [T, @' (€). (£)dE,

0l = / (00,05 () — [T pE)(E)] u (€)de,

0o __ o d o d o 1, o o
Qg = /]R <_ap;ud_€pl/’ (5) + [TV' d_é-pVKg) - 59 (q)*(g))py(g)py’ (5)) ’(/)* (§)d§
1 "
-3 [ LBt

(3.2.15)

0 can be chosen in such a way that

2%

<p§,¢*>L2 =0, <p33u ¢*>L2 =0, <qu’>w*>L2 =0. (3'2'16)

OO
1274

Moreover, the functions pS,pS, and q
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Upon introducing the convenient notation

(0130—230—370—4) = (O',U,*O'}“*O'»U,O'h% (3217)
we now use the coefficients (3.2.15) to introduce the function f,, ) : [-7, 7] = R
that acts as
4
fonon(w) = Z ozz;u(cos (ovw) — 1)
v=1

4
+ Z Aoy (cos (0 + 00 )w) — cos (o w) — cos (o, w) + 1).
v,v'=1
(3.2.18)
For the sequel, it is convenient to rewrite this expression in a more compact form. To
this end, we write N = max,, . ¢(1,2,3,4} {0v, 0 + 0./} and introduce the sequence

4 4
ak =Y gy limay + D Ao (Lkzoto,) = Lik=ou} = Lik=o,y),  (3:2.19)

v=1 v,v'=1
which allows us to rewrite (3.2.18) as

N

Fonan@) = > ar(cos (kw) — 1), (3.2.20)

k=—N

This function will appear later as the real part of the Fourier symbol associated to
the linear dynamics of the transverse phase of the planar wave (c., ®.).
In the horizontal case (o4,0,) = (1,0) we can take N =1,a_1 =1, a; =1 and

fa,0)(w) = 2(cosw — 1),

but in general the coefficients a, can be negative. In order to ensure that our phase
dynamics can be controlled, our final assumption requires the function f to be strictly
negative for all non-zero w.

(HS)2 The inequality f(,, ,)(w) < 0 holds for all w € [—m, 7]\{0}.

In order to fully appreciate the role of the the coefficients (3.2.15) and the Fourier
symbol (3.2.20), it is helpful to link them to geometric properties of (3.2.4). We
first note that the pair (¢, ®.) can be perturbed in order to yield waves travelling in
directions that are ‘close’ to (o, 0,). In particular, we follow the approach from [49]
and look for solutions to the Allen-Cahn equation (3.2.4) of the form

Un,1(t) = Dy(ncose + Ising — c,t), (3.2.21)

which travel at an angle ¢ through the rotated lattice Z%. Inserting this Ansatz
into (3.2.4), we find that the pair (c,, ®,,) must satisfy the MFDE

=@, (&) = (€ + 04 cos 0 + 0y sin ) + Py (€ + 0y cOS P — 0y 8IN )
+ @, (§—oncosp —oysing) + Py, (€ — oy cosp + opsing)  (3.2.22)
_4(I)<,a(§) +9((I)cp(€))~
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Using standard bifurcation arguments one can show that the pair (®.,c,) can be
embedded into a smooth branch of waves (c,, ®,,) for ¢ = 0.

Lemma 3.2.4 (see [49, Prop. 2.2] and [43, Thm. 2.7]). Assume that (Hg) and (H®)
are satisfied. Then there exists a constant §, > 0 together with pairs

(cpy®y) € R x WH2(R;R),
defined for every ¢ € (—0y,0,), such that the following holds true.

(i) For every ¢ € (—d,,0,) the pair (c,, ®,) satisfies the MFDE (3.2.22) together
with the boundary conditions (3.2.8).

(ii) For every ¢ € (—d,,0,) we have the normalization (P, — @, 1,) = 0.
(iii) The maps ¢+ c, and p — D, are C%-smooth, with (co, ®o) = (cx, Pu).

Our next result shows that there is a close link between the coefficients (3.2.14),
the pairs (A, @) constructed in Lemma 3.2.3 and the waves (c,, ®,) described in
Lemma 3.2.4. These identities can be stated in a compact fashion by virtue of the
choices (3.2.12) and (3.2.17).

Lemma 3.2.5 (see §3.6). Assume that (Hg) and (H®) are satisfied. Then the fol-
lowing identities hold.

. 4
(i) €= =2 0mr TV
(”) [8@0090]@:0 = - Zy 100 Zk,7 ark,
(iii) [0%cglp=0 = —Cx + 2ZV:1 szl 0Lo 0,

(iv) [0pPplp—0 = — 3y 0uDE,
(v) [Dudulomo = Yb_ 0005,

(1) [%Aulom0 = = Epmy @307 = X1 20350, 0000 = = Ty axk®.
Combining item (vi) and (3.2.18), we readily see that

f(”a'h,av)(o) = [aiAw]wZO
This identity in combination with (HS); implies that the function f(,, »,) looks like
a downwards parabola locally around w = 0. This information was sufficient to
obtain the ‘localized’ stability results in [43] and [44], but our more general setup here

requires global information on the function f(,, ). An important role is reserved for
the parameter

L Bleo/cosglemy eot [0elomo 2zi Yo 1auowasz
[53)\w]w:0 [au%)‘w]wzo Z 00—2 + Z = 1 p I/V/O-VO—V/ ’
(3.2.23)
which is well-defined on account of assumption (HS);. It measures the ratio between
the quadratic terms in the directional dispersion ¢,/ cos ¢ and the branch of eigen-
values \,. This parameter also played a crucial role throughout the construction of
travelling corners for (3.2.1); see [49, Egs. (7.38) and (7.76)] where it appears as the
quadratic coeflicient on the center manifold that governs the transverse dynamics.
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A
1| wn i (t) shifted and rescaled wave profile ®
(]
1
2
) L n__
0 d n, ) n.+o? =

Figure 3.3: In order to construct the phase ;(¢) for a fixed pair (I,t) we first identify
an interfacial region around the value ®.(0) = % (shaded in blue) where the (discrete)
function n — wy(t) is monotone. We subsequently stretch the waveprofile to match

the (pink) points (7, un, 1 (t)) and (n* + Uf,un*+03,l(t)) introduced in (3.2.24).

3.2.2 Interface formation

In this subsection we provide a construction for the set of phases ('yl (t)) 1ez that should
be seen as an approzrimation for the level set u = % Indeed, due to the discreteness
of the lattice one cannot necessarily find integers n.(l,t) for which wu, (4,(t) = %
holds exactly - even when restricted to large times ¢ > 1. Instead, we establish the
following monotonicity result, which for fixed [ and large ¢ > 1 allows us to capture

the ‘crossing’ of u through % between n = n,(l,t) and n = n.(I,t) + o2,

Proposition 3.2.6 (see §3.4). Suppose that (Hg), (H®) and (HO) are satisfied. There
exrists a time T > 0 such that for every | € Z and t > T there exists a unique
N = ny(l,t) with the property

0 < tn, 4(t) < (3.2.24)

DN =

’ un*JrO'E,l(t) >

N =

We now use an interpolation argument to construct ;(¢) from the quantities in
(3.2.24). The main consideration is that for exact travelling waves uy, ;(t) = ®.(n —
c«t + 1) we wish to recover the standard phase v;(t) = c.t — p, in view of the fact
that ®,(0) = % To achieve this, we define the phases

O (t) = @ (tn, 1.0ya (1)), 0,7 (t) = @5 (Un. iy +o2.1(1))
associated to the two values (3.2.24). Upon writing
Ou(l,t) = =20, (1) /16 (t) — 6, (1)), (3.2.25)

we note that the linear interpolation
Oin,t(§) = 0,20 ()€ — 0,207 (1)(€ — 07)
satisfies

elin;l,t(o) = 91_ (t)a elin;l,t (19* (l7 t)) = 0; Hlin;l,t (Uf) = 9?_ (t)
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Figure 3.4: Each row represents a time evolution of the solution u to the Allen-
Cahn equation (3.1.1) with the cubic nonlinearity (3.1.2). Both initial conditions
satisfy (HO), but the bottom row also satisfies the assumptions of Theorem 3.2.10.
Proposition 3.2.6 states that u converges to a wavefront travelling in the n-direction
with a phase 7;(t), which in the bottom row becomes homogeneous with respect to [
on account of (3.2.34).

This motivates the phase-interpolated definition
Y(t) = ni(l,t) + (1, 8), (3.2.26)

which ensures that the ‘stretched’ profile ®(¢) = @, (Glin;u (& — na(l, t))) satisfies

- - 1 -
D (n.(1,1)) = un,anya(t), ®(n(t) = 2 O (1. (1) + 02) = tn, (1,5)+02.(t)-
Notice indeed that for the special case u, (t) = ®.(n — cit + p) we have

0, (1) = nu(l,t) — cut + pu, 0,7 (t) = nu(l,t) + 0% — et + 1,

which gives ¥, (l,t) = —6, (t) and hence 7;(t) = c.t — 1, as we desired.

The result below states that our phase indeed tracks the behaviour of u in an
asymptotic sense. We emphasize that there are several other choices for the phase
that lead to similar results. For example, our previous construction in [52] did not
stretch the wave and merely aligned it with u at the point n.(l,t). Our more refined
approach here allows us to streamline our arguments and avoid the discontinuities in
~(t) that complicated our previous analysis at times.

Proposition 3.2.7 (see §3.4). Suppose that (Hg), (H®) and (HO) are satisfied. Then
we have the limit

lm  sup |uny(t) — @, (n — (1) = 0. (3.2.27)

1700 (n,1yez?
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3.2.3 Interface asymptotics

We are now ready to discuss the main technical results of this paper. These concern
the asymptotic behaviour of the phase v(t) that we introduced in (3.2.26), which can
be approximated by solutions to the scalar nonlinear LDE

0(t) = O (0(1)). (3.2.28)

Here the function O, : £°(Z) — £>°(Z) acts as

e
L

ézi\lz_N an (ed<91+k(t)91(t)) _ 1) + Cy, d

ZkN:_N ar (O (t) — 0,(1)) + cx, d=0,

[Ocn(0)]: =

where we have recalled the coefficients (a;) and parameter d that were introduced
in (3.2.19) respectively (3.2.23). The label ‘ch’ refers to the fact that a Cole-Hopf
transformation can be used to recast the nonlinear system for d # 0 into the linear
system prescribed for d = 0. This reduction is essential for our analysis in §3.6, where
we obtain decay rates for solutions to (3.2.28), based on the linear theory that we
develop in §3.5.

The decision to use (3.2.29) is hence primarily based on technical considerations.
Nevertheless, it is possible to build a bridge back to the discrete curvature flow
(3.1.26). To this end, we recall the definitions (3.1.23) and (3.1.24) and introduce
the operator Ogmc : £°(Z) — £°°(Z) that acts as

A
Oume(0) = k11 =5 + BoTo, (3.2.30)
By
which depends on the sequences (3.1.25) and the curvature coefficient kg > 0.
The result below shows that ©4.,c can be tailored to agree with ©¢, up to terms
that are cubic in the first-differences

00], = 0,1 — 6.

We will see in §3.6 that such terms decay at a rate of O(t~3/2), which in theory
is sufficiently fast to be absorbed by our error terms. However, due to the loss of
the comparison principle we did not attempt to compare the actual solutions to the
respective LDEs as was possible in [52, Prop. 8.2].

Proposition 3.2.8 (see §3.6). Assume that (Hg), (H®), (H0), (HS):, (HS)2 all
hold. Assume furthermore that kg = —[02\u]w=0/2. Then there exists a unique set
of coefficients (A, Br)Y__ that satisfy the identities (3.1.25) and allow us to find a

constant K > 0 for which
18cn(6) ~ Otme ()] < K 1|00 (3.2:31)

holds for all sequences § € (>°(Z) with ||00]|, < 1. On the other hand, such coeffi-
cients do not exist if (3.1.27) is violated.
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Our main result below makes the asymptotic connection between v and solutions
0 to (3.2.28) fully precise. This allows us to gain detailed control over the long-term
dynamics of the phase ~(¢), which can be used to provide stability results outside the
‘local’ regimes treated in [43] and [44].

Theorem 3.2.9 (see §3.8). Assume that (Hg), (H®), (H0), (HS)1, (HS)2 all hold and
let u be a solution of (3.2.4) with the initial condition (3.2.5). Then for every e > 0,
there exists a constant 7. > 0 so that for any T > 7, the solution 0 of LDE (3.2.28)
with the initial value 6(0) = y(7) satisfies

[v(t) = 0(t = )[4 <, t>T. (3.2.32)

Our final result should be seen as an example of an asymptotic analysis that is
made possible by the phase tracking (3.2.32). In particular, we show that the planar
travelling wave (3.2.6) is stable with asymptotic phase under localized perturbations
from a front-like background state that is periodic in I, see Figure 3.4. Indeed, such
an assumption provides sufficient control on the solution 6 to (3.2.28) to establish the
uniform convergence 6; — c.t + p. We emphasize that the case P = 1 encompasses
the stability results from [43] and [44]. The key point is that an asymptotic global
phaseshift p # 0 for the case P > 2 can be seen as an ‘infinite-energy’ shift of the
underlying planar wave. In such cases the quadratic terms in (3.2.28) can no longer
be absorbed into higher-order residuals as in [43] and [44].

Theorem 3.2.10 (see §3.8). Assume that (Hg), (H®), (HO), (HS)1, (HS)2 all hold
and let u be a solution of (3.2.4) with the initial condition (3.2.5). Suppose further-
more that there exists a sequence u%P°r € (°°(Z2) so that the following two properties
hold.

(a) We have the limit

0 _ , Ojper

Upp — Uy g

=0, as |n|+|l| = oc. (3.2.33)

(b) There exists an integer P > 1 so that

O;per __ O;per 2
Uy T2 p = Uy for all (n,1) € Z5.

Then there exists a constant p € R for which we have the limit

lm sup |upi(t) — Pu(n —cut — )| =0. (3.2.34)
=00 (1) ez?
3.2.4 Numerical results

Our goal here is to numerically investigate the condition (HS)s. In order to compen-
sate for the fact that f is locally quadratic around 0, we calculated the values

fO'L,O'U (w)
M(U}UUU) = sup o 2)
0<|w|<m w
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Figure 3.5: These plots represent the outcome of our numerical computations for
the values M(,, o,), where we used g(u; a) = 6u(u—1)(u—a) with a = 0.45. For each
fixed o, (horizontal) we computed these values for each integer 1 < o, < o, that has
ged(op, 00) = 1, using the color code to represent the fraction o, /op. On the left we
see the formation of horizontal bands of the same color, suggesting the possibility to
take limits along convergent subsequences (01(,")/ O';(Ln))n>0; see also Figure 3.6. The
o2-scaling on the right shows that our condition requiring M, 0,y to be negative
can be confirmed in a robust fashion.
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Figure 3.6: These plots track the values of M(,, .,) along several subsequences of
fractions o, /o, that converge to 4/5 (left) or zero (right). In all cases the limits are
strictly above the values M5 4y (left) and Mq o) (right) corresponding to the limiting
angles, supporting the inequality (3.2.36).

k 1 2 3 4 ) 6 7 819 10
ay, 0089 | 0.195 | 0.068 | 0.966 | 0 | -0.143 | O | O | 0.05
a—_g || 0] 0.912 | 0.0925 | 0.179 | 1.005 | 0 | -0.199 | O | O | 0.03

Table 3.1: Numerically computed values for the coefficients (ax) defined in (3.2.19)
for the propagation direction (o, 0,) = (2,5), with the nonlinearity g(u; a) = 6u(u—
1)(u — 0.45). We computed these coefficients for a large range of angles and used
them to calculate the values M(,, -,) depicted in Figures 3.5-3.6.
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for a large range of parameters (o4, 0,) € Z2.
As a first step, we numerically solved the coupled set of equations

=@ (€) = ®u(E + o) + (€ — 0n) + Pu(E+ 04) + (€ — 0) — 4D (€)
+ g(®.(9)),

c*wi(ﬁ) = w*(E + Uh) + w*(ﬁ - Uh) + e (§+0y) + ¢*(f - Uu) - 4%(5)
+ g/ (®4(6)) ¥ (6)

on a domain [—L, L] for some large L > 1, using the boundary conditions

(I)*(fL) =0, @*(L) =1, ¢*(iL) =0.

Due to the fact that the solutions are shift-invariant, we also fixed ®(0) = % and
¥(0) = 1. In order to overcome the issue that L needs to be very large when o} or

o, is large, we used the representation

o, =1\/0} + 02, (oh,0p) = 04(cos (x,sin ()

to introduce the rescaled functions

These must satisfy the equivalent system of equations
— L @(€) = B(E+ cosC) + D€ — cos )+ B(E+sin¢) + (€ —sin(.)

" g(é(f)) (3.2.35)

() = B(E + 08 C) + (€ — 08 C) + D(E +sinC.) + D€ —sin.)
+9'(2(9))$(0),

which allowed us to keep L fixed and use a continuation approach to vary the
angle (.

We discretized the domain by dividing the segment [—L, L] into Ny, parts of size
A¢ for some integer Ny > 1 and step size A€ < 1, discretizing the first derivatives
in (3.2.35) by the fourth-order central difference scheme. We proceeded by using a
nonlinear system solver to obtain the speed ¢ and the values (®(&,),%(&,)) in the
nodes &, = —L +nA¢, for n =0,... Ni. We subsequently used these values to solve
the systems (3.2.14) and compute the coefficients needed to construct the function
f(on,0,) defined in (3.2.20). As an example, in Table 3.1 we present the values of
(ay) for the angle of propagation (2,5), noting that both positive and negative values
occur.

Our full results are visualized in Figures 3.5 and 3.6. In all cases the value M(,, 5,
was negative, hence validating (HS)2. In addition, we observed that if we pick a
sequence of angles (o}, o) for which we have the convergence

: n n __ _% *
lim o] /oy =05 /0}
n—oo
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for some pair (o}, 0%) € 72 not contained in this sequence, then

lgr_ligf M(O-;Z-’G-I'L) > M(U;,J;)- (3236)
This behaviour closely resembles the crystallographic pinning phenomenon discussed
in [46, 65|, where the role of M is played by the direction-dependent boundary of the
parameters a where the wave is pinned (¢, = 0).

3.3 Omega limit points

Both the construction of the phase 7 as well as the proof of Proposition 3.2.7 rely
heavily on the properties of so-called w-limit points. Intuitively, these track the long-
time behaviour of u after correcting for the velocity of the planar wave. To be more
precise, let us consider a sequence in Z% x R that is taken from the subset

S = {(Nkey ey ti) k>0 : 0 < t1 <ty < -+ — 00, |ng — cty| < M for some M > 0}.
(3.3.1)
For any solution u € C* ([0, 00), £>°(Z%)), our goal is to analyze the limiting behaviour
of the shifted solutions w4, i+1, (t+%x). In the special case that u is the exact planar
wave solution
Up 1 (1) = Pu(n — cit),

the fact that the sequence ny — c.tx is bounded allows us to find a constant 8y € R
for which the convergence

Unpng 41y (8 1) = Pu(n 4+ ngp — et — city) = Pu(n — cit + 0p) (3.3.2)

holds on some subsequence. The limiting function is hence equal to our planar wave,
albeit with a perturbed phase 6.

Our main result here states that the convergence result (3.3.2) continues to hold
for a much larger set of solutions of the discrete Allen-Cahn equation (3.2.4). This
generalizes our earlier results in [52] where we only considered horizontal directions.
Although some minor technical obstacles need to be resolved, the main principles
are comparable. In fact, we actually sharpened the setup slightly by avoiding the
superfluous usage of the floor and ceiling functions in [52, Prop. 3.1]. This allows for
a more efficient and readable analysis here and in the sequel.

Proposition 3.3.1. Suppose that (Hg), (H®) and (HO) hold and let u be a solution
of (3.2.4) with the initial condition (3.2.5). Then for any sequence (ng,ly,tx)k>0 € S
there exists a subsequence (n;,,li,,ti, k>0 and a shift 6y € R such that

Untn, i+l (E+ti,) = Pu(n —ct +09) in Cioc(Z2 x R).

The proof follows directly by combining the two main ingredients that we state
below. First, in Proposition 3.3.2, we use Arzela-Ascoli to construct a solution w €
C! (R;€>°(Z2%)) to the discrete Allen-Cahn equation (3.2.4) on ZZ x R as a limit
of the sequence Upin, 1+, (t + t). Furthermore, we show that this solution w lies
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between two travelling waves. Proposition 3.3.3 subsequently states that this latter
property is sufficient to guarantee that w is a travelling wave itself. This transfers the
comparable ‘Liouville-type’ result in [13] from the continuous to the discrete setting.
We note that analogous statements for monostable lattice equations can be found
in [38].

Proposition 3.3.2. Consider the setting of Proposition 3.3.1 and pick a sequence
(i, Uiyt ) k>0 € S. Then there exists a subsequence (0, , L, ti, )k>0 and a function
w € CH(R; £°°(Z2)) that satisfy the following claims.

(i) We have the convergence

Untng, I+, (t + tik) — wn,l(ﬂ n Oloc(Zi X R)

(ii) The function w satisfies the discrete Allen-Cahn equation (3.2.4) on Z2 x R.
(i1i) There exists a constant 0 € R such that

Du(n—cut —0) <wp (t) < Pu(n—cut +0), forall (n,l) €Z%. (3.3.3)

Proposition 3.3.3. Assume that (Hg) and (H®) are satisfied and consider a function
w € C* (R;£>(Z%)) that satisfies the Allen-Cahn LDE (3.2.4) for allt € R. Assume
furthermore that there exists a constant 6 for which the bounds

D.(n—cit —0) <wpy(t) < Du(n—cut+6) (3.3.4)
hold for all (n,l) € Z2% and t € R. Then there exists a constant 0y € [—0,0] so that
Wni(t) = ®u(n — et +6p), for all (n,1) € Z%, t € R.
Proof of Proposition 3.3.1. The claim follows directly from Propositions 3.3.2 and
3.3.3. 0

3.3.1 Construction of w

Our first result provides preliminary upper and lower bounds for the solution u. It
is based upon a standard comparison principle argument that can be traced back to
Fife and Mcleod [34].

Lemma 3.3.4. Assume that (Hg), (H®) and (HO) are satisfied. Then there exists a
time T > 0 together with constants

q16(07a)a QZG(Oal_a)a aleRa 026R7 ,u>0a C>0
so that the solution u to (3.2.4) with the initial condition (3.2.5) satisfies the estimates
una(t) < @, (n 40— (t—T)+Cq (1— e*W*T))) Fqe D > T
(3.3.5)

Un,i(t) > D, (n — Oy —c.(t—T) — C’qz(l — efﬂ(th))) — qgef“(th), Vvt >T.
(3.3.6)
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Proof. The result can be shown by following the procedure outlined in the proof of
Lemma 3.5 in [52], using the inequality

2K
a—d

to replace (3.14) in [52] and modifying the definition (3.16) in [52] to read

alci| — 2(coshopc — 1) — 2(cosho,c — 1) >

W (t) =d+ Mele=l(ntat)
a

Proof of Proposition 3.3.2. Fix an integer T' € N and denote by My the number of
points in Z2 that are also contained in the square [—T,T)? i.e.

Mp =#{(n,l) € Z3 N [-T,T)*}.

Consider the functions
u* € C ([=T, T]; RMr>Mr)

that are defined by

uﬁ,l(t) = Unnp, I+l (t + tk)

for all sufficiently large k. From Lemma 3.3.4 it follows that the solution u and con-
sequently the functions u* are globally bounded, which in view of (3.2.4) implies that
the same holds for the derivative %. The sequence u* hence satisfies the conditions
of the Arzela-Ascoli theorem and is thus relatively compact in C' ([fT, T]; RMTXMT).
Applying (3.2.4) and using a standard diagonalisation argument, we obtain a subse-
quence u'* and a function w : R — ¢>°(Z%) for which the convergence

sup uy(t) — wn ()] + ik () — n i (t)] — 0
(n,l,t)eK ’ ’

holds for every compact K C Z2 x R. This yields items (i) and (i), while item (iii)
follows from Lemma 3.3.4. a

3.3.2 Trapped entire solutions

The main aim of this subsection is to establish Proposition 3.3.3, which states that
every entire solution of the discrete Allen-Cahn equation on Z2 x R trapped between
two travelling waves is a travelling wave itself. At the heart of the proof lies a version of
the maximum principle for LDEs which we provide below in Lemmas 3.3.5 and 3.3.6.
As a preparation, we define the quantities

Ooo := max{|opl, |0}, My = Ooo — 1.
Lemma 3.3.5. Pick k € R and let E,, C Z% x R be defined as
E,={(nlt)€Z% xR:n—c.t>r}. (3.3.7)

Pick B € R and € > 0 and assume that the function z € C*(R,(>°(Z%)) satisfies the
conditions
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(i) zn1(t) >0 for all (n,l,t) € E;

(11) zpi(t) > € for all (n,1,t) € E, with n — ¢t € [k, k + m.,];
(#3) Zn1(t) — (A% 2)n,1(£) + Bzp(t) > 0 for all (n,l,t) € E,.
Then, in fact zy, 1 (t) > 0 for all (n,1,t) € E,.

Proof. Assume to the contrary that there exists (ng, lo,to) € Ex for which the equality
Zno,lo (to) = 0 holds. Since the function z attains its minimum at this interior point, we
know that 2, 1,(to) = 0. In addition, assumption (73) ensures that (A*z),, i, (t0) > 0.
On the other hand, assumption (%) gives

0< 'éno,lo(to) - (sz)no,lo(to) + ano,lu (to) = _(sz)ﬂmlo (to) <0.

Therefore, the equality (A% z),, i, (to) = 0 must hold. In particular, we have

Zng—onl-o, (t0) = Znoton.ito, (80) = Zng—o, 140y (t0) = Zng+o,.i—ay (to) = 0.

We note that the inclusion
Ny — 0o € [K, K+ My

would immediately contradict property (i7). On the other hand, if
Ng— Ooo > K+my+1

we can repeat this procedure with ng — o4, until the desired contradiction is reached.
O

Lemma 3.3.6. Pick k € R and let F,, C Z2 x R be defined as
F.={(n,l,t) €Z3 xR:n—c,t <k}. (3.3.8)

Pick B € R and € > 0 and assume that the function z € C*(R,(>°(Z2)) satisfies the
conditions

(1) zn(t) >0 for (n,l,t) € Fi;
(i1) zpi(t) > € for all (n,l,t) € Fy; with n — cit € [k — M, K;
(111) Zp1(t) — (A*2)p1(t) + Bz (t) > 0 for all (n,l,t) € F.
Then, in fact z, ;(t) > 0 on F.
Proof. The proof is almost identical to that of Lemma 3.3.5. O

Lemma 3.3.7. Consider the setting of Proposition 3.3.3 and pick a sufficiently small
§ > 0. Choose a pair (N, L) € Z2 together with a constant p € R. Suppose for some
K € Z that the function

0P () = wngnNgn (E+ N/ew + p/les) (3.3.9)

n,l

satisfies the inequality
v () < waa(t) (3.3.10)

whenever n — ¢t € [k, k +my]. Then the following claims holds true.
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(i) If wy i (t

) > 1 — 0§ whenever n — cit > K, then in fact (3.3.10) holds for all
n—cyt > kK

(i) If v, ,(t) < & whenever n — cit < K + M., then in fact (3.3.10) holds for all
n — cxt < K+ My.

Proof. We follow the outline of the proof from [52, §4], which can be seen as a spatially
discrete version of [13, §3] where continuous travelling waves were considered. We
only establish (i), since (4i) can be obtained in a similar fashion using the set F; from
Lemma 3.3.6 instead of the set F, from Lemma 3.3.5.

Due to the global bounds on the functions w and v”, the quantity

=inf{e>0:v"<w+ein E.}
is finite and by continuity we have
vw <w-+€e* in E,. (3.3.11)

To prove the claim we must show that ¢* = 0.
Assuming to the contrary that ¢* > 0, we find sequences (ng,l,tx) € E, and
€x /" €* such that

W L (tk) +ep < ’Un L (tk) < Wng le (tk) +€*. (3312)

The right inequality above together with the bounds (3.3.4) implies that the sequence
ng — Cilg is bounded. Applying a similar construction to that in the proof of Corol-
lary 3.3.2, we obtain a function w™ € C* (R;¢>°(Z2)) for which we have the limits

A wnpy i (4 1) = wi (1),
- (3.3.13)
Jim ol () = W (6 Neat p/es).

We define the function z € C* (R, £>°(Z%)) by
Zn,l(t) = W;fl(t) - WZOJrN,lJrL(t) + €
and claim that z satisfies conditions (%)-(iii) of Lemma 3.3.5 on the set
Eo={(n,0,t) €Z} xR:n—c,t>0}.

To see this, we first note that n + ny — c«t — ¢t > & holds by construction on the
set Ey. Since the inequality (3.3.11) survives the limit (3.3.13), we have z,,(t) > 0
on Ey, verifying (7). Turning to (i), we note that the inequality (3.3.10) implies that

Zn1(t) > € >0, for n — c.t € [0,my].

To establish (i), we pick § > 0 in such a way that the function g is non-increasing
on the interval [1 — 4, 1]. Recalling that w™ € [1 — §,1] on Ey and that g is locally
Lipschitz, we obtain the bound

Zna(t) — (A% 2)p(t) = (n ) = g(wpSnisr(t)

+ ) —g(wS N ()



Large time behaviour of u 103

for any (n,l,t) € Ey. We may hence apply Lemma 3.3.5 and conclude that z > 0 on
Ey. However, the inequalities (3.3.12) imply that 2o ¢(0) = 0, which is a contradiction.
Therefore ¢* = 0 must hold, as desired. O

Lemma 3.3.8. Consider the setting of Propostion 3.8.3, fix an arbitrary pair (N, L) €
72 and recall the functions v° defined in (3.3.9). Then the quantity

Px ::inf{peR:vﬁgw in 72 foorallﬁz,o}
satisfies p. < 0.

Proof. One can obtain this result by following the outline presented in the proof of [52,
Lemma 4.4]. Instead of [52, Lemma 4.3], one now needs to employ Lemma 3.3.7. O

Proof of Proposition 3.3.3. From Lemma 3.3.8, it follows that
Wni(t) > wnynisr(t+NJe,) onZ2 xR,

Since the pair (N, L) € Z?% is arbitrary, we can conclude that the function w depends
only on the difference n — c,t. In particular, there exists a function ¢ such that
wn,i(t) = ¢(n — cit). The result now follows directly from the fact that solutions to
the travelling wave problem (3.2.7)-(3.2.8) for ¢, # 0 are unique up to translation;
see [67]. d

3.4 Large time behaviour of u

In this section we establish Proposition 3.2.7 by studying the qualitative large time
behaviour of the solution w within the interfacial region

Li={(n0)€Z2 : @, (—02 — 1) <upy(t) < @, (62 +1)},

which represents the points at which a solution v is close to ®,(0) = 1/2. The
boundary values ®,(—c2 — 1) and ®. (02 + 1) were carefully chosen to ensure that I
is nonempty for large t, which we show in Proposition 3.4.1. In addition, we show
that for a fixed pair (I,¢) the map n + wu, (t) is monotone within I;, in the sense
that the differences ;4,2 ;(t) — un,(t) are bounded from below uniformly in time.

In addition to the monotonicity within I;, the map n +— w, (t) cannot exit
throughout the lower boundary once it enters the interfacial region from below. Sim-
ilarly, it cannot reenter the interval once it has left through the upper boundary.
All together, these results provide sufficient control in the crucial region away from
the stable equilibria zero and one to uniquely define the phase + by the procedure
described in §3.2.2.

The results of this section are a generalization of the results presented in [52, §5],
requiring us to take into account several technical differences that arise due to the
additional complexities of working with Z2 rather than Z2. Moreover, our construc-
tion of the phase 7(t) here is more refined than the setup in [52], which also causes
several modifications to the proofs.
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Proposition 3.4.1. Consider the setting of Proposition 3.2.7. Then there exists
T > 0 such that the following claims hold true.

(i) For each t > T andl € Z there exists n. = n.(l,t) € Z for which

(=02 —1) < up, (t) < = (3.4.1)

N | =

(ii) We have the inequality

inf t) — up(t) > 0.
tZT,l(IrlL,z)eI,, Uno21 (8) = uni(t) > (3.4.2)

(iii) Consider any t > T and (n,l) € Z% for which uy(t) < ®.(—02 — 1) holds.
Then we also have u,_,2 (t) < @ (—02 —1).

(iv) Consider anyt > T and (n,l) € Z% for which u, (t) > ®.(0? +1) holds. Then
we also have uy 2 (t) > Py (0F +1).

Proof of Proposition 3.2.6. The statement follows directly from item (i) of Proposi-
tion 3.4.1. O

In the following proposition we provide an asymptotic flatness result for the phase
~. This feature is a crucial property that allows us to construct the super- and sub-
solutions that we use in the proof of Theorem 3.2.9 and consequently Theorem 3.2.10.

Proposition 3.4.2. Consider the setting of the Proposition 3.4.1 and recall the phase
v : [T, 00) — £>°(Z) defined in (3.2.26). Then we have the limit

lim sup |41 () — v (t)| = 0.
€z

t—o0

3.4.1 Phase construction

In this subsection we prove Proposition 3.4.1, mainly by relying on the convergence
results from Proposition 3.3.1. As a preparation, we define the set

I(T,R) := {(n,1,t) € Z2 x [T,0) : |n — c,t| < R}

for any pair of positive constants T' and R and we also remind the reader of the set
of sequences S defined in (3.3.1).

Lemma 3.4.3. Consider the setting of Proposition 3.4.1 and pick a constant R > 0.
Then there exists a constant T > 0 such that

inf o (8) — (1) > 0.
(n,l,t)ng(T7R)u + 371( ) u ,l()

Proof. Assume to the contrary that there exists a constant R > 0 such that

inf 1) — () < 4.
L Upyo2,1(t) — uni(t) <0 (3.4.3)
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holds for every T' > 0. That implies that we can find a sequence (nk,lk,tk)kzo €S
such that

Un 4021 (te) = Uny 1, (tr) < (3.4.4)

E.
By virtue of Proposition 3.3.1, we can find §; € R and pass to a subsequence for
which we have the convergence

Unpng ity (1) = @u(n — et + 0p) in Cloe(Z2% x R).
Therefore, letting & — oo in (3.4.4) leads to
D, (02 4 0y) — .(6p) <0, (3.4.5)
which contradicts the monotonicity of the function ®,. O

Proof of Proposition 3.4.1. We first establish (iv). Arguing by contradiction, assume
that there exists a sequence (ng, lg, tx) x>0, 0 < t1 < ta < ... = oo such that

Uny 1y (Ti) > q)*(af +1) and  up, 402, (te) < <I>*(af +1). (3.4.6)

The bounds in Lemma 3.3.4 imply that the sequence ny — c,ti is bounded by some
constant . We can now apply Lemma 3.4.3 to conclude uy,, 2 1, (tx) —Un, 1, (tx) > 0,
which contradicts (3.4.6) due to the strict monotonicity of the function ®@,. Items (i)
and (74) follow in a similar way.

To prove item (i), we choose a T that satisfies (i), (iii) and (iv) and pick ¢t > T
together with (n,l) € I;. Upon further increasing T', Lemma 3.3.4 implies that n — c.t
is bounded by some constant R > 0 that only depends on T'. Therefore, we have shown
that

{(n,1,t) : t >T,(n,l) € ,} CI(T, R).

The desired bound now follows directly from Lemma 3.4.3. O

Lemma 3.4.4. Consider the setting of Proposition 3.4.1 and recall the phase ~y :
[T,00) = £°(Z) defined in (3.2.26). Then there exists T, > T such that the difference
nx (1, 1) — cut s uniformly bounded for t > T, and ! € Z . In particular, we can find a
constant M > 0 so that

[7(t) = cutlloe < M, t>T..
Proof. The proof is analogous to that of Lemma 5.4 in [52]. 0

Proof of Proposition 3.2.7. Arguing by contradiction once more, let us assume that
there exists § > 0 together with sequences (ng,lx) € ZQX and T <t; <ty <--+— 00
for which

[Ag] = [tng g (tk) — o (i — . ()| 2 6. (3.4.7)

Analogously as in the proof of [52, Thm. 2.2|, one can show that n; — c.ty is a
bounded sequence. In addition, from Lemma 3.4.4 we also know that n (I, tg) — cutp
is bounded. Therefore, the sequence n, (I, tx) — ng is also bounded, allowing us to
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identify it with a constant m € Z. Applying Proposition 3.3.1 we find 6, € R such
that the limit
Updny,, 1+, (t-l—tk) — é*(n—c*t—i—ﬁo) (348)

holds for all (n,l,t) € Z2 x R, after passing to a further subsequence. Recalling the
definition (3.2.26), this leads to

D, (ng — v, (k) = Pu (e — 1 (i, te) — 9 (liy i)
= (P*( —m — ﬁ*(lk,tk))

Due to (3.4.8) and definition (3.2.25) of ¥,(l,t) we obtain the convergence

qu)*_l((l)*(m + 90))

PR e — -
U T0) = = TG+ o2 1 0)) — B2 (. (m 1 00))

:7m700

as k — oo, which in turn implies that

(P* (nk — Vg (tk)) — @*(00)

We hence find that
Ak — @*(90) — (I)*(Ho) =0

as k — oo, which clearly contradicts (3.4.7). O

3.4.2 Phase asymptotics

In this subsection we establish the asymptotic flatness result for the phase ~(¢) that
was stated in Proposition 3.4.2. A key ingredient is that the first differences of the
function [ — n.(l,t) can be uniformly bounded for large ¢.

Lemma 3.4.5. Consider the setting of Proposition 3.4.1. Then there exists a constant
T > T so that for everyt > T andl € Z we have

(L4 1,8) = (1, 0)] < 2.

Proof. Assume to the contrary that there exist three sequences (ny, fig, i) k>0 C 73,
(tr)k>0 C (0,00) with T' < t; <ty < ... = oo for which

|nk — ﬁk| > O’f (3.4.9)
and
U,y (tk) < 1/2’ u'ﬁkylk+1(tk) < 1/2a (3 4 10)
Unp+02,l) (tk) > 1/2’ uﬁk+037lk+1(tk) > 1/2'

Since both sequences n. (I + 1,tx) — citr and n.(lg, tx) — ctx are bounded, we can
assume that their difference is constant and equal to m € Z, i.e.

m = ng — Nk.
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With this notation we can apply Proposition 3.3.1 to find a constant 6y € R for which

Uny, 1, (ti) = @ (60), Uty lo+1 (k) = Pu(m + 6p),
Uny+02,1 (tk) - (I)*(GO + 03)7 um+ﬂf+nkylk+1(tk) - (I)*(m + 6o + 0—3)

Combining these limits with the inequalities (3.4.10) we find that 6y necessarily sat-
isfies
—07<6,<0, —oZ<m+0,<0.

This in turn implies that |m| < o2, contradicting the strict inequality in (3.4.9).
a

Proof of Proposition 3.4.2. Assume to the contrary that there exists § > 0 together
with subsequences (Iy)r>0 C Z and T < t; < t2 < --- — oo for which

6 < a1 () — v, () (3.4.11)
Lemma 3.4.5 assures us that it is possible to pass to a subsequence that has
Ny (e + 1,t5) = na(li, tr) +m,
for some integer m € [0, 02]. Recalling the definition (3.2.25) for 9. (I,t), we find
Vi1 (&) = v, (6) = m + 0 (I + 1, t5) — Vu(li, tr)- (3.4.12)

We now employ Proposition 3.3.1 to find 6, € R such that for all (n,l,t) € Z2 x R
we have
Untng i+, (EF k) = Du(n —cut +60p), as k — oo,

which further implies that
Fs (Ui, t) — —bo, Gl + 1, t,) = —m — g
Taking the limit in (3.4.12) we obtain
d<|m—=6y—m+6y| =0,

which is a clear contradiction. Od

3.5 Linearized phase evolution

In this section we consider the lattice differential equation

N
hi(t) = > ak[hugu, (t) = ()], t>0 (3.5.1)
k=—N
with the initial condition
h(0) = h® € £>(Z). (3.5.2)

In order to highlight the general applicability of our results, we step back here from
the specific framework associated to (3.2.28). Instead, we impose the following general
assumption on the coefficients a = (ax)Y__ 5 C R and the shifts g = (ug)d__ 5 C Z.
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(ha) The function f : [—7, 7] — R defined by

N

flw):= Z ay(cos(upw) — 1) (3.5.3)

k=—N

is strictly negative on [—m,7]\{0}. Futhermore, the constant A € R defined by

A= > appi =—f"(0) (3.5.4)

satisfies A > 0.

Let us first observe that the assumption (ha) implies that we can find m > 0 and
x> 0 such that

flw) < —%w2 for w € [—k, K], (3.5.5)
flw) <—m for w € [—m, —k] U [k, 7]. . (3.5.6)

For any n € Ny we inductively define the (n)-th discrete derivative (™) : £>°(Z) —
£>(Z) by writing

[0OT); =T,  [0WT]; =Ty — T
together with
1), = [a“) (a“”l)r))}j (3.5.7)
for n > 1. The first goal of this section is to establish decay estimates of the form
10T h(t)]|e~ ~ O %) (3.5.8)

for the solution h(t) of the system (3.5.1)-(3.5.2). These rates are consistent with the
estimates for solutions of the continuous heat equation h; = h;, which can be readily
obtained by taking x-derivatives of the explicit representation

1 _(e—yp)?
hant) = —= /R =S by, 0)dy. (3.5.9)

Our goal is to find a solution formula for (3.5.1) equivalent to (3.5.9), in the sense
that it takes the form of the convolution between the fundamental solution with the
initial condition. By finding such a representation, we can transfer discrete derivatives
onto the fundamental solution to establish (3.5.8). Note that related estimates for
the fully discrete equivalent of (3.5.1) were obtained in [28, 77].

Theorem 3.5.1 (see §3.5.1). Assume that condition (ha) holds and pick n € Ny.
Then there exists a constant C = C(n) so that for any h® € (>°(Z), the n-th discrete
derivative of the solution h € C ([0,00);£°°(Z)) to the initial value problem (3.5.1)-
(3.5.2) satisfies the bound

[one)|| < cmin{|jomn|| 0l t7% )}

YAS)
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The second main result of this section concerns lower and upper bounds for the
solution h(t) that are sharper than the ¢*°-bounds in Theorem 3.5.1. In particular,
we show that if the initial condition h° is bounded away from 0, then the solution h(t)
is positive for large time ¢ > 1. Moreover, under the additional assumption that the
first differences of h? are flat enough we obtain the same conclusion for all time ¢ > 0.
The key issue is that some of the coefficients (ax) are allowed to be negative, which
causes the usual comparison principle to fail. Indeed, it can (and does) happen that
a solution h(t) admits negative values for a short time even if the initial condition is
strictly positive.

Proposition 3.5.2 (see §3.5.1). Consider the setting of Theorem 3.5.1 and pick
€ > 0. Then there exists a time T =T(¢) > 0 and C = C(T\, ) such that for allt > T
the following properties hold.

(i) For any hY € £°°(Z) that has hY >0 for all k € Z, we have the bounds

keZ, te[0,7], (3.5.10)

hy(t) > Juelgh(; — C’||5h0||ew 7

hi(t) 2}22h2—6’|h0|’2m, kez,  t>T. (3.5.11)

(ii) For any h° € £>°(Z) that has hY) <0 for all k € Z, we have the bounds
hi(t) < suph + C ||0h°]|,.. , keZ, telo,T], (3.5.12)
JEZ

hi(t) < sup B + €| |ho|| o , ke, t>T. (3.5.13)
JEZ

3.5.1 Strategy

In order to find an explicit formula for the solution h of the initial problem (3.5.1)-
(3.5.2), we note that a spatial Fourier transform leads to the decoupled sets of ODEs

N

d - , .
— QbW
dth(w,t) k:E_Nak(e — 1)h(w,t)

for w € [—m, 7). Introducing the function

N
p(w) = Z ag sin (ppw), (3.5.14)
k=—N

we hence obtain the convolution formula

hi(t) = hgMi_y(t), (3.5.15)
keZ

where the fundamental solution M (t) is defined by

1 [ . )
Mi(t) = o / ellwetf(Wtitp(w) g, (3.5.16)
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Notice that assumption (ha) ensures that [|[M(t)|[,. < 1 for every t > 0. The
following result provides decay estimates for 9™ M(t) in #7(Z), which can be used to
establish the bounds in Theorem 3.5.1.

Proposition 3.5.3. Assume that condition (ha) holds and pick n € Ny and p €
[1,00]. Then there exists a positive constant C = C(n,p) such that

Ha(”)M(t)H < Cmin {1,421/ /G0 L
w
Proof of Theorem 3.5.1. In view of the convolution formula (3.5.15), we have

o). < . o]

o’
Employing Proposition 3.5.3 with p = 1 we obtain a constant C = C'(n) for which

n

[o™nw)| < Clp]] ¥

A S

On the other hand, by transferring the n-th difference operators to the sequence h°,
we can write

Jonc. = o, = o] oo

o

Another application of Proposition 3.5.3 with p = 1 with n = 0 now leads to the
desired bound. O

We establish Proposition 3.5.3 by applying an interpolation argument to the cor-
responding estimates in ¢1(Z) and ¢*°(Z). To show the latter, we take advantage of
the inequality .

10114 < §|\9||L1(—mr),
which holds for all § € ¢2(Z). On the other hand, obtaining ¢!(Z)-estimates is a
challenging process, since we can not directly extract them from the Fourier repre-
sentation. Instead, we divide the sum into two parts, based on the size of the term
[I/t + a - u|. We note that the constant —a - u = —p’(0) is often referred to as the
group velocity. It tracks the speed of the ‘center’ of M and - in context of §3.2 - is
closely related to [0,Aw]w=0 and [O,cy]p—o-

Lemma 3.5.4 (see §3.5.3). Assume that (ha) is satisfied and pick n € No. Then
there exists C = C(n) > 0 so that the n-th difference of the sequence M(t) satisfies
the bound

10" M ()] < cmin{l,t—”T“} . (3.5.17)

Lemma 3.5.5 (see §3.5.3). Consider the setting of Theorem 8.5.1. Then there exist
positive constants K = K(n) and C = C(n) such that

ST ML+ U] < Ce (3.5.18)

|t/ t+a-pu|>K
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Lemma 3.5.6 (see §3.5.4). Consider the setting of Theorem 3.5.1 and pick K > 0.
Then there exists C = C(K,n) > 0 such that

> "M@ < Cmin{1,£7%}.
|l/t+a-p| <K

Proof of Proposition 3.5.3. Employing Lemmas 3.5.5 and 3.5.6 in combination with
the fast decay of the exponential, we obtain a constant C' = C'(n) such that

HaWM(t)HEI < Cmin {1,173}, (3.5.19)
Applying the interpolation inequality
1/p 1-1/p
loar],, <[l o],
in combination with (3.5.17) and (3.5.19) we arrive at the desired estimate. O

To prove the lower bounds for solution h(t) that are formulated in Proposi-
tion 3.5.2, we first note that

S Mt)y=1, t=0. (3.5.20)
ez

Indeed, if h° = 1, then by uniqueness we must have h(t) = 1 for all t > 0. Our next
task is to extract more detailed information on the spatial distribution of the ‘mass’
of M. In particular, we show that the bulk of this mass is contained in a region that
is O(v/t) wide. By combining our estimates with (3.5.20), the negative components
of M can be controlled asymptotically.

Lemma 3.5.7 (see §3.5.4). Consider the setting of Theorem 3.5.1 and pick positive
constants k and K. Then there exist a time T = T(k, K.) such that for allt > T we
have
> IM@)<1+k
[0/t +a-p|< B

Lemma 3.5.8 (see §3.5.4). Consider the setting of Theorem 3.5.1 and pick k > 0.
Then there exists a constant K, > 0 so that for all K > K, and t > 1 we have the
bound

S Ml <k

L <Ji/t+apl<K

In our next result we show that the kernel M (t) behaves similarly to the Gaussian
kernel. In particular, for the continuous kernel we have

L[ el
ﬁ/R v oW

To establish the equivalent estimate for the discrete kernel M (t), we have to take
into account that the kernel is not symmetric anymore, but that the center of mass
‘travels’ in time with speed —(a - p)t (see Figure 3.7).
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Figure 3.7: These six graphs represent the time evolution of the Green’s func-
tion M;(t), which we computed numerically by applying (3.5.16) to the coefficients
(ar)rL_1o appearing in Table 3.1. Observe the negative values for M;(t) that are
clearly visible for ¢ = 0.1, together with the leftward movement of the ‘center of
mass’, which travels at the speed —a - u = —0.22.

Lemma 3.5.9 (see §3.5.4). Consider the setting of Theorem 3.5.1. There exists a
constant C' such that for every t > 0 we have

> o) < e

lez
Proof of Proposition 3.5.2. We provide the proof only for (i), noting that item (%)
can be derived analogously. Upon introducing the shorthand

. !
=g +ta-u,
we use Lemmas 3.5.5, 3.5.7 and 3.5.8 to find constants T" and K, so that for all ¢t > T
we have
S IM#)] <14k, > M) < k. (3.5.21)
|z} < 22 |zf|>

Combining these inequalities with (3.5.20) we arrive at the bound

Z Ml(t)zl— Z Ml(t)Z:[— Z ‘Ml(t)| 21—:‘{.

K
lof <A

K K
|z > L2 EHER

Employing Lemma 3.5.7 again, we conclude that

“m< Y M) - M) <o,

K
lof|< &
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from which we obtain the lower bounds

hi(t) =Y Mi(t)hi_y,

LEZL
= D IM@h 4+ D (M) = M) R+ Y M),
A o< 22 ot > 45

> (1 — k)i 0 _
2 (1= #) inf by — 3 lhol

. 0
> inf b — 4k |[hol| s -

The estimate (3.5.11) can now readily be derived by adjusting the constant x chosen
in (3.5.21).
In order to establish (3.5.10) we first compute

hi(t) =Y M = > M(t)hg + Y My(t)(h)_; — hY)

lez le lez
> 1) = |[0R°] o Y MBI
ez

Using Lemma 3.5.9, we can estimate

STIM@I < CVE+ta- pl [IME)]], -

leZ

Lemmas 3.5.5 and 3.5.6 ensure that [|[M(t)||,: is uniformly bounded. We can therefore
find C = C(T) such that max,eo,1) ;7 [Mi(t)[|I] < C, which leads to the desired
bound (3.5.10).

O

3.5.2 Contour deformation

The main difficulty towards proving Lemmas 3.5.5 and 3.5.6 lies in the fact that
[0" M (t)]; depends on the variable [ only through the expression e’“!. By simply
taking the absolute value of the integrand in expressions such as (3.5.16), we therefore
lose all information on the decay coming from the [-variable. In order to overcome
this issue, we pick € € R and denote by I'c rectangle consisting of paths

Y1 = [_ﬂ-a 7T], Y2 = [ﬂ-aﬂ- + ié], Y3 = [7'(' + i67 -7+ ’L'E], Y4 = [_ﬂ- + i67 _ﬂ-}'
Due to the fact that f and g are 2w-periodic in the real variable, we have
/ eilwetf(w)+itp(w) dw — 7/ 6ilwetf(w)+itp(w) dw.
2 Y4
Therefore, we obtain

0:% eilwetf(w)+itp(w) dw:/ eilwetf(w)+itp(w) dw+/ eilwetf(w)+itp(w) dw.
r 71 v

€ 3
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Recalling (3.5.16), this allows us to compute

1 [fmtie ) 1 [ . ) L )
Ml(t) / ezlwetf(w)—i-ztp(w) dw = _/ ezl(w-l—ze)etf(w-i-ze)-i-ztp(w-i-ze) dw.

- % —m+ie ™
(3.5.22)
Writing z = x + 4y with z,y € R, we recall the formulas
cos z = cos x coshy — i sin x sinh y, sin z = sin x cosh y + i cos x sinh y
to obtain
1 ™ .
M(t) = 2—6*51 / ellwetf (W Otitp(w.e) g, (3.5.23)
™ —Tr
where the functions f,p: [-7, 7] x R — R are now defined by
N N
fw, = 3 anleos (w)e ™ 1), plw,e) = > axsin(uw)e e,
k=—N k=—N

extending the definitions (3.5.3) and (3.5.14).

The main strategy is to choose suitable values for € in order to isolate the relevant
decay rates in various (I,t) regimes. Indeed, the representation (3.5.23) does retain
sufficient spatial information for our purposes when applying crude estimates to the
integrands. To appreciate this, we recall that the Fourier symbol of the difference
operator 91 is e’ — 1 and introduce the real-valued expressions

Pi(et,n)=1]1— 6_5\"6_61/ et @) dy, (3.5.24)

Ri(e,t,n) = ef%ne*d/ |w|metf (&9 du. (3.5.25)
The result below shows that their sum can be used to extract the desired bounds on
O™ M (t). In particular, the problem of estimating the £!-norm of the sequence 8™ M (t)

is reduced to finding the corresponding bounds for the ¢!'-norm of the sequences
P(e,t,n) and R(e, t,n).

Lemma 3.5.10. Consider the setting of Theorem 3.5.1. Then for everyl € Z, e € R
and t > 0 we have

n/2

[[0"M ()| < (Pl(e,t,n) + Rl(e,t,n)). (3.5.26)

78

Proof. Taking n-th differences in (3.5.23) we obtain the expression

1 T _ . ,
[8”M(t)]l — 2_efel/ ezwl (efseuu _ 1) etf(w,e)+2tp(u.),e)dw7
m

—T

which leads to the bound

1 i ; n
[[O" M (t)];| < %e*d / lemee™ —1|" e ) du. (3.5.27)

—T
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Next, we compute

le=¢e™ — 1| = ve—2¢ — 2e—cosw + 1

= \/(1 —e=¢)? +2e—¢(1 — cosw).

Employing the standard inequality (a + b)? < 2P~1(aP + bP) for non-negative real
Je|?

numbers a, b and p together with 1 — cosw < 5-, we obtain the bound

|e_€eiw —1" < 251 (|1 —e "+ e_%|w|”) ,
from which (3.5.26) readily follows. O

At times, it is convenient to split the exponents in (3.5.24)-(3.5.25) in a slightly
different fashion. To this end, we introduce two auxiliary functions g : ZxRx (0, c0) —
R and ¢ : R x (0,00) defined by

N
gllet) = —el+t > ag(e "~ 1), (3.5.28)
k=—N
N
qle,w) = Z ax(cos (prw) — 1)eHre, (3.5.29)
k=—N

This allows us to rewrite (3.5.24) and (3.5.25) in the form

Pi(e,t,n) =1 — e_e|"eg(l’5"t)/ etalew) dy, (3.5.30)

—T

Ri(e,t,n) = e~ T e9bet) / |w|m et du. (3.5.31)

—T

Note that g vanishes for e = 0, while ¢ reduces to f. In the reminder of this subsection
we provide several preliminary bounds for ¢ and the integral expressions above.

Lemma 3.5.11. Pick n € Ny, introduce two positive constants

Ci1 =Ci(n) = / ue ™ du, Cy = Co(n) = n™/2e~m/22277/2 (3.5.32)

— 00
and consider the functions

Spop(z,t) = |m|”e*”t"’”2,
together with the sequences

k
t
=—+4b
Ty, tJr

for any b € R. Then the following claims hold.
(i) For anyt >0 and v > 0 we have
ntl

oo
/ Spop(z,t)dr < Clt*”_;lzf z .

— 00
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(i) For anyt > 0 and v > 0 the series Y, sn(x},t) converges and we have the
upper bound

Z Spu(h,t) < Cit™ T v 4+ Cyt 7%, (3.5.33)
kEZ

(i1i) For anyt >0, v >0 and Ky > 0 we have the tail bound

S soulalt) < (2+ %Z)e”“(g. (3.5.34)

|z} |> Ko

Proof. Ttem ((i)) follows directly after substituting u = +/vtxr and observing that
for every n > 0 we have C1(n) < oo. To prove item ((ii)), we first note that the

function = — sy, (x,t) is symmetric around 0, increasing on the interval [0, \/%] and

decreasing on [\/%7 00). Choosing integers N, Ny and M in such a way that

Vn Vn

€ [mg\flv'rg\fl-i-l]a € [x§v27x§\72+1]’ 0e [x§\4a$§\4+1]7
V2t V2t

we can hence write

Ni—1

Z Snop(Tp,t) =

t
X
kez k=—o0 ~k+1

1 ok
+ Z T T / Sn,V(QUTlfm t) dx

k=N 42 Tk T Th-1 Jap

1 x§c+1 ‘
—t/ Snop(xy,t) de
xr

71;’6 z

1 f”fc+1
+ Z ﬁ/ s,w(xz,t) dx
E b —at ),

t
k

0o 1 w;‘c .
+ E W snvy(xk,t) dx
k=Np+2 "k~ Tk=1Jai_,

+ S”,V(xg\fl ’ t) + S7L7V(x§\/'1 +1» t) + STLV(Z‘IJSVQ’ t) + 3717V(x3\72+17 t)'

Noting that z}_ , — 2} = 1/t and recalling ((7)), we find

Ty
an,u(xknt) S t/

keZ o0

oo

' Spo(z,t)de + t/ S (T, t) dx + 48, . (vV/n/V20t)

k=x?,
N2

n

n—1 n+1 n
<Ot T TR 4 ot R

This proves (3.5.33), as desired.
For ((iii)), we first choose integers N7 and Ny in such a way that

—KO € [xs\hvxg\fl-i-l]? KO € [x§V2—17x§V2]'
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Using the fact that © — sq ., (z,t) is even and decreasing on [0, 00), we compute

N oo

Z 5071/(33270 < SO,y(xg\/l) + 80,,}(335\,2) + Qt/ 67Vtx2 dx
|‘T}QIZKO Ko

t o0
< 2s0,,(Ko) + 2£/ e du.
VU pik,

The desired estimate now follows from the Chernoff bound, which states that erfc(z) <
e=*" holds for all z > 0 (see [19, 21]). O

Lemma 3.5.12. Consider the setting of Theorem 3.5.1 and pick 0 < § < % Then
there exist positive constants €, m and & such that the following statements hold.

(1) For all € € [—€, €| we have

qe,w) < — (% - 6) w?, w € [-F, ], (3.5.35)

q(e,w) < —mm, w € [—7m,—R|U[R, 7. (3.5.36)

(i) Pick n € Ny and recall the constant C1 = Cy(n) from (3.5.32). Then the
estimate

—mt

_n41
™ _ P n+1
/ |W|"etq(6’“’)dw < Cit~ T A-2 2 e
n+1

—T

holds for allt > 0 and € € [—€,€|. In particular, for n = 0 we have

etlew) dyy <

Y = VA — 20)

Proof. To prove item ((i)), we start by defining an auxiliary function g(e,w) =
q(e,w) + (4 — 6) w?, which satisfies

U 2 _
/ VT | ome . (3.5.37)

N
G(e,0) =G, (¢,0) = 0, Tou(6,0) == D appje ™+ A—25.  (3.5.38)
k=—N

Recalling the definition (3.5.4) and exploiting continuity, there exists € > 0 such that

N
- Z appie M e < —A + 0, for all € € [—F, ¢,
k=—N

and consequently

T (€,0) < =6 <0, for all € € [—€, .
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Combining this bound with (3.5.38) allows us to find & > 0 such that g(e,w) < 0 for
all w € [-RK,R| and € € [—€, € which proves (3.5.35). To establish (3.5.36), we note
that assumption (ha) implies that there exists a constant 7 > 0 such that

q(0,w) < —2m, for w € [—7,—F| U [R, 7].

Therefore, by possibly reducing € we can conclude that for € € [—€,€ and w €

[-7, —F] U [R, 7] we have ¢(e,w) < —m, as desired.
To prove item ((ii)) we use the bounds from (i) to compute

- R

/ |w|metale@) duw < / \w|"67%(A725)“’2 dw —|—2/ whe™ ™ duw.

—T

We may now employ item ((i)) from Lemma 3.5.11 with v = A_TQ‘S and explicitly

evaluate the second integral to obtain the desired bound. O

Corollary 3.5.13. Consider the setting of Theorem 3.5.1 and pick n € Ny. Then
there exist constants € > 0 and C' = C(n) > 0 such that for all t > 0 and € € (—¢,¢)
we have the estimate

/ jw| () doy < Cmin {1,675 }. (3.5.39)

—T

Proof. For 0 < t < 1 the uniform bound follows from item ((i)) of Lemma 3.5.12,
which implies that g(e,w) < 0. On the other hand, we may apply item ((i7)) from
the same result with § = % to find

/ |W|netq(€’w)dw < C’12”+1t*"T+1A*"T+1 + 2" e
n+1

—T

which can be absorbed into (3.5.39) on account of the fast decay of the exponential.
O

3.5.3 Global and outer bounds

In this subsection we provide the proofs for Lemmas 3.5.4 and 3.5.5. In both cases
the arguments proceed in a relatively direct fashion, exploiting the bound (3.5.26).

Proof of Lemma 3.5.4. Picking e = 0, we see that P and g vanish, which in view of
(3.5.26) and Corollary 3.5.13 implies the desired bound

n/2 (T 2n/2 n
(0" M (1)) < 27?/ |w[eta0%) gy < 4ﬂ_cmin{1,f el

O

Proof of Lemma 3.5.5. Consider the constant € > 0 introduced in Lemma 3.5.12,
which guarantees that ¢(€,-) < 0 and ¢(—¢,-) < 0. In view of the bound (3.5.26) and
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the representation (3.5.30)-(3.5.31), it suffices to show that there exist K > |a- u| and
C > 0 so that

Z (14 1)edlE) < e, Z (1 + [1])ed=58 < Cet,
I>(K—a-p)t IS—(K—ap)t
(3.5.40)
Focusing on the former, we pick

N
E>1+a-pl+2e 2+ > Jail],

k=—N
which allows us to compute
g(laa t) = _%El - %El—’—tzngj\] ak(e_ﬂkg —_ 1)7
< *%El — t[%E(K —a-p)— Zgz_N ap(e e — 1)]
< —3é

for all ] > (K —a- p)t and ¢t > 0. Using te~* < 1, this in turn yields

_1lg

ZlZ(Kfa»M)t(l + l)eg(l,g,t) < 2 ZZZ(wau)t le™>

< 2(1-e39)72 (K —a-p)t+ 1]6—%(1(—&'#)&
< 21— e F) XK —a-p)(t+ 1)e
< A1 —e 292K —a-p)et.

Here we used the bound
> d [ & d ph= Lorb pletl (I + 1)rl>
l:ZlT " (l_zlr> " (1T> 1—7’+(1—7’)2_ (1—1r)2

with 7 = 2% and I, = | (K —a - p)t]. The second inequality in (3.5.40) can be
obtained in a similar fashion. Od

3.5.4 Core bounds

In this subsection we prove Lemmas 3.5.6, 3.5.7 and 3.5.8, which all deal with ¢'-
bounds on compact intervals. Recalling the characterization (3.5.30)-(3.5.31), we
start by providing useful bounds for the exponent g when |/t + a - p| is bounded.
To obtain these estimates, we show that for compact sets of € the function g can be
controlled by an upwards parabola in e.

Lemma 3.5.14. Consider the setting of Theorem 3.5.1 and pick constants € > 0 and
K > 0. Let § > 0 be any number that satisfies

N
K A€ -
d>maxq — — —, < |ag i |elHele (3.5.41)
2 2 3k___N
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and write )
Y = S 3 (3.5.42)
Then for every pair (I,t) € Z x (0,00) with |l/t + « - p| < K, the choice
e =e*(l,t) = 2us (% +a- ,u) € [—€, 4, (3.5.43)
satisfies the inequality ,
g(e",1,t) < —vst (% +a- ,u) . (3.5.44)

Proof. By expanding the function g around e = 0, we obtain

A P .
gle, l,t) = —el + ( —€a-pu+ 562 ~ % k_z_:N akuie""“)t

for some € with |€] < |e|, which we rewrite as

A al .
g(e, 1, t) = —el + ( —ea-p+ (5 + 5)62)75 + 62( —— g Z akuie*““)t.
k=—N
(3.5.45)

For any € € [—€,€], 1 € Z, t > 0 our condition on § ensures that
A t
g(e, l,t) < —el + (— ea- pu+ (5 + 5)62)75 = m((e —)? - (e*)Q),
since the last term in (3.5.45) is negative. It hence suffices to show that |¢*| <€, but
that follows directly from our assumption on . O
Proof of Lemma 3.5.6. In view of Lemma 3.5.10 it suffices to show that
Y P(etm)<CtE, Y R(etn)<CtE t>1
|/t+a-p| <K l/t+a-p|<K

for some constant C' > 0. Here we make the choice €* = ¢*(I, t) as defined by (3.5.43) in
Lemma 3.5.14, using the value € > 0 that was introduced in Lemma 3.5.12; together
with an arbitrary § > 0 that satisfies (3.5.46). Without loss, we make the further
restriction € < 1, which allows us to write |1 — e~ | < 2|¢*|. We will provide the

proof only for P, noting that the estimate for R can be derived analogously.
The bound (3.5.44) allows us to compute

U
Py(e*,t,n) < 2"|e*|"e_”‘5t(l/t+“"‘)2/ et ) du,

—T

which in combination with Corollary 3.5.13 yields
Py(e*,t,n) < C(n)2"t~2|e*|ne st/ thap)?
< C(n)4”t—%ygb (/t+a-p)" e vst(l/t+ap)?

Applying item ((i7)) from Lemma 3.5.11 with v = vs now yields the desired estimate,
upon redefining C'. O
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Proof of Lemma 8.5.7. Our goal is to exploit the representations (3.5.10) for n = 0
and (3.5.30) to obtain the estimate

1 e [T e
[Mi(t)] < e ,t)/ () g
™

—T

where we again use the values ¢* = €*(I,t) defined by (3.5.43) in Lemma 3.5.14, but
now picking 0 < § < A/2 to be small enough to ensure that

A+26 K
274 - b 5.
Visss <143 (3.5.46)

holds. In order to validate the condition (3.5.41) with K := K,/vT , we pick a
sufficiently large T > 0 and decrease the value of € > 0 from Lemma 3.5.12 to ensure
that

K A A
L _ <0<, - appllelmslE < § 3.5.47
2\/7? ) 3k:z_:N| kUk‘ = ( )

both hold. Combining (3.5.37) and (3.5.44) and writing =} = [/t + a - , we hence
obtain

1 t\2 vV 2 —
< —vst(z) —mt
M (0)] = o’ l [\/E\/A——% ame }

whenever |z!| < K./v/t and t > T. Applying item ((4i)) of Lemma 3.5.11 with n =0
and v = vs, we now compute

1 v2r it
| tZK* M) < - (4 +V2trV/A + 25) [m + 2me ]
wil= i (3.5.48)

A+20 2V/2 -
< + +e ™ (44 V2tyTVA+ 26
T VA=20 \/7t(A - 26) ¢ ( vr )

for all ¢t > T'. The first term is smaller than 1+ % while the rest can be made smaller
than 5 by further increasing 7" if needed. O

Lemma 3.5.15. Consider the setting of Theorem 3.5.1. Then there exist constants
€> 0 and C > 0 such that for any sufficiently large K > 0 we have the estimate

|My(t)] < Cmin{l,t=1/2}e et/ thapl®/(8K) (3.5.49)
whenever |l/t + a - u| < K.

Proof. We first fix € > 0 as provided in Corollary 3.5.13 and consider an arbitrary
K > 0. Writing
5= K A G
T 2% 27 T 8K
we see that condition (3.5.41) is satisfied provided that K is sufficiently large. Re-
calling the notation x = I/t + a - u, we may again exploit (3.5.10), (3.5.30), (3.5.39)
and (3.5.44) to obtain the desired estimate

1 . . . ) .
|M;(t)] < %eg(l,e ) f_ﬂ' eta(€ W) gy < %mln{l,t_lm}e_’/ét(ﬁ)z
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whenever |z}| < K. O

Proof of Lemma 3.5.8. Recalling the notation x} = [/t + a- u, we apply (3.5.34) with

v = g% and Ko = K/t to the estimate (3.5.49), which allows us to compute

. _ _ 2
Z%S\zflgx\Ml(m < Cmin{l,t 1/2}2\159%6 Vi)

V2K _
< Cmin{1,t71/2} [2 + 4775} e cK/8
€

< C[2+4%}6EK/8'

This can be made arbitrarily small by choosing K to be sufficiently large. O

Proof of Lemma 3.5.9. Writing x} =1/t +a- p and taking K as in Lemma 3.5.5, this
result shows that it suffices to find a constant C' > 0 so that

S IMi)|l=f < Ct2

|lof|<K
holds for all ¢ > 0. Writing v = g7 and applying the bound (3.5.49) we find
Stier MOl < Cmin{l, 72 Y faflem @

The desired bound (3.5.4) now follows from an application of (3.5.33) withn=1. O

3.6 Phase approximation strategies

Throughout this paper, various LDEs of the form § = O(0) are considered, which can
all be seen as approximations to the (asymptotic) evolution of the phase 7(t) defined
in (3.2.26). Our main purpose here is to explore the relationship between the various
points of view and to obtain several key decay rates.
We proceed by introducing the standard shift operator S : £>°(Z) — ¢°°(Z) that
acts as
[SO]; = 0141.

This allows us to represent the (k)-th discrete derivative (3.5.7) in the convenient
form

OMe=(S—Drg=(SF1 - +S+I)(S—1)0
=(SF 4+ +5+1)08.

Recalling the shifts o, introduced in (3.2.17), we also define the first-difference oper-
ators

(3.6.1)

o0 = (8% —1)6, ve{l23,4},
(3.6.2)
Tow 0 = (ST —1)0, v, €{1,2,3,4},

together with their second-difference counterparts

o0, 0 =womel = (S —I)(S7" — I)8, v, €{1,2,3,4}. (3.6.3)
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These can be expanded as first differences by means of the useful identity
g0 = T, 0 — w0 — 6. (3.6.4)
For convenience, we also introduce the shorthands
T 0= [0 el = [Fanbl w0 = (o6

for v, € {1,2,3,4}.
All the nonlinearities that we consider share a common linearization, which using
(3.6.4) and the definitions (3.2.19) can be represented in the equivalent forms

Hin[h] = Sooy apumoh+ 3,00 agl,mooh
4 4
= Zu:l ag;uag;yﬂ-lih + Zu,y’:l a;?w/’ (7'['1,@,/ - 7T§ - ﬂ-g’>h’ (365)

= SV yar(S¥ = Dh.

It is important to observe that the assumptions (HS); and (HS), guarantee that
condition (ha) in §3.5 is satisfied. In particular, we will be able to exploit all the
linear results obtained in that section.

Summation convention To make our notation more concise, we will use the Ein-
stein summation convention whenever this is not likely to lead to ambiguities. This
means that any Greek index that appears only on the right hand side of an equation
is automatically summed. For example, the first line of (3.6.5) can be simplified as

Hi[h] = oS, mSh+ a2, 7% h. (3.6.6)

vty vy
‘Cole-Hopf’ nonlinearity ©., We start by discussing the nonlinearity 0, defined
by (3.2.15), which for d # 0 is given by
1
O (0] = = Z a <6d(91+k(t)91(t)) _ 1) +oe,. (3.6.7)

d k=—N

The key feature is that any solution to
0 = Ou(0) (3.6.8)
can be used to construct a solution to the linear problem

h(t) = Him ()] (3.6.9)

by applying the Cole-Hopf transform

h(t) = ed(0(—c.t). (3.6.10)

This can be verified by a straightforward computation. Vice versa, any nonnegative
solution to the linear LDE (3.6.10) yields a solution to (3.6.8) by writing

o(t) = logg(t) +eut. (3.6.11)
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Our first main result uses this correspondence to establish bounds on the discrete
derivatives of solutions to (3.6.8). In order to exploit the fact that this LDE is invariant
under spatially homogeneous perturbations, we introduce the deviation seminorm

[Blaey = 10 — o] e (3.6.12)

for sequences 0 € £>°(Z). In view of (3.6.11), it is essential to ensure that h remains
positive. This is where Proposition 3.5.2 comes into play, which requires us to im-
pose a flatness condition on the initial condition §(0). This was not needed for the
corresponding result [52, Cor. 6.2], where the comparison principle could be exploited.

Proposition 3.6.1. Assume that (Hg), (H®), (HS)1 and (HS)2 all hold and fiz a
positive constant R > 0. Then there exist constants M and § such that for any 6 €
C([0,00); £>°(Z)) that satisfies the LDE (3.2.28) with [0(0)]dev < R and ||06(0)|] <
6, we have the estimates

oMo < Mmin{]|0°]|,..t7 %}, k=123 (3.6.13)
L

éoo
Moreover, for any pair (m,n) € Z? there exists a constant C = C(m,n, R) such that

[n(S™ = 1)0(t) = m(S™ — DO(#)|[joe < Crin {[|06°]],. 7'}, (3.6.14)

3

1nA(S™ — D)O(E) — mA(S™ — DO(t)]] o0 < Cmin{||890|‘ew ,t’i} . (3.6.15)

‘Comparison’ nonlinearity ©.,, Upon introducing the quadratic expression
Qe (O)): = 435,000, O[5, (36.16)
we are ready to define a new nonlinear function Ocmy, : £°°(Z) — ¢°°(Z) that acts as
Ocmp(0) = Hiin[0] + Qemp(8) + c.. (3.6.17)

This function plays an important role in §3.7 where we construct sub- and super
solutions for (3.2.1) in order to exploit the comparison principle. Indeed, our choice
(3.1.18) will generate terms in the super-solution residual that contain the factor

Ro(t) : = 0(t) — Ocmp (0(t))
(3.6.18)
=ad, m0(t) + o

pvov pvv

T O(t) + ags,, 7, 0] [, 0(t)] + ca.

q;vv’

Since this difference does not have a sign that we can exploit, we need to absorb it
into our remainder terms. This requires a decay rate of Ry(t) ~ t=3/2 or faster.

Obviously, we can achieve Ry = 0 by choosing 6 appropriately. However, the
resulting LDE 6 = Ocmp () is surprisingly hard to analyze due to the presence of
the problematic quadratic terms, which precludes us from obtaining the desired 90 ~
t=1/2 decay rates in £>° (rather than ¢2, which is much easier).

This problem is circumvented by our choice to use (3.6.8) as the evolution for 6.
Our second main result provides the necessary bounds on Ry(¢) and two other related
expressions. The main challenge here is to compare the quadratic terms in O¢mp and
Ocn. In fact, our choice (3.2.23) for the parameter d is based on the necessity to
neutralize the dangerous components that lead to O(t~!) behaviour.
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Proposition 3.6.2. Consider the setting of Proposition 3.6.1. There exist constants
M and § such that for any 6 € C*([0,00); (>°(Z)) that satisfies the LDE (3.6.8) with
[0(0)]aev < R and ||06(0)||,0c <6, we have the bound

. _3
[IRo(®)]| = < M min {[106(0)] |~ ,+~# } (3.6.19)
for allt > 0. In addition, for any v € {1,2,3,4} and t > 0 we have

4
moh(t) = > as,,ms,0(t)

v'=1

< M min {||aa(0)||éw f%}, (3.6.20)
goc

while for any pair v,V € {1,2,3,4} and t > 0 we have

‘Discrete mean curvature’ nonlinearity Og,. Recalling the sequences (Ay)
and (By) together with the functions 8y and Ay defined in (3.1.24), we generalize the
definition of ¢y from (3.1.23) slightly by writing

vy’

7o é(t)H < Mmin{||80(0)||€x ,f%}. (3.6.21)

L

Coli= Y. Chepp0) (3.6.22)
0<|k|<N

for a sequence (C}) that must satisfy

Y Ge=1, > kCp=0. (3.6.23)

0<|k|<N 0<|kI<N
The corresponding generalization of the definition (3.2.30) for @y is now given by

@dmc(a) = HHA—ZG + Bocy, (3.6.24)
B
which reduces to Oqmc in the special case Cj, = 1/(2N).

Our task here is to establish a slight generalization of Proposition 3.2.8 by ana-
lyzing the difference of ©4py with ©.,. We achieve this by expanding the direction-
dependent wavespeeds c, introduced in Lemma 3.2.4 in terms of the angle ¢. In
particular, we provide proofs for the explicit expressions stated in Lemma 3.2.5. This

allows us to make the link with the identities (3.1.27) for the parameters ky and d.

3.6.1 Coefficient identities

Our results in this section strongly depend on the equivalence of the representations
(3.2.23) for the parameter d. Our goal is to establish this equivalence by providing
the proofs of Lemma 3.2.3 and Lemma 3.2.5. To set the stage, we recall the set of
shifts

(Tla T2, 7-377—4) = (O-hva-va —Oh, _Uv)
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and their corresponding translation operators
[Lh)(€) =h(E+7), ve{l23,4}

that were defined in (3.2.13). This allows us to recast the direction-dependent trav-
elling wave MFDE (3.2.22) in the convenient form

—o®,(§) = D(E 4 7, cos p + 0y, sin ) — 4D (€) + g (P, (€)), (3.6.25)

which after linearization around @, gives rise to the linear operators

[£20](€) = 0" (€) +v(€ + 7 cos p + oy singp) — 4v(€) + ¢’ (24 (§))v(E)-

These should not be confused with their counterparts £,, defined in (3.2.10), agreeing
only when ¢ = w = 0.

Proof of Lemma 3.2.3. In view of the definition (3.2.15) and the identity (@, 1,) = 1,
we have

<TV®:<?¢*> - a;;u <(b:k’ ’(/}*> = a;;u - a;;u = O>
for each fixed v € {1,2,3,4}, which implies that T, ®, — a5 ,®, € R(Lo) by Lemma

3.2.2. In particular, we can find a bounded C*-smooth function p2, for which
Lo[py + bL] = T, @), — o5, P,

holds for any b € R. Setting b = —(p5, 1) we can construct our desired function p¢
by writing pS = ¢, + b®’,. The remaining functions pS®, and ¢°¢, can be constructed

analogously. O

Proof of Lemma 3.2.5. To establish item ((7)), we introduce the function x(§) :=
&P’ (€) and use the MFDE (3.6.25) at ¢ = 0 to compute

[£0X](€) = @ (€) + el L&) + (€ + )T @L(E) — 4EDL(E) + &9 (D)) BL(E)
— 0, @,(6) + T,L() + 5% (L&) + T (€) — 404(€) + 9(2.(¢)) )
= . (&) + 7, T, P, ().

We integrate this expression against the kernel element 1, and recall the definition
of ay,, from Lemma 3.2.3 to obtain ¢, = —7,q;,,,, as claimed.

Turning to the other items, we differentiate the equation (3.6.25) with respect to
. This yields

7[3¢C¢]<I):0 (&) = [L¥0,P,](E) + (I)Zp (£ + 7 cosp + oy sinp) (=7, sinp + 0, cos ),
(3.6.26)
where we emphasize that differentiations with respect to the angle ¢ will always be
denoted by 0. Evaluating (3.6.26) in ¢ = 0, we obtain

~[0pcpp=0P (&) = [Lo[0pPylp=0](§) + 0, T, PL(€).
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Integrating against the adjoint kernel element ., we may use the characteriza-
tion (3.2.11) in combination with Lemma 3.2.3 to arrive at the explicit expression

—[0pcplp=0 = o (T, P, 1) = ;,
stated in (7). Applying Lemma 3.2.3 once more, we subsequently obtain
Lo[0pPy]o=0 = 0,05, P, — 0, [T, P,] = —Lo(0up)).
The Fredholm properties formulated in Lemma 3.2.1 hence imply
(0P p=0 = —0up), + O,
where the coefficient b is given by

b == <[a<pq)ga]ap:03 ¢*> + 0u<P37¢*>~

This vanishes on account of the normalization choices in Lemmas 3.2.2 and 3.2.3,
establishing ((iv)).
A further differentiation of (3.6.26) with respect to ¢ yields

—[8ic¢]<1>:0(§) = 2[0,¢4|0,P,(€) + [ﬁ”&i@w](g)
+ 20,9, (€ + 7, cos @ + 0, sin ) (=7, sin @ + 0, cos )
+ @ (£ + 7, cos @ + 0, sin ) (=7, cos @ — 0, sin ) (3.6.27)
+ @7 (£ + 7, cos @ + 0y, sin ) (—T,, sin @ + 7, cos @)
+9"(24(6))[0,24 ()]

Evaluating this in ¢ = 0 and integrating against the adjoint kernel element ., we
obtain

7[836@]%7:0 = 2[8¢Ctp]¢i0 <[a (I)/ @*037/}*> + QUV<TV [a ¢:p:|tp:07,l/)*>
=TT, ® ) + (T8, ) oy + (" (24(6)) [0 Pyl oy Y-

Substituting the expressions from items ((7)), ((ii)) and ((iv)), we arrive at

[826¢]¢) =0 — 20-11 <[a (bl ]ga 0,¢*> +20V< V[asaq):p]wz()?w > < ¢//7¢*>
- Tl/ap v + < ( *)[8<P(I)<P]Lp:07w*>

d d

= QUua;;u<UV’ d—gpﬁu V) — 20,0, (T, d_gp;i” i) +(T,, Y, ¢*>
+ Cx + Ty0y! <g'/(¢*)p3p§/, w*>

= 2UVUV’aq vv’s

which establishes (44). Finally, items (v) and (vi) follow directly from Lemma 5.6 in
[44] and the definition (3.2.19) for the coefficients (ay). O



128 Front propagation through planar lattices in oblique directions

3.6.2 Quadratic comparisons

In order to establish the main results of this section we need to carefully examine
the structure of the quadratic terms in our nonlinearities. As a preparation, we first
confirm that the difference operators (3.6.2) and (3.6.3) can be appropriately bounded
by the corresponding discrete derivatives.

Lemma 3.6.3. There exist a constant M > 0 so that for any 0 € (>°(Z) and any
v, V" € {1,2,3,4} we have the estimates

20l e < M 11061 (3.6.28)
I3 01l < 2 |[0@0)| (3.6.29)
IS5, 0Ol < 21 |[0P6)| (3.6.30)

|7 [[7%, 0[5, 0]] || o < M Ha@)aHew 1186 e - (3.6.31)

4

Proof. The first three bounds follow directly from the fact that the difference opera-
tors 7, can all be represented in the form

Ty =S~ maX{Ivh\,Ivvlpy(S)(S -1
for appropriate polynomials P,. The final bound follows from the product rule
(5™ = D)[0102] = [S"01](S™ — 1)02 + [(S™ — 1)01]02
which holds for all 0y, 6, € (>°(Z). O
We proceed with our analysis by providing an explicit formula for the operators
S™ — I, which isolates the terms for which only a single discrete derivative 9 can be

factored out. This leads naturally to the crucial bounds (3.6.33), which will allow us
to extract additional decay from suitably combined first-difference operators.

Lemma 3.6.4. For any integer m > 1 we have the identities

(S™—1) = (S=D2X 2 m—k—1)S* +m(S - I),
(3.6.32)
(S~ —1) = —(S—1>X7l(m—k—1)S*" —mS—™(S —I).

Proof. We only consider the first identity, noting that the second one follows readily
from the computation

ST —I=-5""(S"—-1I).
For m = 1 the claim follows trivially, while for m = 2 we have (S? — I) = (52 — 25 +
I) 4+ 2(S —I). Assuming that (3.6.32) holds for all k& up to some m > 2, we compute

(S™H )= 8(S™ — 1)+ (S — I)
m—2

=(S=D1?> (m—k-1)S* +mS(S—1)+ (S -1

=
[}

3

=(S-D? (m—k)S*+mS(S—1)+(S—1).

>
Il
—
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Adding and subtracting m(S — I)? results in the desired identity

—

(SN =S -D*> (m—k)S*+ (m+1)(S—1).
k=0

3

O

Corollary 3.6.5. Pick a pair (m,n) € Z?. Then there exists a constant C' =
C(m,n) > 0 so that for any 6 € £>°(Z) we have the bounds

n(S™ — 1)8 — m(S™ — 1)8)| o < Cl]o94],. .
|[n2[(S™ — 1)6]* — m>[(S™ — 1)9]2||ex < C|lo®9 |€m 1100]] joo »

(3.6.33)

where the squares are evaluated in a pointwise fashion.

Proof. To establish the first bound, we assume without loss that m > 0 and set out
to exploit the identities (3.6.32). The key observation is that all terms featuring an
(8 —1I)? factor can be absorbed by the stated bound. If also n > 0, then the remaining
terms involving (S — I) factors cancel. If n < 0, then we compute

nm(S —I)—mnS™(S —1I)=nm(I—-S")(S—-1),

which can be written as a sum of (shifted) second-differences. The second bound now
follows directly from the standard factorization a? — b% = (a + b)(a — b). d

The bounds above can be used to reduce the mixed products appearing in the
definition (3.6.16) for Qcmp as a sum of pure squares. Inspired by (3.6.4) and the
identity 2ab = (a + b)?2 — a® — b2, we introduce the expression

1
Qempir(0) = 505500 (M0 = [, 0 = [m0]?). (3.6.34)

Lemma 3.6.6. Consider the setting of Proposition 3.6.1. Then there exists C > 0
so that for any 6 € (>°(Z) we have the bound

19emp(®) = Qe @)l < 10611 [0, (3.6.35)
Proof. We fix the pair (v,’) and use the relation (3.6.4) to write

[m,0][m, 0] = = (7,0 + m,,0)* — [7,0]% — [m,,6]?]

[(7‘('1,@1,/9 - 71—1/1/’9)2 - [771/9]2 - [WV’9]2] '

N = N =

In particular, we see that

1
Qcmp(e) - Qcmp;](e) - iagfw,/ [WW/G] (7Tm,/9 — 27TV®1,19),

from which the bound is immediate by Lemma 3.6.3. O
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Turning to ©.,, we introduce the quadratic expression

| X
[Qen(0)]: = 5 Z ar(Orn — 0))*

k=—N

and note that dQg(0) is the second-order term in the Taylor expansion of (3.6.7).
Inserting the definitions (3.2.19) for the coefficients (ay), we see that

Qun(6) = %(agfw, (Imoew 02 — (w02 — [m,002) + a;;,[me]?), (3.6.36)

which closely resembles the structure of (3.6.34). Indeed, in both cases the slowly-
decaying terms can be isolated in a transparent fashion, using the coefficients

1
_ OO _ OO 2 0
Bemp = OuOy Qg Ben = OuOy Oy + §Ul,ap;l,.

Lemma 3.6.7. Consider the setting of Proposition 3.6.1. Then there exists C > 0
so that for any 6 € £>°(Z) we have the bound

HQcmp;I(a) - ﬁcmp(aa)zHém + ||Qch(0) - ﬁch(ag)zugm <C ||69||€°Q Ha(z)a‘ ’Z“’ ’
(3.6.37)

Proof. In view of (3.6.33) we have the bound
|[Toou 81 — (0 + 0,)2(061|| . + || 7,8 — 02[06)%]| . < C 1|06 Ha@)eHZw :

which can be directly applied to the definitions (3.6.34) and (3.6.36) to obtain the
desired estimate. O

Lemma 3.2.5 shows that the ratio

4 00
chp _ 221/,1/’:1 O-Vo-’//aq;uu’

4 4
BCh Zuzl Ugag;u + 2 Zu,l/’:l Ovoy

is exactly the value of the coefficient d defined in (3.2.23). In particular, combining
(3.6.35) and (3.6.37) we see that

1Qenp(0) = A (O)] | < 3C' (1001, |[02]| _ . (3.6.38)

which allows us to establish the following crucial bound.

Corollary 3.6.8. Consider the setting of Proposition 3.6.1. Then there exists C > 0
so that for any 6 € £>°(Z) we have the bound

196(6) ~ O B) < Ce1 s g+ €081, [o@6]] . (3.639)
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Proof. For d =0 we simply have
O (0) — Ocnnp(68) = 0.
For d # 0, we note that a Taylor expansion up to third order implies
1©en(6) — Hain[0] — dQen(60) — cul] o < CeNMPlleme 1100] 7., . (3.6.40)
In view of (3.6.38), the desired bound now follows directly from the identity
Ocmp(0) — Hiin[0] — dQeh(0) — ¢ = Qemp(0) — dQen(6).
|

We now turn to our final nonlinearity édmc and show that it can be expanded as

~ 2k B 0 -
Oamest(0) = > ( H/Ijz k_ o Pecele 0) Gk — )

0<|k|<N k (3.6.41)
Akc* + Cy, 03¢ -0 o
+ Y ( Qk[z cele=0) (Orsr — 01) + co,
0<|k|<N

up to third order in . This is more than sufficient to establish Proposition 3.2.8, but
also allows the relation between the coefficients to be fully explored by the interested
reader. For example, in the setting where [0,c,],—0 # 0, it is also possible to prescribe
(Bg) and read-off the accompanying values for (Ag, Ck). In any case, the conclusions
of Proposition 3.2.8 are valid for any sequence (C}) that satisfies (3.6.23).

Lemma 3.6.9. For any sequence (A, By, Cr)o<|k|<n, there exists a constant K > 0
so that we have the bound

e (6) = Bamcar 0)]| _ < K 110617 (3.6.42)

Proof. Recalling the definitions (3.1.24), we first expand the terms 3y and Ag/33 as

59 1= =1+ Z ol—i—k - 91) + O(Haenj"o)a
o<tz (3.6.43)
A 2B o
%$: z;kf@M 1) + O(196] ).
Ol o<ikl<N

To find a corresponding representation for ¢y we first expand each individual term

Cépz;k(e) as

1 2
Conn(0) = Cx + [0pColp=0p11(0) + 5[3icsa]w:o (e1k(8))” + O(pr(0)®).  (3.6.44)
Referring to Figure 3.1, we use the explicit formula

O141 — 0

tan gy (0) = — A
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together with the expansion tan ¢;.x(0) = ¢1.1(0) + O(p1.1(0)) to obtain

- O, — 0 1 O — 0;)?
ol = e~ Dpeidomo S0 PO L ) P 2O oan ),

k2
0<|k|<N
which yields the desired statement. O

Proof of Proposition 3.2.8. Recalling that our assumptions imply that ¢, # 0 and
kg # 0, we may write

dapk®  Crl0Zco]p=0
Ak = - )

Cx Cx
akk2 /ﬂC’k [8@0@]@:0
+
2/~€H 2/<&H

(3.6.45)
Bk =

for 0 < |k| < N and use (3.6.41) to conclude

N N
~ d
Odme:1(0) = Z ap(Or1rx — 1) + Z §ak(0l+k —0)% + c.
k=—N k=—N
= Hlin[o] + dQch(Q) + Cy.

In particular, the desired bound follows from (3.6.40) and (3.6.42).

It hence remains to check that our coefficients (3.6.45) satisfy the restrictions
(3.1.25), which we will achieve under the general conditions (3.6.23). Employing item
(vi) of Lemma 3.2.5 we compute

d02 N )0 — [02¢, )0

- ww=
>, Av=—
Cx

0<|k|<N

This sum is equal to one if and only if the parameter d is chosen as in (3.2.23), which
is by straightforward computation equivalent to the definition (3.1.27). In a similar
fashion, we may use items (73) and (vi) of Lemma 3.2.5 to compute

(02 B k 13) -
S omo-pdee s B ) el
2kH k 251 2K K
0<|k|<N 0<|k|<N 0<|k|<N
Setting the first sum equal to one leads to the choice (3.1.27) for rp. O

3.6.3 Cole-Hopf transformation

We have now collected all the ingredients we need to exploit the Cole-Hopf trans-
formation and establish Proposition 3.6.1. The main challenge is to pass difference
operators through the relation (3.6.11). Proposition 3.6.2 subsequently follows in a
relatively straightforward fashion from the bound (3.6.39).
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Proof of Proposition 3.6.1. Since the function 6;(t) = 6;(t) — 6y(0) also satisfies the
first line of (3.2.28) and this spatially homogeneous shift is not seen by the differ-
ence operators in (3.6.13)-(3.6.15), we may assume without loss that 63(0) = 0 and
consequently [0(0)]qev = [|6(0)|];c < R. For d =0, we can immediately apply Theo-
rem 3.5.1 to function h(t) := 0(t) — c.t.

For d # 0, the initial condition h(0) = e for the transformed system (3.6.9)
satisfies the bounds

e 1R < inf hy(0) < sup hy(0) < eldE, [0R(0)]|, < el
lEZ =4
We can no longer use the comparison principle to extend these bounds to all ¢ > 0

as in [52]. Instead, we employ Proposition 3.5.2 with the choice € = e 21417 /2 to find
T =T(R) so that

inf oy (t) > e 1UE — geldl? — leflle
leZ o

holds for all ¢ > T. On the other hand, using the constant C(T,¢) from Proposi-

tion 3.5.2 to write
e—2ld|IR o
6 = —_— =
somey /T

we see that (3.5.10) implies that also

1
. > IR _ ldrs _ 1 —jar
llg% hi(t) > e C(T,e)e' 16 5¢

for all 0 < ¢ <T'. This provides a uniform strictly positive lower bound for h that is
essential for our estimates below.
Turning to (3.6.13), we pick [ € Z and use the intermediate value theorem to write

[96(1)); = Cll [i};i?)]lv

2 _LPPR®))  [(S—Dh®)] (S = Dh(t)]}
[8( )Q(t)}l = ( hl(t) L h?(t)Z L 2hf(t)2 l) )
together with
Do), = 1 ( 3)h (53 — Dh(t)]} = 3[(S* = Dh(t)]} +3[(S — I)h(t)]f>
d 2h(t)?
1 I)h(t)]3 [(S*> = Dh®)]} | [(S—Dh@)]}
T < O R T T T )

where we have the inclusions
1 _ a ¢ e
R (I O) R ORHONHON A ONIOR IO

<
e {hien ()}



134 Front propagation through planar lattices in oblique directions

Applying Theorem 3.5.1, the desired bounds for k£ = 1,2 follow directly, while for
k = 3 it suffices to show that the term

h(t) = [(S® — )h(1)]* — 3[(S* — D)A(t)]* + 3[(S — I)h(t)]? (3.6.46)
satisfies ||A(t)|[ge < Mt=3/2. In view of the decomposition
h(t) = [(S* — Dh(1))? = 9[(S — DAt)]* = 3([(S* — DAX)]* — 4[(S — Dh(1)]?)

this follows from (3.6.33) and Theorem 3.5.1. The remaining estimates (3.6.14) and
(3.6.15) now follow directly from (3.6.33). O

Proof of Proposition 3.6.2. The first bound (3.6.19) follows directly by combining
(3.6.39) with Proposition 3.6.1. To establish (3.6.20) we fix v € {1, 2, 3,4} and exploit
the definition (3.6.18) to compute

. 4 4
RS0 = Sy a5, R0 = mIRA(E) + S ey 655 58,00
4
+ Zl/,u”:l ag;ou/y//ﬂ—g [nge(t)wﬁue(t)]

The desired bound now follows from Lemma 3.6.3 in combination with Proposi-
tion 3.6.1. In a similar fashion, the final bound (3.6.20) follows from the observation

T 0(t) = T Re(t) + iy 0T [T 0(t)]
S OSSO (1)

+ Zi”,l/”:l ag?l/”l//”ﬂ-lig’ [ﬂ—g//a(t)ﬂ'zu///e(t)]

3.7 Construction of super- and sub-solutions

The main aim of this section is to construct explicit super- and sub-solutions for
the discrete Allen-Cahn equation (3.2.4), using the function € introduced in Theo-
rem 3.2.9. To be more precise, for any u € C'([0, 00),£°°(Z2%)) we define the residual

Tul(t) = u(t) — [A*u()] — g(u(t))

and say that u is a super- respectively sub-solution for (3.2.4) if the inequality
T[ulni(t) > 0, respectively J[u],;(t) < 0 holds for all (n,l) € Z2 and ¢t > 0. Our
construction utilizes the functions introduced in Lemma 3.2.3 together with the dif-
ference operators defined in (3.6.2) and (3.6.3). The main difference compared to our
earlier work [52] and the PDE results in [69] is that a significant number of additional
terms are needed to control the anisotropic effects caused by the misalignment of our
wave with the underlying lattice.

Proposition 3.7.1. Fiz R > 0 and suppose that the assumptions (Hg), (H®, ), (HS)1
and (HS)2 all hold. Then for any € > 0, there exist constants § > 0, v > 0 and C*-
smooth functions

z:]0,00) = R, Z:[0,00) > R
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so that for any 0° € (°°(Z) with

[0°)dev < R, ||06° <6

[l

the following holds true.

(i) Writing 6 : [0,00) — £°°(Z) for the solution to (3.2.28) with the initial condition
0(0) = 6°, the function u* defined by

uh(t) = (n —0(t) + < ))
T 7, 0005 (n - (1)) + 725, 00p5 (n — 0,(t) + Z(1) (3.7.1)
77, 0(0)75,, <t>qwf( — 61(t) + Z() + (1)

7

is a super-solution of (3.2.1), while the function u~ defined by

Uy () = (n —0i(t) — Z(1))
+ 7.rl 1/ (TL 9l t -7z t)) + ﬂ-l VV’9< )Pzz’ (n - el(t) - Z(t)) (372)
+ 7, 0T, 0(t) gy, (n — 0u(t) — Z(t)) — 2(t)

is a sub-solution of (3.2.1).
(i1) We have Z(0) = 0 together with the bound 0 < Z(t) < e for allt > 0.

(#ii) We have the bound 0 < z(t) < € for allt > 0, together with the initial inequalities

2(0) = 3113l e = 201000 Ml = 2 150 o0 > v > 0. (3.7.3)

(iv) The asymptotic behaviour z(t) = O(t~2) holds for t — co.

In addition, the constants v = v(e) satisfy lim, o v(e) = 0.

3.7.1 Preliminaries

Our proof of Proposition 3.7.1 focuses on the analysis of the super-solution residual
J[uT], since the sub-solution J[u~] can be analyzed completely analogously. We
start by splitting the residual into the five components

Tt = Ts + Tpg + Tpoo, + Tgee, + Tt (3.7.4)

The first four are closely related to the functions @, pS, p%, and ¢5°,, respectively,
depending on Z only through the variable

gn,l(t) =n— gl(t) =+ Z(t)

Indeed, we use the definitions
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[To()],; = =L (Ena(0)0i(t) — [A*D.(E(D)],,, »

[Tog ()lng = [75,0(0)]p5 (i (1)) — [75,0(2)]
— [AX[E0npg (Et)],,, -

dfp"(gn l( )) (t)

[Toee, (O)]na = (755, 0)]p55 (€na (1)) —91(75)[77?&'9@)],%1733/ (&na(?))

- [AX[ Uu/a( )]pl(il(i’ (g(t))]n,l 9

[Taze, (O)]na = (18, 0075, 0(0)]a5s (na (1)) + (x5, 0(8)] [, 0(D)]a55 (na(t))

d .
- [Wﬁu9(t)}[7rﬁw9(t)]d—§q<ﬁi/ (£na(1)0(t)
— [AX [0, 0(0]as (§(1)],,, -
(3.7.5)
On the other hand, we group the terms related to the nonlinearity g and the dynamics
of the functions Z and z into the global term

(Feto (Ot = 20 (1 (E0a(8)) + Baa(0)) + 2(0) — 9w, (1), (3.7.6)

where B,, ;(t) denotes the bounded sequence

B (t) := [m7,0(1)] py(fnz( ) + s, 0t )}jgpw (&na(t))

dg

+ OO [r8, 0]

£
In the first phase of our analysis we split each of these terms into a useful approx-
imation together with a residual that contains terms that behave asymptotically as
O(t’%). In the second phase we combine these approximations, allowing us to isolate
an additional set of higher order terms and extract our final approximation.

qgi’ (fn,l(t))-

3.7.2 Analysis of Js
Setting out to analyze the term [Jg, we introduce the approximation
[Faraps (D], = L (600 (~00(8) + ) + 9 (o (na0)))

I BT (600(0) — 3 n5, BT, 8] (60.1(1)) (3.7.7)

and implicitly define the residual Rg via the splitting

\7@ = j@;apx + RCI)- (378)
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The result below confirms that the expression R¢ contains only higher order terms,
allowing us to focus on Ja;apx for our further computations.

Lemma 3.7.2. Assume the setting of Proposition 8.7.1. There exists constants M >
0, 6 > 0 so that for any 6 € C'([0,00);¢>) that satisfies the LDE (3.2.28) with
[0(0)]aev < R and [|06(0)||jc < & and any pair of functions z,Z € C([0,00);R), we
have the estimate

3

IR (t)]|,c < M min {Haa(omo@ ,t’i} : t>0. (3.7.9)

Proof. Proceeding from the definition
(A%, (€ (D]t = L) Gt () — 40 (60a(®).  (37.00)
we expand [T}, ®.] (&40, (t)) around [T, ®](&,,(¢)) to find

(A%, (6]t = (I8 (€a(1)) — 42 (€02(0))) ~ (w2, OOIT, 8L (60a ()

+ %[wfwﬂ(t)F (T, ®"] (gn,l (t))
1

=7}, 0(¢)
+ 9 / (T, @ (&n 140, () — 5)52 ds.
0

Inserting this expression into the definition (3.7.5) for Jg, we arrive at
[j@]n,l(t) - [jCP;apx]n,l(t) = - |:C*CI); (5n,l<t)) + [qu)*](gn,l(t)) - 4(b* (é-n,l(t))

9(‘1’* (gn,l(t))>:|

1

—wlwe(t)
5[ B e, ) - )5 s,
0

The first two rows vanish due to the MFDE (3.2.7), while the third row satisfies
the desired bound (3.7.9) by combination of the estimate (3.6.28) with Proposition
3.6.1. O

3.7.3 Analysis of J.

In this subsection we fix v € {1,2,3,4} and analyze the function J,o. In particular,
we introduce the expression

(o] (8) = [ 001 | = [£opE) (6n.(8)) + 9 (@ (6n.a(8)) ) (600(1) ]
i 0] (b (na (1)) = [TrpS) (Ena (1))

# RSO 00 (0 GehE 6l +

5m@%mm)

(3.7.11)
and set out to obtain bounds for the residual

Rpﬁ = jpﬁ - jpﬁ;apx- (3712)



138 Front propagation through planar lattices in oblique directions

Lemma 3.7.3. Consider the setting of Proposition 3.7.1. Then there exist constants
§ >0 and M > 0 so that for any 0 € C'([0,00);>°) that satisfies the LDE (3.2.28)
with [6(0)]daev < R and ||060(0)|],0c <9 and any pair of functions z, Z € C([0,00); R),
we have the estimate

|| Ry (8) ngin{HaH(O)H@m,t’%}, t>0. (3.7.13)

Ir=
Proof. For fixed v € {1,2,3,4}, we rewrite the discrete Laplacian as

A [[m30)]py (EM)],, = [T O[T Py ((Enito,, (1) — 4lmL, 00D (Eni (1)),
(3.7.14)

where the first term is summed over the indices v/ € {1,2,3,4}. Using (3.6.4) we
rephrase this term as

(740 0] [T D)) ((Enito,, () = [T, 0ONT07) (Ento, (1))

o OONT ) (Erisn @) )

Furthermore, for a fixed pair (v,v) we expand [T, p?] (fn,l+aul (t)) around the point
[T p3] (&na(t)) to find

[TV’pZ] (fn,lJrauf (t)) = [TV’pZ] (fn,l(t)) - [Wf;u/a(t)]di[Tu’pﬁ (gn,l(t))

¢

T L 0(1) d?
+ / ) [ ’pu] (fn,lJrUu/ (t) — 8) sds.
0 d§

Inserting this expression back into (3.7.15), we obtain

(71 O] [T D3] ((Ento,, (8) = (72, 0N [Torp7) ((€na(t ))
= [, 0] [m7, 0 (¢ )}dg[ v 0y) (€na(t))

+ (750, OO D3] (6n () + [Rops ()]t
where 7~€p§ is defined as

77rl ,0(t) d2
[Rpg ®)lnt = ([77,00)] + [775,,0(1)]) /0 d€2[ vDy) (nito,, (t) — u) u du

+ [ BN, 0] 7 [Tp3) (€0 (1)

£
Note that this term satisfies the bound (3.7.13) in view of Proposition 3.6.1 and
Lemma 3.6.3.

Comparing (3.7.5) and (3.7.11), the definition (3.7.12) hence yields
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Ry (Dlna = ([75,00)] = (55,0005, )85 (€na()
= 2 80) (5h0) = @ (750 000)) 5 (600 0)
= 77, 0(t)] [[ ) (Ena(1)) — 4p3 (Ena(D)) + ((I’*(ﬁn,z(t)))pi (fn,z(t))}
+ [, (1)) £opE) (€n (1)
- ['pr (t)]n,l‘

The first row satisfies our estimate (3.7.13) due to the bound (3.6.20) of Proposi-
tion 3.6.2. Similarly, for the second row we can apply (3.6.19) in combination with
Proposition 3.6.1 and Lemma 3.6.3. The third and fourth rows vanish in view of the
definition (3.2.10) for the operator Ly, which completes the proof. O

3.7.4 Analysis of [y, and Jeo,

Throughout this subsection, we fix a pair (v,) € {1,2,3,4}? and study the approx-
imants

o am (Dl 1= [ 0®] (= Lo (Ena) + 9 (- (€0a(0))E5 (§na(1)))

(3.7.16)
together with
(oo sapelm (8) = 1, 00)) (5, 0] (- (60.0(0) )05 (€na (1))
= [, 077 O ()] [Loars] (Ena (D))
In particular, we obtain bounds on the residuals
Ruee, = Tpe, = Tpee sapxs Rage, = Jaze, = Tage iapx: (3.7.17)

Lemma 3.7.4. Consider the setting of Proposition 3.7.1. Then there exist constants
§ > 0 and M > 0 so that for any 6 € C*(]0,00); £°°(Z)) that satisfies the LDE (3.2.28)
with [0(0)]aev < R and [|00(0)|]ee <0 and any pair of functions z, Z € C([0,00);R),
we have the estimate

HRPZE, (t)Hém < M min {Hae(omzm ,t—%}, t>0. (3.7.18)

Proof. For a fixed pair (v,v') € {1,2, 3,4}2, we write the discrete Laplacian in the
form

A [z oz (€0)] = wfjig,/,,;wf O w55 €t (1)
T, m/’e( )p:i(;’ (é-n,l (t))7

summing the first term over the indices v’ € {1,2,3,4}. Adding and subtracting
[wﬁﬁu,ﬁ(t)][ﬂ,upﬁf,,](fn,l_wy,, (t)) while also expanding [7,/p%3/](&n.i4o0,, (t)) around
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[Ty PSS (fnyl(t)), we obtain
A [z 0w (60) || = i 0] (Lm0 (€ oy (1) — 4055 (E0a(1))
+ [Trlo'l/”ﬂ-?'uu’e( )H ”pllu ](gn,l-&-ol,// (t))

= (755, 0] (1T [P0 (6n.0(D) — D% (Ena1)))

+ [Rpoo, ()],
. (3.7.19)
Here Rpoo, (t) is equal to

[Reee, O)nt = (750 O30 (€n tho, (1))

—m 0(t) g
s 0) [ D i, () ) du,
0

which satisfies the bound (3.7.18) on account of Proposition 3.6.1 and Lemma 3.6.3.
Combining (3.7.19) with the definitions (3.7.5), and (3.7.16) yields

[Ryse, Ina(t) = x50, 0(6)]D55 (n (1)) — [7i5,0(D16L(2) dgpw (Ena(t))

[ O] (4955 (€na (1)) + [£0p5er] (600(D) — [Tur 520 ] (60 (1))
— [ 0)]g (s (En (1)) P00 (€ (1))
- [Rpif,/]n,l(t>~
Exploiting the definition (3.2.10) for the operator £, once more, the second and third

d
row sum to c.[yy,.0(t)] dﬁp”” (én.1(t)). This allows us to write

(Rags, Ina(6) = [R5 B(OIBES: (60a(8) — 250 000 (61(0) = ) 055 (60 )
- [ﬁpﬁ/]n,l(t)'

The estimate (3.7.18) now follows from Propositions 3.6.1 and 3.6.2 in combination
with Lemma 3.6.3. O

Lemma 3.7.5. Consider the setting of Proposition 3.7.1. Then there exist constants
§ >0, M >0 so that for any 6 € C*([0,00);£>°(Z)) that satisfies the LDE (3.2.28)
with [0(0)]dev < R and ||00(0)|],0c <9 and any pair of functions z, Z € C([0,00);R),
we have the estimate

] Ree, (t)Héw < Muwin {[[06(0)]lp .t ¥}, >0, (3.7.20)

Proof. Proceeding as in Lemma 3.7.4, we first fix a pair (v,2/) € {1,2,3,4}” and write
A ([0 0()]ass (E1))],, , = 7, 0@, OO T g7 (€n. (1)
- [ﬂ-f;ve(t)][ﬂ-f;u’e( )} ql/u’ (Sn,l( ))
+ [Reo, Ina (1),




Construction of super- and sub-solutions 141

Here we sum over v/ € {1,2,3,4} and use the expression

Raze, (Vs = 78 [, 00 0] 625 (i (1)
—m0(t) g
S AONE00) [ T e, ) du

which satisfies the bound (3.7.20) on account of Proposition 3.6.1 and Lemma 3.6.3.
Combining this with the definitions (3.7.5), and (3.7.17), we obtain

Rae, Ot = (175,005, 0(0)] + [, 008, 60)]) 422 (6n.a(1))
~ (AR BO OE10) 052 (600 (1)
w00 00 (1£0a55 ) (€na®) = [Tl ) (Ena(®))
o+ 75, 005 O8] (4055 (6na(0) — 9 (21 (n0())) 055 (6na(1)))

— [Raeo, Ina(t)-

Applying the definition (3.2.10) for the operator £y to simplify the third and fourth
row, we arrive at

Rase, (Olna = ([, 001178, 00)] + [ 00 ][5, 0(0)] ) 4520 (€0 (1)
~ I B0l 00 (61(0) = ) i (6n0)

= [Rgeo, 0)]n.t,
The statement now follows from Propositions 3.6.1 and 3.6.2 in combination with

Lemma 3.6.3. Od

3.7.5 Final splitting

Defining the aggregate quantities

japx = j(I);a,px + jpg;apx + jpgi/;apx + jng/;apxa (3721)
R=Rs + 'R,pg + Rpool + Rqool, (3.7.22)

the results in §3.7.2-§3.7.4 provide the decomposition

j[u+] = japx + jglb + R; (3723)
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together with the explicit expression

o) = @ (€0a(0) (= 6ult) + <)
+ [, 00)] (= [£opE) (€na(®) + [ @1 (€0a(1)) )
+my9t( o )— T3] (€na (1)) = 1£0pE2 ) (€na (1))

I(¢

(&,
+ 78, 0(8)] [, 0 ( g €l ;‘Q[Twm(sn,mt)))
e () (3 Lmr D) 600) — (02560 (0)
+(u;l<>— Do (€0a(1) = 2(1) ) (B (Ena (1)) + (@4 (§n.a(1))).

Recalling the MFDEs (3.2.14) we can reduce Jupx t0

[Fapsc ()]s = (§n (1) (=00(t) + 75, 0(8) + 0l i, B(E) + c)
(é-’ﬂ l( )) ( q 1274 [7Tl ua(t)][ﬂ—l,u’e(t)]>

+ %[ﬂﬁﬁ(t)][ﬂiﬂ(t)]g (@4 (€na (1)) 27 (En (1)) 2D (€na (1))

+ (“Z,z(t) = @ (&na(®) — Z(t))gl(q)* (€n1(1)) + 9(@. (£a(8)))
(3.7.24)
Recalling (3.6.18), the first two rows of (3.7.24) can be recognized as the expression
— @/, (£,,1(t)) [Ro(t)]n,i- Grouping the terms related to the function g in Japx and Jgm,
we introduce the new function

To Ot = =gl o) + (wh(8) = @2 (Ena(t)) = (1)) (2 (601()))
+ g(CI)* (fn,l (t)))

Sl B0, OOl (@ (601(1)))85 (€t ()95 (0t (1)

1/ ’/Tlu

+
= —g(u;l(t)) + [jaPX(t)]n,l + Q); (fn,l(t)) [RO(t)]n,l‘
Together with the residual
[Rrest (t)]n,l = [jglb(t)]n,l + g(u;l (t)) - <I>:< (é-n,l(t)) [RQ (t)}n,l
= Z(t) ((b; <£n,l(t)) + Bn,l(t)) + Z(t) - (bik (gn,l(t)) [RG (t)]n,l

this leads to the decomposition

japx + jglb = Jq + Rrest- (3725)
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Expanding g(u:;l(t)) around g(CIJ* (ﬁnyl(t))) up to third order, we obtain the fur-
ther reduction

[Ty ()]t = [GU(O)]ng + [G° )]s — 2(8)g (P« (€ni (1)),
where we have introduced the expressions

Z,l(t) = %[Wf;ua(t)][ﬂ—lo;u’e(t)}gn(q)* (§n,l(t)))p§ (fn,l(t))pZ’ (gn,l(t))

— 59" (@ (60a®)) (45,0 ~ @ (601(0)))
3
G t) =~ 2" (502 (0) (3 (0) — . (60001

for an appropriate function s, (t) € [®4(&n(t)), u u, ).
In the following lemma, we formulate an appropriate factorization for these new
sequences G(t) and G°(t).

Lemma 3.7.6. Consider the setting of Proposition 3.7.1. Then there exist constants
§ >0, M >0 so that for any 0 € C1([0,00);£>°) that satisfies the LDE (3.2.28) with
[0(0)]aev < R and ||00(0)||,0c <6 and any pair of functions z, Z € C([0,00);R), with
||2]| e <1, the following holds true.

(i) For anyt > 0 there exist sequences H%(t), H(t), R*(t) and Rb(t) in >(Z2)
such that the identities

nt () = () Hy (1) + Ry (1), (3.7.26)
Gh(t) = 2()Hy ,(8) + Ry, (1) (3.7.27)

hold for all (n,l) € Z2.

(i1) For any t > 0 we have the estimate
a . -3
max 1R (1)l 22 [|RYO)] | gz } < M min {[|90(0) | ,t7#} . (3.7.28)

(iii) For anyt > 0 the sequences H®(t) and H(t) satisfy the bound

NE Ol )} < MU +9)

max {1 (8) | a2

Proof. For convenience, we introduce the shorthand

Kona(t) : =y (1) — 4 (€na(t) — 2(t)
= [, 0(O)]p) (€na (1) + (7700 0000 (Ena (1))
+ 7'('?”0( )][Trl;y’e( )]qyu (gnl(t»

)
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which allows us to rewrite Gy, (t) as

n(t) = %g”(@*(én,z(t)))[Wﬁﬁ(t)][ﬂﬁy/@(t)]pﬁ (6na () p5r (€na(t))

= 59" (@ (Ga ) (nal®) + 2(0)°.
The expression

R0 (t) 1= (5, 0] [ O(E)]PS (6na ()P (€n.0(8)) = (Kna(t))’

satisfies the estimate (3.7.28) by Proposition 3.6.1 and Lemma 3.6.3, which in turn
gives the splitting (3.7.26) upon defining

HE (1) = —0" (@ (€0 (1)) (2(0) + 25,0i(1)).

s

R () = 50" (B (€ (1)) REu (1),

(3.7.29)

To obtain the splitting (3.7.27), we first notice that (Kn,l(t))3 already satisfies the
estimate (3.7.28) by Proposition 3.6.1 and Lemma 3.6.3. In order to establish items
(i) and (ii), it therefore suffices to write

HY (1) = =" (501(1) (22(0) + 3Kaa(®)2(0) + 3(Kna(®) ),

’ ? \ (3.7.30)
Rz,z(t) =5 (80 () (Knu (1))
Item (7ii) finally follows from the definitions of H* and H® and the fact that the
functions ¢” and ¢’” are bounded on compact intervals. O
We are now finally ready to define our final splitting. Setting
H(t) = H(t) + H*(¢) (3.7.31)
we write
j[u+] = japx;ﬁn + Rﬁna (3732)
where the quantities Japx;an and Ran are defined by
[Fapstinln () = Z(0) (. (€01(1)) + Baa(®))
+2(0( = ' (@u (€as(®)) + Haa() + 2(0), (3.7.33)

Rﬁn(t) = j(t) - japx;ﬁn(t)'

Lemma 3.7.7. Consider the setting of Proposition 3.7.1. Then there exist constants
§ >0, M >0 so that for any 6 € C*([0,00);£>°(Z)) that satisfies the LDE (3.2.28)
with [0(0)]dev < R and ||00(0)||,oc < R and any pair of functions z, Z € C([0,00);R)
with ||z o < 1, we have the estimate

. _3
[ Rain (g 2 ) < Mmln{||89(0)||ém t } t>0.
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Proof. Comparing equations (3.7.23), (3.7.25) and (3.7.33) we can explicitly identify
Rin(t) as

[Rein(D)]ng = =@, (€n,0(1)) [Ro(8)]ng + R (t) + R, 1 () +R7, 1 (8).
The statement now follows from Proposition 3.6.2 in combination with the defini-

tion (3.7.22) and Lemmas 3.7.2, 3.7.3, 3.7.4, 3.7.5 and 3.7.6. O

3.7.6 Proof of Proposition 3.7.1

We are now finally ready to prove Proposition 3.7.1. As a first step, we show how
to pick all the constants and functions appearing in the statement. Without loss of
generality, we assume that the constant M from Lemma 3.7.7 satisfies

M > max{1,52D, sup |g"(s)], sup |g"(s)]}, (3.7.34)
s€0,1] s€1[0,1]

where the constant D is defined by

D = max{[|pp]] oo (1200 oo » 1o e 5 1 PET 1 o 5 11 P20 (e s o]l e -

We pick a constant m € (3¢, 1] in such a way that

—4'(s) >2m >0, for s € [—€, ] U[l —¢,1+¢€], (3.7.35)
reducing e if needed. Next, we define the positive constants

2m + M e3m? €3m?2 M6,

C’€ = 17 - =7 ) 66 = —7 € = = b
max{ Ming. ce1_q @, GM3C3 T 3.65M2C3  3m

together with the positive function
K. :]0,00) = R, tHMmin{ée,t’%}.
We now choose a function z € C*°([0,00); R) that satisfies
K. (t) < mz(t) < 2K.(t), m|z(t)| < 2K.(t),

where K, is defined by

2

- 0 t<4.3

Ké(t){ b — 27
3 _5

th 2, t>6€3,

which we recognize as the absolute value of the weak derivative of the function K..
In addition, we define the function Z € C'*° [0, 00) by

Z() = C. /0 +(s) ds.
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Proof of Proposition 3.7.1. The functions z and Z are clearly nonnegative, with

Mé
20) = P2l oo 0 = 211000 Ml oo e — [laf [l poe 62 2 —

—52Dé,

m

M6,
m

M6,
2m

>

(1—m)

> > Ve.

2M 6,
m

Furthermore, we have z(t) < < ¢, together with

Z(t) < 206/ K (s)ds < oC Mo? =
m 0 m

In particular, items (ii)-(iv) are satisfied. In addition, using the fact that z(t) < %
in combination with item (77) of Lemma 3.7.6, we obtain the crude a-priori bound

||H(t)”eoo(zzx) <e, forallt>0. (3.7.36)

Turning to (i), Lemma 3.7.7 implies that it suffices to show that the residual (3.7.33)
satisfies Japx:fin(t) > K(t). Introducing the notation

Z(t) Z(t)

Talt) = iy L€M), In(t) = 2B, To(t) = H(),
To(t) =~ (2.(60). Tel) = 2

we see that
japx;ﬁn = Z<IA + IB + IC' + ID + IE)

Using the observation

gl _ o, t<e,
< _2
z(t) 3t71, >4, 8,
we obtain the global bounds
Zs)] < CMs < < 7
Zo(t)] < < 5
e < 38 < T

When ®.(¢) € (0,¢] U[1 —¢,1), we may use (3.7.35) to obtain the lower bound
ID Z 2m.
Together with Z4 > 0, this allows us to conclude

Japx > mz(t) > K(t). (3.7.37)
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On the other hand, when ®,(¢) € [¢,1 — €], we have

2 M
Tal 2 T s ome M, (Tp| < M,

€

which again yields (3.7.37). In a similar manner one can show that J[u~] <0. O

3.8 Phase approximation and stability results

In this section we show that « can be well-approximated by 6 after allowing sufficient
time for the interface to ‘flatten’. This is achieved using the sub- and super-solutions
constructed in §3.7 and allows us to establish Theorem 3.2.9 and Theorem 3.2.7.
In view of the preparatory work in §3.6-3.7 which accounts for the transition from
horizontal to general rational propagation directions, we can here simply appeal to
the corresponding results in [52, §8-9] to a large extent.

The main idea for our proof of Theorem 3.2.9 is to compare the information on ~
resulting from the asymptotic description (3.2.27) with the phase information that can
be derived from (3.7.1)-(3.7.2). In particular, we capture the solution u between the

sub- and super-solutions constructed in §3.7 and exploit the monotonicity properties
of @,.

Lemma 3.8.1. Assume that (Hy), (H®), (HO), (HS)1 and (HS)3 all hold and let u
be a solution of (3.2.4) with the initial condition (3.2.5). Then for every e > 0, there
exists a constant 7. > 0 so that for any T > 7. the solution 0 of the LDE (3.2.28) with
the initial value 0(0) = v(7) satisfies

|P.(n—7(t) —Pu(n—6i(t—7))| <€ (3.8.1)
for all (n,1) € Z% and t > 7.

Proof. The proof is adapted from [52, Lemma 8.2]. We restrict our attention to the
upper bound @, (n — v (t)) < ®.(n — 6,(t — 7)) + €, noting that the lower bound
follows in the same way.

Without loss of generality, we assume that 0 < € < 1. Recalling the constant v,
from Proposition 3.7.1, Theorem 3.2.7 and Lemma 3.4.4 allow us to find 7. > 0 and
R > 0 for which the bounds

1
|un,l(t) -, (n - 'Yl(t))| < 51/67 [’y(t)]dev <R (382)
hold for all (n,1) € Z2 and t > .. We now recall the constant § > 0 and the functions
z and Z that arise by applying Proposition 3.7.1 with our pair (¢, R). Decreasing §
if necessary, we may assume that ¢ > §. After possibly increasing 7., we may use
Proposition 3.4.2 to obtain

‘|87(T)||E°° S 57 T Z Te-

We now recall the super-solution u™ defined in (3.7.1). Our choice for §(0) together
with the bounds (3.7.3) and (3.8.2) imply that
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Un 1 () < @u(n —3(7)) + 25 (0 = 7(7)) 70,7 (T)] + Poor (0 = (7)) [75,(7)]
+ g5 (n— () [75, ()75, (7)) 4 2(0)
= u:,l(o)-

In particular, the comparison principle for the LDE (3.2.4) together with the bound
(3.8.2) implies that

1 1
d, (n - ’yl(t)) < upn(t) + éu(e) < u;l(t —-7)+ Ve t>T.

On the other hand, Corollary 3.6.1 in combination with (3.7.1) allows us to obtain a
constant C' > 0 for which we have

ut (t) — @i (n—6,(t)) < Ce, t>0.

n,l

In particular, we see that
1
<I>*(n—'yl(t)) §<I>*(n—01(t—7))+§1/€+06, t>T,

from which the statement can readily be obtained. O

Proof of Theorem 8.2.9 . The result can be obtained by following the proof of Propo-
sition 8.1 in [52]. O

Proof of Theorem 3.2.10. The proof can be copied almost verbatim from [52, §9] up
to the notational changes that we exhibited in the proof of Lemma 3.8.1.
a



CHAPTER
FOUR

PROPAGATION REVERSAL FOR BISTABLE
DIFFERENTIAL EQUATIONS ON TREES

1 We study traveling wave solutions to bistable differential equations on infinite k-ary
trees. These graphs directly generalize classical square infinite lattices and our results
complement those for bistable lattice equations on Z. Using comparison principles
and explicit lower and upper solutions, we show that wave-solutions are pinned for
small diffusion parameters. Upon increasing the diffusion, the wave starts to travel
with non-zero speed, in a direction that depends on the detuning parameter. However,
once the diffusion is sufficiently strong, the wave propagates in a single direction up
the tree irrespective of the detuning parameter. In particular, our results imply that
changes to the diffusion parameter can lead to a reversal of the propagation direction.

4.1 Introduction

In this paper we consider travelling wave solutions to the scalar bistable reaction -
diffusion - advection lattice differential equation (LDE)

G; = d(kuipr — (k+ Du; +ui—q) + g(us; a) (4.1.1)
iy 1.

(uiJrl —2u; + ui,l) + d(k — 1)(uz+z — ’LLZ) + g(u“ a), i € 7.

Here d > 0 is a diffusion parameter and the function g(u;a) is a bistable nonlinearity,
such as the cubic
g(u;a) =u(l —u)(u—a), ac(0,1). (4.1.2)

As we explain below, the advection parameter & > 1 can be interpreted as the branch
factor of an infinite tree.
We focus on the travelling front solutions of the form

u;(t) = ®(i — ct), ®(—00) =0, ®(c0) = 1. (4.1.3)

B 1The results of this chapter has been submitted as Hermen Jan Hupkes, Mia Juki¢, Vladimir
Svigler, Petr Stehlik, Propagation reversal for bistable differential equations on trees
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Our primary concern is how the diffusion strength d > 0, the branch factor £ > 1 and
the detuning parameter a influence the sign of the wave-speed c. Our main results
can be summed up into the following three points.

(i) For any sufficiently small d > 0, wave pinning occurs in the sense that ¢ = 0 for
a nonempty range of parameters a (Proposition 4.2.3).

(ii) As we increase d while keeping k fixed, we have ¢ < 0 for all a = 0 and ¢ > 0
for all @ ~ 1 (Theorem 4.2.6).

(iii) For all K > 1 and a € (0,1) there exists a function d*(a, k) such that ¢ < 0 for
all d > d*(a, k) (Theorem 4.2.5).

Consequently, these results show that for a &~ 1 we can reverse the speed of the wave
from ¢ > 0 to ¢ < 0 by increasing the diffusion parameter d.

Layer solutions on 7; Our primary motivation to study (4.1.1) is to further our
understanding of reaction-diffusion equations on infinite k-ary trees, see Figure 1.7.
An infinite k-ary tree is an (undirected) graph T = (V, E), k € N in which the set
of vertices is given by V = Z x Ny and the neighbourhood N (7, j) of each node (i, 5)
consists of its parent node (in the (i — 1)-th layer) and k children (in the (¢ + 1)-th
layer). We can explicitly characterize the set of edges E as

E={(Gj),(i+1,kj+1)): i€Z, jeNy, 1€{0,k—1}}.

Note in particular that 7; reduces to independent copies of Z with nearest-neighbour
edges.
Let us now consider the bistable reaction-diffusion system

;.5 (t) = d[Agu(t)]ij + g(ui;(t);a), (i,j) eV (4.1.4)

posed on the tree T, in which the operator

[Agulij = Y (wiry —uiy)

(@,3")EN (i.5)

is commonly referred to as the graph Laplacian. We restrict our attention to so-called
layer solutions, which satisfy the equality

u; 5 (t) = ui(t)

for all (i,j) € Z? and t € R. This substitution reduces the dynamics of (4.1.4) to that
of (4.1.1). In particular, the travelling fronts (4.1.3) can be seen as layered invasion
waves for the graph system (4.1.4). From this point of view it appears natural to
take k € N in (4.1.1), but for our analysis it turns out to be worthwhile to consider
ke R<o.
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Propagation through continuous media Taking k¥ = 1, our main LDE (4.1.1)
can be considered as a spatially discrete approximation of the classical bistable partial
differential equation

up(x,t) = dugy(x,t) + g(u(w,t);a), zeR, t>0. (4.1.5)

Indeed, replacing the second derivative g, (x,t) with the central difference scheme
results in the system

d
TR

where u;(t) = u(x;,t) and x; = ih. The bistable PDE (4.1.5) has been used to
model the spread of genetic traits [4, 35|, where it is often referred to as the heterozy-
gote inferior case. It has also been proposed as a basic model for the propagation
of electrical signals through unmyelinated nerve fibres, also known as the ‘reduced’
Fitzhugh-Nagumo equation [11, 72]. In general, (4.1.5) has played a prototypical
role during the development of the theory of travelling waves that connect two stable
states of the underlying nonlinearity [34].

Using phase-plane analysis [33], one can show that there exists a travelling wave
solution

0 (t) (wip1 (t) — 2u;(t) +ui—1(t)) + g(ui(t);a),  i€Z,

u(z,t) = ®(z — ct), O(—o0) =0, O(+o00) =1

of (4.1.5) with 1
sign(c) = —sign </O g(u;a)du> .

This travelling wave satisfies the second order ODE

—c®'(§) = "(¢) + g(2(&): a).

In the case of the cubic nonlinearity (4.1.2), there even exists an explicit solution
formula for the speed ¢, namely

:m(_é)

From this equation it follows that ¢ = 0 if and only if a = 1/2. The fact that we
have ¢ = 0 only at one value of the bistable parameter a is one of the fundamental
differences between continuous and discrete differential equations.

Propagation through waves in regular lattices Lattice differential equations
are a natural modelling tool when the underlying spatial domain has a discrete struc-
ture. Crystals, patchy landscapes and myelinated neurons are all examples of such
domains. One can find extensive lists of models and application areas in the book by
Keener and Sneyd [55] and the survey [50].

Formally, equation (4.1.1) is a generalization of the classic bistable lattice differ-
ential equation (LDE)

ul(t) = d(ui+1(t) — 2ui(t) + ui_l(t)) + g(ui(t); a), i €7, (416)
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which has served as a prototypical example to study key phenomena like pinning
and topological chaos. Indeed, it has attracted numerous studies, starting with the
threshold propagation results in [11] and [12]. One of the first rigorous studies of
propagation failure for (4.1.6) was conducted by Keener in [55], who established that
¢ = 0 can hold for a (non-trivial) interval of bistable parameters a. This is in stark
contrast to the continuous bistable equation, where a slight change of the detuning
parameter a suffices to cause standing waves to move. Keener in [55] applied the
Moser theorem [71] to show that for each a € (0,1) and sufficiently small diffusion
0 < d < 1 one can construct infinitely many horseshoe maps, with each of them
giving rise to a stationary solution of (4.1.6) with values in [0,1]. In addition, he
constructed a larger region in the (a,d) plane where wave propagation cannot occur.
On the other hand, he also established that pinned waves cannot occur for a in the
neighbourhood of zero and one once the diffusion parameter d is sufficiently large.

A general theory for the existence of travelling-wave solutions to a broad class of
LDEs that includes (4.1.1) was developed by Mallet-Paret [66, 67], who performed a
direct analysis of the mixed functional difference equation (MFDE)

—c@'(§) = d(k®(§+1) — (k+ 1)2(E) + 2(£)) + 9(®(£); a) (4.1.7)

that arises by substituting w;(t) = ®(i — ct). His results guarantee that for each
k>0,a € (0,1) and d > 0 one can find a speed ¢ € R and a profile & : R — R that
satisfy (4.1.7). It should be remarked that the first existence result for £k = 1 was
obtained by Zinner in [97] in the regime d > 0.

Propagation through graphs Trees represent an important class of graphs as
they model processes on discrete media with regular branching structures [3, 84,
83, 86]. Our paper is closely connected to a recent study by Kouvaris, Kori and
Mikhailov [62], where approximation techniques are used to study propagation and
pinning phenomena of waves on arbitrarily large, but finite k-ary trees. The bi-infinite
trees that we consider in this paper do not have a root vertex, in order to avoid the
technical difficulties causes by adding boundaries to our spatial domain. However,
due to the exponential convergence in the tails, we fully expect the travelling waves
considered here to play an important organizing role for the dynamics on large but
finite k-ary trees. We expect that our results could also be relevant for more general
graphs. For example, let us consider the Erdds-Rényi random graph ER,,(p) with
n nodes, where the probability of two nodes being connected is given by p [31]. In
the sparse regime where p = k/n for some fixed k£ > 0, one can show [90, 80] that
the Erdds-Rényi random graph ER,,(k/n) converges locally in probability as n — oo
to a Poisson branching process with mean offspring k. We can therefore consider k-
ary trees as local approximations of large Erdos-Rényi random graphs. Consequently,
wave propagation and pinning in random networks can be directly linked to the related
phenomena on trees [61].

Similar ideas were explored very recently in [42] for the monostable Fisher-KPP
equation on semi-infinite k-trees with one root. In this study, the authors consider
initial conditions that are zero everywhere except at the root vertex and establish the
existence of a critical diffusion parameter that separates (linear) spreading through
the tree from extinction. Moreover, their numerical simulations suggest that this
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conclusion can be transferred in some sense to the dynamics of Erdés-Rényi random
graphs.

Comparison principle Turning back to the original equation (4.1.1), we note that
our main propagation results rely on the construction of appropriate sub- and super-
solutions that push travelling waves to the left (¢ < 0) or right (¢ > 0). We use two
different constructions, which yield qualitatively different conclusions.

Our first approach follows the outline from Keener [55] to construct smooth but
‘step-like’ subsolutions. The simple nature of these functions results in a relatively
tractable expression for the sub-solution residual 7 —, which we examine thoroughly in
§4.5. Via this method we obtain a geometric description for a set D~ in the (a, d)-plane
where the wave speed is guaranteed to be negative. For the cubic nonlinearity, we are
able to explicitly compute the boundary of D™, thus generalizing and completing the
results from [55].

This approach has both advantages and disadvantages. On the one hand, the set
D~ obtained through this method is a-priori bounded in d, unlike the actual region
where ¢ < 0. On the other hand, this method allows us to exploit a useful symmetry
in the system that allows us to invert the sign of the wave speed. In particular, we also
obtain a region D7 close to a ~ 1 where the wave speed is guaranteed to be strictly
psoitive. Moreover, our numerical observations indicate that the lower boundaries of
D~ and DT are closely aligned with the edge of the pinning region. This result can be
intuitively explained by the fact that travelling profiles close to the pinning regime are
themselves almost step-like; see Figure 4.1. The steep sub-solutions therefore provide
a good approximation of the actual wave-profiles.

Our second method relies on a more refined construction of sub-solutions. In
particular, we build smooth and wide profiles that agree better with the actual wave-
profile @ in the d > 0 regime. For every a € (0,1) we provide a value d*(a) so
that d > d* implies ¢ < 0, which shows that waves have a preferred direction of
propagation. Together, these results allow us to paint a rather complete qualitative
picture for general bistable nonlinearities.

Organization This paper is organised as follows. We set the stage and state our
main results in §4.2. This section also includes explicit expressions for the propagation
and pinning regions for the cubic nonlinearity. In §4.3 we summarize several conse-
quences of the comparison principle that we use throughout the paper. We study the
pinning region in §4.4 by establishing the existence of invariant intervals. In §4.5 we
construct steep sub-solutions to establish the existence of the region D~ in which the
wave speed is negative. Exploiting a symmetry argument allows us to establish the
equivalent results for positive speeds. These two sections adapt the ideas from [55] to
the more general setting considered in this work.

We proceed in §4.6 with the construction of wide sub-solutions that work well
in the d > 0 regime. Using the comparison principle we show that ¢ < 0 for all
d > 0. Section §4.7 is dedicated to the cubic nonlinearity, as we provide explicit
expressions for the boundaries of the sets D~ and DT. In §4.8 we describe chaotic
steady solutions to our initial LDE (4.1.1) by adapting the set-up from [55] and [71].
We conclude the paper with several numerical studies to illustrate the shape of the
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1 —#— subsolution ¥ 101 _e— subsolution ¥
o °

§ S
0.0 0.0

Figure 4.1: These panels display numerically computed traveling waves for d = 0.5,
a =0.1and k =5 (left) and d = 0.002, @ = 0.2 and k = 5 (right). The travelling
speeds of each wave are ¢ = —1.3084 and ¢ = —0.00058, respectively. In each of these
two regimes we use a different technique to construct sub-solutions that rigorously
predict the sign of the wavespeed. For d >> 0, we construct wide subsolutions ¥ (see
§4.6), whereas for d small, we use smooth, almost step-like subsolutions (see §4.5).

pinning and propagation regions in the (a,d) plane, explain the behaviour of the
stable and unstable manifolds associated to pinned waves and visualize the reversal
of propagation on k-ary trees.
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4.2 Main results

The main focus of our study is the reaction-diffusion-advection equation
ui(t) = dlApu(t)]i + g(ui(t); a), (42.1)

posed on the one dimensional lattice ¢ € Z. The discrete diffusion-advection operator
A 1 £°(Z) — £°°(Z) is defined by

Aku = ui—1 — (k+ Dy + kuggq. (4.2.2)
We require the nonlinearity g to satisfy the following standard bistability assumption.
(Hg) The map (u,a) — g(u;a) is Cl-smooth on R x [0,1] and we have
9(0;a) = g(a;a) = g(1;a) = 0,
g'(0;a) < 0, g (1;a) <0, J'(a;a) > 0.
In addition, we have inequalities
g(v;a) >0 for v € (—o00,0) U (a,1), g(v;a) <0 for ve (0,a)U(1,00).

Throughout this paper we write ¢'(v; a) = 9,9(v; a). At times, we also need to impose
the following additional assumptions on g.
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(Hgl) For each a € (0,1) and v € (0,1) we have d,g9(v;a) < 0.

(Hg2) For each a € [0,1], the nonlinearity g(-;a) belongs to C?(R) and we have
g'(a;a) = 0 for a € {0,1}, ¢”(0;0) > 0 and ¢”(1;1) < 0. Moreover, there
exist ap and a; in (0,1) such that for each a € (0,a0) and a € (a,1) there
exists a unique v = v(a) for which ¢”(v;a) = 0.

Both (Hgl) and (Hg2) are satisfied for the standard cubic nonlinearity (4.1.2), on
account of the identities

9ag(via) = —v(1 —v) <0, g'(a;a) = —a® +a, 9"(a;a) = —2a +1

and the fact that ¢”(v;a) = 0 if and only if v = (a 4 1)/3.
We are specially interested in so-called travelling wave solutions to (4.2.1), which
can be written in the form
u;(t) = ®(i — ct), (4.2.3)

for some speed ¢ € R and profile ® : R — R. Substituting (4.2.3) into (4.2.1) results
in the MFDE

—c®(§) =d (k2 +1) = (k+ 1)2(E) + 2(¢ — 1)) + g(2(&); ). (4.2.4)

Throughout most of the paper we restrict ourselves to heteroclinic connections that
connect the two stable equilibria of the nonlinearity g. Therefore, we also add the
boundary conditions

lim ®(&) = 0, lim ®(¢) = 1. (4.2.5)

£——o0 E—+o0

Equation (4.2.4) is a special case of the general problem considered in [67]. We
therefore start by summarizing the key results from [67] that we use in our work. To
simplify our notation, we write

H =(0,1) x (0,00)
for the set of parameters (a,d) that we consider.

Proposition 4.2.1. [67, Thm. 2.1] Suppose that (Hg) holds and pick (a,d) € H
together with k > 0. Then there exist a speed ¢ = c(a,d, k) and a non-decreasing
profile ® : R — R that solve (4.2.4) with the boundary conditions (4.2.5). Moreover,
c(a,d, k) is uniquely determined and depends C*-smoothly on all parameters when
c(a,d, k) # 0. In this case the profile ® is Cl-smooth with ® > 0 and unique up to
translations.

In the traditional setting where £k = 1 and ¢ is given by the cubic nonlinear-
ity (4.1.2), one can exploit the identity g(1 — v;a) = —g(v;1 — a) to obtain the
symmetry relation

cla,d,1) = —c(1 —a,d,1). (4.2.6)

This allows the analysis in [55] to only consider one of the cases ¢ < 0 or ¢ > 0 and
subsequently transfer the results to the other case.
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The result below provides a useful generalization of this symmetry relation, which
will help to interpret and formulate some of our results. As a preparation, we introduce
the transformed parameters

12:%, i=1-a, d = dk, (4.2.7)

together with the nonlinearity
g(v;a) = —g(1 — v;a). (4.2.8)

Since the function ¢ also satisfies (Hg), Proposition (4.2.1) yields the existence of
a_transformed speed function ¢ associated to the solutions of (4.2.4)-(4.2.5) with
(k,a,d,g) instead of (k,a,d,g).

Lemma 4.2.2. Suppose that (Hg) holds and pick (a,d) € H together with k > 0.
Then we have

&a,d, k) = —c(a,d, k). (4.2.9)
Proof. Let (¢, ®) be a solution of the MFDE (4.2.4)-(4.2.5) and write ®(¢) = 1-®(=¢)
together with ¢ = —c. A straightforward computation shows that the pair (¢, )
also satisfies (4.2.4)-(4.2.5), but now with the transformed parameters (4.2.7) and
nonlinearity (4.2.8). O

In our following result we show that for any bistable nonlinearity there exists a
nonempty region in the (a,d) plane where waves are pinned, i.e. ¢ = 0. We achieve
this by showing that there exist two regions with nonempty intersection, one with
¢ < 0 and the other with ¢ > 0. To this end, we define two curves d~ : (0,1) — (0, 00)
and d* : (0,1) x (0,00) — (0,00) by writing

. —a(l — y:
d” (a) == max g(y,a)’ dt(a,k) := max M. (4.2.10)
ve(a,l) Yy ye(l-a,1) ky

We note that the k-dependence of d* is directly related to the transformation (4.2.7).

Proposition 4.2.3. Assume that (Hg) holds and pick a € (0,1) together with k > 0.
Then the following claims hold true.

(i) For any d € (0,d"(a,k)) we have c(a,d, k) > 0.
(it) For any d € (0,d™(a)) we have c(a,d, k) < 0.
In particular, for any 0 < d < min{d~(a),d" (a,k)} we have c(a,d, k) = 0.

As a follow-up result, we provide more detailed insight into the pinning region. We
show that for all sufficiently small d > 0 one can construct infinitely many bounded
solutions to (4.2.4) with ¢ = 0. This system is said to admit ‘spatial chaos’ due to
the fact that these solutions can be constructed from arbitrary sequences in {0, 1}.
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(a) Only theoretical findings (b) Numerical and theoretical findings

Figure 4.2: The left panel depicts our theoretical findings for g(v;a) = v(1—v)(v—a)
and k = 4. In the largest region (shown in red) we have ¢ < 0 by Theorem 4.2.5.
The sets D™, in which ¢ < 0, and D" with ¢ > 0 are given by the exact formula’s
from Proposition 4.2.9 and Corollary 4.2.10. In the bottom yellow region we have
¢ = 0 by Proposition 4.2.3. The right panel compares our theoretical findings with
numerically obtained regions where ¢ < 0 (purple with — dashes), ¢ > 0 (green with
+ dashes) and ¢ = 0 (white).

Proposition 4.2.4. Assume that (Hg) holds and pick a € (0,1) together with k > 0.
Then there exists dy = do(a, k) > 0 such that for every 0 < d < dy and every sequence
(si)iez C {0,1}, there is at least one solution of (4.2.4) that has ¢ = 0 together with

®(i) € [0,a), if s; =0,
®(i) € (a,1], if s;=1.

The two main results below provide criteria that guarantee the propagation of
waves. The first of these provides a quantitative lower bound d* above which the wave
speed is strictly negative. This lower bound is defined for all k¥ > 1 and a € (0,1),
in clear contrast to the symmetry (4.2.6) that occurs for the cubic nonlinearity with
k = 1. We note that general conditions that guarantee ¢ > 0 for k =1 and a ~ 1 can
be found in [67, Thm. 2.6].

Theorem 4.2.5. Assume that (Hg) holds. Pick a € (0,1) together with k > 1 and
define the quantity

d*(a, k) == (1 - k*lﬂ) it (o k).

Then for any d > d*(a, k) we have c(a,d, k) < 0.

Our second main result provides an alternative set of criteria that can guarantee
both strictly positive and negative wave speeds. Our numerical results for the cubic
nonlinearity (4.1.2) show that the boundary of the associated parameter sets track
the edge of the pinning region rather well for a wide range of parameters a; see Figure
4.2

The characterization of these sets depend on a geometric construction involving
the graph of the nonlinearity g. To describe this construction, we pick parameters
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————— Lao(via, k, A) === Lgo(v;a, k, A)
A
— —g(v;a) — —g(v;a)
(A, —g(A;a)) (A, —g(A;a))

A\

Figure 4.3: In the left panel, the value of d° = d°(A4;a) is determined by the
tangential intersection of the line and the graph of —g at some point v < A. In the
right panel we have —d°(A;a)(k + 1) = ¢'(4;a).

k>0,a€(0,1), A€ (0,1), d> 0 and define a linear map ¢4(-;a,k, A) : (0,1) - R
that acts as
ly(via, k,A) :=d(k+1)(A—v) —g(4;a). (4.2.11)

This linear map intersects the graph of —g at v = A and slopes downward with a
steepness that is proportional to d. The smoothness of g now allows us to define

d°(A;a) =inf{d > 0: £4(v;a, k, A) > —g(v;a), for all v € [0, A]}, (4.2.12)

representing the minimal value of d that is required to ensure that ¢; stays above the
graph of —g on [0, A]; see Figure 4.3.
We now define the set D~ C ‘H by writing

D (g,k) := {(a,d) eEH: d°(A;a)<d< w for some A € (a, 1)} . (4.2.13)

We will show that ¢ < 0 on D, which is a-priori bounded from above by the function
d~(a) defined in (4.2.10). To tackle the opposite case ¢ > 0, we exploit the symmetry
(4.2.9) and define the set

D (g, k) = {(a,d) eH: (a,d) € D (g, l})} . (4.2.14)
Upon introducing the notation
d°(A;a) = inf{d > 0:d(1+1/k)(A—v) + g(1 — A;a) > g(1 — A;a),
for all v € [0, A]}, (4.2.15)
the definition (4.2.14) can be recast in the form

d°(4;a) g(1 —A;a)

kA
which only involves the original nonlinearity. Notice again that this set is a-priori
bounded from above by the function d* (a, k) defined in (4.2.10).

Dt (g, k) = {(a,d) e 1 : <d< - for some A € (1 —a,1)},
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Theorem 4.2.6. Assume that (Hg) is satisfied and pick k > 0. Then the following
claims hold true.

(1) We have D~(g,k) # 0 and DT (g, k) # 0.

(i) For all (a,d) € D (g,k) we have c(a,d,k) < 0. Equivalently, for all (a,d) €
Dt (g, k) we have c(a,d, k) > 0.

(#ii) Assume that (Hgl) holds and pick any (a,d) € Fﬂ?—[lhen we have c(a’,d) <
0 for all 0 < o’ < a. Similarly, pick any (a,d) € Dt NH. Then we have
cla',d) >0 for alla < a' <1.

(iv) Assume that (Hg2) holds. Then there exists 6, € (0,1) such that

g'(a;a) D~(g,k), forae€(0,d.),
(a, kE+1 ) < {D"‘(g,k)7 fora e (1 —4d,4,1). (4.2.16)

Note that condition (Hgl) implies that we can fully characterize D~ and DT by
finding their right and left boundaries, respectively. In addition, (Hg2) guarantees
that the set D~ extends to the corner (a,d) = (0,0), while DT extends to (a,d) =
(1,0).

4.2.1 Cubic nonlinearity

In this subsection we apply our techniques to the standard cubic nonlinearity (4.1.2).
In particular, we obtain explicit expressions for the curves and regions that appear
in our main results. Our first two results describe the functions d* and dy that
characterize the pinning region and the chaotic behaviour therein. An immediate
consequence is that we also have an explicit expression for the curve d*, above which
the wave speed is guaranteed to be negative.

Lemma 4.2.7. Let g be the standard cubic nonlinearity (4.1.2). Then the explicit
expressions for the functions d~ and dt defined by (4.2.10) are given by

_, (a—1)? " _ad?
d”(a) = TR d (a,k)f4k.
Proof. This claim follows from a straightforward analysis of quadratic expressions. [

Proposition 4.2.8. Let g be the standard cubic nonlinearity (4.1.2) and pick param-
eters k > 0 and a € (0,1). Then the following claims hold true.

(i) Pick any d > 0 that satisfies

a? < 1
fa® (1-a)? I VRS
d<mm{ﬂ’ 1 }: (1-a)? 1

, 4> ———.
4 1/VE+1

Then we have c(a,d, k) = 0.
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k=2 k=5

monotonic waves wi monotonic waves with ¢ > 0

0.25 0.25

monotonic waves with ¢ <0

monotonic waves

monotonic pinned waves monotonic pinned waves

spatial chaos spatial chaos

0.00 T T T T 0.00 g v v v
0.0 0.2 04 a 06 0.8 1.0 0.0 0.2 04 a 06 0.8 1.0

Figure 4.4: These images depict the curves d, d* and dy from Propositions 4.2.3
and 4.2.4 for the standard cubic nonlinearity (4.1.2), with & = 2 (left) and k = 5
(right). These images already suggest that the pinning region is asymmetric, and
that the area in which ¢ > 0 decreases as k increases.

(i) The function dy from Proposition 4.2.4 is given by

do(a, k) := k_—l&—l min {kd* (a,k),d” (a)} . (4.2.17)

In particular, for any k >0, a € (0,1) and 0 < d < do(a, k) there exist infinitely
many bounded solutions to (4.2.4) with ¢ = 0.

(iii) Pick any d that satisfies

Then we have c(a,d, k) < 0.

Proof. The proof of items (i) and (%) follows directly from Proposition 4.2.3 and
Theorem 4.2.5 applied to Lemma 4.2.7. For the proof of (ii), see §4.8. d

We now set out to find explicit expressions for D~ and D*. Item (%) of The-
orem 4.2.6 shows that it suffices to find the outer boundaries of these sets. To this
end, we first define the quantities

2 2

_k::]._—7 _k:: 1_—7
ax (k) Vak+1+1 ar (k) := max{ 2k +1

0}, (4.2.18)
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for k > 0, together with the curves

2a%k — a + 2k — 2(a + 1)Vk/ka? — a(2k + 1) + k

dmln(a’ k) = (4/<1+ 1)2 s
1— 2
( 4“) . ifae[0,a7 (k)

dax (@, k) == $ 202k — a + 2k + 2(a + 1)Vky/ka® —a(2k + 1) + k

(4k + 1)2 ’
if a € [a] (K),a; ()],

for k > 0 and 0 < a < a; (k). Together, these curves define the boundary of D~.

Proposition 4.2.9. [Cubic nonlinearity, negative speed] Pick k > 0 and let g be the
standard cubic nonlinearity (4.1.2). Then the following claims hold.

(1) We have d_;, d. € C([0,a; (k)] x (0,00); R) and

0<d_.(a k) <dg.(a,k)<d (a), forallacel0,a, (k).

(i) The equality d,,. (ay; (k) =d_,, (a; (k)) holds.

min

(iii) The set D~ (g, k) is bounded precisely by the graphs of d_. and d

min max’

namely
D (g, k) ={(a,d) e H:a<a,(k), dp,(a,k)<d<dg.,lak)}. (42.19)

To formulate the equivalent result for the set DF, we again define two values

af (k) = —“"”2"“'2"‘7 af (k) = min{ N;_ 1} (4.2.20)

for k > 0, together with two curves

" 2% +alk—4)+4—k—Va®+tka—k
dmm( k) = (4+ k)2 )

2

=, a € (af (k),1),
dt. (a,k):= Ak
A 20> +a(k —4)+4—k+ Va2 +ka—k

(44 k)2

for k> 0 and af (k) <a < 1.
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Corollary 4.2.10. [Cubic nonlinearity, positive speed| Pick k > 0 and let g be the
standard cubic nonlinearity (4.1.2). Then the following claims hold.

(i) We have dt. . dt. € C([a}(k),1] x (0,00);R) and

0<dl. (ak)<dl. (ak)<d"(a,k), forallac]|0af (k).

min

(ii) The equality df. .. (aF(k)) =d} . (at(k)) holds.

min

(i4i) The set DT is bounded precisely by the graphs of d . and d;,

min max’ na’mely

Dt (g, k) = {(a,d) € H:a>al(k), df; (a,k) <d <df,(ak)}. (4.221)

min

Proof. This result follows directly from Proposition 4.2.9 and Lemma 4.2.2 by noting

that ) )
af (k) =1—a; (E)’ ay (k) =1—ay (E)’

d+ (a7k) _ dmin(

min

together with

1- a, 1/k) d+ k) o dr;lax(

(a —a,l/k)
k ? max °

k

4.3 Comparison principles

The main tool that we use in this paper to analyze the LDE (4.2.1) is the well-known
comparison principle, which is formulated in the first result below. We will exploit
this principle in a standard fashion to show that solutions with monotonic initial
conditions remain monotonic. In addition, we show how the sign of the wave speed
c(a,d, k) defined in Proposition 4.2.1 can be controlled by constructing appropriate
sub and super-solutions.

Lemma 4.3.1. Let u,v € C'([0,00);¢>°(Z)) be such that

ii(t) > dlAgu(t)]; + g(ui(t); a), (43.1)
0i(t) < d[Arv(t)]i + g(vi(t); a)
and u;(0) > v;(0) for alli € Z. Then wi(t) > vi(t) for t > 0 and all i € Z.
Proof. The statement is the reformulation of [20, Lemma 1] with j = oo and
Niu(t) = 0;(t) — d[Apu(t)]i — g(ui(t); a).
a

Lemma 4.3.2. Assume that the assumption (Hg) holds and pick a non-decreasing
sequence u® € >°(Z) . Then the solution u(t) to the LDE (4.2.1) with u(0) = u° is
also a non-decreasing sequence for all t > 0.
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Proof. Define the function v(t) with v;(t) = w;+1(¢). Then this function also satisfies
the LDE (4.2.1) and we have uf < o for each i € Z. By Lemma 4.3.1 this implies
u;(t) < wv;(t) for all i € Z and t > 0. d

In order to translate the inequalities (4.3.1) to the context of travelling waves, we
introduce the operators Z, 4 41 : R x C'(R) — C(R) that act as

Zadgklc, ®|(§) = — c®'(§) = d(P( — 1) — (k+ 1)@(&) + kP(E+ 1))
—g(®(§);a).

This can be interpreted as the residual of the travelling-wave equation (4.2.4), i.e.,
Ta,d,9.kc, ] = 0 if and only if the pair (¢, ®) solves (4.2.4).

(4.3.2)

Corollary 4.3.3. Pick k > 0, a pair (a,d) € H and a function g that satisfies (Hg).
Let the pair (¢, ®) be a solution of (4.2.4)-(4.2.5). Assume that there exist a constant
¢ <0 (resp. ©>0) and a function ¥ € C*(R) that satisfy the properties

(1) supger ¥(£) > 0,

(ii) W(E) < BE) (resp. V() > B(€)) for all € € R.
(i1) Tasa gl W)(€) <O (resp. Tuagle, U)(E) = 0) for all € € R.
Then we have ¢ < 0 (resp. ¢>0).

Proof. Without loss of generality, we consider the case ¢ < 0. Let us define two
time-dependent sequences, v;(t) := (i — ¢t) and w;(t) := ®(i — ct), for i € Z. We
assume that the profile ¥ is shifted in such manner that v;(0) < u;(0) for all i € Z.
Therefore, the assumptions of Lemma 4.3.1 are satisfied and we have

U(i—ct) < B(i — ct) (4.3.3)

for all ¢ € Z and t > 0. To show that ¢ < 0, we assume to the contrary that
¢ > 0. Let £ € R be such that ¥(§) = M > 0. Due to the shift-invariance of the
MFDE (4.3.3), we can shift both ¥ and ® to have § = 0. In addition, we can find
i1 € Z for which ®(i1) < M/2. Monotonicity of the profile ® implies that i; < 0.
Writing 41 = ¢t;, we now have v;, (t1) = ¥(i; — ¢t) = ¥(0) = M. On the other hand,
we have wu;, (t1) = ®(i; — ct1) < ®(i1) < M/2, which clearly contradicts (4.3.3). The
case with reversed inequalities can be proved similarly. O

4.4 Pinned monotonic waves

In this section we follow the approach from [55] to establish Proposition 4.2.3. The
series of Lemmas 4.4.1, 4.4.2 and 4.4.3 yield the existence of two invariant intervals
(1,1] and [0,y2) for the LDE (4.2.1). More precisely, choosing (a,d) € H with
d < d~(a), we have u;(t) € (x1,1] provided that u? € (z1,1]. This feature blocks
propagation to the right since travelling waves are known to be strictly monotonic
[67]. On the other hand, the interval [0,y2) is invariant for the LDE (4.2.1) when
d < d*(a, k), which blocks propagation to the left.



164 Propagation reversal for bistable differential equations on trees

Lemma 4.4.1. Consider the setting of Proposition 4.2.8. Pick any a € (0,1) and
d < d(a). Then there exist two points x1, T2, with a < x1 < x2 < 1 such that

dy —g(y;a) <0,  y€ (x1,22). (4.4.1)

Proof. Let us take d < d~(a). By definition of d—, there exists xy € (a,1) such that

g(xo; a)
Zo '

d<

The strict inequality ensures that there exists an interval (x1,xs) around z such
that (4.4.1) holds. O

Lemma 4.4.2. Consider the setting of Proposition 4.2.8. Pick any a € (0,1) and
d < d*(a,k). Then there exist two points yi,ys with 1 —a < y; < ya < 1 such that

dky +g(1 —y;a) <0, y€ (y1,%2).
Proof. The proof is analogous to that of Lemma 4.4.1. O

Lemma 4.4.3. Assume that (Hg) holds and pick a pair (a,d) € H together with a
non-decreasing sequence u® € (°°(Z) that has 0 < u? <1 for alli € Z. Let u(t) be the
solution to the LDE (4.2.1) with u(0) = u®. Then the following claims hold.

(i) If d < d(a,k) and u? € [0,y2) for some i € Z, then u;(t) € [0,yz2) for all t > 0.
(ii) If d < d~(a) and u € (x1,1] for some i € Z, then u;(t) € (x1,1] for all t > 0.

Proof. By the comparison principle we have u;(t) € [0,1] for all¢ > 0. By Lemma 4.3.2
we also know that u;(t) is a monotonic sequence for all t > 0. Assume that u{ € [0, y2)
and that there exists ¢ > 0 such that w;(t) > y2. A continuity argument ensures
that there exists to > 0 such that u;(t9) € (y1,y2) and u;(tp) > 0. However, by
Lemma 4.4.2, we have

i (to) = d (ui—1(to) — ui(to) + k(uit1(to) — ui(to)) ) + g(ui(t); a)
< d(k(1 —uilto))) + g(ui(t);a) <0,

which contradicts our assumption ;(¢p) > 0. This proves item (i). Item (%) follows
similarly. 0

Proof of Proposition 4.2.3. In view of Proposition 4.2.1, we can find a solution (@, c)
to (4.2.4)-(4.2.5). Setting
up = ®(i),

we see that u is a non-decreasing sequence connecting 0 and 1. Let I; € Z be such
that
(I)(Z) < Y2, i < Iq.

Assume now that 0 < d < d*(a, k). By item (i) of Lemma 4.4.3 the associated wave
solution u;(t) = ®(i — ct) has u;(t) < yo for all ¢ > 0 and ¢ < I, which implies ¢ > 0.
Item (%) follows analogously. O
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Figure 4.5: These images show how a sub-solution with negative speed causes the
wave to move to the left. At ¢ = 0 we have ¥(¢) < ®(£). The wave profile  must
also travel with negative speed to ensure that the correct ordering is preserved for
t>0.

4.5 Small d regime

The main goal of this section is to establish Theorem 4.2.6 by constructing appropriate
sub-solutions. In light of the a-priori upper bounds for the regions D~ and DT, we
consider this the ‘small d’-regime. The geometric interpretation that we develop here
will allow us to find explicit characterizations for these sets in §4.7 in the special case
that g is the standard cubic nonlinearity (4.1.2).

Following the approach developed by Keener [55], we fix a € (0,1) and A € (a, 1)
and set out to construct a smooth but steep sub-solution ¥ that connects zero to A,
see Figure 4.5. We first show that the corresponding sub-solution residual can be
controlled by the expression

J (a,d, A, g, k) == max (d(k+ 1)v—dkA — g(v;a)), (4.5.1)

v€E[0,A]
which forces c(a, d, k) < 0 whenever it is negative.

Lemma 4.5.1. Consider the setting of Theorem 4.2.6. Pick (a,d) € H and suppose
that there exists A € (a,1) with the property J(a,d,A,g,k) < 0. Then we have
c(a,d, k) < 0.

Proof. The strict inequality A < 1 allows us to choose &y and &; so that
(I)(fo) > A and 0< fl — &) < 1.
We use &y and & to define a smooth function ¥ : R — R that satisfies
0, <
(e = §< % (4.5.2)
Aa g Z 51

and is strictly increasing for § < & < &. We will show that there exists ¢ < 0 such
that
Ia,d,g,k(E; \Ij) S 0;

which yields ¢(a, d, k) < 0 using Corollary 4.3.3.
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v) = g(Ag;a) A

g1(v;a)

—> (@, g1(a; ) A

/«Az- —g(Az;a))

(A, —g(Asa))
Figure 4.6: The left panel provides a geometric proof for Proposition 4.5.2. The
right panel depicts the function g1 defined by (4.5.5) which has a unique local maxi-
mum on (0, A*) at v = a.

To this end, we define

€:= II[loiI}L‘] g(v;a) +d(kA — (k+ 1)v) > 0, (4.5.3)
vel0,

which allows us to choose ¢ < 0 in such a way that
[0’ (&) <.

For £ < & we have ¥/(§) =0 and

Todgn(@ W) < —dkW(E+1) < 0.
If £ > & we again have U/(£) = 0 and

Za,dgk(C, V) <dA—g(A;a) <O0.
For £ € [0,&1] we have ¥(£) € [0, A], ¥(§ —1) =0 and ¥({ + 1) = A, which gives

To.dgk(C,0) < e —d(kA = (k+1)T(£)) — g(¥(€);a) <0,

as desired. O

A key ingredient towards establishing Theorem 4.2.6 is to find an explicit relation
between the set D~ and the expression J . This is achieved in the following result,
using a geometric construction that is illustrated in Figure 4.6.

Proposition 4.5.2. Consider the setting of Theorem 4.2.6. Then the following two
statements are equivalent.

(i) We have (a,d) € D~ (g,k).

(ii) There exists A € (a,1) for which J~ (a,d, A, g,k) <O0.
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Proof. Assuming (i), there exists A € (a, 1) so that for all v € [0, A] we have d(k +
1)(A—v) —g(A;a) > —g(v;a). Since also dA < g(A;a), this implies that

J (a,d, A, g,k)=d(k+1)(v—A)+dA - g(v;a)
<dk+1)(v—A4)—g(4;a) — g(v;a) <O0.

To establish the opposite inclusion, we assume (ii) and write A = kLHA. The
line through (A4, 0) with slope —d(k + 1) intersects the graph of —g at some point
v = As > A, see Figure 4.6 (left). We automatically have d > ds(As; a) by definition
of do(Ag; a), so it suffices to show that d < g(Az;a)/As.

To this end, we write Ay = &Ag and point out that the slope of the line con-

necting the points (A4,,0) and (A2, —g(Az;a)) is given by d = —g(’:—r‘;a)(/ﬂ +1). Since
we have A, > A, the inequality —d(k + 1) > —d must also hold, which immediately
implies d < g(Az;a)/As. |

We now continue with two essential observations concerning the quantities d® and
J~. These will allow us to conclude that D~ is non-empty and - when (Hgl) holds -
free of holes.

Lemma 4.5.3. Consider the setting of Theorem 4.2.6. There exist 0 < A* < 1 and
a— > 0 such that for all a € (0,a_) we have

(4.5.4)

Proof. We first note that it suffices to find 0 < A* < 1 for which (4.5.4) holds at a = 0.
Indeed, g(A;a)/A and d°(A;a) are continuous with respect to both their arguments,
the latter since it is the supremum of a difference quotient on a compact interval that
depends continuously on these arguments.

To show this, we define
k

8(k+1)

and use the fact that ¢’(1;0) < 0 to pick A, € (1/2,1) in such a way that the line
connecting the points (A, —g(A,;0)) and (¢,0) is above the graph of —g(-;0) on
[0, A]. The slope of this line is given by d. = —%, which using the fact that
kA — (k+ 1)e > 0 implies

__9(A;0)
(k+ 1)(A, —¢)

as desired. O

d°(A;0) < de/(k+1) = < g(As;0) /A,

Lemma 4.5.4. Consider the setting of Theorem 4.2.6 and assume furthermore that
(Hgl) is satisfied. Pick (a,d) € D~ NH and a € (0,a). Then we have (a,d) € D~.

Proof. By Proposition 4.5.2 we have

D (g.k)= |J U {(@deH:T (a,d Agk) <0}.

a€(0,1) A€(a,l)
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Let us now pick (a,d) € D~ N'H. The continuity of J~ with respect to A implies
that J~(a,d, A, g, k) < 0 holds for some A € (a,1]. Note that A = a is excluded here
since J~ = da for A = a.

For @ < a, the assumption (Hgl) implies that

gv;a) + d(kA — (k+ 1)v) > g(v;a) +d(kA— (k+1)v) >0, wve(0,A4],

while for v = 0 we have ¢(0;@) + dkA = dkA > 0. Therefore, 7~ (a,d, A, g,k) <0
holds. O

In the following lemma we explore how the extra condition (Hg2) leads to the
explicit inclusion (a, ¢'(a;a)/(k 4+ 1)) € D~ (g,k) for a = 0. In particular, translated
into the language of d°, the first item implies that ¢'(a;a)/(k + 1) > d°(A;a) for any
A € (a,1). The second item then ensures that there exists A such that d°(A4;a) <
9(4A;a)/A.

Lemma 4.5.5. Pick k > 0 and assume that the nonlinearity g satisfies (Hg) and
(Hg2). Then there exist a constant 6, € (0,1) such that for all a € (0,0,) we have

(i) g"(a;a) >0,
g'(a;a) g(A;a)

(’LZ) 0< k—|—1 <maXA€[a+2f71]T,
Proof. Due to the assumption (Hg), the function
A.
D_(a)= max 9(4;a)

A€la+22 1) A

is well defined, positive and decreasing for a < 1/(k + 2). In particular, we have
D_(0) > 0. The assumption (Hg2) ensures that 0 = ¢’(0,0) < D_(0)(k + 1). Now
the existence of d, and the claim of item (i) follow from the continuity properties of
the nonlinearity g and the function D_. The inequality g”(a;a) > 0 for a € (0,4,)
follows again from (Hg2) by reducing J, if necessary. a

Proof of Theorem 4.2.6. Item (i) follows directly from Lemma 4.5.3. To show item
(1), we first employ Proposition 4.5.2 in combination with Lemma 4.5.1 to conclude
that ¢ < 0 in D~. The result ¢ > 0 in D' now follows from Lemma 4.2.2.

Item (iii) for D~ is a direct consequence of Lemma 4.5.4 and Proposition 4.5.2. To
show the equivalent result for DT, we assume that (a,d) € D' and take @ > a. In view
of the definition (4.2.14) for D, we have (1 — a,dk) € D~(g,1/k) and consequently
(1—a,dk) € D~(g,1/k). In particular, this implies (a,d) € DT.

To show item (iv), we take d, from Lemma 4.5.5 and implicitly define the quantity
A* > a+ 2a/k by writing

9(A*;a) 9(4;a)

A* 7Ae[51+1;21;(/k,1] A

For d = d(a) := ¢'(a;a)/(k + 1), the function g;(v;a) defined by

g1(va) = —g(v;a) — (kA" — (k + 1)0) (4.5.5)
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satisfies g1 (0;a) < 0 and g1 (A*;a) = —g(A*; a)+d*A* < 0 by Lemma 4.5.5. Moreover,
its unique local maximum or inflection point is achieved at v = a since

gi(a;a) = —g'(a;a) + (k+1)d =0 and g1 (a;a) = —g"(a;a) <0.

The value in the local minimum is g1(a;a) = —d(kA* — (k + 1)a) > —ad/k > 0.
Therefore, we have J~ (a,d, A*, g, k) < 0, which implies ¢(a, d, k) < 0 by Lemma 4.5.1
and Proposition 4.5.2.

To show that (a,d(a)) € DT for a ~ 1, where d(a) = ¢'(a;a)/(k + 1) it suffices to
show that (a,d(a)) € D~(g,1/k). We note now that the nonlinearity g also satisfies
(Hg) and (Hg2). Therefore, by repeating the procedure above, we have

d(a) = g'(a;a)/(k +1) € D (g, k).
Translating back to our original coordinates we obtain

d(a) = @ = % € D (g, k).

4.6 Large d regime

In this subsection we prove Theorem 4.2.5 by constructing a second class of sub-
solutions ¥ to which we can apply Corollary 4.3.3. To start, we denote

Ag[®](€) := @(§ — 1) = (k + 1)2() + kP(§ + 1),

which allows us to rewrite (4.3.2) as

Todgklc, @] = —c® — dAL[®] — g(P;a).
The operator

Ai[®] = D(E+1) —20(5) + R(E - 1)

can be understood as a discrete version of the second derivative of a smooth function.
Moreover, ®”(€) <0 (> 0) for all £ € R implies A;[®](§) <0 (> 0) for all £ € R. We
remark that the reverse implication does not hold (consider for example the function
(22)* — (22)%). Since the term A;[¥] appears with a negative sign in the residual
expression Zg 4.4k, our goal is to construct a simple subsolution ¥ with a strictly
positive sign of Ag[¥]. By choosing d > 0 large enough the contribution of d.A[V]
can then be used to overcome the impact of the nonlinearity g.

We approach the construction of the profile ¥ in a stepwise fashion First of all,
for I € R and A > 0 we define the function s;,4 : R = R by writing

Kia(€) = A1 —17%). (4.6.1)
One can directly compute that ;4 is strictly increasing with
Aplkia) = A8 (k=11 — 1). (4.6.2)

We therefore have Ag[r;,4] > 0 if and only if I € (1, k). Our first goal is to maximize
the the expression [ — (k—1)(1—1/1), as that minimizes the expression Z, 4 ¢ [, K1, 4]
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Figure 4.7: These images illustrate the function W defined by (4.6.4) and its discrete
Laplacian Ax W, for k = 2 and A = 0.9.

Lemma 4.6.1. Pick k > 1. Then the mazimum of the function | — (k —1)(1 —1/1)
for 1 € (1,k) is achieved at | =k and its value is given by

1 2
F(k) == (k—VEk)(1 - ﬁ) = (1-Vk)>2 (4.6.3)

Proof. Denoting Q(I) = (k —1)(1 — 1/1), a straightforward computation shows that
Q() =0 <= 1| = k. Moreover, we have Q(1) = Q(k) = 0. Therefore, the
maximum is achieved at [ = v/k. O

In view of Lemma 4.6.1, we always take [ = v/k in what follows and set
ka(§) =k a(8)-
AWE-1)
2

We now write § =
that satisfies

and choose a smooth function ¥4 : R — [k4(—1) — 4, A)

ka(—1) =4, < -1,
e =4 MO ¢ (4.6.4)
K;A(é-)u 5 > _17
together with the flatness assumption
AVElogk
(W4 (8)] < — = Ky (—1),

see Figure 4.6. The function W4 represents a smooth bounded version of k4 that by
construction satisfies Ag[P](&) = Ag[xa](§) for £ > 0. Moreover, a straightforward
calculation shows that Ag[V¥] is strictly positive for £ > —1. In particular, we have
the following result.

Lemma 4.6.2. Pick k > 1. Then there exists M > 0 so that Ag[V 4] satisfies the
lower bounds

AWE =12k >0
Ap[P4](§) = M’ ¢ €[~1,0) (4.6.5)
—-M, £e€(—o0—1).
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Proof. For § > 0 we have Ax[Wa(§) = Ax[r 5, 4](§), which by (4.6.2) is equal to
A(VE —1)2k=4/2. For € € [~1,0] we use the bound k~¢/2 > 1 to find

Arlk zal(€) = RAQ = E~¢2712) — (k+ )AL — k=) + A1 — VE) - 6
= Ak (= VE+k+1) - AVE -6
> AWk -1)2 =4
. A(\/E; 1)2

by our choice of §. Finally, for £ € (—oo, —1], we define

M:= sup [Ag[Pa](§)],
ge(fooafl)
which is finite since W4 is a bounded function. Od

For £ € [—1,00) the strict positivity of Ax[¥4](§) allows us to obtain the desired
sign of the subsolution residual in that region. On the other hand, for £ € (—o0, —1],
we will control the residual by appropriately adjusting our nonlinearity. To this end,
we impose the following auxiliary condition on g.

(Hgg.4) For all v < A(1 — Vk) we have the bound

log k
2A

g(v;a) > —v + dM. (4.6.6)

Since the wave-solutions of the MFDE (4.2.4) do not ‘see’ the region outside [0, 1], we
will show that we can replace the original nonlinearity g with its modified version.

To conclude this set-up, for a € (0,1), k > 1 and A € (a, 1], we define the function
d*(a, k, A) with

" 9(A(l — z);a) 9(A(l —z);a)
A - _—— = _
d*(a.k, A) = max = celing ) Af(k)a
(4.6.7)
= e I a)
veloal  f(R)(A—y)’
and we note that

d*(a,k, A) > d*(a, k,1) = d*(a, k). (4.6.8)

Proposition 4.6.3. Consider the setting of Theorem 4.2.5. Pick A € (a,1) and
d > d*(a,k,A) and assume that g additionally satisfies (Hgg.a). Then there exist
¢ < 0 such that for all £ € R we have

Ia,d,g,k‘[a \IJA](é-” S 0.

Proof of Theorem 4.2.5. We first note that the function d*(a,k, A) is continuous in
all parameters as a maximum of a smooth function over a compact set. Therefore,
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d > d*(a, k) = d*(a, k, 1) implies that there exists A € (a, 1) such that d > d*(a, k, A).
We now define a modified nonlinearity gq4,4 : R — R that satisfies

g(v;a), v >0,

ga:a(via) = log k -

4.6.9
—UW+dM, ’USA(I—\/E)7 ( )

with a smooth connection between v = A(1 — v/k) and v = 0. It is crucial to notice
that the non-decreasing solution (®,c) MFDE (4.2.4)-(4.2.5) also satisfies (4.2.4) with
ga: 4 instead of g, since g = g4.4 for v € [0, 1]. Moreover, since ¥4 < A < 1, we can
find 0 € R so that ¥4 < ®&(-40). Therefore, by Proposition 4.6.3 and Corollary 4.3.3
we have ¢ < 0. a

4.6.1 Proof of Proposition 4.6.3

In this subsection we prove Proposition 4.6.3 by discussing the two regions £ > 0 and
¢ < 0 separately in the two lemmas below.

Lemma 4.6.4. Consider the setting of Proposition 4.6.3. Then there exist ¢ > 0 and
c* < 0 such that for all c € (c*,0) and £ > 0 we have

Taagnle, Ual(€) < —ek /2 < 0.
Proof. Recalling the notation f(k) = (vk — 1), writing
e=Af(k)(d—d*(a,k,A)) >0
and picking £ > 0, a direct computation shows that

Alog k
Todgnle, Wal(€) = =S5 2=k~5/2 — dAF (k)% = g(A(1 = k=4/2);0)

=k~S2Af (k) < clogh . g(A(l— k—w);a)> .

- 2f(k) Af (k)R
In view of the definition (4.6.7), we hence obtain

cAlogk >
- €.

Toagle. Vall9) < 767 (-4

Choosing ¢* < 0 in such a way that —c*Alogk/2 < ¢/2 yields the desired conclusion.
O

Lemma 4.6.5. Consider the setting of Proposition 4.6.3. Then there exist € > 0 and
¢* < 0 such that for all ¢ € (¢*,0) and £ < 0 we have

I‘l:dﬂ,k[cv ‘l’A](ﬁ) < —e€.
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Proof. Let us first consider £ € (—oo, —1), in which case we have k=¢/2 € (Vk,0)
and consequently A(1 —k~¢/2) € (—oo0, A(1 —Vk)). By assumption (Hgg.a) we have

VE—1
2

g(A(l — k~¢/?);a) = (1— k%2 +dM >

log k
—% log k 4 dM.

Using this bound together with Lemma 4.6.2 we obtain the inequality

1
Taagile, U)(6) < —cAVE ng +dM — g (AL~ k~/);a)

< —logk (—C\/EJr\/E—l).

By choosing ¢ < 0 to be sufficiently close to 0 we can achieve

log k(VE — 1)
4

On the other hand, for &€ € (—1,0) we have —g(A(1 — k~¢/2)) < 0 and

Ia,d,g,k [C7 “Ij] (f) S

Ap[T)(&) > AWVE—1)7/2
by Lemma 4.6.2. Therefore, by choosing ¢ < 0 to be sufficiently close to 0, we obtain

dA

log k
Lo dg[c; Wa](€) < —cA\/E% - WE-1? <

for some € > 0. O

Proof of Proposition 4.6.3. The claim follows directly from Lemmas 4.6.4 and 4.6.5
O

4.7 Cubic nonlinearity

The aim of this section is to prove Proposition 4.2.9, which explicitly describes the
region D~ for the standard cubic nonlinearity

g(v;a) =v(l —v)(v —a). (4.7.1)

We achieve this by finding explicit expressions for the slope d°® defined in (4.2.12).
The definition of d°(A; a) and consequently of A(a) directly depends on the convexity
regions of our cubic nonlinearity. Namely, there exists a unique inflection point v; =
v;(a) on the interval (0,1) such that g is convex on (0,v;) and concave on (v;,1). A
straightforward computation shows that

a+1

vi(a) = 7

Lemma 4.7.1. Let g be the standard cubic nonlinearity (4.7.1). Pick any a € (0,1)
and A € (v;,1). Then the linear function

v d°(k+1)(A—v) —g(A;a)
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touches the nonlinearity v — —g(v;a) tangentially at some touching point wu,; see
Fig 4.3 (left). Moreover, we have

Uy = %(1 ta-A)e (g vi) : (4.7.2)
—3A2 a a—1)2
P(Asa) = =4 +2(4(Zi)f)+( DA (4.7.3)

Proof. In order to find d°(A;a) and the touching point uy, for A € (v;, 1) we exploit
the idea used by Keener in [55] for k& = 1 and match the coefficients of two cubic
polynomials. In particular, we write

g(vya) +d°(k+ 1)(A —v) — g(A;a) = (v — ug)*(A —v). (4.7.4)

The polynomial on the right-hand-side is always positive on [0, A]. Moreover, if we
show that u,, < A, then d°(k+ 1) is indeed the smallest possible slope such that the
line d°(k + 1)(A — v) — g(A;a) stays above the graph of —g for v € [0, A]. However,
this inequality follows easily from A > v; which implies that u, < v; < A. O

Lemma 4.7.2. Pick a € (0,3) and A € (a,v;). Then we have

d°(A;a) = g'(A;a)/(k + 1). (4.7.5)
Proof. The choice a < % implies that the function —g is concave on (0,v;). This
implies that the line with the smallest slope that stays above the graph of —¢g on
the interval (0, A) C (0,v;) is indeed given by d°(k + 1)(A — v) — g(A;a) for d° =
¢'(A30)/(k +1). O

Recall the definition (4.2.13) and pick a € (0,1). We denote by A(a) the set of
admissible parameters A, namely

9(Aia)

A€ Ala) < d°(4;a) < Y

(4.7.6)

On account of Lemmas 4.7.1 and 4.7.2, we have to separately consider the two cases
A € (a,v;) and A € (v;,1) in our study of d°(A;a). We therefore define two subsets
of A(a), namely

Ai(a) = (a,v;) N A(a), As(a) = [v;,1) N A(a).

A key point in our analysis is that the contribution from the parameters A € (a,v;)
can be safely neglected. In particular, we have the following result.

Lemma 4.7.3 (see §4.7.1). Let g be the standard cubic nonlinearity (4.7.1). Then
we have the identities

min d°(A;a) = min d°(4;a), (4.7.7)
AcA(a) A€ Az (a)
max LY hax 30) . (4.7.8)

AcA(a) A AcAy(a) A
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In the following lemma we further characterize the set As(a). In particular, we
show that there exists an upper bound on a for which As(a) is not an empty set.

Lemma 4.7.4. Let g be the standard cubic nonlinearity (4.7.1). Pick any parameter
a € (0,1) and recall the value a; (k) defined by (4.2.18). Then the following claims
hold.

(i) If a > a; (k) then

Az(a) = 0.
(i) If a < ay (k) then
As(a) = [0, 1) N [47 (a), A3 (a)],
where Ay (a) and A3 (a) are defined by

(I1+a)(1+2k)—2\k?*(a—1)%> —ka

A7 =
2 (@) ik +1
v (T+a)(X+2k)+2y/k*(a—1)? — ka
Az (@) = ik + 1 ‘
Moreover, we have the inequalities
1
AF (a) > a; , Af(a) € (1 —a,1). (4.7.9)

Proof. Pick A € [v;,1). By Lemma 4.7.1, we have A € Ay(a) if and only if

—34%+2(a+1)A+ (a—1)2
4k + 1)

<(1-A)(A—a). (4.7.10)

This quadratic inequality has solutions if and only if A € [A; (a), A3 (a)], which are
well defined for
kJQ(a — 1) —ka >0,

which is equivalent to a < a, (k). On the other hand, for a > a, (k) there is no
solution to (4.7.10), establishing (7).
The inequality A3 (a) > (1 + a)/2 follows directly from

I4+a)(1+2k) (1+a) (1+a) (1+a)
Az —p T = oy T 2

To show Aj (a) > 1 — a, we write

2a(1+3k)—k+ k2(1—a)? —ka
1+ 4k

Af(a)~ (1—a) =

For a > k/(1 + 3k) the numerator is immediately positive. To examine the case
a < k/(1+ 3k) we define the quadratic expression Q;(a, k) by

Qi(a, k) =k*(1—a)® — ka — (a+ 3ka — k)*> = a(k + 4k*> — (1 + 6k + 8k*)a).
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This is strictly positive for 0 < a < £ since Q;(0,%) = 0 and

1+3k?
k ko k2(1+4k)  K3(1+ 4k)
Q| ——=k)= = > 0.
1+ 3k 1+3k 1+3k (1 + 3k)2

To establish our final inequality A3 (a) < 1, we note that
2k — (1 +2k)a —2\/k?(1 — a)? — ka

oAt
1— A5 (a) T4k (4.7.11)
Upon writing
Qs(a, k) = (2k — (14 2k)a)” — 4(K*(1 — a)® — ka) = (1 + 4k)d?,
we see that (4.7.11) in indeed strictly positive. O

Lemma 4.7.5. Let g be the standard cubic nonlinearity (4.7.1). Pick k > 0 together
with a € (0,a; (k) and recall the constant ay (k) defined by (4.2.18). Then we have

(1—a)? . _
e | wecoaw
AcAs(a) A ) g(Ay(a);a) _ _
W, if a € lay (k),a; (k).

Proof. Let us first define A .x = “TH A standard analysis shows that

A' A: Amax; Amax~
Arg(%ﬁ)g( ;a)/A=g( a)/

By Lemma 4.7.4 we have

g(Am—aX;a)’ A3 (@) < Amax,
max g(A,(l) o Amax
e A | SR ) > A
A5 (a)
We claim that for a € (0,1) we have
A5 (a) < Apax(a) <= a € (0,a7 (k)). (4.7.12)

Indeed, the inequality on the left can be written as

(1+a)(1+2k) = 2/FPe—1)>—ka _1+a

4k +1 - 27
which reduces to
a®(4k — 1) — 2a(4k + 1) + 4k — 1 > 0. (4.7.13)
If £ > 1/4 then this expression is positive for
Wk -2 2 2
a<l———m=1—- ———-— and a>1+——.
4k —1 Wk +1 Wk —1

We recognize that the first value is exactly equal to aj (k), while the second value
is greater than 1 and therefore not of interest. For k < 1/4 there is no solution of
(4.7.13) in the set of positive numbers. O
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Lemma 4.7.6. Let g be the standard cubic nonlinearity (4.7.1) and pick any a €
(0,a, (k)). Then we have

AJr .
min d°(4;a) = 242 (030),
A€A (a) Ag (a)

Proof. The graph of d°(A;a) is a downwards parabola, positive on some superset
of (0,1), with the maximum at A = v; < AJ(a) < 1. Therefore, the minimum is
attained at the right boundary A3 (a). |

Proof of Proposition 4.2.9. Direct computation yields

9(A; (a);a)  2a%k —a+2k+2(a+ D)VEy/ka® —a(2k + 1) + k

A; (a) (4k +1)2 ’
g(AS(a);a)  2a%k —a+ 2k —2(a+ 1)VEky/ka® — a(2k + 1) + k
Af(a) (4k + 1)2 '

Applying Lemmas 4.7.3, 4.7.5 and 4.7.6 now guarantees that the upper and lower
boundary of the set D~ are given by dyax and dyin. The fact that the cubic nonlin-
earity satisfies (Hg1) ensures that the whole set D~ is given as the area between these
curves, establishing (i77). Items (i) and (ii) follow directly from the construction of
Amax and dpin- O

4.7.1 Proof of Lemma 4.7.3

In this section we complete our analysis of the cubic nonlinearity by establishing
Lemma 4.7.3. In addition to the points a, (k) and aj (k) defined by (4.2.18), we
introduce a third value that plays an important role in this section, namely

Wk +4 }
VE+4+3VE])’

In the following lemma we show that these three points are always ordered, irrespective
of k> 0.

as (k) := min {O7 1-— (4.7.14)

Lemma 4.7.7. For every k > 0 we have the ordering
az(k) < aq (k) < a, (k). (4.7.15)

Proof. Our first observation is that for £ > 0 we have

1
ay (k) >0 < k>1’

1
az(k) >0 < k;>§,

a,(k)>0 < k>0.
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the ordering as(k) < aj (k) trivially holds. For k > 1, the

Therefore, for k 5
)

1
2
inequality as(k) < aj

<
< aj (k) is equivalent to

1 VEk+4
< )
WEhk+1 " VE+4+3VE

which is in turn equivalent to

x/%(2\/k+4—3) >0

This holds for all & > 0. To show a] (k) < a; (k) we apply the bound v4k + 1 > 2vk
to the denominator of a; (k). This concludes the proof. O

Lemma 4.7.8. Let g be the standard cubic nonlinearity (4.7.1). Pick k > 0 and
a € (0,3). Then we have

Ai(a) #0 <= a € (0,a2(k)).
Proof. In view of Lemma 4.7.2, we have d°(A4;a) < g(A;a)/A if and only if

g'(Aia) _ g(A;a)
k+1 — A

(4.7.16)

which can be rewritten as
f(Asa) = A*(k —2) + A(1 —k)(a+ 1) + ka < 0.
To examine this quadratic function, we first note that f(a;a) = a(l —a) > 0 and
f(1;a) = a—1 < 0. By showing that
_ 1
fla) = f(v;a)=f <%;a) >0 < a>ask),

it follows that f must also be positive on (a,v;). Consequently, there exists no A €
(a,v;) such that f(A) < 0. To establish this claim, we compute

fla) == ((1=2k)a® + (2+5k)a + 1 — 2k) . (4.7.17)

For k > 1/2, the graph of the mapping a — f(a) is a downward orientated parabola
with two roots, the smaller of which is given exactly by as(k). Moreover, we can
directly check that the expression f(1/2) is equal to 0.25 > 0. Therefore, for all
a € (ag(k),1/2) we have f(a) > 0. For k < 1/2, all roots of a + f(a) are nonpositive,
which implies that A;(a) is an empty set for all a € (0, 3). O

Lemma 4.7.9. Let g be the standard cubic nonlinearity (4.7.1). Pick any a €
(0,a; (k). Then we have

ey IA9) < max 9(Aia)
AeAi(a) A AcAy(a) A



Spatial chaos 179

Proof. If a > as(k) the claim trivially holds since A;(a) = 0. If a < ay(k) then we
automatically have a < a7 (k) due to Lemma 4.7.9. By Lemma 4.7.5 the maximum
of g(A;a)/A is attained on (0,aj (k)] as Amax belongs to Az(a). Therefore, the
contribution from the values of A € A;(a) cannot exceed this maximum. d

Lemma 4.7.10. Let g be the standard cubic nonlinearity (4.7.1). Pick any a €
(0,a; (k). Then we have

min d°(A;a) > min d°(4;a).
A€ A (a) A€Az(a)

Proof. If a > as(k) the claim trivially holds since Aj(a) = 0. We therefore assume
a € (0,az2(k)) and recall from Lemma 4.7.6 that

min d°(4;a) = M.

) =

A€As(a) A (a)
By Lemma 4.7.4 we also know that AJ (a) > 1 — a, which in turn gives
up (A (a)) < a. (4.7.18)
Assume now to the contrary that there exists A € Ay (a) C (v;, a) for which

9(A3 (a)ia) _ g'(Asa)
AS (a) k+1°

(4.7.19)

Since —g is concave on (v;, a) the linear map g'(A; a)(A—v)—g(A;a) crosses the v-axis
at some point A > a. However, (4.7.18) automatically implies that d°(AJ (a);a) <
g'(4;a)/(k+1), which clearly contradicts (4.7.19) and hence establishes our claim. O

Proof of Lemma 4.7.3. The claim follows directly from Lemmas 4.7.9 and 4.7.10. O

4.8 Spatial chaos

To prove Proposition 4.2.4, we follow the outline from [55] and adapt the Moser
theorem from [71]. We first note that the solutions of the MFDE (4.2.4) with ¢ =0
are equivalent to steady-state solutions of (4.2.1), i.e., sequences (u;);cz that satisfy
the difference equation

d (’U,i,1 - (k + ].)’Lh + kui+1) + g('LLZ7 a) =0. (481)

To find a solution to (4.8.1), we introduce a new sequence (v;);cz by setting
v; := u;—1. This allows to rewrite (4.8.1) as the two-dimensional recursion relation

Vi+1 = Uy,
w. _k+ lu- Ui g(u;;a) (4.8.2)
i+1 = A i A kd
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for i € Z. Writing ¢ : R? — R? for the map

o(u,v) = <%u - %v - %,u) , (4.8.3)

we notice that solving (4.8.2) is equivalent to constructing a sequence (u;, v;)iez in
R2 that has

&, v;) = (Uig1, Vig1)- (4.8.4)
The inverse of the mapping ¢ is given by

o H(a,v) = <v (k+1)0 — kit — %lg(f); a)> (4.8.5)

and a straightforward calculation shows that ¢ and ¢! are further related by the
identity
¢~' = RpoRy,

0 1
(2 ))

In the special case k = 1, this matrix represent reflection through the line v = u.

where Ry is given by

4.8.1 The Moser theorem

We first define a few notions that we use throughout this section. We call a curve
v = v(u) a horizontal curve if 0 < v(u) < 1 for 0 < u < 1. Analogously, we call
a curve u = u(v) a vertical curve if 0 < u(v) < 1 for 0 < v < 1. For two disjoint
horizontal curves 0 < vy (u) < v2(u) < 1 we call the set

U={(u,v):0<u<1:v(u) <v<uy(u)}

a horizontal strip. Similarly, we define a wvertical strip as an area V lying between
disjoint vertical curves 0 < uq(v) < uz(v) < 1, namely

V={(,v):0<v<1:u3(v) <u<us(v)}.

We also introduce the space S containing all bi-infinite sequences with elements in
{0,1}, i.e.,
S:= {( -+38-2,8-1,50,51,52, .- ) 18 € {O, 1}}

This space S when endowed with an appropriate topology makes a topological space
[71], on which we define the forward shift o : S — S by

[0(s)]i = Sit1-

Theorem 4.8.1. [71, Moser| Suppose for n € {0,1} that Uy, V, are disjoint hori-
zontal and vertical, respectively, strips in Q := [0,1]? that additionally satisfy

(i) ¢(Vn) = Un, n € {0,1}.
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(i) The vertical boundaries of V,, are mapped to vertical boundaries of U,, and the
horizontal boundaries of V,, are mapped to horizontal boundaries of U,,.

Then there exist a function 7 : S — Q such that
¢T = TO.
In addition,the function T satisfies
¢'7(s) € Us,, s€S, i€l

Stated informally, one says that ¢ possesses the shift o on sequences of elements of
{0,1} as a subsystem. The main consequence of the Moser theorem is that for every
sequence s € § we can find a sequence (u;, v;);ez satisfying (4.8.4) with (u;,v;) € Us,
for every ¢ € Z. To achieve this, we simply set (ug,vo) := 7(s) and (u;,v;) =

¢i(u0) UO)‘

Construction of horizontal and vertical strips Let us define a function h that
acts as

h(v;a,d) = (k+1)v — ég(v; a). (4.8.6)

To construct the strips U,, and V,,, for n = 0,1, we need to ensure that the parameter
d is small enough so that the following assumption holds.

(Hd) There exist points yo and y1, satisfying 0 < yo < @ and a < y; < 1 such that

h(yo;a,d) > k+1,
h(y1;a,d) <0,
h'(v;a,d) >0, ve(0,y0)U(y1,1).

Lemma 4.8.2. Assume that conditions (Hg) and (Hd) hold. Then there exist hori-
zontal strips Uy, Uy, and vertical strips Vy, V1 that satisfy the assumptions of Theo-
rem 4.8.1.

Proof of Proposition 4.2.4. It suffices to show that the function h defined by (4.8.6)
satisfies condition (Hd) for all sufficiently small d > 0. Indeed, we can then combine
the Moser Theorem and Lemma 4.8.2 to obtain the desired conclusion.

On the interval (0, a) we have

h(w;,d) = (k+1) = (k+ D(o = 1) = 2g(030) = ~(k +1) = 59(v;0).

We now choose § > 0 in such a way that the function v — g(z;a) is strictly nega-
tive and decreasing on (0,d). By choosing d small enough we can therefore achieve
h(d;a,d) — (k+ 1) > 0. This shows that we can choose yo = §. The point y; can be
found analogously. O
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Figure 4.8: Thesets V,,, U, n = 0,1 for k = 2, d = 0.014 and the cubic nonlinearity
g(u;a) = u(l —u)(u — a) with a = 0.52.

Lemma 4.8.3. Assume that conditions (Hg) and (Hd) hold. Then there exist sic
points (z;)3_; and (2;)7_, that satisfy the identities

hasad) =1, hzsed) =k hzged) =k+1,
h(zp;a,d) =0, h(z1;a,d) =1, h(z9;a,d) =k,

together with the identities
O<ri<zoe<z3<Yyp<a<y <zp<z <z2<1.

Proof. The existence of 21,22 and z3 follow directly from assumption (Hd). In addi-
tion, we have h(1;a,d) = k+1 and h(y;;a,d) < 0. Again, the monotonicity assump-
tion ensures that we can find points zg < 21 < 29 < 1 that satisfy the claim. Od

Proof of Lemma 4.8.2. We define the curves u; and uy by writing
1
up = {(u,v) ER?:0<u<mz, v=(k+1)u— EQ(U;CL)}
=¢7{(0,0): 0< 7 < w1},
1
uz::{(uv)E}R2 s <u<uzm 7v:(k—i—l)u—k—Eg(u;a)}

/\

= (;5_1{(1,17) cx <0< a3}

Using the definition of the points x1,zs and x3, we see that the curve u; connects
the points (0, 0) and (z1, 1), while the curve us connects the points (z2,0) and (z3,1).
Due to the monotonicity of the mapping u — (k + 1)u — ég(u; a) on [0,yo], both of
these curves can be represented as graphs ui(v) and ugz(v) for v € [0, 1]. This proves
that these are indeed vertical curves. We now define the set V;, as the area lying
between those two curves, and we set Uy := ¢(Vp).
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It remains to show that Uy is a horizontal strip. The horizontal boundaries of
Vo, characterized by {(u,0) : 0 < u < 23} and {(u,1) : 1 < u < x3}, respectively, are
mapped by ¢ to the curves

V] 1= {(—k+1u g(u;a)’u> :0§u§m2},

k kd
k+1 1 u; G
v2::{< 3 u—E—g(kd),u):xlgqug}.

The curve vy connects the point (0,0) with (1,z2) whereas the curve ve connects
the point (0,21) with (1, z3) and both of these curves are monotonically increasing,
implying that they are horizontal strips.

Finally, the left vertical boundary wu; of V{ is by definition mapped to the set
{(0,9) : 0 < v < &1}, while the right vertical boundary us of Vj is mapped to the set
{(1,9) : 2 < 0 < x3}. This shows that Up is indeed a horizontal strip, with ¥, and
Uy satisfying item (7).

To construct the set V7, we define the curves ug and uy by writing

1
Uz = {(u,v) ER*: zp<u<z, v=(k+1)u— Eg(u;a)}

= ¢71{(07’a) 120 S v S Zl}a

Uy 1= {(u,v) ER?:zo<u<l, v=(k+1u—Fk-— (llg(u;a)}
=¢ H(1,0) : 2z <0 < 1}

Straightforward checks show that the curve ug connects the points (2o, 0) and (z1, 1),
while the curve uy connects the points (z2,0) and (1,1) The map

ur (k+1u— ég(u; a)

is increasing on [y, 1] so both of these curves can be represented as graphs us(v) and
ug(v) for v € [0,1]. We define the set V] as the area lying between these two curves
and we set Uy := ¢(V1).

The function ¢ maps the horizontal boundaries of V7, characterized by the sets

{(u,0) : 20 <u< 29} and {(u,1):21 <u<1},

1 .
Vg 1= {(k%u— Q(Z;ja)’u> 120 §U§Z2}7

k+1 1 g(u;a)
= - = = : <u< .
Uy {( 3 U A d U z1<u<l1

to the curves

The curve v3 connects the point (0, z9) with (1, z3) and curve vy connects the point
(0,21) with (1,1). Both of these curves are monotonically increasing.
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As before, the left boundary ug of Vi is mapped to {(0,0) : zo < ¥ < 29}, while
the right boundary u4 of V; is mapped to the set {(1,9) : 2o < © < 1}. This finally
proves that U; is a horizontal strip, with V7 and U; satisfying item (ii). O

In our final result we give the explicit formula for the curve dgy(a, k) for the standard
cubic linearity (4.1.2).

Lemma 4.8.4. Consider the setting of Proposition 4.2.4, let g be the standard cubic
nonlinearity and define the function dy by (4.2.17). Then for any 0 < d < dy(a, k)
condition (Hd) holds.

Proof. One can check that for d > 0 the quadratic inequalities

dk+1)(v—1)—v(l —v)(v—a) >0,
dlk+1)v—v(l—-v)(v—a)<0

have a solution in the set of real numbers if and only if 0 < d < dy(a, k). O

4.9 Numerics

In this final section we showcase some results of our numerical experiments.

Example 4.9.1. (Propagation direction) In order to validate our theoretical findings
for the standard cubic nonlinearity (4.1.2), we numerically solved the MFDE (4.2.4)
on a domain [—L, L] for some large L > 1 with boundary conditions ®(—L) = 0,
®(L) = 1. For fixed (a,d) € H, we divided our domain into Ny, > 1 segments. Upon
writing Az = 2L/Ny, we have Ny, unknown variables - a speed ¢ and Ny, — 1 spatial
points

(®1,... PN, 1),

where each point ®; approximates the value of ®(—L + iAx). It is important to note
that Np, is chosen in such a manner that 1/Az = I € N.

Moreover, we discretized the first derivatives in (4.2.4) by the fourth order central
difference scheme. The complete discretization scheme then takes the form

_c(8Piy1 — 8Py — Piyo + Pio)

12Az (4.9.1)
—d(k®iy1, — (k+1)®; + ;1)) — 9(Ps50)

0=

fori=1,... Np_1, to which we also add the boundary conditions ®; = 0 for all ¢ <0
and ®; = 0 for all ¢ > L. Adding the requirement

@\ N, 2 —1/2=0, (4.9.2)

to compensate for the shift-invariance, we rewrite this problem in the compact form

as
F(C;q)la-~-aq)NL—2;q)NL—l):07 (493)

where the function F': RVt — RN. is derived from (4.9.1)-(4.9.2).
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Figure 4.9: The images in the first row show a colormap of the numerical speed ¢
obtained as a solution to the fixed point problem (4.9.3), for k = 2 (left) and k = 3
(right). The strong contrast between dark purple and white, and between white and
dark green depict the steep jump between the values |c| > 0 and |¢| =~ 0. In the
second row we plot the mapping a — c(a,0.025, k) to visualize the pinning interval
for d = 0.025.

To this fixed point scheme we applied a nonlinear fixed-point solver using the
Python programming language. We present our results in Figure 4.9 using a colormap
representation, i.e., to each value of the numerical speed ¢ we assign a color between
dark purple and dark green. The dark purple area represents the values ¢ < —0.004
and in the dark green areas we have ¢ > 0.004.

Since numerical computations never provide exact values, it is not straightforward
to determine when the speed of the wave is exactly equal to 0. Nevertheless, as the
value of a increases from 0 to 1, keeping d fixed, one can observe that at some a = a_
a harsh jump occurs between the values |c¢| > 0, and ¢ &~ 0. That is, the absolute
value of the speed does not follow a smooth path but suddenly drops from values of
the order 1072 to values of the order 1076 or even lower. Similarly, for some a = a
the numerical speed suddenly rises from the low-order values back to the smooth
trajectory. In view of the fact that ¢ is a smooth, monotonic function with respect to
the detuning parameter a whenever ¢ # 0, we simply set ¢ = 0 in this region [a_, a].
In Figure 4.9, the numerical pinning region is depicted in white. We observe that
the ‘cone’ in which ¢ = 0 becomes smaller as we increase k, which is in line with our
theoretical results.

Example 4.9.2 (Manifold computations). In order to improve our understanding
of the mechanism behind the evolution of standing waves that connect 0 and 1, we
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study the equilibrium points (0,0) and (1,1) of the mapping (4.8.4). An eigenvalue
analysis of matrices D¢(0,0) and D¢(1,1) shows that both equilibria are saddle-
points. Consequently, we implemented the numerical methods developed in [41] to
compute the unstable manifold

W*(0,0) = {(u,v) € R?*: (¢~ ")"(u,v) — (0,0) as n — oo}
and the stable manifold W*(1,1)
W*(1,1) = {(u,v) € R* : ¢"(u,v) = (1,1) as n — oo} .

If these two manifolds intersect, there exists a standing wave solution to (4.8.1) that
consists of the points (u;, u;+1) that lie in the intersection. As described in [47], these
manifolds can intersect in a number of ways. If they intersect transversely, then the
standing wave persists as we vary the parameter a, until we reach the boundary points
a_ and a4 at which the intersection is tangential, see Figure 4.10.

The main motivation for our numerical experiments is to investigate the pining
region from Figure 4.9. Namely, we are interested to see if the cone where ¢ = 0
touches the ¢ = 1 axis at one exactly point, or if there is a range of parameters d for
which ¢ = 0. The results in Figure 4.9.2 suggest that the cone in which ¢ = 0 does
not touch the vertical a = 1 axis at only point, but for an open range of parameters
d.

Example 4.9.3 (Propagation reversal). In our final example we illustrate the dif-
fusion driven propagation reversal on an example with nonconstant diffusion given

by
.001 t<1
=10 < 100, (4.9.4)
001+ A(t —100) ¢ > 100,

illustrated in the top left panel of Figure 4.12. We consider the bistable differential
equation (4.1.1) on the binary tree T3

ui(t) = d(t) 2uip1(t) — 3ui(t) + ui—1(t)) + g(ui(t);.72),
wi(0) = 0ifi <0, (4.9.5)
wi(0) = 1ifi>0,

with the standard cubic nonlinearity (4.1.2) with fixed a = .72. In particular, as we
increase the diffusion parameter d we expect the wave ® to go through four phases:
pinning for small d, i.e., ¢ = 0; spreading through the k-ary tree (¢ > 0); pinning again;
and finally wave retreat, i.e., ¢ < 0 for large d. Our expectations are numerically
confirmed and we show our results in the bottom four panels of Figure 4.12. We note
that the wave direction aligns with the results from the numerical investigations from
Example 4.9.1.
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boundary values the manifolds intersect tangentially.

4.10: This series of images depicts the formation of standing waves for the
standard cubic nonlinearity (4.7.1) with ¥ = 2, d = 0.15 and several parameters
a € (0.68,0.729). We draw two manifolds - the stable manifold of (1,1) depicted in
blue color, and the unstable manifold of (0,0) shown in orange. We observe that
for a € (0.71845,0.72606) these two manifolds intersect transversely. At the two
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Figure 4.11: This series of images depicts the formation of standing waves for the
standard cubic nonlinearity (4.7.1) with £ = 2, a = 1. We provide a zoom of the two
manifolds discussed in Figure 4.10 close to the point (0,0) and we vary the parameter
d. The images suggest that we have standing waves for a nontrivial open range of
parameters d as a = 1.




Numerics

(/ .
l/lfl,,,,/

R
N
%
ol

\\

‘\ \\‘;\‘\‘\:@\%

' 'f"
i A‘\

W

T\ |
5

I,: ’

o, x

/|
LT

W
\\\\\\\\\ \
&

O
”lt l‘l i
LT

S,
()
Ve, “?),
N b © Qg & Ve Ié//
7N

S

N
Wi

J
/

s

2
i

u(460)

189

Figure 4.12: Illustration of the diffusion-driven propagation reversal discussed in
Ex. 4.9.3. The top panels show the nonconstant time-dependent diffusion d(t) given
by (4.9.4) (left) and its trajectory through the (a,d) plane (right). The top panels
in each frame below display the solutions wu;(t) of (4.9.5) at ¢ = 100, 220 300 and
460. The bottom panels in each frame depict the corresponding solutions of equa-
tion (4.1.4) on the binary tree 72. Only layers with ¢ = —4, -3, ..., 3,4 are visualised.
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SAMENVATTING

In dit proefschrift bestuderen we bistabiele reactie-diffusievergelijkingen op multidi-
mensionale roosterdomeinen, zoals k-voudige bomen en Z2. De kracht van reactie-
diffusievergelijkingen is dat ze met hun intuitieve en relatief eenvoudige vorm met
succes verschillende natuurlijke en sociale fenomenen kunnen modelleren. Een van de
belangrijkste kenmerken van reactie-diffusievergelijkingen is dat ze speciale oplossin-
gen toelaten, zogenaamde ‘lopende golven’, die we kunnen omschrijven als vaste profie-
len @ : R — R welke zich in een bepaalde richting bewegen met een vaste snelheid c.
Afhankelijk van hun vorm kunnen we golven grofweg in drie categorieén verdelen:

e pulsen of solitonen, die kunnen worden omschreven als lokale verstoringen
e periodieke pulsen (golftreinen)
e golffronten die twee constante toestanden verbinden

In dit proefschrift richten we ons op het laatste type golf en bestuderen we hun ex-
istentie, propagatie en lange-termijn gedrag op twee soorten discrete domeinen - het
twee- dimensionaal rooster Z? en oneindige bomen.

Hoofdstuk 1 bevat een overzicht van het proefschrift. In het overzicht gaan we onder
meer in op verschillen tussen lopende golven op continue domeinen en op rooster-
domeinen. Specifieke aandacht besteden we verder aan het fenomeen van ’pinning’,
ook wel 'propagation failure’ genoemd.

In Hoofdstuk 2 beschouwen we de bistabiele reactie-diffusievergelijking op het rooster
Z2. Deze vergelijking wordt ook vaak de Allen-Cahn vergelijking genoemd. Onze
basisaanname is dat de begintoestand u® een verstoring is van de golf ® die zich
in horizontale richting beweegt. In het eerste deel van dit werk nemen we niet aan
dat u° een gelokaliseerde of ‘kleine’ verstoring van de golf is, maar dat het alleen
voldoet aan de zwakkere voorwaarde (C1) geformuleerd in (1.7.6). Deze aanname
is al voldoende om te garanderen dat er een eendimensionale differentiaalvergelijk-
ing bestaat die het gedraag van het nulniveau-opperviak ~(t) van onze oplossing w(t)
regelt. We noemen deze differentiaalvergelijking een discrete mean curvature flow
met een driftterm. Met behulp van de Cole-Hopf-transformatie zijn we in staat om
deze vergelijking om te zetten in de discrete warmtevergelijking op Z om aan te tonen
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dat het nulniveau-oppervlak ~(t) na verloop van tijd gladder wordt en dat het lange-
termijn gedrag van onze oplossing wordt bepaald door de lopende golf ®(- — ~(t)).
In het tweede deel van dit hoofdstuk laten we zien dat 7(t) convergeert naar ct + p,
voor zekere u € R, wat de orbitale stabiliteit van de horizontale lopende golf aantoont.

Hoofdstuk 3 is een generalisatie van ons werk van hoofdstuk 2 naar rationele richtingen
op Z2, d.w.z. we nemen nu aan dat u° een verstoring is van de golf die in een bepaalde
richting (o, 0,) € Z? beweegt. De setting is vergelijkbaar met dat in hoofdstuk 2.
Echter, vanwege het feit dat onze golf niet meer parallel is aan het rooster, komen
we meer technische problemen tegen. Een van deze problemen is dat de heersende
vergelijking voor het nulniveau-oppervlak «(t) niet via de Cole-Hopf-transformatie
transformeert naar de discrete warmtevergelijking, maar naar een lineaire rooster-
vergelijking die zowel negatieve als asymmetrische coéfficiénten heeft. We behandelen
deze vergelijking en zijn vervalschattingen in detail in §3.5.

In Hoofdstuk 4 verlaten we het tweedimensionale rooster om golfvoortplanting en
het gebrek daaraan te bestuderen op oneindige k-voudige bomen. Om het bestaan
van het pinning-gebied dat chaotische oplossingen omvat aan te tonen, gebruiken we
de stelling van Moser uit het veld van de symbolische dynamiek. Aan de andere
kant zijn we ook geinteresseerd in welke parameterregimes de bewegende golven zich
terugtrekken (¢ < 0) of juist verspreiden (¢ > 0). Daarom passen we het vergelijk-
ingsprincipe toe met twee soorten suboplossingen: steile, stapvormige profielen die
de golven dichter bij het pinninggebied benaderen, en brede profielen die laten zien
dat voor d > 0 de golf zich altijd terugtrekt, ongeacht de waarde van de bistabiele
parameter a.
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