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Introduction

This Habilitationsschrift provides an overview about my research on non-
local nonlinear evolution equations. The focus of my research is the analysis
of models in applied mathematics which involve anomalous diffusion. The
presentation is done in a cumulative style of my results which I published in
refereed scientific journals. In this introduction I will explain the overarching
theme of this line of my research.

The Habilitationsschrift is structured as follows: The Section ’Scientific
Overview’ is divided into subsections where I give a short introduction of the
results, whereas the original articles are included in the chapter of the same
number. For example, I explain in Section 1 results concerning viscous
conservation laws, whereas the articles in which these results have been
published are collected in Chapter 1. The front matter ends with its own
bibliography collecting only the most essential references. If a cited article
can be found in this Habilitationsschrift, the citation will be extended by an
additional 'HS’, for example [9, HS].






Scientific Overview

I am interested in applied mathematics, especially in evolution equati-
ons appearing in the natural and social sciences. In my analysis I aim for
rigorous mathematical results which help to assess if a given model is suita-
ble to reproduce ascribed phenomena. As a Post-doc I started to investigate
various nonlocal nonlinear partial differential equations. In the models un-
der consideration the nonlocal effects arise either by direct modeling or in
an asymptotic analysis of multi-dimensional partial differential equations.

The main focus have been equations with nonlocal diffusion. The heat
equation

(1) ou = Agzu, t>0, xR,

is a simple model for diffusion of a quantity in space over time. The Lap-
lacian A, generates via the initial-value problem a positivity preserving se-
migroup. Lévy operators £ are those (nonlocal) linear operators with space
and time independent coefficients that generate again such a (positivity pre-
serving) semigroup. Therefore, Lévy operators appear naturally in evolution
equations modeling diffusion.

A first systematic study of the erratic movements of particles suspended
in a fluid at rest has been conducted by Robert Brown at the beginning of
the 19th century. A century later, Albert Einstein modeled such a movement
as a random walk of individual particles and derived that the evolution of
the probability density of such a particle ensemble is governed by the classi-
cal heat equation (1). Finally, the theory of stochastic processes allowed to
describe the movement of individual particles, which are nowadays known
as Brownian motion or Wiener process. Brownian motion is a diffusion pro-
cess whose mean squared displacement depends linearly on time. However,
examples of anomalous diffusion have been observed in natural and social
sciences where ensembles of particles spread slower (subdiffusion) or faster
(superdiffusion) than Brownian motion. Loosely speaking, evolution equati-
ons where the Laplacian (the infinitesimal generator of standard Brownian
motion) is replaced by Riesz-Feller operators (the infinitesimal generator of
strictly-stable Levy processes) are models for superdiffusion. Such evolu-
tion equations can be derived from microscopic models via continuous time
random walks.

A classical reaction-diffusion equation is a partial differential equa-
tion where the Laplacian models diffusion and a (nonlinear) function models
reaction of some quantities over time. Reaction-diffusion equations are im-
portant models in chemistry, biology, ecology, physics and material science,
and their analysis has a long history. In the last decades reaction-diffusion

vii



viii SCIENTIFIC OVERVIEW

processes with anomalous diffusion have been identified, e.g. in the dyna-
mics of fronts in magnetically confined plasmas, the spreading of epidemics
due to complex mobility patterns of individuals, examples of step-flow gro-
wth of a crystal surface. A modified continuous time random walk approach
allows to derive reaction-diffusion equations with anomalous diffusion from
microscopic models. For example, we consider reaction-diffusion equations

(2) Ou = Lu+1r(u), t>0, zeR?,
for some (nonlocal) Lévy operator £ and nonlinear reaction function r(u).

In some models of fluid dynamics, the asymptotic analysis of boun-
dary layers leads naturally to evolution equations with nonlocal operators,
e.g. fractional derivatives. Although the original multi-dimensional equati-
ons are posed on a bounded domain, the resolution of finer scales yields evo-
lution equations on the real line/whole space. For example, in the analysis
of a shallow water flow in a channel, a nonlocal Korteweg-de Vries-Burgers
equation,

(3) O+ 0pf (u) = eLu + 693u, t>0, zeR,

for some nonlinear flux function f, a nonlocal Lévy operator £ and constants
€ >0 and § € R has been derived.

Traveling wave solutions are solutions with a spatial profile that keeps
its rigid shape as it is translated in the spatial domain over the course of
time. These solutions are of interest in applications, e.g. modeling phase
transitions in material science or water waves in fluid dynamics. In the
following, we use the definition

DEFINITION 1. A Traveling Wave Solution (TWS) of (2) resp. (3) is a
solution of the form u(z,t) = u(§) with £ := z—st, for some wave speed s € R
and a function % : R — R connecting distinct endstates limg¢_, 40 %(§) = u+.

In this Habilitationsschrift, 1 present one line of my research focusing
on the Traveling Wave Problem (TWP), i.e. the existence, uniqueness and
asymptotic stability of traveling wave solutions. The spatial domain of the
models under consideration is the real line R, although, in a multidimen-
sional spatial setting, the ansatz of a planar traveling wave solution yields
again a Traveling Wave Equation (TWE) on R.

The collaborations on numerical methods are not at the center of my
research, but in an ongoing research project I contribute to devise structure
preserving numerical schemes.
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Next, I provide some background on Lévy operators: The heat equation
(4) du=~N0Mu, t>0, zeR?,

is a simple model to describe the diffusion of a quantity in space over time.
Its fundamental solution is a Gaussian distribution

G(z,t) = ﬁe_‘xw“,
which is interpreted as the evolution of the quantity being initially con-
centrated at the origin. The solution of the Cauchy problem for (4) with
initial condition u(-,0) = wug is given by u(z,t) = (G(-,t) *up)(x). Then, the
solution operator

St rug — u(x,t) = (G(-,t) *up)(z),

defines a semigroup (S;)¢>0, i.e. So = Id and SsS; = Ssyy for s,t > 0. The
Laplacian Ay is said to generate a semigroup (St)t>0-

In fact, the Laplacian generates a positivity preserving semigroup. Lévy
operators are those (nonlocal) linear operators with time and space inde-
pendent coefficients that again generate a positivity preserving semigroup.
Lévy operators are of the form

£1(@) = 49 - (AVI)(@) +7 - VI (@)
+ [ (et w) = £@) — v Vi) ) v(dy
Rd

for functions f(z) decaying sufficiently fast to 0 as |z| — oo, a symmetric
positive semi-definite matrix A € R*? and a vector v € R? with constant
coefficients, as well as a measure v on R? satisfying

V({0}) =0 and /R min(1, [5]2) v(dy) < oo,

and c(y) = 1p(y) with B := {x ¢ R?||z| <1}. ' A Lévy operator may
consist of a transport operator v - V f, a local diffusion operator V - (AV f)
and a nonlocal (jump) operator. In classical models diffusion is most often
represented by the local operator V - (AVf + ~f). Evolution equations
involving a nonlocal Lévy operator modeling diffusion have emerged as useful
models in the applied sciences.

()

Examples. In the following, we restrict to the d = 1 dimensional situation.
Convolution operators. The Lévy operators

(6) £f(z) = /R (F@+y) - f(z)) v(dy)

are infinitesimal generators associated to a compound Poisson process with
finite Lévy measure v with ¢ = 0 1. The special case of v(dy) = ¢(—y)dy
for some function ¢ € L' (R) yields

(7) Lf(x) = (¢>*f—/Rd>dy f)() .

IFor fixed z, the function f(z + y) — f(z) —y - Vf(z)c(y) is integrable with respect
to v(dy), because it is bounded and f(z +y) — f(z) —y - Vf(z)c(y) = O(Jy|*) as |y| = 0.
The indicator function ¢(y) = 1g(y) is only one possible choice to obtain an integrable
integrand. Whereas v depends on ¢, the coefficients A and v are independent of c.
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Riesz-Feller operators. The Riesz-Feller operators of order ¢ and asymmetry
2

0 are defined as Fourier multiplier operators
(8) FIDGAI(k) = w4 (k) FIFI(k) . keR,
with symbol ¥§(k) = —|k|"exp [i sgn(k) 67/2] such that (a,0) € D, and
Dop:=1{(a,0) cR?*|0<a<2, |0 <min{a,2—a}}.
Nonlocal Riesz-Feller Dy operators are those with parameters
(a,0) € D59 :={(a,0) €Dupl|0<a<2, [0]<1}.
If (a,0) € D 5 with a # 1, then for all f € S(R) and z € R

D7) == O )
9) tei (o / flx+y)— flz )yH;f () yl—11)(y) dy
fle—y)— flx)+ flx)yl_
+c_ / (z 2/1+a () yl—1,(y) dy

with ¢4 (0) =T'(1 + a)sin((a £ 0)7/2) /7, see e.g. [14, HS].

a

FIGURE 1. The family of Fourier multipliers ¢g(k) =
—|k|* exp [isgn(k)07/2)] has two parameters a and 6. Some
examples for the associated Fourier multiplier operators
FITfI(k) = 3 (k) F[f](k) are partial derivatives 6% (k € Np)
and Caputo derivatives D¢ with 0 < a < 1. The Riesz-
Feller operators Dj are those operators with parameters
(a,0) € Dgyp9. The set D, is also called Feller-Takayasu
diamond and depicted as a shaded region, see also [38].

2We use the conventions in probability theory, and define the Fourier transform F
and its inverse 7! for g € L'(R?) and z,k € R? as Flg](k) = [,. €** g(z) dz and
Flgl(z) := (2m)~ Y2 Joa €7 g(k) dk. In the following, F and F~' will denote also
their respective extensions to L*(R%).
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Special cases of Riesz-Feller operators are

e Fractional Laplacians —(—A)%? on R with Fourier symbol —|k|®
for 0 < a < 2. In particular, fractional Laplacians are the only
symmetric Riesz-Feller operators where —(—A)%?2 = D¢ and 6 = 0.

e Caputo derivatives —D¢ with 0 < a <1,

DY) = ey | =) ) dy

are Riesz-Feller operators —D¢ = D, with a = a and 0 = —a.
e Derivatives of Caputo derivatives 0, D} with 0 < a < 1 are Riesz-
Feller operators 0,DY = D%fg witha=14+aand 0 =1-a.

Nonlocal Lévy operators appear in different ways in a model and/or its
analysis:

e as a technical tool, see e.g. Riesz [43].

e via a model reduction. From an analytical point of view, the square
root of the Laplacian (—A)'/2 can be realized as a Dirichlet-to-
Neumann operator for smooth bounded functions f : R" — R: If
u is the solution of

{Au(m,y):o for x e R", y >0,

u(z,0) = f(x) for x € R™,

then —9,u(z,0) = (—A)Y2f(z). Thus, for a given Dirichlet datum
f, the solution u of the extension problem (10) carries the infor-
mation —(—A)Y2f(z) as its Neumann datum on the boundary.
Caffarelli and Silvestre [25] obtained a similar characterization for
all fractional Laplacians —(—A)®/2 of order 0 < o < 2. This con-
nection is useful in the study of nonlinear integro-differential equa-
tions involving the fractional Laplacian on R", since the associated
partial differential equations on an extended half-space are better
understood.

e direct modeling of particle systems subject to anomalous diffusion.
One approach to model diffusion processes is via continuous time
random walks (CTRW); particles are considered to jump where the
jump length and the waiting time between two successive jumps are
distributed according to a joint probability distribution [41, 42]. A
simplifying assumption is that the jump length and the waiting time
are independent random variables; in particular Einstein considered
deterministic waiting times between successive jumps in a regular
lattice to derive the heat equation. Considering a jump length dis-
tribution with diverging variance and a waiting time distribution
with finite mean one can derive a fractional diffusion equation for
a pure jump process which is Markovian, such as

(11) Ouw = Dglu] for x e R, ¢t>0,
3

with a Riesz-Feller operator in space.

3In contrast, considering a jump length distribution with finite variance and a waiting
time distribution with diverging mean, one can derive a fractional diffusion equation for
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However, the process exhibits a diverging mean squared displa-
cement such that the model is not applicable for massive particles
with finite propagation velocity. Nonetheless it has found applica-
tions describing the diffusion in energy space encountered in single
molecule spectroscopy, the diffusion on a polymer chain in chemical
space, amongst others.

At the center of the continuous time random walks is the clas-
sical central limit theorem. It asserts for a sequence of independent
and identically distributed random numbers with finite variance
that the limit of its normalized partial sums will have a Gaussian
probability distribution. Relaxing the assumption on the variance,
Lévy a-stable probability distributions are the general class of ”at-
tractors” for properly normed sums of independent and identically-
distributed random variables.

A Lévy process is a stochastic process with independent and stationary
increments which is continuous in probability [20, 33, 44]. Therefore a Lévy
process is characterized by its transition probabilities p(¢,z), which evolve
according to an evolution equation

(12) owp = Lp

for some Lévy operator L, see (5). A Lévy operator is also called the infin-
itesimal generator of its Lévy process.

Whereas, the Laplacian is the infinitesimal generator of Brownian mo-
tion, Riesz-Feller operators Dy are infinitesimal generators of a-stable Lévy
processes. Reflecting the decomposition of the Lévy operator (5), every
Lévy process can be decomposed into the sum of a Brownian motion, a de-
terministic motion and a pure jump process. In particular, a-stable Lévy
process — also called Lévy flights — are examples of pure jump Lévy pro-
cesses. In Table 1 we give examples for the relation between a stochastic
process, its probability distribution, and its infinitesimal generator £ such
that (12) governs the evolution of the probability distribution p.

generator stochastic process distribution

L=A, =D} Brownian motion Gaussian

Riesz-Feller operator £ = Dy  a-stable Lévy process  a-stable

Lévy operator £ Lévy process infinitely divisible

TABLE 1. Examples for the relation between a stochastic
processes, its probability distribution, and its infinitesimal
generator. We recall that a Laplacian is a Riesz-Feller ope-
rator and Riesz-Feller operators are Lévy operators.

In conclusion, integro-differential equations with Riesz-Feller operator
modeling diffusion are a generic class of macroscopic equations modeling
many-particle systems for diffusing particles.

a subdiffusive process, such as Df [u] = O2u for t > 0, x € R, with a Caputo derivative in
time of order 0 < 8 < 1.
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1. Viscous conservation laws
We consider scalar viscous conservation laws
(13) Ou+ Oz f(u) =Dgu  for zeR,t>0,
with nonlocal diffusion of Riesz-Feller type where 1 < a < 2 and |6 < 2 —a.
The subclass of scalar viscous conservation laws
(14) Ou+ Oy f(u) = Dgu  for ze R, t>0,

with fractional Laplacian D¢ = —(—92)%? (0 < a < 2) are used to model
overdriven detonation in gas and anomalous diffusion in semiconductor gro-
wth [51]. The parameter a of a fractional Laplacian/Riesz derivative D§
corresponds to its order of derivatives. Roughly speaking, for 1 < a < 2,
the diffusion dominates the transport term. Thus, for the subcritical case
1 < a < 2, the Cauchy problem with essentially bounded initial datum
is globally well posed. In fact solutions are smooth for positive times, see
also Droniou et al. [30, 31]. Also, in the critical case a = 1, the well-
posedness of the Cauchy problem has been established [29, 40, 26]. In con-
trast, for the supercritical case 0 < a < 1 and Burgers flux, weak solutions of
the Cauchy problem may not be unique [19, 18]. In this case, discontinuities
can appear even for smooth initial datum [19], and there exists essentially
bounded initial data such that uniqueness of a weak solution to the Cauchy
problem fails [18]. For uniqueness, an entropy condition [17] is necessary to
select admissible solutions (just like for inviscid conservation laws). Finally,
Biler et al. [23] showed that no continuous traveling wave solutions can exist
for a € (0, 1], however they provide no existence result for the case a € (1, 2)
(which was proven recently by Chmaj [27]).

Sugimoto and Kakutani [47, 46] derived

(15) Opu+ Opf(u) = 0,DSu  for x e R, t >0,

with Burgers flux function f(u) = u? and extremal Riesz-Feller operator
g = D¢ with 0 < a < 1 as a model for the far-field evolution of uni-

directional viscoelastic waves in polymers. The profile u(§) of a traveling

wave solution u(z,t) = w(§) with £ := o — st is governed by a fractional

differential equation

(16) —s0cu + 0 = O¢DY[a] for £ €R.

They indicate that bounded continuous traveling wave solution may exist,
but give no analytical proof, instead they construct numerical solutions and
study the asymptotic behavior of w(§) as £ — +oc.

[9, HS]: F. Achleitner, S. Hittmeir, and C. Schmeiser. “On nonlinear con-
servation laws with a nonlocal diffusion term”. In: J. Differential Equations
250.4 (2011), pp. 21772196
Cauchy problem: global well-posedness for initial data in L®(R). Droniou

et al. [30] studied the well-posedness for (14) with 1 < a < 2 in a mild formu-
lation using that Df generates a positivity preserving convolution semigroup.
The associated kernel is a smooth probability density function, satisfies a
scaling property and has integrable spatial derivatives (among other useful
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properties). This allows to prove the existence of a mild solution and its
smoothness for positive times. Finally, the mild solution turns out to be a
classical solution of (14).

We realized that the diffusion operator in (13) is a non-symmetric Riesz-
Feller operator of order between 1 and 2, whose semigroup shares important
properties with the fractional Laplacian — i.e. the symmetric Riesz-Feller
operator - of the same order. Therefore, we can use the same approach to
show that the Cauchy problem of (13) with essentially bounded initial data
is globally well-posed and solutions will be smooth for positive times [8, HS].

TWP: existence of TWS associated to Lax shock waves. We use a dyn-
amical systems approach to prove the existence of traveling wave solutions
of (15) with convex flux functions, as long as the shock triple (u_,u;s)
satisfies the Rankine-Hugoniot condition and the Lax entropy condition
u_ > uy. To this end, we integrate (16) on (—o0o, &) and use the properties
of a TWS to deduce

(17) h(w) = f(u) — f(u—) —s(@—u_) =D%[u] for {cR.

The approach relies on the causality of the operator

A ()
18 D4 [u](z) = b /
( ) —i—[ ]( ) F(l—a) . (l'—y)a
i.e. the value of D¢ [u](§) at a point { depends only on the values of the
profile @ on the interval (—oo, {]. The traveling wave equation is translation
invariant. First we prove the existence of a unique solution wgyyn : Ie — R
of (16) satisfying

i

(19) glim Udown(§) = u—  and  Ugown (&) =u_ — €.
——00

on the interval I. = (—o0,&| for & := loge/A and some sufficiently small
e > 0. Then we establish that this solution ugoyn : (—o00,I:] — R can
be extended locally and remains monotone and bounded, such that the
argument for local existence can be iterated to imply the existence of a
solution ugewn € CF(R) with lime_,_ o0 Ugown(§) = u—. Finally, the proof is
completed by proving lim¢_,o u(§) = u.

In fact, the TWE (17) is a fractional differential equation on the real
line. Therefore we provided the first proof for the existence of heteroclinic
orbits in fractional differential equations with Caputo derivative. Moreover,
this result proves the existence of a TWS for a reaction-diffusion equation
with monostable reaction function, see [1, HS].

TWP: Stability of TWS associated to Lax shock waves. The asymptotic
stability of TWS under zero-mass perturbation is proven by constructing a
Lyapunov functional which is equivalent to some Sobolev norm.

[8, HS]: F. Achleitner, S. Hittmeir, and C. Schmeiser. “On nonlinear
conservation laws regularized by a Riesz-Feller operator”. In: Hyperbolic
Problems: Theory, Numerics, Applications. Ed. by F. Ancona et al. Vol. 8.
AIMS on Applied Mathematics. AIMS, 2014, pp. 241248

We prove the global well-posedness and instantaneous smoothing for the
Cauchy problem associated to (13) with essentially bounded initial data for



2. KORTEWEG-DE VRIES-BURGERS EQUATIONS XV

all Riesz-Feller operators Dj with 1 < a < 2 and |§] < 2 — a; and not just
Dy = 0,D¢ as in [9, HS].

[15, HS]: F. Achleitner and Y. Ueda. “Asymptotic stability of traveling
wave solutions for nonlocal viscous conservation laws with explicit decay
rates”. In: Journal of Evolution Equations (Feb. 2018), pp. 1-24

In our main result [15, HS Theorem 2], we prove the asymptotic stability
with explicit algebraic-in-time decay rate for traveling wave solutions of (13)
with monotone decreasing profiles.

For classical viscous conservation laws, the weighted energy method al-
lows to prove that initial perturbations in a weighted Lebesgue space with
polynomial weights induce an algebraic-in-time decay of the L°°-norm of the
perturbation, see e.g. [34]. Due to the nonlocal diffusion operator, this met-
hod is difficult to apply to (13). Instead, we employ another technique which
focuses on the interpolation property in Sobolev space. In this way, optimal
decay estimates for the asymptotic stability of viscous rarefaction waves in
scalar viscous conservation laws (13) with D@ = 92 have been derived by
Yoshihiro Ueda and collaborators.

2. Korteweg-de Vries-Burgers equations

Kluwick and collaborators were interested to identify a physical mea-
ningful model which supports the existence of non-classical shock waves, i.e.
shock waves that do not satisfy Lax’ entropy condition. Therefore, they
considered a shallow water flow in a channel and studied the internal struc-
ture of weakly nonlinear bores in laminar flow at the high Reynolds number
limit. Via matched asymptotic expansion, they obtain an equation for the
pressure in the form

(20) O+ Oy f(u) = €0, DYu+ 602u  for xR, >0,

with 0 < a < 1, € > 0, and 6 € R. The flux function is convex for a single
layer flow and non-convex for a two-layer flow [48, 35, 37, 36].

For o« = 1, equation (20) reduces formally to a classical Korteweg-de
Vries-Burgers (KdVB) equation

(21) Ou + 0pf(u) = €d?u +602u, xR, t>0,

for constants € > 0 and 6 € R. A TWS u(t,x) = u(x — st) for (21) satisfies
the (integrated) TWE

(22) h(w) := f(u) — su— (f(u-) —su_) = et + 6u” for E€R,

which can be analyzed by phase plane analysis. The existence of TWS for
given endstates is fully understood, see Figure 2.

In case of Burgers flux function, a linearization of the TWE around
the endstate u4 reveals that the monotonicity of the profile depends on the
relation between the diffusion and dispersion parameters (i.e. for u_ < €2/46
the profile of a TWS has an oscillatory tail, see Figure 2A. In case of a cubic
flux function, TWS appear which do not satisfy Lax’ entropy condition, see
Figure 2B.
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U U+

TWS TWS

u— u—

(A) f(u) =u?/2 (B) f(u) =u?

FIGURE 2. We consider KdVB equation (21) with (A) Bur-
gers’ flux function f(u) = u?/2, and (B) cubic flux function
f(u) = u3. For a given pair of endstates (u_,u;) € Ry x R,
the (blue) shaded region and the (red) thick line indicate the
existence of a TWS associated to a Lax shock and a non-
classical shock wave, respectively.

[7, HS]: F. Achleitner, C. M. Cuesta, and S. Hittmeir. “Travelling waves
for a non-local Korteweg—de Vries—Burgers equation”. In: J. Differential
Equations 257.3 (2014), pp. 720-758

We studied equation (20) for the Burgers flux and established well-
posedness of Cauchy problem in Sobolev spaces. We proved the existence of
traveling wave solutions associated to classical Lax shock waves again via a
dynamical system approach like in our previous work [9, HS|. However, the
profile of TWS of the nonlocal KdV-Burgers equation may not be mono-
tone (if dispersive effects dominate), just like in the classical KdV-Burgers
equation. Moreover, the integrated TWE is a fractional differential equa-
tion of order 2 (compared to TWE (17) which is of order 0 < a < 1).
The TWP for the classical KdV-Burgers equation can be analyzed via a
phase-plane analysis, which is no longer useful due to the presence of the
nonlocal operator DY. To overcome these challenges, we need to modify
the existence proof in our previous work [9, HS|. The existence of a unique
solution ugown : I: — R of the TWE satisfying (19) follows again by a fixed
point argument. Whereas, an energy estimate shows that the (extended)
profile is bounded from below, allowing for the possibility that u takes va-
lues below u. The extension of the profile u follows by rewriting the TWE
as a system of non-autonomous fractional differential equation on bounded
time intervals, the Lipschitz continuity of the nonlinearity, and the uniform
boundedness of the profile. Finally, the convergence lim¢_,oo U(§) = u4 is
proven.

In addition, we discuss the monotonicity of profiles for sufficiently small
dispersion and the asymptotic stability of monotone traveling wave solutions
for zero-mass perturbations.
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[28, HS]: C. M. Cuesta and F. Achleitner. “Addendum to “Travelling
waves for a non-local Korteweg—de Vries-Burgers equation” [J. Differential
Equations 257 (3) (2014) 720-758] [ MR3208089]”. In: J. Differential Equa-
tions 262.2 (2017), pp. 1155-1160

We add a theorem to [9, 7, HS]. There the proof of existence and uni-
queness of traveling wave solutions relies on the assumption that the expo-
nentially decaying functions are the only bounded solutions of the linearized
traveling wave equation. In [9, 7, HS], we prove it in suitable Sobolev spaces
with exponential weights. We show this by writing the linearized traveling
wave equation as a Wiener—Hopf equation and using results by Krein. In this
addendum, we prove the assumption in unweighted Sobolev spaces, hence,
we close the existence and uniqueness proof of traveling wave solutions.

[1, HS]: F. Achleitner. “Two Classes of Nonlocal Evolution Equations
Related by a Shared Traveling Wave Problem”. In: From Particle Systems
to Partial Differential Equations. Ed. by P. Gongalves and A. J. Soares.
Springer International Publishing, 2017, pp. 4772

We consider nonlocal reaction-diffusion equations, and nonlocal Korteweg-
de Vries-Burgers (KdVB) equations, i.e. scalar conservation laws with diffusive-
dispersive regularization. We review the existence of traveling wave solutions
for these two classes of evolution equations. For classical equations the tra-
veling wave problem (TWP) for a local KAVB equation (21) can be identified
with the TWP for a reaction-diffusion equation v = —h(v) + d02v, since
a TWS v(t,x) = u(x — et) for this reaction-diffusion equation solves again
TWE (22). In this article we study this relationship for these two classes of
evolution equations with nonlocal diffusion/dispersion. This connection is
especially useful, if the TWE is not studied directly, but the existence of a
TWS is proven using one of the evolution equations instead, e.g. as in [14,
HS]. Finally, we present three models from fluid dynamics and discuss the
TWP via its link to associated reaction-diffusion equations.

3. Reaction-diffusion equations
A scalar reaction-diffusion equation is a partial differential equation
(23) O =0%u+ f(u) for z€R, t>0,

where the spatial derivative models diffusion and a (nonlinear) function f
models reaction of some quantity u = u(x,t) over time. Reaction-diffusion
equations are important models in chemistry, biology, ecology, physics and
material science, and their analysis has a long history [21, 45, 49].

In the last decades reaction-diffusion equations with nonlocal diffusion
have emerged as useful models, e.g. for the dynamics of fronts in magneti-
cally confined plasmas, the spreading of epidemics due to complex mobility
patterns of individuals, or the step-flow growth of a crystal surface, see the
references in [14, 11, HS]. Starting with a modified continuous time random
walk (CTRW) for a single particle, one can derive a reaction-diffusion equa-
tion

(24) Owu = Dgu—+ f(u) for xeR, ¢t>0,
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which governs the evolution of the particle ensemble density (where Dy is a
Riesz-Feller operator), see e.g. [39]. The (a-stable) Lévy process associated
to a Riesz-Feller operator is Markovian, hence, the effects of diffusion and
reaction are separable, and the Laplacian in (23) gets simply replaced by the
Riesz-Feller operator in (24). In contrast, subdiffusion is a non-Markovian
stochastic process and the resulting reaction-diffusion equations are much
more involved.

Next, we discuss equations with reaction functions of the following type:

e monostable reaction functions, i.e.,

=0 forue€ {uj,u},
>0 for u € (ug,u9),

Juy < ug: flu) {

e bistable reaction functions f € C!, i.e.,

=0 foru€ {u,ug,us},
Jup < ug < usg: fu)< <0 forue (ur,us),
>0 for u € (u2,us),

and f'(u1) <0, f'(ug) < 0.

In ecology, the Fisher-Kolmogorov-Petrovskii-Piscounov (FKPP) equa-
tion is a reaction-diffusion equation (23) with monostable reaction function
f(u) = u(1l —u) describing the competition of species; in particular the tra-
veling wave solution of (23) connecting the steady states 0 and 1 shows that
the stable state 1 will invade the unstable state 0 at a constant speed. An
important difference between the FKPP equation with normal diffusion (23)
and anomalous diffusion (24) is that fronts connecting the stable state with
the unstable state will travel with constant speed in the former case and
with exponential speed in the latter case [24, 32].

[12]: F. Achleitner and C. Kuehn. “On bounded positive stationary soluti-
ons for a nonlocal Fisher-KPP equation”. In: Nonlinear Anal. 112 (2015),
pp. 15-29

A FKPP equation with nonlocal reaction term of the form

(25) o =Au+pu(l —¢*u) for zeRY, >0,

for 1 > 0 and some non-negative integrable convolution kernel ¢ € C’g (R4 R)
is used in ecology to model nonlocal saturation and nonlocal competition
effects. In one space dimension (d = 1) and for sufficiently ”‘small”’ nonlo-
cality, it was shown that there are only two bounded non-negative stationary
solutions [22]. We proved this result in general space dimensions (d > 1)
using a different approach. Our approach combines bifurcation theory in
weighted Sobolev spaces with direct geometric analysis of the degenerate
steady state at zero.

Reaction-diffusion equations (23) with a bistable reaction term have
been derived as Nagumo’s equation to model propagation of signals, as one-
dimensional real Ginzburg-Landau equation to model long-wave amplitudes,
as well as Allen-Cahn’s equation to model phase transitions in solids. For
applications of reaction-diffusion equations (24) with Riesz-Feller diffusion
and bistable reaction term we refer to [50] and references therein.
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[14, HS]: F. Achleitner and C. Kuehn. “Traveling waves for a bistable
equation with nonlocal diffusion”. In: Adv. Differential Equations 20.9-10
(2015), pp. 887-936

To our knowledge, we established the first rigorous result on existence,
uniqueness (up to translations) and stability of traveling wave solutions for
reaction-diffusion equations with Riesz-Feller Dj operators of order 1 <
a < 2 and bistable reaction functions. Previous results were restricted to
fractional Laplacians and/or balanced potentials and focused on the (static)
properties of the profile, see our discussion in the introduction of [14, HS].
In essence, we modify the approach of Xinfu Chen for convolution models
which relies on a strict comparison principle and the construction of sub-
and supersolutions. To prove the existence of a TWS, one considers the
initial-value problem for (24) with prepared initial datum and proves that
the asymptotic limit of the solution is the profile of a TWS. This approach
is very robust and its extension to reaction-diffusion equations (2) with the
largest possible subclass of Levy operators L is a work in progress [13].

[11, HS]: F. Achleitner and C. Kuehn. “Analysis and numerics of traveling
waves for asymmetric fractional reaction-diffusion equations”. In: Commun.
Appl. Ind. Math. 6.2 (2015), e-532, 25

In this work we discuss our analytical result (proven in [14, HS]) on the
existence, uniqueness and stability of traveling waves for nonlocal reaction-
diffusion equations with Riesz-Feller operators. Then we survey numerical
schemes for symmetric anomalous diffusion and suggest a new scheme for
the anomalous case based upon discretization of the integral representation
of Riesz-Feller operators (9). This scheme is used with projection boundary
conditions to numerically compute the stable traveling wave solution.
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Additional material

Hypocoercive Equations. Another line of research is concerned with
hypocoercive equations such as kinetic Fokker-Planck equations and BGK
equations.

[5]: F. Achleitner, A. Arnold, and D. Stiirzer. “Large-time behavior in non-
symmetric Fokker-Planck equations”. In: Riv. Math. Univ. Parma (N.S.)
6.1 (2015), pp. 1-68

We considered distinct classes of linear non-symmetric Fokker-Planck
equations having a unique steady state and established exponential con-
vergence of solutions towards the steady state with explicit (estimates of)
decay rates. First, "hypocoercive” Fokker-Planck equations are degenerate
parabolic equations such that the entropy method to study large-time beha-
vior of solutions had to be modified. We reviewed a recent modified entropy
method (for non-symmetric Fokker-Planck equations with drift terms that
are linear in the position variable). Second, kinetic Fokker-Planck equati-
ons with non-quadratic potentials are another example of non-symmetric
Fokker-Planck equations. Their drift term is nonlinear in the position va-
riable. In case of potentials with bounded second-order derivatives, the
modified entropy method allows to prove exponential convergence of soluti-
ons to the steady state. In this application of the modified entropy method
symmetric positive definite matrices solving a matrix inequality are needed.
We determined all such matrices achieving the optimal decay rate in the
modified entropy method. In this way we proved the optimality of previous
results.

[2]: F. Achleitner, A. Arnold, and E. A. Carlen. “On linear hypocoercive
BGK models”. In: From Particle Systems to Partial Differential Equations
I1I. Springer, 2016, pp. 1-37

Together with Anton Arnold and Eric Carlen, I studied hypocoercivity
for a class of linear and linearized BGK models for discrete and continuous
phase spaces. We developed methods for constructing entropy functionals
that prove exponential rates of relaxation to equilibrium. Our strategies
are based on the entropy and spectral methods, adapting Lyapunov’s direct
method (even for ”infinite matrices” appearing for continuous phase spaces)
to construct appropriate entropy functionals. Finally, we also proved local
asymptotic stability of a nonlinear BGK model.

[3]: F. Achleitner, A. Arnold, and E. A. Carlen. “On multi-dimensional
hypocoercive BGK models”. In: Kinetic and Related Models (2018). accep-
ted, arXiv preprint arXiv:1711.07360

We study hypocoercivity for a class of linearized BGK models for con-
tinuous phase spaces. We develop methods for constructing entropy functi-
onals that enable us to prove exponential relaxation to equilibrium with
explicit and physically meaningful rates. In fact, we not only estimate the
exponential rate, but also the second time scale governing the time one must
wait before one begins to see the exponential relaxation in the L' distance.
This waiting time phenomenon, with a long plateau before the exponential
decay "kicks in” when starting from initial data that is well-concentrated
in phase space, is familiar from work of Aldous and Diaconis on Markov
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chains, but is new in our continuous phase space setting. Our strategies are
based on the entropy and spectral methods, and we introduce a new ”index
of hypocoercivity” that is relevant to models of our type involving jump pro-
cesses and not only diffusion. At the heart of our method is a decomposition
technique that allows us to adapt Lyapunov’s direct method to our continu-
ous phase space setting in order to construct our entropy functionals. These
are used to obtain precise information on linearized BGK models. Finally,
we also prove local asymptotic stability of a nonlinear BGK model.

[4]: F. Achleitner, A. Arnold, and B. Signorello. “On optimal decay esti-
mates for ODEs and PDEs with modal decomposition”. accepted, arXiv
preprint arXiv:1802.00767

We consider the Goldstein-Taylor model, which is a 2-velocity BGK mo-
del, and construct the ”optimal” Lyapunov functional to quantify the con-
vergence to the unique normalized steady state. The Lyapunov functional is
optimal in the sense that it yields decay estimates in L?-norm with the sharp
exponential decay rate and minimal multiplicative constant. The modal de-
composition of the Goldstein-Taylor model leads to the study of a family of
2-dimensional ODE systems. Therefore we discuss the characterization of
”optimal” Lyapunov functionals for linear ODE systems with positive stable
diagonalizable matrices. We give a complete answer for 2-dimensional ODE
systems, and a partial answer for higher dimensional ODE systems.






Perspectives

The focus of my research are nonlinear nonlocal partial integro-differential
equations in applied sciences. Building on my expertise, I will continue to
study nonlocal Fokker-Planck equations, nonlocal models in hydrodynamics
and nonlocal reaction-diffusion equations. In the future, I also want to con-
sider nonlocal models with memory effects, e.g. models with subdiffusion.
Moreover, I am interested in numerical simulations of these models by col-
laborating with experts in the field of numerics.

[10]: F. Achleitner, A. Jingel, and M. Yamamoto. “Large-time asympto-
tics of a fractional drift-diffusion-Poisson system via the entropy method”.
submitted, arXiv preprint arXiv:1802.10272

The self-similar asymptotics for solutions to the drift-diffusion equation
with fractional dissipation, coupled to the Poisson equation, is analyzed in
the whole space. It is shown that in the subcritical and supercritical cases,
the solutions converge to the fractional heat kernel with algebraic rate. The
proof is based on the entropy method and leads to a decay rate in the L'(R?)
norm. The technique is applied to other semilinear equations with fractional
dissipation.

[13]: F. Achleitner and C. Kuehn. “Traveling wave solutions for bistable
reaction-diffusion equations with nonlocal diffusion of Lévy type”. work in
progress

[16]: F. Achleitner and Y. Ueda. “L!-stability of nonlinear waves in scalar
viscous conservation laws with nonlocal diffusion of Lévy type”. work in
progress

[6]: F. Achleitner and C. M. Cuesta. “Non-classical shocks in a non-local
Korteweg-de Vries-Burgers equation with cubic flux function”. work in pro-
gress
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CHAPTER 1

Viscous conservation laws



2 1. VISCOUS CONSERVATION LAWS

ON NONLINEAR CONSERVATION LAWS WITH A
NONLOCAL DIFFUSION TERM

FRANZ ACHLEITNER, SABINE HITTMEIR, AND CHRISTIAN SCHMEISER

ABSTRACT. Scalar one-dimensional conservation laws with a nonlocal
diffusion term corresponding to a Riesz-Feller differential operator are
considered. Solvability results for the Cauchy problem in L* are adapted
from the case of a fractional derivative with homogeneous symbol. The
main interest of this work is the investigation of smooth shock profiles.
In case of a genuinely nonlinear smooth flux function we prove the ex-
istence of such travelling waves, which are monotone and satisfy the
standard entropy condition. Moreover, the dynamic nonlinear stability
of the travelling waves under small perturbations is proven, similarly
to the case of the standard diffusive regularization, by constructing a
Lyapunov functional.

1. INTRODUCTION

We consider one-dimensional conservation laws for a density u(t, z), ¢ > 0,
z € R, of the form

(1) 0w+ Oy f (u) = 0, D%u,
where D is the non-local operator
1 o)
2 Do = / dy,
) 0@ = 57y | e

with 0 < o < 1. The flux function f(u) is smooth and satisfies f(0) = 0.

We shall analyse the local and global solvability of the Cauchy problem
for (1), as well as the existence and stability of travelling wave solutions. In
particular, we shall show that smooth travelling wave solutions exist, which
are asymptotically stable. These waves are shock profiles satisfying the
standard entropy conditions like those derived from the standard parabolic
regularization with D replaced by 0.

Since D*u can be written as the convolution of the derivative v’ with I'(1—
)7 Y9(x)z~® (with the Heaviside function ), D is a pseudo-differential
operator with symbol

ikv/2m 0(x)\ .\ . p a-1_ ; . a
(1= a)]: ( s (k) =ik (aq — iby sgn(k)) |E| = (b + taq sgn(k)) |k|*,
ie. F(Du)(k) = (bq + iaq sgn(k))|k|*u(k). Here F denotes the Fourier
transform

Folk) = (k) = <= [ (e,

2010 Mathematics Subject Classification. 47J35, 26A33, 35C07.
Key words and phrases. nonlocal evolution equation, fractional derivative, travelling
wave.
1

appeared as: F. Achleitner, S. Hittmeir, and C. Schmeiser. “On nonlinear
conservation laws with a nonlocal diffusion term”. In: J. Differential Equations
250.4 (2011), pp. 21772196
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and . /arm ar
a,,,:sm(7)>0, ba:cos<7)>0,

(see [2] for the details of the computation). Obviously, the operator on the
right hand side of (1) also is a pseudo-differential operator with symbol

(3) F(0:D%) = — (a0 — ibo sgn(k)) |k|**.
Due to the negativity of its real part, it is dissipative.
Remark 1. For s € R, we use the Sobolev space
H = A{u: fullgs <ok, ullas == (1 + k) Ull 2(r) »
and the corresponding homogeneous norm
l[ull s == IIEPU L2g) -

The fact | Dl g = v/a% + b2 ||ul gora justifies to interpret D* as a dif-
ferentiation operator of order . It is bounded as a map from H® to H*~%.

Denoting by C}*, m > 0, the set of functions, whose derivatives up to
order m are continuous and bounded on R, D%u : Cl} — Cy is bounded.
This can be easily seen by splitting the domain of integration in (2) into
(—o0,z— 0] and [x — 8, z] for some positive § > 0. Then integration by parts
in the first integral shows the boundedness of D“u.

The operator d,DY/? occurs in applications. It has been derived as the
physically correct viscosity term in two layer shallow water flows by perform-
ing formal asymptotic expansions associated to the triple-deck regularization
used in fluid mechanics (see, e.g., [15]). Moreover D/3 appears in the work
of Fowler [10] in an equation for dune formation:

(4) Ayu + dpu? = 9%u — 0,D u.

Here the fractional derivative appears with the negative sign, but this insta-
bility is regularized by the second order derivative. Alibaud et al. showed
the well-posedness of (4) in L? as well as the violation of the maximum
principle, which is intuitive in the context of the application due to under-
lying erosions [1]. Travelling wave solutions of (4) have been analysed by
Alvarez-Samaniego and Azerad in [2].

Fractal conservation laws of the form

(5) Opu + 0y f(u) = Dy,

where Dt is the pseudo-differential operator with symbol —|k|**! (mean-
ing D*ly = F~1(—|k|**14)) have been investigated in several works, see
e.g. Biler et al. [4] and Droniou et al. [8].

This work is organized as follows. In the remainder of this section we
present an existence result for the Cauchy problem in L*°. The crucial
property here is the nonnegativity of the semigroup generated by 0,D%,
which is a consequence of its interpretation as a Riesz-Feller derivative [9, 11].
This allows to prove a maximum principle for solutions of (1) as in [8].

Section 2 is devoted to the analysis of travelling wave solutions connecting
different far-field values. Such wave profiles are typically smooth. Working
with the original representation (2) of D%, we obtain a nonlinear Volterra
integral equation as the travelling wave version of (1). Assuming (even a

appeared as: F. Achleitner, S. Hittmeir, and C. Schmeiser. “On nonlinear
conservation laws with a nonlocal diffusion term”. In: J. Differential Equations
250.4 (2011), pp. 21772196
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bit less than) convexity of the flux function and that the solutions of the
associated linear Volterra integral equation form a one-dimensional subspace
of H2(R_), we can show the existence and uniqueness of monotone solutions
satisfying the entropy condition for classical shock waves of the inviscid
conservation law underlying (1). This essentially requires to extend the well
known results for the existence of viscous shock profiles, which solve (local)
ordinary differential equations.

Biler et al. [4] showed that no travelling wave solutions of (5) can exist
for o € (—1,0]. For the case o € (0,1) also no existence result is available.

To show the asymptotic stability of the travelling waves, we use the an-
tiderivative method typically applied in the case of the classical viscous
regularisation and derive a Lyapunov functional. This allows to deduce the
decay of initially small perturbations.

In the appendix we consider linear Volterra integral equations and prove
the assumption on the dimension of the solution space with respect to sub-
spaces of H2(R_).

The Cauchy Problem. In the following, we verify the applicability of the
work of Droniou et al. [8] on the Cauchy problem of (5) in L™ to
(6) Opu + Op f(u) = 0, D%, u(0,x) = up(x).

Applying the Fourier transform to the linear evolution equation du =
0:D%u, we see that the semigroup generated by the fractional derivative
is formally given by the convolution with the kernel

(1) K(t,z) = F le MB(z),  where A(k) = (aq — ibgsgn(k))|k|*F1.

To analyse the well-posedness, we use the mild formulation of (6),

(8) u(t,z) = K(t,.) *up(z) — /0. K(t—r7,.)*0:f(u(r,.))(z)dr.

As a main ingredient in [8], Droniou et al. used the non-negativity of the
kernel associated to the semigroup generated by D®*1. To make use of their
methods in the analysis of the Cauchy problem (6), we need to investigate
the properties of the kernel K associated to the operator 0, D%.

Lemma 1. For 0 < a < 1, the kernel K given by (7) is non-negative:
K(t,z) >0, forall ¢t >0,z € R.
Additionally, the kernel K satisfies the properties:
(i) Forallt >0 and z € R, K(t,x) = M%MK (Lﬁ).

(i) For all t >0, [K(t,.)]| o1 = 1.

(iil) K(¢,x) is C*® on (0,00) x R and for all m > 0 there exists a By,
such that
9)

1 B,
V(t,z) € (0,00) xR, |0 K(t, )| 0

<
= t(1+m)/(1+a) (1+t_2/(1+a)|1’|2)'

(iv) There exists a Cy such that for allt > 0: [|0:K ()| 11 (®) = ,51/(0170%)
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Proof. We already mentioned that the operator 9, D% is a Riesz-Feller dif-
ferential operator, see also Gorenflo and Mainardi [11]. Due to Feller [9],
the symbol of 9,D% is the characteristic exponent of a random variable
with Lévy stable distribution. Hence the kernel K is the scaled probability
density function of a Lévy stable distribution and is non-negative.

The additional properties of the kernel K are verified in the same manner
as in [8]: (i) follows from the change of variable n = t'/(*®)k under the
integral sign. Since the kernel K is non-negative, we deduce || K (1,.)||z1®) =
JK(,z)dz = F(K(1,.))(0) = 1, which together with (i) implies (ii). To
show (iii), we write 'K (1,z) = \/% [(ik)mett e~k dk. Since a > 0, we
can integrate by parts twice and obtain ™K (1,2) = O(1/z?%). Together
with the boundedness of 97'K(1,z), we get the estimate for ¢ = 1 and
deduce the estimate for arbitrary ¢ > 0 from (i). Finally, (iv) follows from
(i) and (iii). O

Hence the kernel associated to 9, D* satisfies the same properties as the
one for D®*! required in the work of Droniou et al. [8]. Thus their analysis
carries over to our problem and we obtain the analogous result:

Theorem 1. Ifug € L, then there exists a unique solution u € L*°((0, c0) X
R) of (6) satisfying the mild formulation (8) almost everywhere. In partic-
ular
[lu(t, )loo < [Juolloos for t > 0.

Moreover, the solution has the following properties:

(1) u € C®((0,00) x R) and u € Cp°((to,00) x R) for all ty > 0.

(2) u satisfies equation (1) in the classical sense.

(3) u(t) = wuo, ast — 0, in L®(R) weak-+ and in L} (R) for all p €

[1,00).

To motivate the well-posedness, we estimate the terms in (8) for ¢ > 0,
with the help of the properties of the kernel K, as follows: |K(¢,.)xup(z)| <
[luolloo and

t 1
/0 QoK (t = s,.) % f(u(s,.)ds| < CIlf ()| Lo(o,0myt T -

Due to the Lipschitz continuity of f, we get a contraction for small times g
on L*®((0,tp) x R) and therefore the well-posedness.

To show the global existence as well as the maximum principle, Droniou
et al. [8] constructed an approximate solution by a splitting method and
used a compactness argument to pass to the limit.

We shall also mention that an alternative L2-based existence theory of (1)
can be obtained by standard approaches such as contraction arguments and
Lyapunov functionals. Here the main ingredient is the a priori decay of the
L%-norm. Testing (1) with u and assuming vanishing far-field values of u,
the flux term vanishes

/Ruﬁzf(u)dw = /Ruf'(u)azudx = /R(%G(u)dx =0, Gu)= /Ou vf (v)dv,
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since G is smooth and G(0) = 0. We obtain the L?-estimate:

1d 2 I4+a)2
—_ < .
/’LL dr = aa/ |k“ |U| dk 0

Here we have used Plancherel’s theorem together with |a(k)|? = |a(—k)[?,
implying

/ sgnk|k||a(k, t)2dk = 0.
R

This relation shows that in an L2-framework the operator 0,D% behaves
similarly to D®*1. Due to the decay of the L2-norm of the solution to (1),
one would hope for well-posedness of the Cauchy problem with initial data in
L? allowing us to deduce the global existence. Using a contraction argument
similar to the one by Dix [6] for the classical viscous Burgers equation, we
can show the well-posedness in L? for the quadratic flux f(u) = u? in the
case o > 1/2. This critical value was already mentioned by Biler, Funaki
and Woyczynski [4] for (5). For the general flux and a € (0,1) we have
to require higher regularity of the initial data: ug € H'. To deduce global
existence of solutions in H', a Lyapunov functional can be derived under an
additional smallness assumption on |ug|/z1. These results follow from the
proofs we carry out in Section 2.2. Since obviously the assumptions on the
initial data are much more restrictive as in the L°°-based existence result,
we do not go into more details here.

2. TRAVELLING WAVE SOLUTIONS

2.1. Existence of travelling wave solutions. We introduce the travelling
wave variable £ = z — st with the wave speed s and look for solutions
u(z,t) = u(€) of (1), which are connecting the different far-field values u_
and uy. A straightforward calculation shows that if u depends on = and ¢
only through the travelling wave variable £, then so does D“u, and we arrive
at

—si + f(u) = (D°u),  u(-o0) =u_, u(oc)=us,
where the prime denotes differentiation with respect to £. Integration gives
the travelling wave equation

00 /(€ —
(10) () = —sfu =) + 1) -~ S =Dou=dy [ E Ty,
0

with d, = 1/T(1— ). If the derivative u’ decays to zero fast enough as £ —
+00, then we obtain, at least formally, the Rankine-Hugoniot conditions,
which correspond to shock solutions of the inviscid conservation law and
relate the far-field values and the wave speed via

) _ fus) = flus)

Ugp — U—
If the flux function f(u) is convex between the far-field values u_ and u4,
then the left hand side h(u) of (10) is negative between its zeroes u_ and
uy. If u(€) is monotone, the right hand side in (10) has the same sign as u’.
Therefore if a monotone solution exists, it has to be nonincreasing, leading
to the standard entropy condition

U_ > Uy,
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derived by replacing D®u by u’. Under this assumption, the existence of a
smooth monotone travelling wave will be proved. The precise assumptions
on the flux function will be formulated in terms of h(u): We require

heC®(ug,u-]), h(uy)=nhu_)=0, h<O0in (uy,u_),
J4p) € (ut,u_) such that A’ <0in (us,um), B >0in (up,u_].

Note that this is a little less than asking for convexity of f, and it allows
for the slightly weakened form f’(uy) < s < f’(u—) of the Lax entropy
condition.

The integral operator

13 /
DOu(E) = do / %dy

in the travelling wave problem
(13) h(u) = D%u, u(—00) =u_, u(o0)=ug,

is of the Abel type. It is well known that it can be inverted by multiply-
ing (13) with (z—&)~(1=®) and integrating with respect to £ from —oo to z.
This leads to

§
(1) w(©-u =D ) = dia [ My,

—00 (6 - y) @
Equations (13) and (14) are equivalent if u € C}(R) and v’ € L'(R_), hence
in particular if v € CL(R) is monotone. We will use both formulations
to deduce the existence result. An important property of both integral
equations is their translation invariance, which will be used several times
below.

The equation (14) is a nonlinear Volterra integral equation with a lo-

cally integrable kernel, where a well developed theory exists for problems on
bounded intervals. Therefore we shall start our investigations by proving a

"local’ existence result around £ = —oo. The subsequent monotonicity and
boundedness results will lead to global existence for £ € R.
The local existence result is based on linearisation at £ = —oo (or, equiv-

alently, at w = w_). This can be done for either (13) or (14) with the
same result. As could be expected for ordinary differential equations, the
linearisations

(15) B (u_)v =D, v=~h(u_)D %,

have solutions of the form v(¢) = be*é, b € R, where a straightforward
computation gives A = h/(u_)"/*, see also [5]. We will need that these are the

only non-trivial solutions of (15) in the space H?(—o0,&] for some & < 0.
In particular, we assume that

(16) N (id — h'(u_)D™*) = span{exp(A€)}  with A = h'(u_)/*,

which is reasonable due to our analysis in the appendix A. The main result
of this section is the following.

Theorem 2. Let (12) and (16) hold. Then there ezists a decreasing solution
u € CL(R) of the travelling wave problem (13). It is unique (up to a shift)
among all u € u_ + H%((—o0,0)) N CL(R).
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The following local existence result shows that the nonlinear problem has,
up to translations, only two nontrivial solutions, which can be approximated
by u_ + e*¢ for large negative £&. The choice 1 of the modulus of the coeffi-
cient of the exponential is irrelevant due to the translation invariance of the
solution.

Lemma 2. (Local existence) Let (16) hold. Then, for every small enough
e > 0, the equation (13) has solutions uyp, Udown € u— + H*(I.), I. =
(=00,&], & =loge/A, satisfying
(17) Uup(§e) =u_ +¢, Udown (§s) = u_ — €.
These are unique among all functions u satisfying ||u—u_| g2,y < 9, with §
small enough, but independently from . They satisfy (with an e-independent
constant C')

[t =t — e[| rqry < CE2, [tdown — t— + €| g2(r.) < Ce.

Proof. The proof will only be given for existence and uniqueness of %goun,
which will be of greater interest below, but the proof for u,, is analogous.
We start by writing (13) and the initial condition (17) in terms of the
perturbation @(€) = Ugoun (€) — u_ + e*¢:
(18) (DY — 1 (u-))u = F(u,§), ul&)=0,
where we denote
F(@,€) = h(u_ — e +a@) + W (u_) (e — 7).

The idea is to write (18) as a fixed point problem considering the right hand
side as given. Since we shall use the Fourier transform for constructing a
particular solution, we need a smooth enough extension to £ € R, although
we are only interested in & < &. For f € H?(I.), let the extension £(f) €
H?(R) satisfy

E(f) =5 €Nz < YN Fllz22) -
The bounded solution of the equation

(D* = W (u-))upare = E(f),

and of its derivatives with respect to £ can be written as

W™, = F1 [(ba\k|““ — W(u_) + iaasgn(k)[k|”) " fs(f)<m)] . m=0,1,2.

part —

The coefficient can easily be seen to be bounded uniformly in k, leading to
the estimate
lupartl g2y < lpartll 2wy < CNEF) 2y < CYNF 21y -

By the assumption (16), U[f](£) = upart(€) — tpare(&)eMEE) is the unique
solution of

(D*-KW(@u_))U=f inl, U&) =0,
satisfying by the Sobolev imbedding of H?(I.) in Cy(I.) the estimate
AME—¢e

WA a20y < luparell g2y + Nupardll ooy e Nz

< Cylflla(ry + Cllupart

w21 < Kl flz2 )
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for some K > 0. This allows to write (18) as a fixed point problem:
u=Ul[F(u,f)] .
In order to estimate F'(i, &), we first rewrite it as follows:

" 9 "
Fla€) = hT(U) (exs B a) _ hT(U) (ezem(e—ss) oeeMEtg 4 ﬁz) _

We recall that f is smooth and hence ||h”(u)| e < L1(||u| g ) for some pos-
itive nondecreasing function L;. Using moreover the continuous imbedding
of H?(I.) in Cy(I.), it can easily be seen that

1F @ ) g2y < CIR" (@)oo 1.y (2 + ll@l m2ay + 10l Lo () 8l 1212))
< L) (2 + el + e, ) -

where L is a positive nondecreasing function. The fixed point map is now
bounded by

IR,y < KLl o) (2 + el + laleg,)) -

We assume for simplicity that R = KL(1) > 1. It is easily seen that the
fixed point map is a contraction on the ball with radius (2R)~!, which is
independent of . Moreover the ball with radius €22R is mapped into itself.
Hence we conclude that there exists a solution @ bounded in H2(I.) by a

constant of O(2), which is unique in a ball with a radius of O(1). O
Lemma 3. (Local monotonicity) Let the assumptions of Lemma 2 hold.
Then, in I,

Uyp > U, U;p >0, Udown < U— , u;lown <0.

Proof. Again we restrict our attention to gy, and skip the analogous proof
for ;. As a consequence of Lemma 2 and of Sobolev imbedding

[Udown (&) —u— + M| < Ce?, ¢ <&,

Thus, there exists £* satisfying

udoum(g*) =U- — 2052 ’ ECEZ < 5* < £3C52 .

Since Ugown(§) < u_ for &€ > £*, we may restrict our attention in the following
to £ < &*. Thus, we eliminated a subinterval of length d; > & — &3¢.2. Now
we set €] = ¢, £2 = 2Ce?, and, by a shift in &, replace £* by &.,. This means
that the shifted solution becomes the unique ugy, from Lemma 2, where 1
has been replaced by e5. Of course, the argument can be iterated to produce
a sequence {e, }, determined by &,,11 = 2Ce2, and in each step a subinterval
of length d,, > &, — 5305% can be eliminated, where ugoyn < u— holds. It
is easily seen that, for &1 = € small enough, Y 7, d,, = oo completing the
proof of ugewn < u— in I.

The proof of the second property of ugy, is completely analogous noting
that, again by Sobolev imbedding,

‘uiiown(g) + Ae>\§| < 082 for f < 65 .
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Remark 2. Together with wyy — U—, Udown — U— € L*(1.), the result of the
lemma implies

Im wyp(§) = lIm ugoewn(§) = u—.
E——o0 E——o0
Together the two solutions constitute the ‘unstable manifold’ of the point u_.

The Lemmata 2 and 3 show the existence of a solution u of (13), which
satisfies u € C} and is monotone. Thus u is also a solution of equation (14).

Lemma 4. (Continuation principle) Let u € C}((—00,&)) be a (continua-
tion of a) solution of (14) as constructed in Lemma 2. Then there exists a
5> 0, such that it can be extended uniquely to C}((—o0, & + 0)).

Proof. Defining

&o "
(&) =u +d17a/7 % .

which can be considered as given and smooth by the assumptions, (14) can

be written as .
h(u(y))
u(©) = 1O +dra | o dy.
©=70 “ e (€—y)te
Local existence of a smooth solution for £ close to § is a standard result for
Volterra integral equations, see e.g. Linz [14]. O

It is now obvious that, as for ordinary differential equations, boundedness
will be enough for global existence.

Lemma 5. (Global uniqueness) Let u € u_ + H?*((—00,&)) be a solution
of (14). Then, up to a shift in &, it is the continuation of uup or of Udown,
oru=u_.

Proof. For every § > 0 there exists a £* < o, such that H“/*“—HH?((—oo,g*)) <
0, and therefore, by Sobolev imbedding, also |u(¢*) — u_| < ¢. Choosing §
small enough, there are only the options u(£*) = u_ (implying u = u_) or
u(&*) # u_ whence, by local uniqueness, u is up to a shift either equal to
Uyp OF O Udouwn, depending on the sign of u(&*) —u_. ]

This result already implies the uniqueness of the travelling wave, if it
exists.

Lemma 6. (Global monotonicity) Let u € C}(—o00,&) be (a continuation
of ) the solution ugown of (14) as constructed in Lemma 2. Then u is non-
mcreasing.

Proof. We recall the properties of h given in (12). We shall use both for-
mulations (13) and (14). First we prove that the derivative of u remains
negative as long as u > u,,. Assume to the contrary that

w(e) > um, u(&) =0, u <0in(-00,&).
Then we obtain from the derivative of (14), evaluated at £ = &, the contra-
diction
S (u(y)v' (y)

0=u(6) =dia [

&y W0
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Now we show that u cannot become increasing for u < u,,. Again, assume
the contrary

w(és) < Um, o >0in (&, & +6), o <0in (—o0,&],

where we assume additionally that ¢ is small enough such that u(&, + 0) <
Up,. This implies

S () s ) ST W)
/m E1ope? = /,oo<5*+5—y>ﬂdy+/@ @ ro g

S (y)
g /700 T

But on the other hand we know

0 > h(u(é+6)) = h(u(é))

e (y) SR
= da/ 7(117@1/ ——>dy > 0,
—00 (E* + 6 - ?/)a Y —00 (6* - y)a v

leading again to a contradiction. Therefore u’ cannot get positive. O

Lemma 7. (Boundedness) Let u € C}(—00,&)] be (a continuation of) the
solution ugown of (14) as constructed in Lemma 2. Then uy < u < u—.

Proof. Suppose the solution would reach the value w4 in finite time, i.e.
there exists a &, such that u(§«) = wy. Since u is nonincreasing and,

by Lemma 3, strictly decreasing at least close to £ = —oo, we obtain the
contradiction
& d(y)
0=h(uy)=4d / ———dy <0.
( +) “ —00 (5* 7y)a

O

The proof of Theorem 2 is completed by proving lime_,oo u(§) = u4.
Assuming to the contrary lime_,o u(§) > u4, would imply lime_,o h(u(§)) <
0. Then, however, —D~“h(u) = u_ — u would increase above all bounds,
which is impossible by Lemma 7.

2.2. Asymptotic stability of travelling waves for convex fluxes. We
change to the moving coordinate £ = z — st in (1),
(19) O+ O (f(u) — su) = 0D,

and look for solutions of (19), which are small perturbations of travelling
wave solutions and in particular share the same far-field values. Let ug()
be an initial datum and ¢(§) a travelling wave solution as constructed in
the previous section, with the shift chosen such that

(20) /R (uo(€) — B(E))dE = 0.

Due to the conservation property of the equation (19) we see that (formally)

/R (u(t,€) — G(E)dE =0,  forall > 0.
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The flux function will be assumed to be convex between the far-field values
of the travelling wave, i.e.

F(6(€) >0, for all € € R.
The perturbation U = u — ¢ satisfies the equation

1
(21) U +0((f'(9) = )U) + 50 (§"(¢ +9U)U?) = 9DV,
for some ¥ € (0,1). The aim is to show local stability of travelling waves,
i.e. the decay of U for small initial perturbations Uy = ug — ¢. Testing (21)
with U, we get

1d 2 1 1" 1772 1 1" 2
gV +5 [ rrewvia—g [ 1o +ovvau i

(22) = *aaHUH?ﬁI(HQ)m )

where several integrations by parts have been carried out. Recalling ¢’ < 0,
we see that the second term has the unfavourable sign. As one would do for
the conservation law with the classical viscous regularisation, we introduce
the primitive of the perturbation:

13 3
W(t.€) = [ Ultmydn,  Wolé) = / Un(n)dn.

Integration of (21) gives the equation for W,
1

(23) W+ (f1(0) = $)0W + S (0 + V) (0W)* = 0D W,
which we test with W to obtain

1d 1 1

Sl WIE =5 [ @i 5 [ £+ o0y @ew W de

2dt 2 Jr 2 Jr
(24) = _aaHWH?ry(Ha)/z .
This equation has the crucial property that the quadratic terms have the
favour-able sign. From the cubic term (arising from the nonlinearity) we

pull out the L®-norm of W (and of U if f” is not constant), which we shall
control by Sobolev imbedding.

Well-posedness of the perturbation equation. Before deriving decay estimates,
we have to guarantee the well-posedness of the Cauchy problem for (23),
(25)

BtW+(f’(<z5)—5)65W+%f//(¢+19U)(6§W)2 =9 DW, W(0,2) = Wy(x).

Therefore we use a contraction argument. Assuming f(u) = u? and a > 1/2

allows to estimate the nonlinearity in the fashion of Dix [6] implying the

well-posedness in H!. For the general flux and a € (0, 1) we have to require

more regularity of the initial data, Wy € H2.

We recall the definition (7) of the kernel K associated to the linear evo-
lution equation and rewrite (25) in its mild formulation

W(t,z) = K(t,.) * Wy(z)

t "

f(¢+9U

o) &=+ (700 = 90 + HETED wir ) @y

J0
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Before proceeding with the contraction arguments, we note that for any
Wy € H® we have K(t,.) * Wy — Wy as t — 0 in H®. In particular, the
integral

K (t,.) * Wo — Wolls = /(1 + k1) e A0 — 1P (W (k)P dk

is bounded by 4| W;||% and we can apply the Dominated Convergence Theo-
rem to pass to the limit under the integral sign. Moreover || K (t,.)*Wy|| s <
Wollas-

Proposition 1. Let f(u) = u? and o > % Then for any Wy € H' there
ezists a T > 0 such that (25) has a unique solution W € H' fort € [0,T).

Proof. Denoting the right hand side of (26) with GW the mild formulation
gives a fixed point problem W = GW. We note that f” = 2 and briefly
explain how to carry out the contraction argument. Let 7" > 0 and denote
[Wl57s = supseoso) |W llms. Applying Plancherel’s Theorem we can bound
the H! norm of GW by

T
9W 5 < [Walls + [ [0+ IbDe O F((26 - 90 + U2) )|,
0

< Wl +C [ sup |1+ e 88 U7, )y
0 keR

T
+/ |+ IelpeA®E=
0

sup |(U(r, )2 |dr
e (U2

Using Cauchy-Schwarz inequality it is easy to see that || (gh) [|ec < ||gllz2||R] L2,
hence supyeg |(U(7,.)%) 7| < |U]|;#. We then bound

Hye’“ﬂ‘mu“
sup |(1 + [k)e 2T < 141 feo
keR (T - T)HTX
27) < c(1+@-nm),

1 3
H(l + ‘k|)efA(k)(T*T) HL2 < C ((T _ 7—)72(1+u) + (T _ 7‘)72(14»(1)) ,
where we have performed the substitution k — k(t — T)%*l in the integrand.
For a > 1/2, the terms on the right hand side are integrable from 0 to T and
the operator G is a contraction for small times T: There exists a constant
Cy > 0, such that

1
IGW 51 < Co (14 (T + T T50) [W |5 + (T

. 1-_3 .9
w4 T ||
Then for 7 small enough, G maps the ball Bac,(T) = {W € C([0,T], H') :
(W5, < 2Co} into itself. With Banach’s fixed point argument we can
conclude the existence of a solution W € Byc, (T') of (26), which is therefore
the solution of (25) on [0,7). The uniqueness result is only local in Bac,.
Hence let us now assume W,V € C([0,T], H') are two solutions of (26) and
let M = max{||W|%:,[[V[[5;1}. Then W —V solves a fixed point equation,
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where for a small enough 7j) > 0 the fixed point operator is again a contrac-
tion on Baps(Tp). Therefore W =V on [0, Tp]. Repetition of this argument
provides uniqueness on the whole time interval of existence. O

Proposition 2. Let Wy € H2. Then there exists a T > 0 such that the
Cauchy problem (25) has a unique solution W € H? fort € [0,T).

Proof. We again consider the fix point operator GIW associated to the right
hand side of (26), where now f” is not constant. This requires to pull out
the L*-norm of U and therefore, by Sobolev-Imbedding, we shall control
W in H2. We estimate the nonlinearity as follows:

[K(T = 7..) % £"(6 + 9 U(7,.) | 2
= [+ kDR 1+ JDFC @+ o))

<O (1 (T )75 ) (6 + 0U)U
< (U0 (14 (T = 7)),

where we have used (27) and Sobolev Imbedding. L is a positive non-
decreasing function. The linear terms are estimated in a similar fashion as
above, such that for a Cy > 0

1
I9W iz < Co (14 (@ + T'75%) (L4 LUW )W ) IW 2
The proof can be concluded in a similar way as before. O

Global existence will be the consequence of the existence of a Lyapunov
functional, which also allows to deduce the asymptotic stability of travelling
waves. The Lyapunov functional is also easier to derive in the case of the
Burgers flux. Mainly for pedagogical reasons we first derive the result in
this simplified situation and then proceed with the stability for the general
convex flux function.

Stability of travelling waves for the quadratic flux. Assuming f(u) = u? and
a > 1/2, the Cauchy problem for (23) is well-posed in H'. Since f’ = 2,
the nonlinear term in (22) vanishes. Therefore to derive the global existence
as well as asymptotic stability it suffices to construct a Lyapunov-functional
controlling the H'-norm of W.

Theorem 3. Let f(u) = u? and o > 1/2. Let ¢ be a travelling wave
solution as in Theorem 2, and let ug(§) be an initial datum for (19), such
that Wy(&) = ffoo(u()(n) — @(n))dn satisfies Wy € HY. If ||Wo|m is small
enough, the Cauchy problem for equation (19) with initial datum uy has a
unique global solution converging to the travelling wave in the sense that

o]

lim lu(r,-) — @l 2dT =0.

t—oo [y

Remark 3. Note that the condition (20), which can be translated to Wo(Loo) =
0, is incorporated in the condition Wy € H'.
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Proof. Equations (22) and (24) imply the estimates

1d
(28) 5zl = CollU 72 < —aal|Ullfasaya
1d
(29) S WlEe = Wiz 10eW 72 < —aalWlfasaye
with Cp = ||¢/||Le. We shall construct a Lyapunov functional by a linear

combination of these estimates. For v > 0, we denote v, = min{1,~v} and
~v* = max{1,~v}. Then

1

J(t) =5 (W2 +1Ul1Z:)
is bounded from above and below by

Ve ol
(30) S IWlin <7 < S IWlip
The combined estimate reads
dJ
S = (4G + IW ) IW I + e (IW Wgsara + YW 102 ) <O

dt

The idea is to control the second term by the third, which seems plausible,
since the interpolation inequality

(31) W% < IW 10t + IW 6w

holds as a consequence of k? < |k[1* 4 |k[3+% k € R. The same inequality
with k replaced by k(aq/(2C0))"/ 1+ implies

a,
ACOW I < 5 (W e + MW 52

with v = (aa/(2C))?/ 4%, For the term arising from the nonlinearity we

use the consequence HWHip < »y%(HWHiI(Ha)/z + 'YHW”i[(Ha)/z) of (31),
which leads to

dJ aq 1 9 9

G (5= W ) (1980 17 ) <0.

By Sobolev imbedding and (30) we have

2
WlLee < [Wilg < ’/7‘] :

We now let the initial data be small enough such that J(0) < (y.)3a2/8.
This immediately implies the existence of a A > 0, such that

dJ .
dat <-A <”W”§.'](l+a)/2 +V||W||?'{(3+a)/2) < —)\“/*”UH%? > for all ¢ > 0.
Integration with respect to time concludes the proof. O
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Stability for a general convex flux function. In contrary to the quadratic
flux, now the nonlinearity in estimate (22) does not vanish:

) 1d

2dt
with a positive nondecreasing function L and, similarly to above, Cyp =
1" ()¢ || L= /2. The estimate for W reads

1d
5 Wiz = AU IW < 10eW 72 < =aalWIFa1aye
We see that now we have to control U and W in H' C L, and therefore
also need to derive an estimate for d:U. As we have mentioned above, the
Cauchy problem for (23) is well-posed in H2. Hence the decay of W in H? is
needed to repeat the local existence as well as to control the nonlinearities.
We differentiate (21) and test it with 0U. After several integrations by
parts, we can estimate

(32 U2 = CollU 72 = LUU Nz 101U 11 < =aal U1 a2

(33)

1d .
5@“‘3’5[]”%2 = CillU N = LU ) (U |2 10¢U 172 + 19U 17)
(34) < 7“0H8§UH§.'](1+Q)/2’

where C] depends on the travelling wave and its derivatives up to order
2. We now apply a generalisation of the celebrated Gagliardo-Nirenberg
inequalities (see e.g. [12]) to Sobolev spaces with fractional order, which
was proven by Amann [3] (Proposition 4.1):

@35)  N0Ulgs < ClOUIE apa 10Uz < CIUIm U 55

We are now ready to prove a stability result similar to Theorem 3 for the
general convex flux function:

Theorem 4. Let (12) hold and let ¢ be a travelling wave solution as in The-
orem 2. Let ug be an initial datum for (19) such that Wy (§) = fi)o(uo(n) -
é(n))dn satisfies Wy € H?. If |[Wo| g2 is small enough, then the Cauchy
problem for equation (19) with initial datum ug has a unique global solution
converging to the travelling wave in the sense that

o0

lim lu(r,) — ¢l rdr = 0.

t—oo [y

Proof. We proceed similarly to above and define
1
J(t) = 5UWILz + U7 +720106U11Z2)

with positive constants 71,72 > 0. We denote 7. = min{l,v1,72} and
~v* = max{1,71,72}. Then, as a functional of W, J is equivalent to the
square of the H?norm. Combining (33), (32) and (34) together with (35)

gives the complete estimate

d

7+ 00 (W v+ 1 IW By + 22 1)
~nCollUIZ2 = 72ClU N = LUAW la2) W 21U 5 a0 < 0.

appeared as: F. Achleitner, S. Hittmeir, and C. Schmeiser. “On nonlinear
conservation laws with a nonlocal diffusion term”. In: J. Differential Equations
250.4 (2011), pp. 21772196



1. VISCOUS CONSERVATION LAWS 17

16 FRANZ ACHLEITNER, SABINE HITTMEIR, AND CHRISTIAN SCHMEISER

Similarly to above we now choose 71,72 > 0 such that
NCollU|I72 +72C1|U[7n
a
< 2 (W By IV e + 92l 512 )

and get the final estimate

d an 1 9 9
S+ (% = LWl IW ) (19 117 )

a 1

s (% = ZLOW LWL ) 19 By < 0.
*

Letting again the initial data be such that J(0) is small enough, we can

deduce that J is nonincreasing for all times and moreover

[ 1w < .
0

APPENDIX A. LINEAR INTEGRAL EQUATION

In this appendix we analyse the assumption (16) in more detail. We will
show that all continuous and bounded solutions on R_ of the linear equation
(36)

f v
MO:C@[m@i%%;ﬂ% v(-00) =0,  Co=H(u_)/T(a),

are given by the one-parameter family {be*¢ : b € R} with A = A/(u_)"/*. A
proof for the space Cy(R_) cannot be carried out directly, since the kernel is
only locally integrable. Therefore we first derive the uniqueness result in the
space of continuous functions with exponential decay as £ — —oo. We also
present a less direct, but more general approach, which gives a similar result
for the underlying space L>°(R_). In addition we show that no continuous
solutions with polynomial decay can exist.

We start by analysing solutions of (36) in Cj(—00, ] for a & < 0. Since
it is easier to work with integral operators acting on a finite domain, we
perform the transformation

1
w(n) = u(§), where 7= “z € [0,m0], foran my >0,
leading to the following equation for w
i w(s)
37 =Con'™ | —— s, 0) =0.
6wl =Con ™ [ S ds u)

To prove that the only non-trivial solutions with exponential decay are
A
w(n) = be 7, we adapt the approach of Wolfersdorf for another integral
equation (see the Appendix in [17]):
Lemma 8. All solutions of (36) within the space
CowR_) ={f € Cy(R_): f(&) = e*g(€) fora 0 < p < A, where g € Cy(R_)}

are given by the one-parameter family {be*é : b € R} with A = b/ (u_)'/*.
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Proof. Let w(n) = 67%2(7]) be a solution of (37), where 0 < u < A. For

z € Cp[0,m0] we assume w.lo.g. 2(0) = 0 (otherwise we can shift some
o
decay of the exponential function onto z). We shall show that z = be” .

Therefore we introduce
_A—u [TO 0 s,
o(n) =z(n) — Cie” 7 / 2(s)ds, 1= Cl/ et ds
0 0

and note that ¢(0) = 0. Its primitive ®(¢) = [ ¢(s)ds satisfies ®(0) =
(1) = 0. Due to Rolle’s Theorem there exists an 7y > 0 such that ®'(n;) =
&(m) = 0. If ¢ = 0, the proof is finished. Let now ¢ # 0. W.l.o.g. we assume
that 11 > 0 is the smallest value with ¢(n;) = 0 and that ¢(n) > 0 in [0, m]
with ¢(n) > 0 in (n2,m1) for an n2 € [0,71). Then we obtain

o G
z(m) = Comy /0 ( ds

n — s)lfasH»u

1 n @/\(%7%) _A—p 70
> C 7]170‘/ (7d5 Cie m / 2(s)ds = z(m),
0 0

m— 3)1—a81+a

=1
leading again to a contradiction, and thus ¢ = 0. ]

We shall also mention a more general approach, which was introduced for
integral equations of Fredholm type. A similar result to Lemma 8 with the
underlying space being L>°(R_), can also be deduced from results on the
Wiener-Hopf equation, which has the standard form

(38) W(e) - /0 T K- y)Wdy =0, €0,

Wiener and Hopf related the Fredholm property of the associated operator
in (38) to conditions on its symbol [16]. Krein extended the Wiener-Hopf
method to equations with L!-integrable kernels [13]. We only state the part
of his result which we will use in the following:

Let K € LY(R). If the symbol a(z) := 1 — 21F(K)(2) is elliptic,
i.e. inf.crla(z)| > 0, and the winding number of the curve {a,(z) : z €
(—o0,00)} around the origin is a non-positive number r. Then equation (38)
has exactly |r| linearly independent solutions in any of the Lebesgue spaces
LP(Ry), 1 <p<oo.

Since the kernel in (36) is only locally integrable we introduce as above
exponential weights, which will allow to apply this result.

For a generalization of the Wiener-Hopf method to other spaces than the
Lebesgue ones, we refer to the work of Duduchava [7], in which also the
Theorem of Krein is given more detailed.

Lemma 9. All solutions of (36) within the space
LOMR_)={f e L®R_): f(£)=e'g(¢) fora 0<p < andge L®(R_)}
are given by the one-parameter family {be*é : b € R} with A = h/(u_)"/*.

Proof. Consider solutions v of (36) of the form v(¢) = e*w(€) for some 0 <
p < Xand w € L®(R_). Setting W(¢) = w(—¢) and K (£) = e #0(£)e> 1,
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equation (36) becomes a Wiener Hopf equation in the form (38). The kernel
K is integrable, since ¢ > 0. Thus, to apply the result of Krein, it remains
to investigate the properties of the symbol

_ R (u_)V2rm [ 6() . / \—a
au(z) 1—W}'<£170)(z—m) = 1-h(u_)(p+1iz)

=W (u)( + 2%) 7 (cos(appz) — isin(app.z),
where ¢, . = arctan £ and %]—'(g(ﬂ)(z) = (iz)~® for z € C. To check
the ellipticity of the symbol, rewrite |a,,(z)|?

()2 = (1= W (uo) (1 + 22)72) 4 20 ()42 + 22) "2 (1 = cos(a p,2)).

which attains its minimum with respect to z at z = 0 and does not vanish
if 0 < g < A. Thus the symbol a, is elliptic and forms a closed curve
{au(2) : z € (—00,00)}, since a,(£o0) = 1. Thus the winding number of
the closed curve is a well-defined integer, which remains to be computed.
We note that Re(a,) is an even function and Re(a,(0)) < 0for 0 < p < A
Moreover Im(a,) is an odd function and I'm(a,(z)) = 0 only if z = 0 or
z = +00. Hence the parametrization of the closed curve runs once around
the origin in the counter clockwise sense. Thus the winding number is —1
and the result of Krein implies the statement. O

as follows

Finally, we show that no bounded solutions with polynomial decay can
exist.

Lemma 10. (i) If v € Cy(R_) is a solution of (36), then v cannot change
the sign.
(it) Equation (36) has no solution v € Cy(R_) with polynomial decay as
£ — —o0.

Proof. Again it easier to consider equation (37) instead. Solutions can-
not change sign due to the nonlocality: If a smooth solution w is positive
(negative) on (0,7) for some 7, > 0, then the solution remains positive
(negative). In contrast, if w = 0 on [0,7,), then w(n) is a solution of equa-
tion (37) where the integration starts at 7, instead of s = 0. Therefore, we
avoid the singularity of the kernel at s = 0 and are left with the integrable
singularity at s = 7. Given the initial value w(n,) = 0, we conclude from
standard theory that there exists only the trivial solution.

We prove statement (ii) by contradiction. Suppose that there exists a
solution with polynomial decay w(n) = n®z(n) for some 8 > 0 and z €
Cy(—00,no] which satisfies w.l.o.g. z(n) > 2z« > 0. Then

M) 1 g5 " 1 h(u-) _
> 2, a—pf ds = *B o (y‘
) > 2 st 0 [ e = R s B ey,
where B denotes the Beta function. We see that for any g the right hand

side grows unbounded as 7 — 0, which contradicts our assumption z €
Cy(—00,10)- |
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ON NONLINEAR CONSERVATION LAWS REGULARIZED
BY A RIESZ-FELLER OPERATOR

FRANZ ACHLEITNER, SABINE HITTMEIR, AND CHRISTIAN SCHMEISER

ABSTRACT. Scalar one-dimensional conservation laws with nonlocal dif-
fusion term are considered. The wellposedness result of the initial-value
problem with essentially bounded initial data for scalar one-dimensional
conservation laws with fractional Laplacian is extended to a family of
Riesz-Feller operators.

The main interest of this work is the investigation of smooth traveling
wave solutions. In case of a genuinely nonlinear smooth flux function
we prove the existence of such traveling waves, which are monotone
and satisfy the standard entropy condition. Moreover, the dynamic
nonlinear stability of the traveling waves under small perturbations is
proven, similarly to the case of the standard diffusive regularization, by
constructing a Lyapunov functional.

Apart from summarizing our results in the article Achleitner et al.
(2011), we provide the wellposedness of the initial-value problem for a
larger class of Riesz-Feller operators.

1. INTRODUCTION

We consider one-dimensional conservation laws with nonlocal diffusion
term

(1) Oru+ 0y f(u) = 9, D

for a scalar quantity u : Ry x R, (¢,2) — u(t,x), a smooth flux function
f R — R and a non-local operator

2 e e L1

with 0 < a < 1.

1.1. Motivation. Conservation laws with nonlocal diffusion term of the
form (1) appear in viscoelasticity - modeling the far-field behavior of uni-
directional viscoelastic waves [1] - as well as in fluid mechanics - modeling the
internal structure of hydraulic jumps in near-critical single-layer flows [3].
Moreover the nonlocal operator D/ appears in Fowler’s equation

(3) O + Opu? = 02u — 0, D3,

which models the uni-directional evolution of sand dune profiles [4].
Equation (1) is closely related to

4) Opu + 0, f(u) = Dy

2010 Mathematics Subject Classification. 47J35, 26A33, 35C07.
Key words and phrases. nonlocal evolution equation, fractional derivative, traveling
wave.
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with a fractional Laplacian D**! = (—%)("‘H)/z7 0 < a < 1. This kind
of nonlinear conservation law with nonlocal regularization has been studied
e.g. in [5, 0].
Remark 1. The nonlocal operators 9,D% 0 < a < 1, and the fractional
Laplacian D®*1, 0 < o < 1, are Fourier multiplier operators, i.e.
F(0:Du)(€) = —(sin(am/2) — i cos(am/2) sgn(€))|€]*H Fu(€)
and
F(D*u)() = —[g[* Fu(g),
whereat the Fourier transform F is defined as Fo(§) = @(€) = \/%7 [ e p(€)dE.

1.2. Riesz-Feller operators. Riesz-Feller operators [7, 8, 9] are Fourier
multiplier operators

(FDapf)(§) = —Yap(=E)(FF)(E)

whose multiplier ¥, ¢(&) = |£|%e(#5&M€)07/2) i5 the logarithm of the character-
istic function of a general Lévy strictly stable probability density with index
of stability 0 < a < 2 and asymmetry parameter |§] < min(a,2 — a). The
nonlocal operators 9,D%, 0 < « < 1, and the fractional Laplacian D1,
0 < a < 1, are Riesz-Feller operators, see also Remark 1 and Figure 1.

Theorem 1.1. For 0 < a < 2, || < min{a,2 — a} and || < 1, the Riesz-
Feller operator D, g generates a strongly continuous, convolution semigroup
T(t): LP(R) = LP(R), wup— T(t)up = K(t,-) *xup,
with 1 < p < 0o and a convolution kernel K (t,x) = F~Lexp(—ty(—.))(z)
satisfying - for all x € R, t > 0 and m € N - the properties

e (non-negative) K (t,z) > 0,

o (integrable) | K(t,)|lLim) = 1,

e (scaling) K(t,z) = tiﬁf((l,xfﬁ),
(smooth) K (t,xz) is C> smooth,
o (bounded) there exists By, € Ry such that

87”K 1+ B
oy (t,z) <t T#a i
€T

14+t Taz2
The initial-value problem
(5) O+ Oy f(w) = Dopu, u(0,z) =up(x),
for Riesz-Feller operators D, ¢ with indez of stability 1 < a < 2 and asym-
metry parameter a — 2 < 6 < 2 — a covers the special cases (1) and (4).

Theorem 1.2. Suppose 1 <a<2anda—2<60<2—a. Ifuy € L, then
there exists a unique solution u € L>((0,00) X R) of (5) satisfying the mild
formulation

tToK
(6) u(t,xz)=K(t,.)*up(x) — / E(f —7,.)* f(u(r,.) ]| (z) dr
JO
almost everywhere. In particular

[lu(t, oo < l|uollsos fort >0,
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[N

0, D*

1—-a

0 1 1+a 2 3

FIGURE 1. The family of Fourier multipliers ,0(§) =
|€|@e(i58n(€)07/2) has two parameters a and . Some associated Fourier
multiplier operators (FT'f)(§) = —9q,0(—&)(F[f)(§) are displayed in
the parameter space (a, #). The Riesz-Feller operators D, g are those
operators, that take their parameters in the blue set {(a,0) € R?|0 <
a <2, 6] <min(a,2— a)}, also known as Feller-Takayasu diamond.
The family of operators 9,D% 0 < « < 1, interpolates formally
between the first derivative 9, and second derivative 92. Thus the
limiting cases of equation (1) are a hyperbolic conservation law (for
a =0) and a viscous conservation law (for a = 1) [1].

and, in fact, u takes its values between the essential lower and upper bounds
of ug. Moreover, the solution has the following properties:

(i) u € C*°((0,00) x R) and u € Cp°((to,00) x R) for all to > 0.
(ii) w satisfies equation (5) in the classical sense.
(i) w(t) — wo, as t — 0, in L(R) weak-+ and in L} (R) for all
p € [1,00).

Sketch of proof. The analysis of the initial-value problem for (4) by Droniou,
Gallouét and Vovelle [6] depends on the properties in Theorem 1.1 of the
semigroup (and its convolution kernel K (¢, x)) generated by the fractional
Laplacian D®*! for 0 < a < 1. However all Riesz-Feller operators D, g with
indez of stability 1 < a < 2 and asymmetry parameter a —2 < 0 <2 —a
share these properties. Thus the analysis in [0] carries over to the initial-
value problem (5). O
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2. TRAVELING WAVE SOLUTIONS

Definition 2.1. Suppose (u_, u,s) € R3. A traveling wave solution of (1)
is a solution of the form u(t, z) = u(¢) with £ := 2 — st and some function @ :
R — R that connects the distinct endstates limg_, 400 %(&) = ut.

Inserting a traveling wave ansatz in (1) and integrating with respect to &
yields the traveling wave equation

(7)

h(u) = f(u) — su— (f(u-) — su_) = D*u = F(llfoc) /j (xui(l;))a dy,

which is translation invariant.

If a smooth profile @ approaches the endstates sufficiently fast, then the
formal limit & — oo in (7) leads to the Rankine-Hugoniot condition f(u4)—
flu-) =s(uy —u-).

If f is a convex flux function, then the vector field h is non-positive for
values between u_ and u4. Thus and due to the right-hand side of (7), a
monotone traveling wave solution has to be monotone decreasing and the
standard entropy condition u_ > u4 has to hold.

The profile 4 of a traveling wave solution is governed by (7), whence its
value at £ € R depends (only) on its values on the interval (—oo,§). There-
fore, first the existence of a profile on an interval (—oo,&.] is established,
subsequently its monotonicity and boundedness are verified and finally its
global existence is deduced from an continuation argument.

The integral operator

NN W (y)
Du(§) = I'l-a) /,Oo =y W

is of Abel type and can be inverted by multiplying it with (z — {)*(
and integrating with respect to £ from —oo to z. Thus the traveling wave

1-a)

problem

(8) h(u) = D%, lim a(§) =u_, lim @) =uy,
§——o0 £—+o0

and

9 w(§) —u_ =D ¥h(u)(§) = =

O  u® O =ty | eyt
are equivalent if v € CL(R) and v’ € L*(R_), and in particular if u € CL(R)
is monotone. Equation (9) is a nonlinear Volterra integral equation with a
locally integrable kernel, where a well developed theory exists for problems
on bounded intervals.

L[ )
e Ni—a W

The linearizations of (8) and (9) at £ = —oo (or, equivalently, at © = u_)
are
(10) Ku_)o=D% and v="hn(u_)D %,

respectively. Both linearizations have solutions of the form v(¢) = be?®
with A = h/(u_)"/* and arbitrary b € R, see also [10]. We will need that
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these are the only non-trivial solutions of (10) in the space H?(—oo,&] for
some &y < 0. In particular, we assume that

(11) N (id — B’ (u=)D™") = span{exp(A{)} with A =R (u)/e,

which is reasonable due to our analysis in [11, Appendix A].
In the existence result both formulations (8) and (9) will be used.

Theorem 2.2 ([11, Theorem 2]). Suppose f € C®(R) is a conver flux
function, the shock triple (u_,uy,s) satisfies the Rankine-Hugoniot condi-
tion f(uy)— f(uz) = s(uy —u—) as well as the entropy condition u— > uy,
and condition (11) holds. Then there exists a decreasing solution u € C}(R)
of the traveling wave problem (8). It is unique (up to a shift) among all
u € u_ + H*((—00,0)) N CL(R).

Remark 2 (Extensions). In [11] we prove the result assuming only

(12) heC®(ug,u-]), h(uy)=h(u-)=0, h<0in (uq,u_),
Jupm, € (ug,u_) such that A’ <0 in (uy,um) and B’ > 0 in (U, u_].

This is a little less than asking for convexity of f and the Lax entropy
condition, since it covers the case f'(uy) < s < f'(u_).
The case of an concave flux function f can be analyzed in a similar way.

Idea of proof. The nonlinear problem has, up to translations, only two non-
trivial solutions %goywn and w,,, which can be approximated for large negative
& by u_ — e and large positive £ by u_ + e*¢, respectively. The choice 1
of the modulus of the coefficient of the exponential is irrelevant due to the
translation invariance of the traveling wave equations (7) and (9).

The traveling wave equation (7) involves a causal integral operator, i.e. to
evaluate D% () at a point £ the profile @ on the interval (—oo, €] is needed.
Thus, for ¢ > 0 and & := loge/\, we investigate the existence of solution
Udown : Ie = R of (7) on the interval I. = (—o0, &]

(13) fEI*ILO udoum,(f) =u_ and udou}n(ga) =u- —¢€.

Due to the analysis of the linearized equation (10) and assumption (11), the
solution is written as ugown(€) = u— — exp(A§) + v. Thus the perturbation
v satisfies a boundary value problem (BVP)

(D* = K (u_))v = h(u_ — exp(A) +v) + K (u_) (exp(A§) —v), v(&) =0.
This can be formulated as a fixed point problem for a given right-hand side
in H2(I.) and an application of Banach’s fixed point theorem yields the
existence of Ugoy, Which is unique among all functions v satisfying (13) and
llw = u—|| g2y < 0 for some sufficiently small §, which is independent of e.
Moreover

(14) [wdown — u— + 6A§HH2(15) < Ce?

for some e-independent constant C'. The boundedness and monotonicity of

Udown s

udo11)n(£) <u- and u;lown,(g) <0 Vé €,

follows from (14), a Sobolev imbedding H2(R) — C*(R) and the properties
of u_ — exp(A§).
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Next, the continuation of the solution wgeyn : (—00,I:] — R is proven.
The boundedness and monotonicity of ugyy, Imply that wge,, is also a
solution of (9). Due to the causality of the integral operator, (9) can be
written as a Volterra integral equation on a bounded interval [I;, I + §) for
some § > 0

.é’ u
u(f)zf(fﬁi/§ %
h(u(y))

I(a)

with a well-defined inhomogeneity f(§) = u— + ﬁ ffsoo = dy. The
(local) existence of a smooth solution for sufficiently small ¢ is a standard
result in the theory of Volterra integral equations on bounded intervals, see
e.g. Linz [13].

Then, the boundedness and monotonicity of these continued solutions is
proven, such that the argument for local existence can be iterated to imply
the existence of a solution

Udown € CE(R)  with  1im ugoun (&) = u_ .
£—o0

Finally, the proof of Theorem 2.2 is completed by proving lime_, u(§) =
u4. Assuming to the contrary lime_,o0 u(§) > uqy, would imply lime o0 A(u(€)) <
0. Then, however, —D~*h(u) = u_ — u would increase above all bounds,
which is impossible by the boundedness of the solution. O

Remark 3 (Discussion of previous results). Sugimoto and Kakutani [1, 2]
studied the existence of traveling wave solutions of (1). They prove that
bounded continuous traveling wave solution may exist, but give no analytical
proof of existence, instead they construct numerical solutions and study the
asymptotic behavior analytically.

In case of Burgers’ equation with fractional Laplacian (4), Biler et al. [7]
showed that no continuous traveling wave solutions can exist for a € (—1, 0],
however they provide no existence result for the case a € (0, 1).

Alvarez-Samaniego and Azerad [12] proved the existence of traveling wave
solutions of (3) with perturbation methods.

Remark 4 (Comparison with previous results). The dynamical systems
approach to prove the existence of traveling wave solutions in [11, Theorem
2], parallels the one in case of viscous conservation laws. This approach is
possible due to the causality of the operator D in (7) and the monotonicity
of the profiles.

In contrast in case of a conservation law with fractional Laplacian (4)
the traveling wave equation for traveling wave solutions u(t,z) = @(£) with
@ € CZ(R) can be written as

. - 1 [o9] u/(y)

h(u) == f(u) — su— (f(u_) —su_) = Ti—a) /_oo @oyp dy.
Thus the value of a profile @ at £ € R depends on the entire profile u, such
that a different approach is needed.

Whereas in case of Fowler’s equation (3) the profile of a traveling wave
solution is not necessarily monotone, such that the boundedness of a profile
is difficult to establish.
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2.1. Asymptotic stability of traveling wave solutions. To study the
asymptotic stability of traveling wave solutions ¢ of (1), equation (1) is cast
in a moving coordinate frame (¢,z) — (¢,£ = x — st),

(15) O+ O (f(u) — su) = 0D,
such that a traveling wave solution becomes a stationary solution of (15).

Analogous to viscous conservation laws asymptotic stability of ¢ is only to
be expected for integrable zero-mass perturbations Uy := ug — ¢, i.e.

(16) /R Uo(€) d¢ = 0.
The evolution of a perturbation U := u — ¢ is governed by
(17) OU + 0:(f(o+U) — f(¢) — sU) = 9:DU .

However the L?-norms of the perturbation U and its derivative are not
enough to construct a Lyapunov functional. Therefore the primitive

3
W(t,€) = / Ut ) di

—o0
of the perturbation U has to be considered.

The flux function will be assumed to be convex between the far-field values
u4 of the traveling wave solution ¢, i.e.

(18) (@) >0 forall £€R.

Theorem 2.3 ([11, Theorem 4]). Suppose f € C*®°(R), the conditions (12)
and (18) hold and ¢ is a traveling wave solution of (1) as in Theorem 2.2.
Let up be such that Wy(€) = ffoc(uo(n) — ¢(n)) dn satisfies Wo € H?(R).
If |Wol| g2 is small enough, then the initial-value problem for equation (15)
with initial datum ug has a unique global solution converging to the traveling
wave solution ¢ in the sense that

o]

(19) lim [ fu(r.) — @l dr =0.

t—ro0 t
Proof. First, the local-in-time wellposedness of the initial-value problem
(20)  OW + (f(U+0)— f(¢) —sU) =0 DW, W(0,z)=Wo(x),

is established by an fixed point argument [11, Proposition 2].
Then a (Lyapunov) functional

1
J(t) = 5(IWIZz + U7 +2l10U1I72)

is defined with positive constants v1,v2 > 0. The functional J : H?(R) — R,
W(t) + J(t), is equivalent to [|[W(£)[|32, since 1 [|W(t)[%. < 2J(t) <
YW ()||%2 with v, = min{1,v1,72} and v* = max{1,71,72}. Combining
the energy estimates of the perturbation U, its primitive W and its derivative
0¢U, and using a Gagliardo-Nirenberg inequality yields

d
aa}“‘ Qo <”WH§'{(1+0¢)/2 +71||W||§;1(3+a)/2 +'YZHWH§.'I(5+Q)/2>
= 11CollUII72 = 2CullUlF = LUW ) W |2 1T 1540 <0,

appeared as: F. Achleitner, S. Hittmeir, and C. Schmeiser. “On nonlinear
conservation laws regularized by a Riesz-Feller operator”. In: Hyperbolic Pro-
blems: Theory, Numerics, Applications. Ed. by F. Ancona et al. Vol. 8. AIMS
on Applied Mathematics. AIMS, 2014, pp. 241-248



28 1. VISCOUS CONSERVATION LAWS

8 FRANZ ACHLEITNER, SABINE HITTMEIR, AND CHRISTIAN SCHMEISER

where ao = sin(ar/2) > 0 and H® denotes the homogeneous Sobolev space
of order s. Finally, the constants 1,72 > 0 are chosen such that

NCollU|72 +2C1lU|7n
Q,
< ?a (”WH%(I#»Q)/Z +M ||W||§-{(3+a)/2 + ’YQ‘|W‘|§_—I(5+Q)/2> R

which implies the final estimate

d [ 1
G+ (% = LWl Wl ) (1900 + 10V )

Ao 1
o (5 = ZEOW L)Wl ) W By < O

For initial data such that J(0) is sufficiently small, the functional J(¢) - being
equivalent to [[W(t)||% - is non-increasing for all times. This implies the
global-in-time existence of W () as a solution of (20) and moreover (19). O

Remark 5. In case of Burgers’ flux f(u) = u? and a > 1/2, asymptotic
stability of a traveling wave solution ¢ is established in case of Wy € H'(R),
see also [11, Theorem 3].

Due to a Sobolev imbedding H'(R) <+ Cj(R), the asymptotic stability
result limy oo ||U(E)]| g1 = 0 implies also limy_soo [|U(¢)||z = 0.
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ASYMPTOTIC STABILITY OF TRAVELING WAVE
SOLUTIONS FOR NONLOCAL VISCOUS CONSERVATION
LAWS WITH EXPLICIT DECAY RATES

FRANZ ACHLEITNER AND YOSHIHIRO UEDA

ABsTRACT. We consider scalar conservation laws with nonlocal diffu-
sion of Riesz-Feller type such as the fractal Burgers equation. The exis-
tence of traveling wave solutions with monotone decreasing profile has
been established recently (in special cases). We show the local asymp-
totic stability of these traveling wave solutions in a Sobolev space setting
by constructing a Lyapunov functional. Most importantly, we derive the
algebraic-in-time decay of the norm of such perturbations with explicit
algebraic-in-time decay rates.

1. INTRODUCTION

We consider the evolution of a scalar quantity v : R x (0,00) - U C R,
(z,t) — u(x,t), which is governed by the Cauchy problem

(1) Oyu ~+ Oy f (u) = Dgu for (z,t) € R x (0, 00),
u(0,z) = up(x) for z € R,

with an initial datum wp : R -+ U C R, a flux function f : U CR — R and a
Riesz-Feller operator Dg for some 1 < a < 2 and |f| < 2 — a. Equation (1)
models nonlinear transport and nonlocal diffusion of a quantity w(z,t) in
space over time. The flux function f is assumed to be smooth and convex as
well as to satisfy w.l.o.g. f(0) = 0. The Riesz-Feller operator can be defined
as a Fourier multiplier operator, see also [23|. Precisely, the Riesz-Feller
operator D of order o and skewness 6 is defined as

) F[Dgol(k) = ¢g (k) Flol(k),  keR,
with symbol
(3) g (k) = —|k|*exp (i sgn(k) 0%) = —|k|* (cos(8F) + i sgn(k) sin(63))

and parameters 0 < a < 2 and |0| < min{a, 2 — a}, where F denotes the
Fourier transform.

Remark 1. (i) Riesz-Feller operators Dg with § = 0 are also known as
fractional Laplacians D§ = —(—82u)*/? with 0 < a < 2 and Fourier symbol
—|k|*. In particular, the Laplacian Dg = 82 is a special case with a = 2 and
0 =0.

2010 Mathematics Subject Classification. 47J35, 26A33, 35C07.
Key words and phrases. nonlocal evolution equations, Riesz-Feller operator, fractional
Laplacian, traveling wave solutions, asymptotic stability, decay rates.
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(ii) For 0 < 7 < 1, Riesz-Feller operators D§ with a =y and § = —v, can
be identified with fractional Caputo derivatives of order 0 < vy < 1:

1 AC)
4 —(Du)(z) = — / dy for z eR,
W PO L e
which have Fourier symbol —(—ik)”. The symbol (—ik)? is multi-valued, ho-
wever (only) the choice (—ik)" = (|k| exp(—isgn(k) Z))” = |k|” exp(—isgn(k)vZ)
yields a causal operator. For details, see [20]. Moreover, its derivative
0, (D7u) is a Riesz-Feller operator with « =1+~ and § =2 — a.

Taking @« = 2 and # = 0 in (1), we formally obtain a classical viscous
conservation law:

(5) Ou+ 8, f(u) = 0%u  for (x,t) € R x (0, 00).

The existence and asymptotic stability of traveling wave solutions of equa-
tion (5) has been studied thoroughly. A first example of equation (1) with
nonlocal diffusion is

(6) Ou+ 9y f(u) = Dfu  for (z,t) € R x (0,00),

with a fractional Laplacian D, 0 < a < 2, which has been studied e.g.
in [6, 11]. For 1 < a < 2, the Cauchy problem for (6) with f € C*(R)
and essentially bounded initial data has a global-in-time mild solution which
becomes smooth for positive times, see [11] and its extension to (1) in [2].

Other examples of equation (1) with nonlocal diffusion appear in viscoe-
lasticity [27] and fluid dynamics [21]. In particular,

(7) O+ 0 f(u) = 0,DVu for (x,t) € R x (0,00),

with 0 < v < 1 is used as a model for the far-field behavior of uni-directional
viscoelastic waves [27], and derived as a model for the internal structure of
hydraulic jumps in near-critical single-layer flows [21]. Moreover the nonlocal
operator D3 appears in Fowler’s equation

(8) Ay + Oyu® = Ofu — 9, DY3u,

which models the uni-directional evolution of sand dune profiles [13]. In
the theory of water waves similar models Oyu + 0,u? = N[u] with different
(nonlocal) Fourier multiplier operators N are studied, see the book [25] and
references therein.

To explain our main results, we introduce traveling wave solutions for
equation (1). Traveling wave solutions (TWS) are of the form u(z,t) = u(¢)
for some profile w with & = 2 — st and (constant) wave speed s € R. We
are interested in TWS with profiles w connecting distinct endstates u4 such
that

lim w(z) = .
®) oI, T = v
Using this ansatz in equation (1) and assumption (9), we find that the wave
speed s has to satisfy the Rankine-Hugoniot condition

flug) — f(u—)_

10 =
(10) s Up — U
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Here, an extension of Riesz-Feller operators to non-integrable functions is
needed, see Appendix A. Due to translational invariance of equation (1),
traveling wave solutions are only unique up to a shift.

For classical viscous conservation laws (5), the profile of a TWS satisfies
an ordinary differential equation @' = f(u) — su — (f(u—) — su_). In fact,
TWS exist only for parameters (u_,uy;s) satisfying (10) and uy < u—. In
case of equation (7), the existence and asymptotic stability (without decay
rates) of traveling wave solutions for parameters (u_,uy;s) satisfying (10)
and uy < u_ has been shown [1, 8]. Here, a profile satisfies a fractional
differential equation Du = f(u)—su—(f(u—)—su—). The proof of existence
relies on the causality of the Caputo derivative D7, i.e. to evaluate Du at
x the profile w on (—oo, ) is needed. In contrast, the profile for a TWS of
a nonlocal conservation law (6) for 1 < o < 2 has to satisfy

D) — [ MR HD =IO e, () s (1))

Thus D§u(z) depends on the whole profile w. For fractal Burgers equation,
i.e. equation (6) with 1 < o < 2 and Burgers flux function f(u) = u?, the
existence of traveling wave solutions has been proven recently [7]. The idea is
to approximate the operators D by convolution operators K¢[u] = Kcxu—u
for suitable convolution kernels /&, € L'(R). The existence of TWS for the
approximate equations is known and the TWS is established as the limit of
this family. It is conceivable to use this approach to prove the existence of
traveling wave solutions in the general case (1) for convex flux functions f
with 1 <o <2and || <2—a.

For fractal Burgers equation (6) results in the complementary cases a €
(0,1) and/or u— < uy are also available: For example, for o € (0,1) and (9)
no traveling wave solutions of (6) with smooth profile exists [6]. Whereas
under the assumption u_ < uy the solution of (6) converges as ¢ — oo to
a rarefaction wave of the underlying Burgers equation if « € (1,2) and to a
self-similar solution if o = 1; see [17] and [4], respectively.

The asymptotic stability of traveling wave solutions of classical viscous
conservation laws (5) has been studied thoroughly. At first, historically, I'in
and Oleinik [16] proved the asymptotic stability of nonlinear waves for vis-
cous conservation laws (5) by making use of the maximum principle for linear
parabolic equations. For Burgers’ equation, i.e. equation (5) with Burgers’
flux function f(u) = u?, Nishihara [26] obtained the decay estimates toward
traveling wave solutions by making use of the explicit solution formula. And,
Kawashima and Matsumura [18] generalized Nishihara’s time decay result to
a class of viscous conservation laws. They considered weighted L? spaces and
used a weighted energy method. Furthermore, Kawashima, Nishibata and
Nishikawa [19] extended the L? energy method to general LP spaces. Their
techniques have been applied to a model system for compressible viscous gas
in [24] and a hyperbolic system with relaxation in [28].

Assuming the existence of a traveling wave solution of (1) with monotone
decreasing profile, we show that asymptotic stability of a traveling wave
solution in a Sobolev space setting follows from a standard Lyapunov functi-
onal argument: To investigate the stability of the traveling wave solution
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with profile @, we consider initial data ug such that ug — @ is integrable and
determine the unique shift zo which yields [ (uo(€&) — (€ + x0)) d€ = 0.
Moreover, we restrict the domain of initial data ug further such that Wy(§) =
ffoo (uo(n) —u(n)) dn exists (using a suitable shifted profile @) and satisfies
Wy € H?. (For details, we refer to [28].) More precisely, we can derive the
following theorem.

Theorem 1. Suppose 1 < o < 2 and § < min{a,2—a}. Let the fluz function
f € C*(R) be conver and let u(x,t) = u(x — st) be a traveling wave solution
of (1) with monotone decreasing profile u. Let ug be an initial datum for (1)
such that Wy(§) = ffoo (uo(n) —u(n)) dn satisfies Wy € H*(R). Then there
exists a positive constant 8o such that if |[Woyl|gz < 8o, then the Cauchy
problem (1) has a unique global solution converging to the traveling wave in
the sense that
[[(w—=a)(t)||pe — 0 for t— 0.

The proof of Theorem 1 for the general equation (1) is similar to the one
of [1, Theorem 4] for the special case (7) without decay rates.

Our main result is to prove the asymptotic stability with algebraic-in-
time decay rate for traveling wave solutions of (1) with monotone decreasing
profiles.

Theorem 2. Suppose the same assumptions as in Theorem 1 hold and f €
C>®(R). For all Wy € WL®(R) N WLL(R), the Cauchy problem (1) has a
unique global solution. Moreover, there exists a positive constant 01 such that
if |[Wollwra < 61 then the unique global solution u satisfies

(11) 1w —@)(t)]| 2 < CE1(1 + )Y/

for t > 0, where Ey := ||Wol|l g + [|[Wollwia and C is a constant which is
independent of time t.

Remark 2. We employ sharp interpolation inequalities in Sobolev spaces to
derive (11). In this way optimal decay estimates for the asymptotic stability
of viscous rarefaction waves in scalar viscous conservation laws (5) have been
derived in [14].

Remark 3. We want to explain the functional setting in Theorem 2: We
considered the function spaces H2(R) N W21(R) ¢ WI°(R) n WHH(R) C
H'(R) N WHL(R) in variants of Theorem 2. The choice H'(R) N WH1(R)
leads to the restriction o € (3/2,2) if we use an estimate of the nonlinearity
like Dix [9, 10] to establish the existence of solutions for the Cauchy problem.
Assuming higher regularity of the initial data removes the need for this re-
striction: Under the assumptions of Theorem 1 with Wy € H*(R)NW21(R),
the solution constructed in Theorem 1 satisfies

I(u =) (@)1 < CEL(14)71/C)

for ¢t > 0, where Ey := |Wol|z2 + |Wollwz: and a constant C' independent
of time ¢. Our choice Wy € WH°(R) N W1(R) in Theorem 2 leads to the
technical assumption f € C*°(R), since we use a result on the existence of
global-in-time solutions for the Cauchy problem with essentially bounded
initial data [11, 2]. The assumption f € C2?(R) in Theorem 1 could be
retained by aiming for less regularity in their approach.
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Unfortunately it is difficult to apply the weighted energy method in [18]
to our problem (to derive the convergence rate). Instead of this method,
we employ another technique which focuses on the interpolation property in
Sobolev space. For example, this argument is utilized in [14].

The contents of this paper are as follows. In Section 2, we reformulate
our problem and consider the well-posedness of the new one. In Section 3,
we derive the asymptotic stability result by uniform energy estimates as
a-priori estimates of solutions in the Sobolev space H2. Furthermore, our
main result on the asymptotic stability with explicit algebraic decay rate in
Theorem 2 is proved in Section 4, by using the energy method with an L>-L!
interpolation argument. In Appendix A, we collect results on the singular
integral representation of Riesz-Feller operators.

Notation. Before closing this section, we give some notations used in this
paper. We define the Fourier transform for v € S in the Schwartz space S
as

(k) = Flv](k) == /Refikzv(r) dz for keR,

and the inverse Fourier transform as

1
T on

Fo)(x) / *y(k)dk  for z € R.

R
The Fourier transform and its inverse are linear operators and F and F~!
will denote also their respective extensions to L?(R).

For 1 < p < oo, we denote by LP = LP(R) the usual Lebesgue space over R
with norm || - ||z», and W*P = W*P(RR) the usual Sobolev space over R with
norm |- ||ws». Using the short-hand notation H*(R) := W*2(R) with norm
I - llzs. Moreover, we set [|[W(t)|ly1o = max{||[W(t)|[re, [|[0¢W (t)|L~}
and its analog in case of |[W (¢)]|yy ¢ for all £ € N. Finally, for nonnegative
integer ¢, C*(I; X) (respectively Cf(I; X)) denotes the space of {-times con-
tinuously differentiable functions (respectively with bounded derivatives) on
the interval I with values in the Banach space X.

The constants in our estimates may change their value from line to line.

2. REFORMULATION FOR THE PROBLEM

In the special case (7), the existence and asymptotic stability of traveling
wave solutions u(z,t) = u(x — st) with monotone decreasing profile w has
been proven without rates of decay [1, 8]. However, assuming in the gene-
ral case (1) the existence of a traveling wave solution wu(z,t) = u(x — st)
with monotone decreasing profile @, then the proof of asymptotic stability
generalizes with obvious modifications:

To prove the asymptotic stability of a traveling wave solution u of (1),
one can follow the standard approach called the anti-derivative method in-
troduced in [18] for viscous conservation laws. It is convenient to cast (1) in
a moving coordinate frame (z,t) — (§,¢), such that

(12) Opu 4 O¢(f(u) — su) = Dgu,
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and @ is a stationary solution of (12). The Cauchy problem for (12) with
initial datum ug governs the evolution of ug. If its solution w is considered
as a perturbation of the traveling wave solution @, then this perturbation
U(&,t) == u(¢,t) —u(€) satisfies the Cauchy problem
U+ 0:(f(u+U) — f(u)) — s0:U = DyU,
U(¢,0) = Uo(s),

where Up(&) := uo(€)—u(§). To obtain the desired result, we try to construct
the L2-energy estimate for U by employing the energy method. However,
because of the decreasing property of traveling wave solutions, it is hard to
construct the L2-energy estimate. To overcome this difficulty, we apply the
anti-derivative method.

Precisely, we introduce the new function W (&, t) which satisfies 9;W = U.
Then we can formally rewrite (13) as

AW + f(@+ W) — f(@) — sOcW = D§W,
W(&,0) = Wo(&).

If a global-in-time solution of (14) with Wp(&) = jfoo Up(n) dn is sufficiently
smooth, then its derivative ;W satisfies Cauchy problem (13). Therefore,
we try to construct a global-in-time solution of (14), instead of (13). For
this purpose, we discuss the well-posedness of problem (14) in this section.

The well-posedness of the Cauchy problem for (14), will follow from a
contraction argument. Assuming f(u) = u? and o > 3/2 allows to estimate
the nonlinearity in the fashion of Dix [9, 10| implying the well-posedness
in H'. For general flux functions and o € (1,2], we have to require more
regularity of the initial data, e.g. Wy € H2.
Proposition 1. Let f € C2(R), 1 < a < 2 and |0 < min{a,2—a} =2—a.
Suppose M is an arbitrary positive constant and suppose Wy € H?(R) such
that |Wo| g2 < M. Then there exists a positive constant T, which depends
on M, such that the Cauchy problem (14) has a unique mild solution W &€
C([0,T); H?) with |W(t)|| g2 < 2M for t € [0,T).

To prove Proposition 1, we first present some properties of the fundamen-
tal solution of dyu = Dgu.

Lemma 1 ([3, Lemma 2.1]). For1 < a <2 and |0| < min{e,2—a} =2-aqa,
G4 (x,t) = F 18 O)(x) with ¢g defined in (3) is the fundamental solution
of Oyu = Dgu. Moreover, G satisfies for all (x,t) € Rx (0, 00) the propertics

(G1) G§(z,t) >0,

(G2) G§(x,t) = t~V/oGy(at=1 1),

(G3) IGG( )l w) = 1,

(G4) GG(-s5) x G (-st) = GG, s + 1) for all st € (0,00),

_la-1y

(G5) 1G5 (- Dllr@) < IGFC Dllnqayt =77 for all 1 <p < oo,

(G6) G € C(R x (0,00)),

(G7) For all t > 0, there exists a constant KC such that |0,G (-, )|l 1) <

KtVe,

(13)

(14)

Due to the properties of G, it is easy to show that Df generates a semi-
group.
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Lemma 2. For 1 < a < 2, |0] < min{a,2 — a} = 2 — «, the Riesz-Feller
operator Dy generates a strongly continuous, convolution semigroup

Sy LP(R) — LP(R), wp — Srup = G5 (-, t) xup
with G defined in Lemma 1. Moreover, the semigroup satisfies the dispersion
property for u € L'(R)
11
(15) ISeull oy < Cp ¢ =07 flull ey
for all 1 < p < oo and some Cp, > 0.
Proof. Due to (G3) and Young’s inequality for convolutions,
[Seulle < N1GG (5 Ol e llullze = [[ullze
for all w € LP(R™). Therefore Sy : LP(R) — LP(R) are well-defined bounded
linear operators for all ¢ > 0. (S¢)t>0 is a semigroup, since Syys = S¢Ss for
all s,t > 0 holds due to (G4) and Sy := Id. Strong continuity of (S;);>0
follows from a standard result about convolutions [22, p.64] and (G2). The
dispersion property
1 1
Vi<p<oo 3C,>0: [Swullim < Cpt =" 2 |ullim Yue L'(R)
can be proved using (G5) and Young’s inequality [22, p.98-99|. ]
Lemma 3. Let 1 < o < 2 and |0| < min{e,2 — a}. The fundamental
solution G defined in Lemma 1 satisfies for all £ € Ng and 0 < r < £ the
following estimates:
(16) 195(G3 () * 9)ll2 < Ct= D8] 2 £>0,
where C is a certain positive constant. If r = {, then inequality (16) with
C =1 is optimal.
Proof. By using Plancherel’s theorem, we compute that
195 (G5 () * ) |2 = [|(ik) €5 P 2
< I(R) T B oo | (1R) G 2 < OO 125

since H(ik)é—relwg‘(k)”Lw = SUpger ‘k'f—re—le‘aCOS(eﬂ/2> < Ct—(é—r)/a7 due to
the positivity of cos(67/2) under the assumption in Lemma 3. If r = ¢, then
we obtain [|05(G§ (t)¢) |2 < |GG llL1[10z0] L2 = 1056] 12, by using the fact
that G§ is a non-negative integrable function with mass one. O
Lemma 4. Suppose that the same assumption as in Lemma 3 holds, and

¢ € H? for 0 > 0. Then the fundamental solution satisfies Gg * ¢ €
C([0,00); H?).

Proof. For arbitrary constants t1,t2 € [0,00), we have

wmnw—%mww@séuﬂw%wW“wwwwwM%h

where the integral is bounded by 4(/¢||%+. Thus, the Dominated Convergence
Theorem allows to pass to the limit under the integral sign, which completes
the proof. O
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Proof of Proposition 1. Using the fundamental solution G of the linear evo-
lution equation dyu = D§u, the mild formulation of (14) reads

(17) W(t) = G9(t) * Wy — /(: GY(t — 1) * F (1, 0W) dr,

where F(@,0:W) = f(u+ 0:W) — f(u) — s0:W. To employ a fix point
argument, we consider the mapping G[W] defined by

(18) GIW(t) == GS(t) « Wy — /0 GY(t — 7) = F (1, 0W) dr,

on the Banach space X := C([0, T]; H?) with norm ||W||x := supsefo,r) W ()| 2.
Then we show that G is a contraction mapping on a closed convex subset Sg
of X, where Sg := {W € X;||[W|x < R} for some parameter R > 0 which
will be determined later.
Due to a Sobolev embedding, ||WW|x < R implies that ||[W(¢)|p1.~ < R
for t € [0,T]. Thus, if |[W|x < R and £ = 0,1, then we compute that

196GV = GV (®)ll .2
g/o 10£GE (t — 7) % {F(w, 0 W) — F(w, 0V} 12 dr

< C/O (t = 1)~ F @ 0W) — F (@, 0¢V)}(r)|| 2 d7

< C(C(R) +s]) /Ot (t =))W = V)(7)l|2 dr
< Cy(R) 71 W = VIx
where we used Lemma 3 and the identity
F@,0W) — F(u,0(V) = f(@+ 0:W) — f(w+ 0¢V) — s0¢(W — V)
= /1 [f(@+cdW + (1 —0)0V)) — 5] de(W — V) do.
Similarly, we can calc?ﬂate that
102 (GW] = GV ()]l 2

< /O 18G5 (t —7) * Oc{ F'(u, 0¢W) — F(u, 0V) }| 2 d7
< C/O (t = 7)Y O F (@, 0W) — F(w, 0 V) }(7)| 2 dr

t
<C(C(R) + \SI)/ (t =)W = V)72 dr
0
< Co(R) 7Y |W = V.
Combining the above estimates, we obtain
IGIW] = GV]lix < {Co(R)TV® + CL(R) + Co(RT'*[W — V| x.
Therefore, letting T = min{1, (2C,(R))~*/(®~D}, we deduce
1
(19) IGW] = GIV]lix < 5IIW = Viix,
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where Cy(R) := Cp(R) + C1(R) + C2(R). On the other hand, letting V' =0
in (19), we get

1 1 1
19WIx < IG10]Ix + SIWllx < [Wollz + SIWlix < M + SR,

where we used (16) with ¢ = r. Therefore, choosing R = 2M, we obtain
GVl x <2M.

Finally we discuss the continuity of G[W] in time ¢. It follows from the con-
tinuity at time 0 and the semigroup property (G4) of G§. Due to Lemma 4,
for Wy € H?(R) with o > 0, the convergence limy\ o Gg (-, t) * Wy = Wy in
H? holds. Moreover, for ¢t € [0,7] and s > 0 the identity

GIW|(s+1t) =Gy(-, s +t) « Wy(z) — /OSH Gy(s+t—7)x F(u,0W(r))dr

s+t
=Gy(-,s)* <Q[W](t) - /t Gy (-t —7)x F(w, 0:W(r)) dr)

holds, where the last integral converges to zero for s — 0. Thus, for ¢;,t2 €
[0, T] with ¢; < to (without loss of generality), we have

(20) GW](tr) = GIW](t2) = GIW](t1) — GIW]((t2 — t1) +11)

to
= GIW)(1) -G (12—t (g[wmo— | Gitn-nra agvv(r))dr).
1
Therefore, by the fact that Wy € H2, W € X and Lemma 4, we find that
the right hand side of (20) tends to zero in H? as t; — t2. Hence, we deduce
the continuity of G[W] in ¢ and that G[W] € Sap for W € Sapy.
Consequently, we conclude that there exist T = T'(M) such that G is
a contraction mapping of Sgps. This means that the mapping G admits a
unique fixed point W in Sops, such that W = G[W]. Hence the proof of
Proposition 1 is complete. O

3. ASYMPTOTIC STABILITY OF TRAVELING WAVES

In this section, we consider the asymptotic stability of traveling wave
solutions with monotone decreasing profile in (1). To this end we derive
the existence of global-in-time solutions for evolution equation (14) and that
these perturbations decay. Precisely we prove the following theorem.

Theorem 3. Suppose that the same assumptions as in Theorem 1 hold.
Then the Cauchy problem (14) has a unique global solution W (€, t) satisfying
W € C([0,00); H?) N C1([0,00); H') and

(21)

2 t ot
W2 +cY /0 W () 2,0 e dr — /0 /R F@EW2aedr < [Wolha
=0

for some positive constant C' and for all t > 0. Furthermore, the solution
W (&,t) converges to zero in the sense that

(22) W (&) |lwi,o —> 0 for t— oco.
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We note that the third integral of the left hand side in (21) is non-negative,
since the flux function f € C? is convex such that f” > 0 and the profile
w is monotone decreasing, i.e. u < 0. For the solution W constructed
in Theorem 3, it is easy to check that 9¢W satisfies Cauchy problem (13).
Consequently we obtain Theorem 1. Global existence will be the consequence
of the existence of a Lyapunov functional, which also allows to deduce the
asymptotic stability of traveling waves, see also [1, Theorem 4] for the special
case =2 —a.

Lemma 5. Suppose that the same assumptions as in Theorem 1 hold. Let W

be a solution to (14) satisfying W € C([0,T); H?) for some T > 0. Then

there exists some positive constant 01 independent of T such that if supy<,<r [|W ()| g2 <
01, the a-priori estimate expressed in (21) holds for t € [0,T). o

W + (f(@+0:W) — f(@) — f'@W) + (f'(@) — 5)0:W = Dy
and test it with W,

Proof. We rewrite the first equation of (14)

%‘MWQ) + %65{(1”@) —s) W2} - %f”(ﬂ)ﬂ/w2 —WDgWw
= —(f@+0W) — f(@) - f'(@W) W.

Integrating with respect to £ € R, we obtain
1 1 _
SOUWIEe =5 [ £/ W2 e + cos (63) W ..

1 ol
=— / / / @+ 0 W) (0eW)? dy doW dé¢
RJO 0
< L(|0¢W || o) [W | o= |0 W || 72

where L is a positive non-decreasing function. Due to a Sobolev embedding
and the assumption on W, we deduce ||[W (t)]|y1,00 < [|[W(¢)| g2 < 61 for all
t € [0,T]. Thus the energy estimate becomes

(23)

1 1 SN

GOUWIEa=g [ 7@ W2 descos (03) IW I3 < 20 IW o= 106

for some positive constant Cs, depending on d;. Note that we keep |[W ||
for further reference. Here we used that

/ WDgW dt = / G R)W (R ke = — cos (63) W%
R R

due to Plancherel’s theorem and sgn(k)|W (k)|? being an odd function. Si-
milarly, we multiply the first equation of (13) by U, obtaining

U
500 +0{(F@+ V) = F@ = [ (f@+ ) - F@)an - 5502}

U
+ﬂ’/0 (f'(@+mn)— f(w)dn—UD§U = 0.
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Thus, integrating with respect to £ € R, we have
(24)
1 _ .
§8tIIUII%z +cos (05) U 13ae < 310 L LU L) IU172 < Cs, U7

with a positive constant égl depending on §;. Next, we differentiate (13),
obtaining 8;0:U + dg{f(ﬂ +0U) - f@)} - SagU = DyoU. Testing this
equation by 0:U yields
1 1 o
010U %) + S0{(f' (@ + U) — 5)(0eU)*} = 0U D 0cU
= 0@+ U) (960)? — Oc(( (@ +U) — F'(@) ) 0T
=—5% 3 ((f(@ )W) O¢U.
Integrating with respect to £ € R, we get
1
50u10eU172 + cos (05) 106U 15y

1 ! (= 2 ! (— 7=\ =/
:—§/D£8§f(u+U)(6§U) dé—/Raé((f(u+U)—f(u))u)8§Ud§,

and hence

1 ~
(25)  0eUIZz + cos (05 10U Faz < Co (U117 + 106U

He/2 i3)7

where C~’51 is a positive constant depending on 4.

By combining (23), (24) and (25), we construct the good energy estimate.
For this purpose, we prepare some useful interpolation inequalities. For
0 <o <2and e >0, we obtain

(26) IollF < € 2lvliF + e llol0 20

The inequality (26) is proved as follows. For arbitrary constants ¢ > 0 and
k € R, we put h = ck. Then, by the fact that k2 < |h|7 +|h|**7 for all h € R
and 0 < o < 2, we obtain k? < e972|k|” + °|k[>*9. Thus, by using this
inequality and Plancherel’s theorem, we arrive at (26). On the other hand,
for o > 1/4, we have

(27) lvlizs < CollvllzzllvllFre < 27Collollz2(lvllZa + llvlF.).

where Cj is a certain positive constant. The first interpolation inequality
of (27) is a generalization of the celebrated Gagliardo-Nirenberg inequalities
(see e.g. [15]) to Sobolev spaces with fractional order, which was proven by
Amann [5, Proposition 4.1]. The second inequality holds as a consequence
of (14 |k[2)7 < 2% (1 + |k|??) for all k € R.

We multiply (24) by 71 and combine the resultant inequality with (23),
obtaining

1 5 1
SOIWIE + V1) 5 [ /@ w2 ag

+ 008 (03) (W a2 + 111U 7 /2)
<G, ||U|1 72 + 2G5, |W 1|1 |0W | 72,
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where 7, is a positive constant to be determined later. By the fact that
0¢W = U, we can apply (26) with v = W and ¢ = a to the above inequality,
and get

1 1 .
FOIWIE + U1 — 5 [ @ w?ag
+ {005 (03) — 682 Cs, MW 32 + feos (63) = 4G5, MU o
<2C, [ W< 10 3.
Therefore, we choose &1 satisfying 4¢¢Cs, = cos(f7/2), and 11 = €2 to get
1 1 SN
SOIWIE: + V1) = 5 [ 7 @uw? e
28 3 .
(2 + 505 (03) (IW 1y + U0 2)
<20, [ W= 106W .

Similarly we multiply (25) by 72 and combine the resultant inequality with (28).
Furthermore, applying (26) to the resultant inequality, we have

1 1

SO WLz + Ul + %ll0cUl172) - 5 /Rf"(ﬂ)ﬂlwﬂ dg
3 o — ~

+{5 08 (03) = 57 0 Co HIW e

3 . _ =~

+{mcos (03) — (1+3)e57Cs UGy
+72{cos (63) — 5Co, 10U |30
<205, |W | o< 9¢W (|72 +72C5, 10U 75

Then, choosing €2 such that 465651 = cos(0m/2), and vo = min{e, v1(1 +
£52)71}, yields

1 1
SOIWIE: + VI + 2206V - 5 [ /(@ w2ag

29 1 x
B9 2 eos (0) (W1 + 10N se + 21060 1)

<205, W1l 0¢W 72 +72C, [0 7.
We introduce the energy and dissipation norms as follows.
B(t)?:= suwp (W72 + U7z + 72000 (7)II72),
0<r<t
t
D(t)*:= /0 (W () a2+ NT () Fase + 721060 (1) [50)2) dr.
Then, integrating (29) with respect to ¢, we have

t
W22+ 7T |22 + 72| 0T 22 + cos (9;)D(t)27/0 /Rf”(a)a'W?dng

t ~ B
§E3+/O (4Cs, [W| < U122 + 232C5, |0 U |35 ) dr,
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where we define E3 = ||[Wo||2,+71||Uol|22+72[|0¢Uol|% .. Thus, by employing
(26), and (27) with v = 9:U and 0 = /2, we arrive at

E(t)? + cos (0Z)D(t)? — / t / f@aw?dedr < E2 + CE(t)D(t)?
0 JR

for some positive constant C. Finally, using the fact that E(t) < §2C, we
arrive at the desired a-priori estimate. O

Proof of Theorem 3. The existence of global-in-time solutions to the initial
value problem (14) can be obtained by the continuation argument based on
a local existence result in Proposition 1 combined with the a-priori estimate
in Lemma 5. Because the argument is standard, we may omit the details
here. In the rest of this proof, we prove only the asymptotic stability result
(22).

To this end, we prepare the following interpolation inequality. For 0 <
o <2, we have

01l o < 20110l o2 + 0]l gos2s1),

by using the fact that k27 < 2(|k|” + |k|>*7). By virtue of this interpolation

inequality, (26), and the first equation of (13), we have

10:Ullz2 < 1D§UIlL2 + [{f' @+ U) = f' @)} || 2 + [I{f' (@ + U) — 539U 2
2

< NUllga +ClIU I < O IWlgraase-
£=0

Thus, by the above estimate, we compute that

2
< UG + 10U 72 < C 3 IW ajae-

=0
This estimate and (26) with (21) tell us that [|U(:)[|2, € W11(0,00), and
hence ||U(t)||z2 — 0 as ¢ — oo. Finally, employing the Sobolev inequality

that [[v]|p~ < \/§|‘U|‘2é2||8gv||ié2, we arrive at the desired result. ]

orU13

4. CONVERGENCE RATE TOWARD TRAVELING WAVES

We consider the convergence rate of the solution toward the corresponding
traveling waves. Kawashima, Nishibata and Nishikawa [19] proposed an L?
energy method to study the asymptotic stability and the associated conver-
gence rates of planar viscous rarefaction waves of multi-dimensional viscous
conservation laws. When the authors obtain the convergence estimate, they
derived the L! estimate by using the energy method associated with the sign
function. This approach is useful. It is however difficult to apply this method
because of a Riesz-Feller operator. To overcome this difficulty, we employ
not only the energy method but also the representation of the mild solution.
Precisely, our purpose in this section is to derive the following theorem.
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Theorem 4. Suppose that the same assumptions as in Theorem 1 and f €
C>(R) hold. Then the Cauchy problem (14) with Wy € WHH(R) N WL (R)
has a unique global solution W (&, t) satisfying

W € C([0,00); WEL(R) N HY(R)) N L°(0, 00; WH2(R))

with estimates (37) and (38). Moreover, there exists a positive constant &
such that if |Wollwia < 1 then

(30) W (#)|| g < CEy (14 )~/

for t > 0, where By = ||[Wy||g1 + [|[Wollwia and C is a certain positive
constant independent of t.

The proof of the existence of global-in-time solutions is based on results for
the Cauchy problem (1) with fractional Laplacian [11] and its extension to the
Cauchy problem (1) with Riesz-Feller operators [2]. There the assumption
f € C*(R) is made to simplify the presentation. The method is applicable
also in case of f € C*(R), k > 2, but yields a lower regularity for the unique
solution wu.

Lemma 6. Suppose that f € C°(R) and Wy € WHHR) N WH2(R). Then
Cauchy problem (14) has a unique mild solution W € C([0,T]; WVH(R) N
HY(R)) N L>®(0,T; Wh(R)) for any T > 0 with

(31) W@ < [Wollpr + L( s [0eW (T)l| L= ) 10 Woll L1 E
7€|0,t

(32) [0eW ()l < [10:Wollzr

(33) WD)l < 106Wollzr

B4 N0W D)L~ < [19:WollLoe + 2|[ul Lo

for 0 <t < T, where L is a positive non-decreasing function. Moreover, for
any positive time to > 0, W € C;°(R X (tg,00)) and it is a classical solution
of the first equation of (14).

Proof. We use again U = 0¢;W and analyze the Cauchy problem (13) with
initial datum Up := 9:Wy € LY(R)NL®(R) first. We recall U = u—7 where u
and @ solve equation (12), and @ is a monotone decreasing function satisfying
limg_s 400 U(§) = u+. Thus, ug := Uy + 7 is essentially bounded. Due to [11,
Theorem 1] and its extension to equations with Riesz-Feller operators in [2],
the Cauchy problem for (12) with initial datum uy € L*°(R) has a (unique)
solution which satisfies |[u(t)||m) < [[uollpeo(r) for all £ > 0; in fact, the
solution u takes values between the essential lower and upper bounds of ug.
Therefore, U(t) = u(t) —u € L=(R¢) for all ¢ > 0 and estimate (34) follows.

Due to |11, Remark 1.2] and its extension to equations with Riesz-Feller
operators, equation (12) supports an L' contraction principle: If ug, vy €
L (R) satisfy ug —vp € L'(R), then the associated solutions u and v of the
Cauchy problem for (12) satisfy [lu(t) —v(t)|lL1r) < lluo — voll 1wy for all
t > 0. Therefore, U(t) = u(t) —u € LY(R¢) with ||U(t)||z2 < |lup — |1 =
|To|lzr for all ¢ > 0, which implies estimate (32). Moreover, its primitive
W(t) € L>(R¢) for all ¢ > 0, since

nwmmmﬂvl@wmww

s/ 10, W (4. 0)| dy = 96W (1) s
Lo J—oo
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Then, we are left to prove that W (t) € L'(R¢) for all ¢ > 0 and the stated
continuity in time. Considering the mild formulation (17), we obtain the
estimate

t
W (@)l < 1G5 (0) % Woll o + / 1G5t — 1) % {f(@+U) — f(@) — sU||a dr
t
< [Wollus + /0 |f(@+U) — f@) - sU||pa dr

< [Wollz: + /0 EWU @) ) U1 dr

(35) < [Woll s + L(10eWol| o + 2|l ) 1Tol 1 t

for ¢ > 0 by using the local Lipschitz continuity of f and the previous estima-
tes on U = 0:W; again, L is a positive non-decreasing function. Moreover,
for any positive time ty > 0, U € Cp°(R x (tg,00)) and U = 0¢W satisfies the
first equation of (13) in the classical sense, see [11, 1|. Due to integrability
of U, also W is a global-in-time solution of (14), and W € C;°(R x (o, 00))
is a classical solution of the first equation of (14) for all ¢ > ¢y > 0.

To prove that W € C([0,T]; WLHR) N HY(R)), we will use the mild
formulation

(36) W(t) = G3(t) * Wy — /0 G4t — 1)« F(m,0eW) dr,

where F(@, 0:W) := f(u+ 0:W) — f(u@) — s0:W. The first summand on the
right hand side satisfies G§(-) x Wy € C([0,T); WL1(R) N H(R)), due to the
assumptions on Wy and the strong continuity of the semigroup in Lemma 2.
To prove continuity of the second summand,

¢
Go[W](¢) := /0 Gyt —7)* F(u,0W)dr

we use the estimates (31) (34) and the strong continuity of the semigroup
in Lemma 2. In particular, we assume w.l.o.g. 0 < t; < t2 and rewrite

Ga[W](t1) — Ga[W1(t2)

_ /O (Gt — 7) — GY(ts — 7)) * F(w, 0eW) dr

+ Gg(tg —T)*F(ﬂ,(?{W)dT
t1

t1
= /0 [Gg(tl —7)* F(u, 65W) — Gj(ta —t1) (Gg(tl —7) % F(u, 8EW))} dr

to
+ Gg(tg 7T)*F(ﬂ,8EW)dT

t1
using the semigroup property (G4). The first summand converges to zero
as to — t1 in the WhP-norms, p = 1,2, due to the Dominated Conver-
gence Theorem, the strong continuity of the semigroup in Lemma 2 and
that jotl (Gg(t1 — 1) * F(u,0:W)) dr € WHLH(R) N HY(R). Similarly, the se-
cond summand converges to zero as to — t; in the W1P-norms, p = 1,2,
since G§(ta — -) x F(W, 0W) € L((ta2, t1); WHL(R) N Wh(R)). Thus, the
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right hand side of (36) is continuous in time with respect to the Wl»-
norms, p = 1,2, hence W € C([0,T]; WH(R) N H'(R)). Finally, W €
L>®(0,T; WL*°(R)) follows from the estimates (33)-(34). O

Next we prove the following a-priori estimate obtained by Lemma 6.

Lemma 7. Suppose that the same assumptions as in Theorem 4 hold. Let
W(&,t) be a solution to (14) satisfying W € C([0,T]; WHY(R) N HY(R)) N
L>®(0,T; WL°(R)) for any T > 0. Then there exists some positive constants
01 independent of T such that if ||[Wo||w11 < 01, the a-priori estimates

t
W @)1+ C/O WD)z + IW (D) Fas240) dT

t
(37) - / / (@@ W? g dr
0 JR
<[IWoll7
(38) W (@) lwia < C(Wollwia + [[Woll7)

hold for t € [0,T], where C' is a constant independent of time t.

Proof. Following the proof of Lemma 5, we deduce again estimate (28), i.e.
1 1 N
SOWIE+nlUIE:) - 5 [ F@ew?ae

3 m
+ 5008 (05) (W 1 7a/2 + 111U F7a2)
SLIOW [[o2) [IW 2|0 W |12

for some positive non-decreasing function L. Integrating this inequality with
respect to time and using (26), the estimates (33)—(34) as well as the small-
ness of ||Wy||y1.1, we arrive at (37).

Thus it remains to prove (38). Due to Lemma 6, for all t5 > 0, W €
Cp°(R x (tg,00)) and it is a classical solution of the first equation of (14).
Therefore we can adapt the L! energy method introduced by Kawashima,
Nishibata and Nishikawa [19]. For a non-negative function p : R — R
satisfying p € C(R) and [, p(z) dz = 1, the convolution operator ps* with
ps(x) = 8 p(x/8) is a Friedrichs’ mollifier. We introduce the functions

ss(z) == (ps xsgn)(z) and Ss(z) = /Ow ss(&) deg,

in which the signature function sgn(z) is defined by

-1 forz <0,
sgn(z):=¢0 forz=0,
1 forz>0.

Note that the convergence of s;(z) — sgn(z) as § — 0 is in the sense of a
weak * convergence in L>®(R), respectively, a strong convergence in L{ (R),
1 < ¢ < oo. The function ss(z) satisfies s§(x) = 2ps(z) > 0 and s5(0) = 0 by
choosing p to be an even function. Moreover Ss(z) — |z| converges strongly

in LY(R) as § — 0.
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[0,T], due to estimate (32) in Lemma 6. Next we show that
(39) IW@)llzr < CIWollwa + CIWol

for t € [0,T]. We will use estimate (31) for small times ¢ < 1, and derive (39)
for large times ¢ > 1: We multiply the first equation of (14) by ss(W) =
(ps * sgn)(W) and obtain

(40) O Ss(W) + ss(W){h(u + U) = h(w)} = s;(W)DgW,

where h(v) := f(v) — sv is a convex function. We integrate equation (40)
over R x [to, t] and derive

/:/Ratsls(W)d.rdTJr/t:/Rs(;(W){h(ﬂJr U) — h(@)} de dt

1

t
:/ /s(s(W)DSdedt.
to JR

The first integral satisfies, due to Fubini’s theorem and the strong conver-
gence of S5 in LY,
t
/ / OSs(W)dzdr = / {Ss(W (z,t)) — Ss(W (z,t0))} dz
(42) to JR R
=W (@B)l[Lr = W (o)l 2
as 0 — 0. Next, we prove that the integral on the right-hand side of (41) is
non-positive,

(43) /tl//ni{s(;(W)Dg‘[W] dzdr <0.

Indeed, S5 € C?(R) is a convex function with S = s; and S§ = s
2ps > 0. Moreover, under our assumptions, W (-,t) € H'(R) for ¢t >

0
and W € Cp°(R x (tg,00)) for tg > 0. Thus, lime,1o0 W(,t) = 0 and
S5(W) € CZ with

ss(W) Dg[W] = S5(W) Dg[W] < Dg[Ss(W)],
due to Lemma 8. Consequently,

[ sy Dgw) e < [ Dyisiov)]de =0,
R R

due to Proposition 3. We estimate the second term on the left-hand side
of (41) as follows. Using the fact that |ss;(W)| < 1 and h(u+U) — h(u) =
R' @)U + O(JU|?), we have

/ ss(W){h(@+U) — h(@)} d¢ = / ss(WIR/(@)U d¢ + R
JR JR

with |R| < L(||U]|g=) |U||%5/2. Furthermore, we compute from the fact
U = 0¢W that

/ ss (W (@)U dé = — / S5(W)R" (@) dé > 0,
R R

since the function S is non-negative with S5(0) = 0, h € C%(R) is a convex
function, and @ is a monotone decreasing traveling wave profile. Therefore,

To estimate ||[W(¢)|ly1.1, we recall that ||U(¢)||z1 < ||Uollz for all ¢ €

(41)
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employing the previous estimates and taking the limit § — 0 in equation (41)
yields
' 2
(44) W@ < [IW(to)llLr + L(10:Woll oo + 2[[ul[ o) /l 1U(T)]Iz2 dr
0
< (W (o)l + ClIWolln
for t > to > 0 and some positive constant C; here we used (37) and (26).
The estimate (44) is valid for an arbitrary positive constant ty. Thus we can
estimate from (44) and (35) that
WOl < IW D)1 + ClIWollF < [Wollzs + CllUoll 2 + ClIWoll7n

for t > 1. Eventually, combining this estimate and (35) again, we arrive at
the desired estimate (39). O

Proof of Theorem 4. The existence of the global solution follows from Lemma 6
and the a-priori estimates in Lemma 7. We derive just the decay estimate
(30). To this end, we first introduce the following Nash inequality:

(45) lellZe ™7 < Colloll o1l
for ¢ > 0 and v € L'(R) N H°(R), where C, is a positive constant which de-
pends on o. Following the proof of Lemma 5, we deduce again estimate (28).

Multiplying this inequality with (1 + 7)? for § € R and integrating over
7 € [0,t], we obtain

8g(t)2f/0t(1+r)ﬁ/Rf”( W2d§d7'+fco% /Dﬂ dr

t
< [Woll2s +m[Toll2: + 8 / E51(r)Pdr
0

) [

where E3(t)? := (1 + t)ﬁ(HW(t)Hiz +7lU®)]13,), and

2, dr

L(]|19¢

L +2|u

Ds(t)* := (L+ 1) (W () are + NNT D)1 F70/2)-
We compute via Nash’s inequality (45) with 0 = a/2 and Young’s inequality
that

2a
L+ HollZ. < C+1)7 1HUII};?/ZHUIIH“

_lta
=C{(1+1) \IU\IHQ/Z}‘+°*{(1+t)’B o ol } e

lta
<e(l+t) HUHHQ/2+Cc(1+t)ﬂ a |l HLI’

for all € > 0 and some positive constant C.. Thus we get E5_1(¢)* < €Dg(t)*+
l+n

Cc(1+ )P~ (W2, + m||U||%,). Therefore, employing this estimate and
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(38), we obtain

Sﬂ(t)Q*/t(lJrT)ﬁ/f”(ﬂ)ﬂ’Wngerr{%Cos (0%) 755}/'&7;5(7)2(17
0 R t 0
<IWalls + ol +5Cc [ (1+7)

_lta
o

(W7 +mllUll:) dr
+ L(|0:Woll o + 2[[u| ) /Ot 1+ 7)°W |~ ||0W |72 dr
<CIWilfy + BCWolls + Wolwr? [ (1475 ar
+ L(|0:Woll o + 2[[u =) /Ot L+ 7)WL= ||0W |72 dr.
For this inequality, we take $ and e which satisfy

1+«
«a

6,

> 1, gcos (9%) —€ef >0,
obtaining
t t
Es(t)? —/ (1+r)ﬁ/ f”(ﬂ)H’W2d§dT+c/ Dg(r)*dr
0 R 0
2 2 p-L1
<C(IWollzn + [Wollwrra)”™ (1 +)"" e
t
+ L([|0gWoll Lo + 2|[@]| L) /0 A+ 7)WL= U7z dr

for some positive constant ¢. Finally, using (26), the estimates (33) (34) and
the smallness of ||[Wpyl|yy1,1, we arrive at

t t
&0~ [ @+ [ r@uwiacar+e [ Dor?ar
0 JR JO
<C(IWoll3p + Wollwia)*(1+ 677> < CE (1 +)P71/

and the desired estimate (30). O

APPENDIX A. RIESZ-FELLER OPERATORS

To study the existence of traveling wave solutions with smooth profiles,
we need the singular integral representation of Riesz-Feller operators Dg'.

Proposition 2 (|3, Proposition 2.3]). If1 < a < 2 and |0] < min{«a,2—a},
then for all v € S(R) and x € R

D§v(z) =c; /OOO v(z +§) ;i’iﬁ) —v'(x)€ a
(46) ®p(x — &) —v(x) + ' (x
L ES IS TN

for some constants c1,cy > 0 with ¢; + c2 > 0.

The singular integral representation (46) for Riesz-Feller operators Dy is
well-defined for Cf functions such that DCZ(R) C Cy(R).
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Proposition 3. The integral representation (46) of Dy with 1 < a < 2 and
6] < min{e, 2 — a} is well-defined for functions v € CZ(R) with

(47)

M Ml
sup |Dgv(z)| < §(c1 + )V lloy ) 5 +2(c1 + )1Vl oy m) < o0
z€R - a—1

for some positive constant M and the positive constants ¢; and ca in Propo-
sition 2.

Moreover, if v € CZ(R) is a function such that the limits lim, 100 v()
exist, then [ Dyv(z)dz = 0.

Proof. The first statement follows by direct estimates on the extension of
Riesz-Feller operators in (46), see |3, Proposition 2.4]. To prove the second
statement, we consider the two summands in (46) separately, starting with

ff%d{ for any v € CZ(R). Like before, we rewrite the
integral

/000 v(z + ) —;S)—v’(:c)é dgz/Ooofl%{/olv’(ﬁ%)éd@—v'(w)é d¢
_ /Omgia/ol [/ (z + 06) — v'(x)] dO.dE
[k ol +06) — o) 0 de

% 1 1
=8m/0 ET'/O [v(z + 0¢) — v(z)] dOdE,

where exchanging integration and taking derivatives is possible, since in each
step the integrands are absolutely integrable uniformly with respect to x.

Moreover,
“u(z+8) —v(x) —v'(2)€
/R/o o dédx

:/Raz/omfia/ol [0z + 0€) — v(x)] A0 d¢ dz

and the primitive satisfies

. © 1 1
lim /() 5/0 [v(z + 0€) — v(z)] A dE

r—+o0

0 q 1 . -~
[T et 9 - o) avae —o,

where exchanging integration and taking limits is possible, since in each step
the integrands are absolutely integrable and lim,_,+o0 [v(2 +0€) —v(z)] =0
due to the assumptions on v. O

Using the singular integral representation of Dy and [12, Lemma 1|, we
deduce the following result:

Lemma 8. Let 1 < a < 2, u € CZ(R) and n € C*(R) be a convex function.
Then 7' (u)(Dgu) < Dgn(u).
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Proof. Since 7 is convex, we have 7/(a)(b — a) < n(b) — n(a). Hence,
7' (u(@)) (u(z + 2) — u(z)) < n(u(z + 2)) - n(u(z))

and 7' (u(x)) (u(z+2) —u(z) =/ (z)-2) < n(u(z+2)) =n(w(z))—(n(u))'(z)-2.
The conclusion follows from these inequalities and Equation (46). O
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TRAVELLING WAVES FOR A NON-LOCAL
KORTEWEG-DE VRIES-BURGERS EQUATION

FRANZ ACHLEITNER, CARLOTA MARIA CUESTA, AND SABINE HITTMEIR

ABSTRACT. We study travelling wave solutions of a Korteweg-de Vries-
Burgers equation with a non-local diffusion term. This model equation
arises in the analysis of a shallow water flow by performing formal as-
ymptotic expansions associated to the triple-deck regularisation (which
is an extension of classical boundary layer theory). The resulting non-
local operator is of fractional type with order between 1 and 2. Travelling
wave solutions are typically analysed in relation to shock formation in
the full shallow water problem. We show rigorously the existence of
these waves. In absence of the dispersive term, the existence of travel-
ling waves and their monotonicity was established previously by two of
the authors. In contrast, travelling waves of the non-local KdV-Burgers
equation are not in general monotone, as is the case for the correspon-
ding classical (or local) KdV-Burgers equation. This requires a more
complicated existence proof compared to the previous work. Moreover,
the travelling wave problem for the classical KdV-Burgers equation is
usually analysed via a phase-plane analysis, which is not applicable here
due to the presence of the non-local diffusion operator. Instead, we
apply fractional calculus results available in the literature and a Lyapu-
nov functional. In addition we discuss the monotonicity of the waves in
terms of a control parameter and prove their dynamic stability in case
they are monotone.

1. INTRODUCTION

In this paper we study existence and stability of travelling waves of the
following one-dimensional evolution equation:

(1.1) Ou + Opu’ = 9, D% + raf.u, zeR, t>0
with 7 > 0 and D denotes the non-local operator
(1.2)
c u(y) 1
Do =d, —dy, ith 0<a<l, dy==———->0,
e =do [ e, with 0<a "~ T(i-a)

where I' denotes the Gamma function.

Equation (1.1) with a = 1/3 and either a quadratic flux, as above, or a
cubic one, has been derived from one (quadratic flux) and two (cubic flux)
layer shallow water flows, respectively, by performing formal asymptotic
expansions associated to the triple-deck (boundary layer) theory used in fluid
mechanics (see, e.g. [12] and [19]). In [19] numerical simulations indicate
the existence of travelling waves that resemble the inner structure in a very

2010 Mathematics Subject Classification. 47J35, 26A33, 35C07.
Key words and phrases. non-local evolution equation, fractional derivative, travelling
waves.
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particular limit of small amplitude shock waves for the original shallow water
problem. In this manuscript we aim to study rigorously the existence and
stability of these type of solutions for the quadratic flux.

In [1] travelling waves for (1.1) with 7 = 0 were analysed. In this case
travelling waves are monotone, as it is the case for the classical (or local)
Burgers equation. The existence prove relies on this fact. However, travel-
ling waves are in general non-monotone if 7 is larger that certain value 7o > 0
in the (local) KdV-Burgers equation, see e.g. [3] (this can be inferred by
linearisation of the critical points of the resulting travelling wave equation,
an ODE in the local case). Numerical computations performed in [19] and
in[12] suggest that we may expect a similar oscillatory behaviour of the tra-
velling waves of (1.1). This has an immediate implication that the present
existence proof (with 7 > 0) differs significantly from the existence proof in
[1] as we shall see below. On the other hand, and in contrast to the classical
KdV-Burgers equation, the presence of the non-local operator in (1.1) does
not allow to approach the problem using phase-plane analysis of the tra-
velling wave equation, since this becomes a (non-linear) integro-differential
equation.

Let us first recall some basic properties of the fractional differential opera-
tor D*u. Since it can be written as the convolution of v’ with 6(z)z~*/T'(1—
«) (where 6 is the Heaviside function), D® is a pseudo-differential operator
with symbol

(13) ikv2m ]__<9(a:)

r'l-a) x® ) (k) = (ba + iaq sgu(k)) [k|*,

ie. F(Du)(k) = (ba + taq sgn(k)) |k|*@(k) where F denotes the Fourier
transform

1 )
Fo(k) = ¢(k) = — [ e ™ p(z)dz,
olh) = (k) = —= [ ota)a,
and the coefficients a, and b, are given by
. /am arm
(1.4) aq = sin (7) >0, bo = cos (7) >0,

(we refer to [2] for the details of the computation to obtain (1.3)). The
operator on the right-hand side of (1.1) then is a pseudo-differential operator
with symbol

(1.5) F(8:D%) = — (aa — iba sgn(k)) [k[*F1,
which is dissipative in the sense that the real part of (1.5) is negative.
For s € R we shall adopt the following notation for the Sobolev of square
integrable functions,
H* o= {u: flullms <00,  Jullgs = [[(1+ [K*)*/%al| 2qe) »
and the corresponding homogeneous norm
[ull g« == Il[EIPal 2() -

Using that (a2 +b2) = 1 it is easy to see that | D%l| s = ||u]| jora, and this
suggests that one can interpret D as a differentiation operator of order «.
We also observe that D¢ is a bounded linear operator from H?® to H*~.
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We shall also let denote Cy" with m > 0, the set of functions, whose
derivatives up to order m are continuous and bounded. Then one can also
infer that D% is a bounded linear operator from CL(R) to Cy(R). As
explained in [1], this can be easily seen by splitting the domain of integration
in (1.2) into (—oo,z — §] and [z — &, z] for some positive § > 0. Then
integration by parts in the first integral shows the boundedness of D%u.

It is also known that D® can be inverted by multiplying it with (z —

{)’(1’“) and integrating with respect to £ from —oo to z. Applying this to
(1.2) we obtain:
(1.6) D% (u(z)) = u(z) — lim wu(zx),
T——00

with the integral operator

()
(17) Iau(x) = dlfa/ Wdy u e C;(R) .

—00

We shall use this inversion of D¢ in Section 2.

In some instances we shall also need to split the integral operator (1.2)
as follows
(1.8)

v (y) T u(y)

D) (x) = d, ——=—dy +d, ——=—dy, forsome zp<zx,
@) =do [ e [ G '
and treat the first term as a known function, whereas the second one can be
viewed as a left-sided Caputo derivative, see e.g. [11], and that we denote
by D¢ , indicating that the integration is from a finite value zg, i.e. u €

02

Cl([wg,00)) and a € (0,1]

Z0

« N o 17uul z) = 1 v u/(y)
A9 D) =T ) = gy [

Notice that the first term in the right-hand side of (1.8), which is a function
of z, is not equal to (D%u)(z), which is a number for fixed zo.

2. EXISTENCE OF TRAVELLING WAVE SOLUTIONS

We introduce the travelling wave variable ¢ = x — ¢t with wave speed ¢
and look for solutions u(z,t) = ¢(§) of (1.1) which connect two different
far-field real values ¢_ and ¢;. A straightforward calculation shows that
if ¢ depends on x and ¢ only through the travelling wave variable, then so
does D¢, and so the travelling wave problem becomes

(21) —c¢! +(¢7) = (D) + 79",
subject to
(22) Jim 06 =0-.  Jim 6(6) =6

Here ' denotes differentiation with respect to . We can then integrate (2.1)
with respect to £ and use (2.2) to arrive at the following travelling wave
equation:

(23)  h(¢) =D +7¢", where h(¢):=—c(d—¢_)+¢*—¢>.
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If ¢/ decays to zero fast enough as & — 400, then we obtain the Rankine-
Hugoniot condition

(24) c=¢4+ o
that we assume throughout. Since h(¢) is convex, the left hand side of (2.3)

is negative between its only zeroes ¢ = ¢_ and ¢ = ¢1. In what follows we
shall show the existence of solutions of (2.3) provided the entropy condition

(2.5) ¢— > ¢

is satisfied. We shall not make further assumptions on the far-field values
(regarding the sign, for example), but just note (2.4) and (2.5) imply that
(2.6) W(p-)=¢-—d4 >0 and h(p4)=¢s — - <O0.

We observe that (2.5) is a necessary condition for existence of the travelling
wave if & = 1. Their existence for 7 = 0 and « € (0, 1), where this condition
is crucial, is shown in [1].

As in [1], we shall start our analysis by proving a ’local’ existence result
on (—oo, ] with £ < 0 and |¢| sufficiently large. Global existence will then
follow by a continuation argument and global boundedness of solutions. The
lack of monotonicity for 7 > 0 requires additional investigations in order to
show that a travelling wave solution tends to ¢4 as & — oo. In order prove
this we use that the functional H(¢) — H(¢_), where

2 3

is increasing with respect to . This step allows to show that if a travelling
wave tends to a constant value as £ tends to oo then that constant must be
¢. Then we show that indeed the solutions of (2.3) satisfying ¢(—o0) = ¢_
tend to a constant as £ tends to oo.

The local existence result is based on linearisation about £ = —oco (or,
equivalently, ¢ = ¢_). As it could be expected for ordinary differential
equations, the linearisation about ¢ = ¢_,

¢ 2 3
(27) H($) = /0 hy)dy = —c2 + P 1 A6, with A=cp_— &

(2.8) W(p_)v =D + 70",
has solutions of the form v(¢) = be*¢, b € R, where A > 0 is a root of
(2.9) P(z) =122+ 2% — 1/ (¢p-).

We observe that there is a unique positive real root of (2.9). Indeed, this
follows from the fact that P(z) — oo as z — oo and

P(0)=—h(¢_) <0, Pl(z)=2rz24+0az*1>0 for z2>0.

In Lemma B.1 of Appendix B we show, using Rouche’s theorem, that (2.9)
has exactly three roots, one positive real one and two complex conjugates
with negative real part.

We assume for the moment that the only solutions of (2.8) that decay
to 0 as & — —oo are of the form be*é for some constant b and \ being the
real root of (2.9). We have not fully succeeded in proving this, however in
Appendix A we do it in suitable weighted spaces (see Theorem A.2).

Henceforth, we assume that

(2.10) N (70 + D* — W(¢-)Id) = span{e™} in H*(R)
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o

where Id denotes the identity operator.
The main result of this section is the following:

Theorem 2.1. Let (2.5) and (2.10) hold. Then, there exists a solution
¢ € C3R) of (2.1)-(2.2) that is unique (up to a shift in &) among all ¢ €
¢ + H*((~00,0)) N CF(R).

We prove Theorem 2.1 in several steps that we write as lemmas. The first
one below is a ’local’” existence result that says that the nonlinear problem
has, up to translations, only two nontrivial solutions, which can be approx-
imated by ¢_ & e*¢ for large negative & (observe that the shift in ¢ gives a
positive constant multiplying the exponential and that we have taken equal
to 1 without loss of generality).

Lemma 2.1. [Local existence] Let the assumptions of Theorem 2.1 hold.
Then, for every small enough € > 0, (2.8) has solutions ¢up, Pdown € o +
HAY(1.), where I, = (—00,&.] and & = loge/\, such that

(2.11) ¢up(§a) =¢- +¢, Pdown (&) = ¢ — €.

Moreover, these are unique among all functions ¢ satisfying [|p—¢— || g1y <
0, with & small enough, but independent of €. They satisfy, with an e-
independent constant C,

| pup — & — e>\§”H4(Ig) <Ce?, | Pdown — o— + e/\£HH4(IE) < Ce.

Proof. We follow the proof of [1]. We only prove existence and uniqueness
for @gown, the proof of for ¢, is analogous and we do not do it here.

We start by writing (2.3) and the initial condition (2.11) in terms of the
perturbation ®(€) = Gaouwn(€) — ¢_ + ¢:
(2.12)
(107 +D* — 1 (¢_)IA)® = h(¢p— — X+ @) + 1/ (¢_) (e =), B(&)=0.
We then define a fixed-point map by considering the right-hand side of (2.12)
as given.

In order to use Fourier methods, we need a smooth enough extension of
functions to & € R. Then, in general, for a f € H*(I.) we let £(f) € H4(R)
denote a smooth extension of f that satisfies

E(f) =5 €N Ny < YN Fllzae) -
And denote by ® a bounded solution of
(TOf +D* — W (p_)Id)® = £(f) in R,

then ® and its derivatives with respect to £ can be written as

(2.13)
dmd o @ ! . )L dmf,'(f)
i 1{(77k2+ba\k| = 1(6-) + daasgn(k) ") f( dém ﬂ

for m =0,1,2,3,4. The Fourier symbol in (2.13) is uniformly bounded in %
and this implies that there exist constants Cy, Co > 0 such that
12[ 21 2y < M@ mamy < CLIE N ey < Call fll iy -
By the assumption (2.10), the unique solution of
(TO2 +D* =W (¢ ))U = f in L, U(&) =0,
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is U[f](&) = ®(€) — ®(£.)eME74). This allows to write (2.12) as the fixed-
point problem

9(6) = U [h(6- — ¥ +9()) + W (6-)(* = 6(€)) -
The continuous embedding of H*(I.) in C¥(I.) gives
|no- = +@) + W) =), <L (2 + el + 1913y -

HA(L) —
where L is a positive non-decreasing function. It is now easily seen that the
fixed point map is a contraction in small enough balls (independent of &)
and that maps a ball with radius of O(£?) into itself (see [1] for such similar
details). O

Lemma 2.2. [Continuation principle] Let ¢ € C3((—00,&)]) be a solution
of (2.3) as constructed in Lemma 2.1. Then there exists a § > 0, such that
& can be extended uniquely to C3((—00,& + 6)).

Proof. The idea is to write the integro-differential equation as a system of
Caputo-differential equations. We use the definition of the Caputo derivative
and the inversion formula for it(1.9). Since ¢ € C([&,0)) and a € (0,1]
then this allows to write down derivatives of entire order by using that
Dg ¢ =1d (cf. [11]). Indeed, we can write

)
¢'(€) = Dg Dy, (&) = D, “Dg, 6(S)

hence, also
¢/ (x) = Dy, *Dg g, “DE, 6(6)
We can now express (2.3) as a system:
e 1-a et
(214) Ds()¢:¢, D&J ﬂ):e, Dgl)€:X7
0 d(y)
2.15 D% = h(¢) — ¢ 7/ T dy.
219 R AN

The system is locally Lipschitz continuous in C3(&, & + §). Local exis-
tence then follows by using a Picard-Lindeldf type of argument, taking as
initial conditions the values of ¢, Dg ¢, ¢’ and Dg ¢ at & = &. The well-
posedness of linear integro-differential systems of this form is given by Jafari
and Daftardar-Gejji [9], so we do not give further details. ]

It is now clear that boundedness of the solutions will guarantee global
existence by applying repeatedly Lemma 2.2 as long as ¢’ remains integrable.
First we show that a solution of (2.3) as constructed in lemmas 2.1 and 2.2
is uniformly bounded.

Lemma 2.3 (Uniform boundedness). Let ¢ € C3((—o0,&)) be a solution
of (2.8) as constructed in Lemma 2.1. Then the solution is bounded for

§ € (—00,&) by
(2.16) H<o©) <o, where =00 <y
is the second root of
H) - H6)
¢ — -

appeared as: F. Achleitner, C. M. Cuesta, and S. Hittmeir. “Travelling
waves for a non-local Korteweg—de Vries—Burgers equation”. In: J. Differen-
tial Equations 257.3 (2014), pp. 720-758



60 2. KORTEWEG-DE VRIES-BURGERS EQUATIONS

7

Proof. We first derive an energy type of estimate for (2.3). This is done,
as in the local case, by multiplying the equation by ¢’ and integrating with
respect to &:

T ¢
QA1) HEE) - HE) = @€+ [ s

The first term on the right-hand side of (2.17) is clearly non-negative.
Let us show that the second term is also non-negative.
We first observe that

45 's 5 / T
(2.18) /700 ¢'(y) Do(y)dy = %/m ¢ (y) /700 |m¢_( y)‘a du dy

this is shown by noticing that

/ ' (y /5 G dzdy—/ @' (z /T %dydz.

Then, we can consider an extension ¢z € L?(R) of ¢/ to R so that ¢5(y) =0
for y > £. Then, by applying Theorem 9.8[15] to (2.18) with this extension
we obtain that

(2.19) / ¢ (y) D¢ /¢E /R\x (‘) dydz > 0.

Let us now prove the upper bound. Suppose that there exists a £ < oo such
that ¢(£) = ¢_, then from (2.17) one gets that jfoo &' (y) DY¢(y)dy = 0,
and (2.19) implies that ¢/(¢) = 0 for all £ € (—o0,&] (see [15]). Assume now
that lime_,o #(§) = ¢—, then ffooo &' (y) D¢(y)dy = 0. But, we can write
(2.18) with 6 = oo and without using an extension of ¢';

thus also ¢>’ (5) =0 for all £ € R. Then a non constant solution is always
below ¢_.

In order to get the lower bound, we use that the right hand side of (2.17)
is non-negative, thus

H($) = H(6) =58~ (6 + 3(6° ~ (6)9) + A6 —9) 20
Since we have just shown that ¢ — ¢_ < 0 in (—o0,&], we obtain the
condition

H((?)*H(‘JS—)??E l 2 2
T e—e. 2(¢+¢—)+3(¢ +op-+(9-)°) + A<0

and this implies (2.16). O
Lemma 2.4. (Global uniqueness) Let ¢ € ¢— + H*((—00,&0)) be a solution
of (2.3). Then, up to a shift in &, ¢ is the continuation of either ¢y, or
Gdown, Otherwise ¢ = ¢_.

Proof. For every ¢ > 0 there exists a §* < §o, such that |¢p—d || ga((—oo,e+)) <

¢ and, therefore, by Sobolev embedding, also |¢(£*) — ¢_| < §. Choosing §
small enough, there are only two possibilities, either ¢(*) = ¢ (implying
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that ¢ = ¢_) or #(€*) # ¢—. Whence, by local uniqueness, ¢ is, up to a

shift, either equal to ¢y Or Ggown, depending on the sign of ¢p(¢*) —p—. O
It remains to analyse the far-field behaviour.

Lemma 2.5. Let ¢ € ¢_ + HA((—00,&)) be a continuation of ¢aown as in
Lemma 2.4. Suppose that

(2.20) lim ¢ = ¢ € R,

£—o0
then ¢o = ¢4

Proof. We argue by contradiction. Assume that (2.20) holds with ¢g # ¢,
then h(4(€)) — h(¢o) # 0. Suppose first that for & > &, h(a(€)) > Cy > 0,
then applying the integral operator (1.7) to h(¢) we get

- o h(g(y)) S dy
dit Ik Ay + Oy |
sahe©) > [ ey + C /§ e
)
—00 ({ - y)l—a
This and (2.3) imply that Z%¢” — co as £ — oo. Similarly, if for all £ > &
we have h(4(£)) < C— <0, we obtain

o 3
dil I°h(9) < / W) g, 40 /5 ay

dy+%(§f§g)a%oo as £ — o0.

oo (E—y)ime -yl
) e e e
- /m@,y)mdwc—(é €)" - =

as before, this implies that Z%¢” — —oo as & — co. In both cases and
using (2.3) we obtain that |[Z%¢"| is unbounded as well. Let us see that this
contradicts (2.20).
Since ¢ € C3(R) by Lemma 2.2 and (2.20) holds, we can take for any

e >0 and ¢ large enough, &* = £ — § for a fixed § > 0 such that |¢”(¢)| < e
for all £ > £*. Then

13 11

/ W) g

e =yl
Now if we write
(2.22)

£3 " &* 11 13 11
—1 Fa 1 _ ¢ (y) _ ¢ (y) ¢ (y)
iz = [ @S pt= [t [ gt

(2.21) implies that the second term of (2.22) converges. We integrate by
parts the first term:

/f* ") 4 _ &) A €)

(2.21)

<ele— ) = e5”.

e e T Em e TS (f—y)e
+(1—a)/5 ) dy

—o0 (5 - y)Q—a
/(¢x £* /
= il(ix) +(1—a)[w%dy.
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The absolute value of the second term on the right hand side is also bounded
by C/5'=2. Since § was a fixed number, this contradicts the unboundedness
of 74¢". O

Next we show that a solution as constructed in Lemma 2.1 approaches a
constant value as & — oo. Once this is proved we can conclude the proof of
Theorem 2.1 since this then implies that lim¢ o, ¢ = ¢ by Lemma 2.5.

Lemma 2.6. Let ¢ be a solution of (2.3) as in Lemma 2.4. Then there
exist a constant ¢g € R such that limg_.oo ¢(§) = o.

Proof. The solution ¢ can be extended to any interval of the form (—o0, &
by repeating the continuation result of Lemma 2.2 as necessary, since (2.16)
is satisfied. Now, knowing that the smooth wave profile exists, we split the
non-local differential operator and rewrite the travelling wave equation in
the following form

(2:23) 7¢" + Db+ ¢ = q(¢,€)
for £ > &y, where

_ R AC)
0(¢,8) = —da | o dy+h((8)) + ¢(E).
—00 (5 - y)
We can know write down the solution to (2.23) implicitly. In order to do that
one applies Laplace transform methods as in e.g. [8] to obtain a ’variations
of constants’ representation of the solution with initial conditions at & = &p.
One gets

§
) = 960 ) ~ &) (€) — [ (e =, ~ (o)
where the function v and its derivatives are uniformly bounded and satisfy
(we give more details in Appendix C, see (C.12)-(C.14)):
da . ol s da—
(€& =",  lim(E-&)™"(E)="".

lim
o0 T £—00 T

Now using that ¢ is uniformly bounded in R, we conclude that ¢(¢, £) is also
uniformly bounded and it is easy to see the integrability of the term with
the inhomogeneity q as well as the decay of ¢ towards a constant. O

We end the section with the proof of the main theorem:

Proof of Theorem 2.1. The proof follows by applying the previous lemmas.
First, Lemma 2.1 (local existence), then Lemma 2.2 (continuation principle)
and then lemmas 2.3 and 2.4 imply the global existence and uniqueness up
to translation in £ of solutions of (2.3) satisfying ¢(—oc0) = ¢_. Finally,
Lemma 2.6 implies that such solution satisfies lim¢_,o |¢(§)| < oo and from
Lemma 2.5 we conclude that in fact lime_,o ¢(§) = ¢4 (|

3. ANALYSIS OF THE MONOTONICITY OF TRAVELLING WAVES

In this section we discuss the role of the parameter 7 in the monotonicity
of the travelling waves. To start with, we remark that one can show ’local’
monotonicity for all 7 > 0 in the interval I, for £ small enough:
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Lemma 3.1 (Local monotonicity). Let the assumptions of Lemma 2.1 hold.
Then, for e small enough,

¢up > ¢7 ) ¢'Iup > 07 ¢dawn < ¢7 ’ ¢éloum < 07 m IE .
Proof. The proof follows as in [1]. g
Now, if 7 = 0 we know from [1] that travelling waves are monotone

decreasing. Moreover, if 7 # 0 and o = 1, thus in the classical KdV-
Burgers case, it is easy to see that the waves are monotone if 7 is smaller
than some critical value (see [3]). In fact, travelling waves are heteroclinic
connections of the corresponding ODE system. The critical points represent
the far-field values ¢_ and ¢, linearisation about these points shows that
the one associated to ¢_ is a saddle point and the one associated to ¢ is
an attractor. It is important to notice that the attractor has the eigenvalues

—14 /14470 (d4)

2T
and that A'(¢4) < 0 (see (2.6)). It then becomes clear that heteroclinic
connections give monotone travelling waves when 7 < —1/(4h/(¢4)).

We expect a similar behaviour for (2.3), although the decay of ¢ towards
¢+ is not exponential, as we have seen in the proof of Lemma 2.6.

Let us now prove that if 7 is small enough then the solution of (2.2)-(2.3)
that is a extension of @geun, is close to the solution with 7 = 0 (as constructed
in [1]) on a large interval, thus implying monotonicity for small values of 7
on such intervals. Before we give the result let us introduce the appropriate
notation. Let us denote by ¢, a travelling wave solution for a given 7 and
¢o a travelling wave of the problem with 7 = 0. Then:

Ae =

Theorem 3.1 (Monotonicity). If 7 is small enough, then there exist an
interval I; = (—00,&| with & = O(772-=) as 7 — 0, and a value § =
&0 < & such that ¢-(€0) = ¢o(£2), moreover, |¢;(£) — ¢o(€)] < TC and
|9 (€) — ¢ (&)] < 7Y/C=)C for all € € I,. Thus for T small enough ¢, is
also monotone decreasing in L.

We prove this theorem in several lemmas. First we fix the shift in &:

Lemma 3.2. For a given small T there exists a &2 < log/(W(p_))"/*
small and a travelling wave solution ¢ such that, if ¢g is the travelling wave
solution of the problem with T = 0 such that ¢o(log /(W (p_)/*) = ¢_ -7,
then ¢, is monotone decreasing in (—o0,£2] and

(3.1)

O (&) = d0(&)), 10— (&), 167 (©) =5 (&) < TC  for € € (—o00,€])]

with some order one constant C > 0.

Proof. We want to compare travelling wave solutions for a small 7 > 0 with
solutions of the problem with 7 = 0. The later ones are monotone and are
constructed ’locally’ near —oo as in Lemma 2.1 in [1]. In particular, for a
given small enough ¢ then ¢o(€) = ¢_ — ¢ where €0 = loge/(h'(¢_))"/*.
On the other hand, if \; denotes the real root of (2.9) then ¢,(loge)/A;) =
¢_ —e. The asymptotic behaviour of A; as 7 — 0 (see (B.3) in Appendix B)
and (2.6) imply that if 7 is small enough then &0 < loge/)\;, hence, by local
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monotonicity, ¢_ — e < ¢-(€2) < ¢_ ie. (€)= ¢o(¢0) < £. Again by
monotonicity, we can find a value & < &2, by shifting ¢, in ¢ if necessary,
such that ¢,(&) = ¢o(&:). Finally, by the construction of these waves, they
are close to ¢_ by an exponential difference in H?(—o0,£%), it holds that
[0 (&) — ()], |92(€)— 4 (€)] < eC with an order 1 constant C' > 0. Finally,
we can do this same construction by taking e = 7. ]

Let v := ¢, — ¢p, then 1, satisfies the following equation

(3.2) Tl + D?QwT = R(o, ¢r,&) — 76 (&)
where
&0
(33) R(G0.brr€) = [-c+ (6r(€) + d0(E))]r(€) — da / % dy,

(for simplicity, we do not write the dependency of R in v, which implicit in
the dependency on ¢, and ¢g) here we have used the expression of h in (2.3)
to write h(¢pr) — h(¢o) = [—c+ (¢ + ¢0)]¢)r. That can be solved subject to
the initial conditions (see (3.1))

(3.4) V(&) =0, ¥(&) = ¢4(&7) — 9h(&r) -

Using Laplace transform we can write the solution to (3.2)-(3.4) taking ¢,
and ¢g as given. In order to do that more conveniently we can first shift the
independent variable so that 7 = ¢ — £2 and let v, (1) = ¥, (n+£2), so (3.2)
and (3.3) read

. o d
(35) 7-1/];',+'D(()11/)7’+1/}T: Q(¢U7¢T7n)7 '= %

(3.6)  Q(do,dr,n) = Rdo, b7, 0+ E2) — 76 (10 + €2) + 1 ()

where we add an subtract the term 1), for technical reasons outlined below.
Then, (3.5)-(3.6) must be solved with initial conditions (see (3.4))

(3.7) $r(0%) =0, PLO0%) =4'(&)).
Employing the computation performed in Appendix C, but here with
a = 1, the solution of (3.5)-(3.7) is given implicitly by
n

(38)  d(n) = —rF (0" (n) / o (5)Qo, brr1 — ) dy

0
where v(n) reads (see (C.12) and (C.13))

o 00 N a—1
(3.9) o= M/ e K, o(r)dr + 2Re (es”’$> ,

7r 0 2751 + as‘llfl

and s is the solution of
(3.10) 12422 41=0

with positive imaginary part, and 8 = arg(s1) € (7/2,7) (see Lemma B.1
and Appendix C), and where

(3.11) Kror) = rLK, o (1)
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with K, (r) = 1/((rr? 4+ 1)2 + 2(7r? 4+ 1)r* cos(am) + r2*). Then it is easy

to see that

sin(ar) [ _ ~ . T8} + s
3.12) v'(n) = 7/ e T"r*K; o(r)dr + 2Re (e“’l"i .
(3.2) (o) = T ra(r) o T

The reason to introduce the term ), is that this implies that the resulting
algebraic function when applying the Laplace transform to the left-hand side
of (3.5) has poles away from the negative real axis. Without this term, 0
would be a pole of such function, but is also a branch point, thus making
the computation of the inverse Laplace transform a little cumbersome.

We also need to get pointwise estimates on [¢-(n)]. We shall do this
directly from the expression obtained differentiating (3.8):
(3.13)

i i 1" ! K / d
(0 = =07 () = V() Qon 62,0~ [0 6) G G =) .
The following estimates hold:

Lemma 3.3. Ifr < I/Tﬁ, for some T small enough, then there exists a
C > 0 independent of T such that
~ 1

K _ <CrT.
ralr) 1+ 2r® cos(am) + r2e T

1
If on the contrary r > 1/72-a, for some T small enough, there exists a C' > 0
independent of T such that

|Kra(r)] < Cros .

Proof. We leave the proof to the reader. One can convince him or herself by
inspecting the functions involved and a formal dominant balance analysis
that can be made rigorous by performing the calculus. O

Regarding the second term on the right-hand side of (3.9) we have the
following preliminary estimates that give exponential decay (observe that
cos(B) < 0:

Lemma 3.4. If 7 is small enough then, there exists a 0 < C(7) < 1 such
that C(1) ~2/(2+ @) as 7 — 0 and

) a—1

‘Re (651" TS1 + b? )' < C(T)e(\sdcosﬁ) n
2751 +asd )| T

where B = arg(s1) € (7/2,7) with 8 — 7/(2 — a) and |s1| = O(1/71/(2~))

as T — 0. Similarly, estimates on derivatives with respect to n of this term

differ by a factor |s1|™ where n is the order of the derivative.

Proof. This is proved by using Lemma B.1 and (B.6) of Appendix B. Details
are left to the reader. ]

We next derive estimates that we apply to (3.8) and (3.13). Essentially,
we get estimates on the uniform norms of v, v/, @ and dQ/dn, estimates on
the integral of |v'| over [0,7] and on v”. We also need to get estimates on
the integral terms of Q and dQ/dn.
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Lemma 3.5. The following estimates hold for alln > 0 and 7 small enough:
(i) There exist constants C(||¢g|| ) > 0 and C > 0 such that
(3.14) 1Q(¢0, ory )| < (1+3[o—| + |6+]) [97(n)| + 7O (|6l =)

and

d
d—f(m@,n)

(ii) There exists a constant C' > 0 such that
1Q(¢0, 67, 0)l < 7 (C +165(62)]) -

(i) The functions v, v' and v" are uniformly bounded on [0,00). the
first one by a constant independent of T, whereas the other two by
an constant that becomes unbounded as T — 0. Moreover, for all
1n > 0 there exists a constant C > 0

(3.16) [v/(n)| < C (Tﬁnfz a4 73%) +20(r)ellerleosBn|gy|

(3.15) < C ([r () + WL + 70" %) + 7 (167 [l -

s1 being the zero of (3.10) with positive imaginary part and B €
(w/2,) its principal argument, and
2 a l-a

(3.17) ()] < Ot b r TR e )
Proof. Statement (i) follows from the properties of ¢, and ¢o. In order to
estimate the integral term of Q we use the construction of the solutions ¢,
and ¢y in the interval (—oo, £2] and that \,e ¥ —\oe0¥ = e*o¥ F(7, ) where
F(1,y) in uniformly bounded in y < &2 7 > 0 (see Lemma 3.2, (3.1)). One
can show (%) similarly, since

(o, ¢r,0) = —daD*(&7) — 5(&7) -
The integral term of d@/dn reads, here n > 0,

rim e [ Dy, [ )

gy
—o (§—y)o ! —o (M= y)**!
Integration by parts gives
o O e,
a ) (n—y)*

and using Lemma 3.2, (3.1) gives the estimate.

The statement in (7i) about v and v’ follows from (C.5) and (C.14) of
Appendix C.

Let us get the estimate on |v'(n)|. Using the expression of v'(n) in (3.12)
and Lemma 3.4 we obtain a first estimate

1 [ - 752 + 5§
v < 7/ e Mr* }K r ’ dr + 2 |Re <es‘"#>‘
o< [ al0) o

1

IA

o0
f/ ef'Vro‘}Kﬂa(r)’ dr + Cellstleos®my| g |
TJo

for some positive constant independent of 7, where s; is the zero of (3.10)
with positive imaginary part and £ its principal argument. We estimate the
first term on the right-hand side of the inequality above assuming that 7 is
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small enough and so that we can apply Lemma 3.3. Thus we first split the
integral over r and apply this lemma:

(3.18)

_1
2—a

/ e e ‘f(Ta(r)‘ dr
0

1
o e~ MY

.
<
7/0 1+ 27 cos(am) + r2a

) S
dr + TlfﬁC/ e o lar
0
where v € (o, 2a) and
o0 - 9 o0
(3.19) / L e ‘Kﬂa(r)‘ dr < THC/ , e dr.
Jr 2—a T 2—a

In order to estimate (3.18) we shall use that

B oo
_ _ I'(c+1)
3.20 / e Tr%dr < / e "r%dr = ————~
( ) 4 o na-{—l

with o > =1, 0 < A < B, n > 0, and in each integral term we apply this
as an estimate with different values of o. For the first term on the right-
hand side of (3.18) we first rescale r = 7~ 7% and observe that for any
~ € (,2a] the function 777/(7—2’2%&(12 e cos(ar) + 72) is uniformly
bounded for 7 € [0,1] by a constant independent of 7. Then, after this
change of variables, the estimate and applying (3.20) with A =0, B =1
and 0 = « — ¥ one gets:

.

T 2 e a1l "1 _ 1
/ dr < TﬁC’/ e T TR g
o 1+ 2cos(am)re + r2a 0
2a—y 1
<727 C(a)inafwrl .

‘We obtain

1

e
/ e Tr®
0

and, taking v = 3«/2, this gives the first two terms on the right-hand side
of (3.16). We further estimate (3.19) as follows:

e
/ | e*nTT,Dc
r 7a

2 o —nr, .2 a—2 2 *© a—2 S-a
<r2-a( , e Mrer dr < 72=a(C LT dr =12=(C,
7 2—a 7 Z2—a

20—~y

f(ﬂa(r)’ dr < 772=a Ca)y’ ™ 4 T;—;gCF(a)rfo‘

IN(.r,a(r)’ dr

where we use Lemma 3.3 in the first step. Putting the estimates together
we obtain (3.16).
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Let us get now the estimate on [v”(n)|. We differentiate (3.12) and esti-
mate the last term as in Lemma 3.4, then
a+1
Re (517 T81 + 57
7T 2751 + sy 1
| sin(a)

‘/ —r777,a+1‘K( )‘d,’,_,’_ce(\sl\cosﬂ)n‘s |2

()] < SRl / R (1) dr 42

(321) <

We get estimates on the first term on the right-hand side by dividing the
integral over the intervals (0,772~} and (7=1/?=%) o) and apply the
estimates on K of Lemma 3.3, then

‘ 31n(a7r)| / 67r717‘u+1 |R(7)|d7‘
m 0
1

1
T 2o —rn2a,l—a T 2«
e MMpey .
<C</ dr+7/ e ot ldr
0 0

1+ 2recos(am) + r2

+ 72— a/ —717,’,37,(1 er
=a
_1

T Z—a N ) 00
<C / rlfadr+'r*ﬁ+7'ﬁ/ | r®2qr

0 A

1 =
C( + 7 p= + T ) .

11—«

This together with (3.21) and the asymptotic behaviour of |s1| as 7 — 0T
(see Lemma 3.4) concludes the proof of (3.17). O

We can now prove Theorem 3.1

Proof of Theorem 8.1. We start estimating |4, (1)| and |4 (n)| directly from
(3.8) and (3.13) and using the estimates of Lemma 3.5:

Gl <rCll) [ 10y + 2Ol + [ 150 - )
[0 ()] <TC(lW' ()] + 7" (n / o' ()] 17 (n = )dyl
+ [T W50+ 7= 0+ 7 1) dy.
The result follows by using Gronwall’s Lemma, which implies that
(3:22) el < )+ [ @) Bla)el? P

(323) 9 (] < As(n) + /0 As(z)B(z)el BEs gy
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where

As(n) =rC(1 60| ) /0 W Wldy + Pl ). B = ' — )|
As(n) =rC( ()] + ]o" () )

n _
+ /0 )] (1820 — )] + 701 — )1 + 7| | <) dy

Observe that A1, [/ Bi(y)dy and exp( [ Bi(s)ds) are uniformly bounded
for n < C7=1/2=%) and, moreover, |A1(n)| < 7C for some C' > 0. Using
this in (3.22) implies [, (n)] < 7C for some C > 0 for all such ’s. We can
apply this last fact to (3.23) to conclude the proof, since Ay < 7Cn'~%, thus
in this range of n’s Ay < 7/, ]

Finally, we discuss the fact that in the tail travelling waves are mono-
tone as long as 7 is small enough. This does not imply that the waves are
decreasing in the whole of the domain, however. The following result holds:

Theorem 3.2. Let ¢ be a solution of (2.1)-(2.2) as constructed in Theo-
rem 2.1, then there exist a § large enough such that if T is small enough ¢
is monotone decreasing in (&, 00).

Proof. We only sketch the proof. It can be done by a bootstrap argument
based on the behaviour of the solutions in the tail for 7 small enough. For
every 0, let & € R be such that & = inf{€ : ¢({) — ¢+ = 0}. Let us write
(2.1) as follows:

— Po i ¥(y) /"
(3.21) me) =50+ [ By
Let (&) = ¢(§) — ¢4, then (3.24) reads

dy + 79" =W (4)0,

s /
h(®) = h(d4) = W (6:)0 = Dgw + /, (fwf Z))

where we use that h(¢4) = 0. It is convenient to shift the independent
variable as follows ( = & — & and let () = ¥(¢). Then, (3.24) reads,
rearranging terms,

0 ’
(3.25) 7O+ DGV ' (¢4)¥ :h(¢)—h(¢+)_h’(¢+)q,_/ LA

—00 (C - y)a

Then, we express the solution implicitly as in Appendix C with a = —h/(¢) >
0

(3.26)
(¢) = 9(07)w(¢) +

T

h(o4)
(321)  QC) = h($(C + &) — h(s) — K (6)U(Q) — /

P07 (¢) +
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(cf. (C.6)) where v(¢) has been computed in Appendix C and reads (see
(C.12) and (C.13))
(3.28)
: o a—1
v(¢) = _h/(¢+)M/ eiCTKu,(T) dr + 2Re (&1(%) ,
™ 0

2781 + asf“l

(cf. (3.9)) where, as before, s; is the solution of
(3.29) 224 2% =W () =0
with positive imaginary part, and 8 = arg(s1) € (7/2,m) (see appendixes B
and C), and where K, (r) = r* 1K, (r) with
- 1
K,(r) = .
() (172 — B/ (¢4))% + 2(7r2 — B/ (¢p4))re cos(am) + r2e

Observe that v(¢) is the sum of a monotone (first term on the right-hand
side of (3.28)) and a oscillatory term (second term on the right-hand side of
(3.28)). On the other hand, the non-monotone contribution of v/(¢) is given
by the derivative of the exponential oscillatory term of v(¢) if ¢ is very large
(thus if 6 is very small), and the last term on the right hand side of (3.26) can
be made arbitrarily small for 6 small. Thus taking ¢ large enough and 7 small
enough the small oscillations get damped by the algebraic decaying terms of

a—1

the monotone part. Observe that Re (@'1(%) has infinitely many
1 1

oscillations with frequency w = psin 8 = Im(s;), but its amplitude decreases

exponentially like e(l511<058)C a5 ¢ — 00 (recall that |s1] = O(7~1/(=%)) and

cos() < 0). O

4. ASYMPTOTIC STABILITY OF MONOTONE TRAVELLING WAVES

In this section we assume that the travelling waves found in Theorem 2.1
are monotone (decreasing) and we prove their dynamic stability. Existence
of such waves is guaranteed for small enough values of 7 as the analysis of
the previous section suggests. The stability analysis is done in a similar way
as for the KdV-Burgers equation and the Burgers equation (see e.g. [17],
and also [1] for the corresponding fractional diffusion Burgers equation). We
next outline the key ideas of the proof.

It is convenient to first change variables to x — £ =z — ¢t in (1.1), so it
becomes

(4.1) Opu+ O (u? — cu) = 9D + Tagu.

We then look for solutions of (4.1) which are a small perturbation of a
travelling wave and that in particular share the same far-field values. Let
up(€) be an initial datum and ¢(€) a monotone travelling wave as constructed
in Theorem 2.1, with a shift in & chosen such that

(42) [ (wole) — o) =o.
Observe that conservation of mass, a property satisfied by (4.1), implies that

/R (u(t.€) — G(E))dE =0, forall ¢ 0.
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Now, the perturbation U = u — ¢ satisfies the equation
(4.3) U + 0c((20 — )U) + 0:U? = 9DU + 702U .

The aim is to show that U tends to 0 in a suitable sense as t tends to oo for
small enough Uy = up — ¢. We use integral estimates. For instance, testing
(4.3) with U, we get

1d
44 e 2 "2d¢ = — 2
(14) 5 iUl + [ 007 = a0 e
where several integrations by parts have been carried out. Since we are
assuming that ¢’ < 0, the second term in (4.4) is non-positive. We next
introduce the primitive of the perturbation and of the corresponding initial

data
3 3
W(t,€) = / Ut mdy. Wole) = / Uo(n)dn,

which satisfies the integrated version of (4.3),
(4.5) W + (20 — €)OW + (0:W)? = D*OW + 7OFW
and
1d

(@0)  5IWIEe— [ owrac+ [ @)W de = el W2, o
2 dt R JR H™2
This integral identity has the crucial property that the term involving ¢’
is non-negative. In the cubic term (arising from the nonlinearity) we can
estimate |W| by the L*-norm, this factor can then be controlled by using
the Sobolev embedding H'(R) C L*°(R).

The right-hand side in (4.4) is obtained using Plancherel’s theorem that,
together with |@(k)|? = |a(—k)|?, implies that

/ sgn(k) k) Ja(k,t)|?dk =0 jeN.
R

We observe that (as one can easily check based on (1.3) and (1.5))
(4.7) F(0:D*) = F(D"0) = —(aa — ibasgn(k))|k|*"
and from this we can obtain in the same way as for (4.4) the right-hand side
of (4.6).

The well-posedness result below and the fact that (1.1), or (4.1), is a third
order equation requires that we work with U € H2, in fact we shall require
that at least Uy € H3(R) since we need integral estimates of higher order.

We assume for the moment that the following theorem holds, and we prove
it in Section 5:

Theorem 4.1. For every Uy € H*(R), s > 3 and assuming that ¢ €

H**Y(R), there is a T > 0 such that (4.3) with initial data U(£,0) = Uy(€)

has a unique solution U € C([0,T]; H*(R)) N C([0, T); L*(R)) satisfying
Ul s < CllUoll s -

The same result applies to (4.5) with initial condition W (&,0) = Wy(§).
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Then assuming this, we can locally perform further integral estimates of
the consecutive differentiations of (4.5). Namely, from
(4.8)  FW + (20 — c)OW) + FF(9W)* = ZDOW + TRW .
we obtain, testing with 8?W, the integral identity
1d
Sl B WIE: — [ om@awyidc v [ o@rw e [ @iwyac

(4.9)

Further, from the equation
(4.10) 8t8§'W + Bg’((%) —c)0:W) + Bg(aéW)z = Q?D“(?éW + T@?W,
we obtain testing now with 8g’W the integral identity

1d
S |RW 2 +2/ ¢"OW RWd —3/ "(0FW)*d
3|0l +2 [ 6" 00W OfWde =3 | ¢"(0FW s
(4.11) +5/R¢’(8§W)2d£+5/R(9§W(6§W)2d5

= aa”a?W”Z%g .

In order to justify the vanishing of the integral terms coming from the
highest order term in each equation, we use Theorem 4.1 above, that allows
to obtain these identities in [0, 7] provided the initial condition Wy € H*+!
with s > 3. The proof of stability then uses a combination of the integral
identities just obtained choosing the coefficients in such a way that the
resulting functional is decreasing in time. The main point is that the terms
with the wrong sign, coming in general from the nonlinear terms and the
ones involving derivatives of ¢, can be controlled by the dissipative ones via
versions of the interpolation inequality
(412)  Blgldy Bl e + 6 e s b0

2

that holds as a consequence of (bk)? < |bk|1® + |bk[>T*, k € R with b > 0.
We shall also need the following one

(413) gl < max{1, 1/} (g1, g + gl a0 )+ B> 0,

that follows from (k)2 < |k|™® + |k[PT® < min{b|k|*T® + |k|3T, [k]1Te +
blkP+e} for any b > 1.
After these preparations we can prove the following result.

Theorem 4.2. Let ¢ be a travelling wave as in Theorem 2.1, and let ug(§) be
an initial datum for (4.1), such that Wy(§) = _]Em(uo(n) — o(n))dn satisfies
Wo € H**! with s > 3. Then if |Wollgs is small enough, the Cauchy
problem for (4.1) with initial datum up has a unique global solution with
u(t) € H*7L for all t > 0 converging to the travelling wave in the sense that

Jim [ fu(o) = 6o = 0.

Note that (4.2), which can be translated into the condition Wy(£o00) = 0,
is part of the assumption Wy € H® in Theorem 4.2.
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Proof. As mentioned earlier the integral identities (4.4)-(4.11) are justified
by Theorem 4.1 in an interval [0,T]. Then, (4.4) and (4.6) imply the esti-
mates

1d
(4.14) 5 2l = Col U122 < —aallUP, sy
1d
(4.15) Sl WIEe = W= [0eW |32 < —aa|WIE 1y

with Cy = ||¢/||~. Now, (4.9) and (4.11) imply the estimates

1d

(4.16) 2dt L
<- aa”aéwaIlJra 3

2

|10FW 72 = CrlldW |72 — (108 |z + 3Co) |9FW 12

and

1d
5 gt 18Iz = Call W |72 = 3CL[19EW |7

(4.17) — (5l102W || e + 5Co + C1) |9EW[2,
<~ W 1
H 2
with C1 = ||¢"”||L~ and where we choose the constant X > 0 below.

Then we can combine the estimate by choosing three positive constants,
say A, B and C to obtain the functional (that can be seen as a function of

t)

J = WG + AllogW z2 + BlIOZW 122 + ClIOFW |12
that clearly satisfies that there exist constants C, and C* such that
(4.18) CullW |2 < T < CH W |2 .

Combining these estimates we obtain

1dJ
Sdar (IW |z + ACo + BCy + CCy) [[W][3,,

—B ([|08W ||z +3Co) [W (%, — C (5|10§W |z + 5Co + C1) [[W [
taa (IWI2 e + AIWIE o+ BIWIE sy + CIWI2 11 ) <0,
H™ 2 H 2 H 2 H 2

Then we can estimate as follows

2

2 Qo 2 A 2
(419) (ACq + BC1 -+ CCIW I < % (IW17 10 + FIWIE, e )

2 Ao é 2 E 2

(420)  3(CCy+ BCo) W < % <2“W“H%+ 2||W||H%g) :
2 Ao § 2 2

(4.21) C(BC+C) Wl < 5 (2 W 54 +C|\W|\H7+a> :
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In order to obtain this we use (4.12), this implies, identifying coefficients,
that the following must be satisfied:

2 A\ 2
;(AC() + BCq + CCl) = <*> s

2
2 B\ =
aaA(Ccl + BCy) = <Z> )

2a+3 14%,

B=C < (5Coy + C’l)> .
()‘

This can be solved using the third equation to eliminate C' from the second

one that can then be solve for B/A. Then one can eliminate C' and B from

the first equation to solve for A, and recovering B and C' from the second

and third equations, one gets

2
1 aq L1 Lo >1+“ A B
122) A= B=2 -
(4.22) = (CoLle (Lt D)

2 2
2a+3 Tto 12 C T+a
L= ( (5Co + Ol)> Ly = (— (CO + —1>> .
[/ o Ly

Finally, we can also estimate the terms that contain coefficients with L
norms of W and/or its second derivative. Namely, the following hold easily
from (4.13)

where

A
2 2 2
429) WP < el 2/A (W12 e + IV, 50
B A B
2 b A 2 5 2
(420 BIWIE, < 5 max(1,24/8) (FIWIE e + DIV oz )
10C B
(4.25)  5C||W|[%, < ——max{1, B/2C} <5||W||;&Ta + cnwnjﬁﬂ)

B
to )
2

and hence the combined estimate reads:
(4.26)
B
W12, e+ 5 11 o

1dJ a
Sdr + <—a — max{1, }HWHLoo

)
o (et 2w )
)

Qe
+ (% - max(10%, 0w - (—HWM? g IV oy )
<0.

A
(1912, 10 + I,
4
2

By the Sobolev embedding and (4.18) we have

1
W llzee s 10FWllioe < IWllgs <4/ T -

then letting the initial data be small enough such that
J(0) < Cya?(min{1/5, B/10C, A/B, A/2})?/8;
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this and (4.26) imply the existence of a A > 0 and a A > 0, such that

dJ 2 2 2 2
< w + WH* - + W + W
dt A (” ” s AH H e BH H . Sta CH H e ")

< AU

for all ¢ > 0. Integration with respect to time concludes the proof. O

5. THE PROOF OF THEOREM 4.1

We now prove the well-posedness of the Cauchy problem for (4.5) for a
given initial data W(0,z) = Wy(z) € H*(R) with s > 3. In fact we show
that the operators involved satisfy certain properties, collected in Lemma 5.1
below. Then, we can prove the existence of the Cauchy problem for (4.3)
by applying Lemma 5.1 and then we can apply the lemma again (writing
(0¢W)2? = UOW in (4.5)) to conclude local existence of the Cauchy problem
associated to (4.5).

In the analysis we follow the semigroup approach for the Korteweg-de
Vries equation by Pazy in [16, Section 8.5, which is a variant of Kato [10],
Namely, one has to use [16, Theorem 6.4.3] and the fact that the conditions
of the theorem can be relaxed for time independent and transport type
operators, as is done in [16, Section 8.5] for the KAV equation. We can then
use the following version of [16, Theorem 6.4.3] to conclude local existence:

Lemma 5.1. Let X and Y be Banach spaces such that Y is densely and
continuously embedded in X. For every v > 0, let A(v) be a family of
operators A(v), v € B, :={v eY : |v|ly <r} that satisfies the conditions
(i) Each of the operators of family A(v), with v € B,, generate a Cy
semigroup T,(t) inY such that ||T,(t)|| < exp(Bt) where 8 > col|v|ly
with ¢ independent of v.

(ii) There is an isomorphism S from Y onto X such that, for every
v € By, SA()S™! — A(v) is a bounded operator in X and

SAW)S™ — A(v)||x»x < C1 for allv € B,.

(iii) For each v € By, D(A(v)) C Y, A(v) is a bounded linear operator
fromY into X and

||A(’U1) — A('UQ)HY*)X < CgHvl — UQHX fOT all vy , U2 € B, .
Then, there exists a T > 0 such that the quasilinear problem

{6tu+A(u)u—O for0<t<T,

5.1
(5-1) u(0)=uy €Y,
has a unique mild solution u € C([0,T],Y) N C([0,T], X).

In order to verify the conditions of the lemma, we shall split the homo-
geneous linear operators of (4.3) (and of (4.5)) into two operators. Namely,

we take
(5.2) Ag : D(Ag) = H*(R) = L*(R), u— dfu,
(5.3) Ay : D(Az) = H*(R) = L*(R), u+— 0:D%u.
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In addition we define the following family of transport operators for v € B,
(5.4) Ai(v) : D(A;(v)) = H'(R) = L*(R) , u — veu.

In order to show that the conditions of Lemma 5.1 are satisfied, we first
derive some properties of these operators.

Lemma 5.2. (i) Ao is the infinitesimal generator of a Cy group of
isometries on L?(R).

(ii) For every v € H*(R) with s > 3, the operator A;(v) is well-defined
with domain D(A1(v)) = HY(R) (dense in L?(R)). Moreover, the
operator —(Ay1(v) + BI) is dissipative for all f > By(v) = col|v| as
where ¢y is independent of v. Also, if u € H3(R) and € > 0, the
estimate

(5.5) A1 ()22 < ellOFull 2 + Cile, vl o) lull 2

holds for some positive constant Cy depending on £ and on ||v|| gs.
(iii) For every 0 < a < 1, the operator As is well-defined with domain
D(As) = H%(R) (dense in L*(R)). Moreover, Ay is dissipative with
(Agu,u) = —aaHuHiIi}l <0 forue H*(R),
where ao = sin(%") > 0. Finally, it satisfies for u € H3(R) and
€ > 0 the estimate
(5.6) [Azull 2 < ellOFull 2 + Ca(e)ull 2
with Cy(e) = (ep) -7 P(ppl)*1 and p = aiﬂ > 1.
Proof. The proofs of (i) and (i) can be found in [16, Lemma 8.5.2 and

Lemma 8.5.3] respectively. We next prove (iii).
That As is dissipative follows from Plancherel’s formula and the fact that

|a(k)|? = |a(—k)[* imply
/]Rsgn(k)\k|7|ﬁ(k715)|2 dk=0 fory>0
(see [1]). Namely, for every v € H?(R) and 0 < a < 1,
(At u) = / (0:0") e = = [ (a0 = b sn(l) 7)) Pl

/ K P ) (R) Pk =~ as < 0.

It remains to prove (5.6). Indeed, for every u € H3(R) and 0 < o < 1, we
obtain the estimate

. o 2
(| Aul|2 :/R|\k| HF(u)(k)|” dk

:/R(\kl““\f(u)( )\“*“) (|f( YR

p—1

< ([ errw) ) ([1iFezar) ™

5 2(p—1)
=0z UHLQ ull"
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where we have used again Plancherel’s formula, the fact that (a2 +b2) =1,
and Holder’s inequality with p = 3/(a 4+ 1) > 1. Taking the square root of
the last inequality and using Young’s inequality ! for some ¢ > 0, we infer

that
[A2ullz2 < ellOfull 2 + Ca(e)lull 2
1 .
with Cy(e) = (Ep)lfp(][%)_l and p = a%_l > 1. O
Lemma 5.3. (i) For every v € H?, the operator Ag — Ai(v) is the

infinitesimal generator of a Co-semigroup Ty,(t) on L? satisfying
T,(t) < exp(Bt) for every B > Po(v) = collv||ms, where co is a
constant independent of v.

(i) For every 0 < o« < 1 and v € H*(R) with s > 3, the operator
A1(v) — Ag is well-defined from H%(R) to L*(R). Moreover, the
operator A(v) = Ao+ Az — A;1(v) is the infinitesimal generator of
a Cy-semigroup S,(t) on L? satisfying

(5.7) [[Su ()] < exp(Bt)
for every B > Bo(v) := co||v|| s, where ¢y is a constant independent
of v.
Proof. The proof of the statement (i) can be found in [16, Lemma 8.5.3].
We then prove (ii).
Due to v € H*(R) with s > 3, d,v € H*"}(R) and H*"}(R) — L>®(R)
such that [|0,v||~ < C||0x0||gs—1 < C||v||gs. For every u € H?(R),
((A1(v) — Ag)u,u) > —c|

ollrs a3 + aallul wps > —collolr ul3s

since ¢p and a, are positive constants. Therefore —(A4;(v) — Ay + BI) is
dissipative for all 5 > By(v) := collv||ms. Ao is a skew-adjoint operator,
whence Ag + Ay — Ay (v) — BI is also dissipative for 8 > By(v). Moreover,
due to the estimates (5.5) and (5.6),

[(A1(v) = Az + BD)ull 2 < [|Ar(v)ull 2 + [|A2ul 2 + |B]|ul L2

< 2¢)|0Full g2 + C3(Bs &, vl e lJull 2
holds with a positive constant C3(8,¢, ||v||gs) = Ci(e,||v||as) + Ca(e) +
|3]. Due to [16, Corollary 3.3.3] and the last estimate with 0 < ¢ < 3,
we conclude that Ag + A2 — A;(v) — BI is the infinitesimal generator of a
Co-semigroup of contractions on X for every § > fSy(v). Therefore Ay +
A — A;(v) is the infinitesimal generator of a Cp-semigroup T, (¢) satisfying
(5.7). O

We can now prove Theorem 4.1.

Proof of Theorem 4.1. We need only to check that the assumptions of Lemma 5.1
are satisfied for the operator, in the notation of this section

A(uw)u = 2¢'u + (26 — ¢ + 2u)eu — 0, Du — T8u .

IFor positive real numbers a, b and ¢, as well as 1 < p, ¢ < oo with % + % =1, the
inequality
ab < ea’” + C(e)b? with C(e) = (5p)7%q71
holds.
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We first observe that the second operator term can be seen as the sum
of three operators of the form A; and the results of the previous lemmas
apply. The first term has not been analysed in the previous lemmas, but
since ¢/ € H**1(R) the operator is bounded and adding it to the ones of the
form A; preserves the properties shown above. Thus, Lemma 5.2 and 5.3
show that (i) holds with Ay given by

A1(v)u = (2¢ — c+2w)dpu  with v :=2¢ —c+ 2w,

we only observe that the constants that depend on ||v||gs in these lemmas
now depend on ||w| gs, ¢, ||¢]loo and ||¢']|oo-

Let us show that (%) holds. We proceed as in [16]. For s > 3 (for s > 3/2,
in fact) the operator

f o M) = %2; /R explic - €)(1+ €2)5 (€) de

is an isomorphism from H*(R) to L?(R). We notice that for u, v € H5(R)
(5.8) (A*A(v)A™° — A(v))u = (Av — vA®)A"*0pu + 2(A°¢' A 5u — ¢'u) ,
since for u € H®

APAu=03u and A°9,D*A"u = 9,D%,

(see [16] for details). Therefore, for u, v € H® and the multiplication opera-
tor u — vu, we deduce from (5.8) and [16, Lemma 8.5.4] that

(A% — vA®) A A D] 2 < Cloll s ful| .2 -
It is easy to also show that
[A*'A™u — dullp2 < (19| 1= + 110 llo0) lull 2 < Cllullz2 -

This estimate and H°(R) being dense in R, implies that ||[SA(v)S™! —
A)lpesre < Cllwllgs + ¢+ [|¢]loc +1) < C for w € B, C H® and
(i) is satisfied with S = A®.

It remains to show (7). Observe that for s > 3 and 0 < o < 1,

H3(R) = D(A(v)) D H*(R) for every v € L®(R),
and also
[A@)ull 2 < (126" ull L2 + [[vdsull 2 + 0. D%ul| L2 + | 83u]l 2
< 2(|¢/ | o [lull 2 + [[ollzoe |8zl 22 + [lull frass + [03ull L2
< O+ [vlloo)llullars -

Therefore, for w € B, A(v) is a bounded operator from H*(R) into L2(R).
Moreover, if v1,ve € By and u € H*(R), then

[(A(v1) = A(v2))ul| 2 = [[(w1 — wa) Oy 2
< lwr — wal|p2l|8zull e < Cllwr — wal| p2|ul| s

and (7i1) holds as well, since v; — vy = w1 — wa. O
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APPENDIX
APPENDIX A. THE LINEAR PROBLEM (2.8) ON (—00, &

In this appendix we show that the only solutions of the linear problem
(2.8) are exponential functions in suitable weighted spaces. We shall assume
without loss of generality that {; = 0 throughout this section. We use the
approach introduced for Wiener-Hopf integral equations of the form

(A1) We) - /O TKE—y)Wdy=0 £>0,

which are related to the Fredholm property by conditions on its symbol,
see [21]. We use the result by Krein [13, 14] that extends the method to
equations with L'-integrable kernels. Namely:

Theorem A.1 (Krein (1958&62)). Let K € LY(R). If the symbol a(k) :=
1— [pe ™ K(z)dz (=1—V2rF[K]) is elliptic, i.e. infser|a(s)| >0, and
the winding number of the curve {a(s) : s € (—o00,00)} around the origin
is a non-negative integer v, then (A.1) has exactly v linearly independent
solutions in any of the Lebesgue spaces LP(R4), with 1 < p < 0.

We observe that have adapted Theorem A.1 from the original result by
Krein that is stated for v/27F(—k) instead of F(k).

It is not obvious that (2.8) can be transformed into a Wiener-Hopf equa-
tion, i.e. to the form (A.1). In particular, we will investigate the problem
on weighted spaces, such that it is admissible to consider the integrated
equation and compute its symbol.

For a generalisation of the Wiener-Hopf method to other spaces we refer
to [5] and for generalisations to convolution kernels being distributions we
refer to [7].

In order to write (2.8) as a Wiener-Hopf equation we first change variables
so that it is posed in R4 rather than in R_:

Lemma A.1. If V € H3(R,) is a solution of the integral equation
(A2) 0=71V(¢) +/ / D[V](z)dzdy — h' (o) / / V(z)dzdy
& Jy JE€ Jy

where DX [V](€) := —dq f;o (U‘/L%)Ldy, then v(§) := V(=€) for § € R_ is a
solution of (2.8).

Moreover, if v € H3(R_) is a solution of (2.8) whose primitives are inte-
grable, then V(&) := v(=¢) for & € Ry is a solution of (A.2).
Proof. Due to a Sobolev embedding H3(R_) < CZ(R_), a solution v €
H3(R_) has a representative in CZ(R_), such that equation (2.8) holds
pointwise. We perform the change of variables in (2.8) V/(—¢) = v(£), such
that V € H3(R;) — CZ(Ry), £ — —€ € Ry and y — —y inside the integral
term, to get
(A3) 0=1V"() +D[V](§) = h'(6-)V(E)  VEER,.
Finally, V € H3*(R;) < CZ(R;) implies that V has a representative in
CZ(R.), such that

lim V(&) =0, lim V'(¢)=0 d lim V"(¢)=0.
Jim V() (Jim V(S and - lim V7(S)

—+00
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Integrating (A.3) twice under the assumption that the primitives of V are
integrable and reverting the change of variables yields (A.2). O

Lemma A.2. Suppose that > 0 and let
Ve HHRy) = {f € H¥Ry): f(€) = eEg(6) for some g€ HA(R,)}

be a solution of (A.2). Then, the corresponding equation for W where
V(&) = e MW (&) and W € H3(Ry) can be written in the form (A.1) with
the L'-integrable kernel

(Ad)  K(2) = —(0(=2)e"*(=2)7") + 1 (9-) (B(=2)e"*) * (6(—2)e"?)
having support on the negative real line R_, and has symbol
T(j— k)2 + (= k) — W(g_)
(1 — ik)? '
Proof. Let V(£) = e MW (€) with W € H3(Ry), then (A.2) becomes, after

multiplying by e,

(A.6)

OZTW(§)+6“5/ / D [We H](z) dzdy—e“gh'(dL)/ / W(z)e " dzdy.
¢ Jy & Jy

We have to extract alternative representations for the integral operators in
(A.6). The first integral operator satisfies

(A.5) ay (k) =

OO fee] oo OO
et / / DE[We H](z)dzdy = / eHE=y) / e"W=A DA W el (2) dz dy
& Jy 3 Y

= (0(=)e") % (0(—)e") » D2 W) (2) .
Observe that

DA (e) = —do [ (W(gyer=l)

[ = (10 e e (e

The convolution kernel (6(—-)e#") is L! integrable and its Fourier transform
satisfies F[0(—)e* | (k) = (u—ik) ' /v/2m. We use the identities F[fxg](k) =
V2rF(f](k) Flgl(k), Flfe*](k) = FLfI(k +ip), and
0=, _ [0©], . _ (=ik)*!
Ao =)o - Tl

for k € C, to compute

FlerDeve 10| 00 = ~do [ [B(-9e (=) W = b=yt ()] 77|

— dEm <f[0(—~)(—-)*“}(k n w>) <(z‘k - u)f[W](k)>
= (iR FIW(R).

Therefore, the first integral operator is a pseudo-differential operator with

(A7) ]-'{e“é /:O /ym DY [We™](2) dzdy} (k) = (u — ik)*"2 FIW](k).
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The second integral operator satisfies
—eh(oo) [ [T W ddy =~ (6) (1)) £ (0(-)e) W
& Jy

whence the integral operator is a pseudo-differential operator with

(A.8)
F|—en' (¢ ” ooVV 2)e " dzdy| (k) = —h (o) (u—ik) "2 FIW](k).
[ (¢)/£/y (2) y| (k) = —W(6-) (u—ik) 2 FIW ()

Thus the linear operator in (A.6) is a pseudo-differential operator with sym-
bol (A.5).

It remains to justify that (A.6) is a Wiener-Hopf equation with some L
integrable kernel. Indeed, inverting the symbols (A.7) and (A.8) allows to
write (A.6) as TW(x) — K « W(z) = 0 with K given by (A.4), which has
support on the negative real line R_ and is L! integrable. O

Theorem A.2. Suppose that 0 < p < min{\, 1'(¢-)/(2 — @)}, where X is
the unique positive real root of (2.9). Then, all solutions of (2.8) that are
in the space

LER.) = {f € L®(Ry): [(€) = e¥g(€) for some g€ L¥(R-)}
are given by the one-parameter family {be*s : b € R}.

Proof. Let us see that the conditions of Theorem A.1 are satisfied by the
symbol (A.5). The symbol a, gives a closed curve s — a,(s) for s € R, since
lims_s 400 au(s) = 7. The ellipticity follows from the fact that the numerator
of (A.5) only vanishes identically at s = 0 and g = A (by assumption
0 < o < A) and the denominator of

I7(p —is)® + (u—is)™ = W (¢-)|?

2 _
|all«(s)‘ - (MQ o 52)2 4 4/1‘252

does not vanish.

Moreover, the winding number of the closed curve is a well-defined inte-
ger. In order to compute the winding number around the origin we add the
number of times that the curve crosses the negative real line in the anticloc-
kwise direction and subtract the number of times it does it in the clockwise
one.

There is a crossing at s = 0, since

Ti? +p® = h(p-)
wt

Let us see that this is the only one. In order to do that we compute
(A.9)

a,(0) = <0 pe(0,N).

(12 + 593 (2 — %) cos(©40) + 2syasin(O,,0)) — (12 = W (6-)

R =
e(a(s) = T+ e

)

and
(2 + %)% (2spc08(O5 pax) — (U2 — s2)sin(O, uax)) — 2sph/(p—)
u4 + 84 +2u252 :

Im(a,(s)) =
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We observe that when the curve crosses the real line then Im(au(s)) = 0,
imposing this condition and using (2.6) gives

as2 sin(©s, )

Wb ) = (12 + 52 0
(0-) = (i + )3 ST
and substituting this expression into (A.9) gives
Re=1+ (/ﬂ +52)%w >0,

25
thus the curve crosses the negative real line only once. It remains to deter-
mine whether the crossing is in the clockwise or anticlockwise direction. We
compute2

d
%Rc(aﬂ(s))‘s:o = L
and, under the assumption on p,
d (2—a)p* —H(¢-)
fom(ay ()] = SO

3H(6-)

>0

<0.

Thus the curve a,(s) runs once around the origin in the anticlockwise sense,
i.e. the winding number is 1. Applying Theorem A.1 and changing from W
to V' and then to the original variable imply the statement. O

APPENDIX B. THE ROOTS OF (2.9), (3.10) AND (3.29)

In this appendix we show that (2.9) has exactly one real positive root two
complex conjugate roots with negative real part. We prove the result for
the more general algebraic equation:

(B.1) f)=22+az*=b for a,b>0, ac(01).

In order to prove this we use a version of Rouche’s theorem as in [4], where
it is shown that

(B.2) g(z) =22+ az*+b for a,b>0, ac(0,1)

has exactly two complex conjugate roots with negative real part. We observe
that (3.10) and (3.29) are of this form, so they have two complex conjugate
roots with negative real part.

Lemma B.1. For any positive values of a, b and any value o € (0,1).
Assume that z is the principal part of z& (—m < arg(z) < m), then (B.1) has
exactly one real positive root and two complex conjugate roots with negative
real part, and (B.2) has ezactly two complex conjugate roots with negative
real part on the principal branch.

2We give the full expressions of the derivatives for completeness:

(2= @) )% (1 = 352 psin(@. ) — (3 = 2)sc0s(©.0) ) + (3~ W (6-)
pt 4 st 4 2p2s?

L Re(an(s)) =
and
(1 + )% (2 = 0) (35" ~ 1) cos(©,,u0) + (57 — 3p%)s sin(©.,4)) — 2u(p” ~ 3N (6-)

d
4y 8))|sm0 = —
Sim(au(s))]s=0 uh+ st +2us?

d:
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Proof. The statement about (B.2) has been shown in [4] (Theorem 13), we
do not prove it here. In fact the proof for (B.1) can be done along the same
lines, as follows.

First, it is easy to see that the unique positive real root of (B.1) is the
only root with positive real part (see argument following (2.9)). Indeed, we
argue by contradiction and assume that there exists a zp € C that solves
f(2) = 0 and that Re(zp) > 0. Since clearly Z) must also solve f(z) =0 we
can assume that arg(zg) € (0,7/2). Then, inspection of f(z) shows that
Im(f(z20)) > 0, which contradicts the assumption f(zp) = 0.

It is also easy to show by simple inspection of f(z) that there are neither
purely imaginary roots of (B.1) nor negative real ones.

Since f(z) = 0 implies f(z) = 0 we can restrict ourselves to the open
sector

Q:={z€C: arg(z) € (n/2,m)}.
It then remains to show that there is only one z € @ such that f(z) =0. In
order to do that we use a version of Rouche’s theorem by T.Estermann [6].
This theorem says that if f and [ are regular functions on a simply connected
region Q C C and if |f — | < |f| 4+ |I] on OQ then f and h have the same
number of zeros in Q counted with their multiplicity. We shall then apply
this to f as in (B.1), which we shall compare to I given by

I(2) =22 +i.

Let z € Q N Ag where, for any given R > 0, Ar denotes the ring {z € C:
1/R < |2| < R}. One can check that if R is large enough so that for all
0 € [7/2,7] z = Re% then

If ()| + |l(z)] > 2R® —aR®* —b—1>aR* + b+ 1> |f(z) —(2)].

In order to prove the strict inequality on the rest of the boundary of QN Ap,
we argue by contradiction and assume that |f — | = |f| + |{| in this region.
Thus, in particular, there exists a L > 0 such that f = —LI there. Then
for z = ¢ /R with 6 € (7/2,7) we obtain [Im(l)| > [Im(f)|, but |Re(l)| <
|[Re(f)| if R is sufficiently large, and this contradicts f = —LI. Finally, if
0 € {n/2,7} then Im(—I) = —c < 0 and Im(f) = alz|sin(ad) > 0, and this
also contradicts f = —Llh. Since we can take R as large as we want, this
concludes the proof. O

Let us for completeness compute the two term expansion of the roots of
(2.9) for very small values of 7 (this can be made rigorous be applying the
implicit function theorem): A regular expansion gives the real root, in this
case it is easy to obtain by inserting the ansatz A = \g + 7A; + O(7?), and
one gets that

T 3-

(B.3) A=H ()7 = ZH(6-) 5 +0(r2).

a — —
o

The complex conjugated roots are obtained by first performing the scaling
A= T_ﬁ;\, and inserting the ansatz A = Ag + 72-a\; in the rescaled
equation A2 4 X\ — 7'ﬁ = 0. To leading order one gets three zeros, namely
Ao = 0, e™/(@=2) and e~/(2=2)  The first one corresponds to the real one
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already found, from the other two one then gets (in the original scaling):
im—1_ 1 h (-

(B.4) A=etmam o —— (@-) e

T3-a QCimE + aeizn’ a3

+O(rT=).

A similar approach can be used to compute the expansion of the zeros of
(B.5) 22+ az* +b=0

provided that a and b are of order 1 as 7 — 0. In that case the zeros are
approximated by
(B.6)

+im L 1 b 1

R EE .
z=qe2¢ Al ———————— i —— tO(T2)  as T—0".
TTa  9qa-2etMaz 4 gaa T et e

ApPPENDIX C. COMPUTATION OF THE LINEAR PROBLEMS (2.23), (3.5)
AND (3.25)

In this appendix we give a way of solving implicitly equations of the type
(3.5) and (3.25) for a given inhomogeneity and initial conditions on the
unknown and its derivative. The method is by using the Laplace transform
and the computations can be found in e.g. [4] and [8], we follow the latter.

Given the initial value problem

(C.1) "+ D +ab =Qn), '= an
subject to
(C2) Y(Ot) =Co, (0M)=0Cr.
we apply the Laplace transform, £ to get
1 /
(C3) L)(s) = P reta (LQ)(s) + (15 + s>y (0F) + 7¢/(07)))

we recall that £(f)(s) = [;7 e ™*"f(n)dn. And using that L(f x g)(s) =
L(f)(s) L(g)(s) then:

_ NN 75+ 5471 o A 1 1 1
v =v(0)L <752+8“+a +ry/(07)L 782+ 5%+ a +L 782+ 5%+ a *Q

For simplicity, we let

+ 5271 75+ 5271
C4 =L! s d 9(s) = ———"-—
(C4) v(n) <7’52 +s*+a and  9(s) 752+ 5%+ q

and observe that, since

1 1
1 —sh
7824+ 5% 4 a a( 50(s))

c <m> (n) = *évl(ﬂ)-

‘We also observe that:

then

C.5 li = lim si(s) =1 and lim o'(n) =0.
(C.5) niggv(n) Jim s3(s) an nggy(n)
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We can write the expression of ¢ in terms of v instead to get

T - 1 /M
(©0)  bn) = 00 )l = T 0w~ ¢ [ Q-
For a > 0, let us sketch the computation of v(n), we recall that since this
is the inverse Laplace transform of ¥(s), we have to compute:

1 75+ 571
C.7 = — el d
( ) 1)(77) 27 /Br € 7_52 + s« +a S

where Br C C is a Bromwich contour:
(C.8) Br:={s: Re(s) =0 >1& Im(s) € (—o0,00)}

moreover, we restrict to the principal representation of s, namely, here
arg(s) € (—m,n]. We follow the approach in [8], although they do it in some
more detail for a different example and in the analogous case the estate the
formulae. The results of [4] about the zeros of 722 + 2* + a apply here to
the poles of the integrand in (C.7) for a > 0, thus, there exist two zeros that
are complex conjugates and have negative real part, let them be denoted
by s; and sg. Then the contribution to the integral of these poles can be
computed away from the Riemann surface cut (since o € (0,1)) that is the
negative part of the real line. One can then split the integral as follows:

(C.9)
s+ 571

1 .
v(n) = =— lim e ————ds+ Z Res (65"

271 60 Ha(8) 782+ 5%+ a

75+ 571
752+ 5%+ a

5§=51,52

where Ha(0) is the Hankel path in C

(C.10) '

Ha(0) = {s = —r+id, 7 > 0}U{s = —r—id, r > 0}U{s = 6¢'®, B € [-7/2,7/2]}
It is easy to see by splitting the first integral term of (C.9) on these three

contours that the one corresponding to the semicircle tends to 0 as 0 tends
to 0. The contribution of the other two is symmetric and gives:

(C.11)

1 [ _ 7(re’™) + (refv)e1 75+ s*71
- m . . d Res (e 025 )
v(m) T /0 e <T(T’e”)2 + (ref™)* +a rt Z Rl +5%4q

5=51,52

We compute the integrand and residues, and get (using trigonometry)
a—1

Im T(re'™) + (refme-t B ar®!sin(am)
T(re™2 4+ (reim)e +a ) (7r2 +a) + 2(112 + a)r® cos(am) + 2@

and (using that s; and sy are complex conjugates)

a—1 a—1
Z Res (esni‘rji Sa - ) = 2Re <es”’7ml R 1) .
782+ 5%+ a

oo 2751 + asy
We then write v(n) as

(C12) w(n) = asin(am) /oo e "K(r)dr + 2Re (es‘"
Jo

781 + s‘f”l
- ,

a—1
2751 + asg
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where
(C.13)

K@) =r*'R(r) with K(r)= !

(172 + a)? + 2(772 + a)r® cos(am) + r2e’

That the integral term is bounded follows from application of Watson Lemma
(see [20]), since K is C*° near r = 0, K(0) =1 # 0, @« —1 > —1 and cle-
arly there exist non-negative constants C' and b such that |K(r)| < Ce®.
Then the integral is bounded and moreover if 7 is large enough the following
approximation holds

Rl 2L KM (0)T(a + n)
e K (r)dr ~ —r a8 N — .
/ LI

One can compute the derivatives of K and show that the odd order ones
are zero at 7 = 0 and the even order ones do not vanish there; a two-term
expansion reads:

(C.14)
R INa) 1 4T(a+2) 1 1
/0 eﬂK(r)dr~7n—a—Tna+2+O pres as 17— 00.
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ADDENDUM TO “TRAVELLING WAVES FOR A
NON-LOCAL KORTEWEG-DE VRIES-BURGERS
EQUATION” [J. DIFFERENTIAL EQUATIONS 257 (2014),
NO. 3, 720-758]

FRANZ ACHLEITNER AND CARLOTA MARIA CUESTA

ABSTRACT. We add a theorem to [J. Differential Equations 257 (2014),
no. 3, 720-758] by F. Achleitner, C.M. Cuesta and S. Hittmeir. In
that paper we studied travelling wave solutions of a Korteweg-de Vries-
Burgers type equation with a non-local diffusion term. In particular, the
proof of existence and uniqueness of these waves relies on the assumption
that the exponentially decaying functions are the only bounded solutions
of the linearised equation. In this addendum we prove this assumption
and thus close the existence and uniqueness proof of travelling wave
solutions.

1. INTRODUCTION

In [1] we study the existence and stability of travelling waves of the follo-
wing one-dimensional evolution equation:

(1.1) opu + Opu? = 0, D%+ 703u, x€R, t>0

with 7 > 0, see also [2] for the case 7 = 0. The symbol D* denotes the non-
local operator acting on x that, applied to a general function f : R — R,

reads

1.2

" T f'y) 1
'Do‘f(x):da/ Wdy, with 0<a<1, da::m>0,

here T denotes the Gamma function.This operator can be interpreted as
a fractional derivative of order « in the Caputo sense, see e.g. [3], with
integration taken from —oo.

We recall that travelling wave solutions of (1.1) are solutions of the form
u(z,t) = ¢(&) with € = = — ct and ¢ € R, that satisfy

(1.3)  h(¢) =D +7¢", where h(g):= —c(¢—¢_)+¢*—¢.

and
(1.4) lim 0(€) = ¢-. lim 6() = o

§——o0

(see [1] for details) for some constant values ¢_ and ¢4. Here ' denotes
differentiation with respect to ¢. Further, it is assumed that ¢_ > ¢4 (Lax
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entropy condition), which implies that ¢ = ¢+ +¢_ (Rankine-Hugoniot wave
speed), and also that h/(¢—) = ¢— — ¢4 > 0.

The proof of existence and uniqueness of travelling wave solutions, for
both 7 > 0 and 7 = 0, relies on the assumption that the functions v(¢) =
Ce*é, C € R, are the only solutions in the Sobolev spaces H*((—o0, 0]) with
s=2if 7 =0 (see [2]) and s =4 if 7 > 0 (see [1]) of the linearised equation

(1.5) W(p_)v =D + 70",
where the exponent A > 0 is the real and strictly positive zero of
(1.6) P(z) =722 4+ 2% — I/ (¢-).

We recall that for 7 > 0 there is a unique positive real zero of (1.6), the
other zeros being two complex conjugates with negative real part, see [1].

In [1] we do not give a complete proof of this assumption, however, we
prove it in suitable weighted exponential spaces. We show this by writing
the equation as a Wiener-Hopf equation ([6]) and applying the results by [4].
Namely, we show that if 0 < p < min{\, #'(¢_)/(2 — )}, then, all solutions
of (1.5) that are in the space
L (—00,0) = {f € L®(—00,0) : f(£) =elg(€) for some g € L®(—o0,0)}
are given by the one-parameter family {Ce* : C' € R}. A similar result is
given in [2] for the case 7 = 0, where it is also shown that bounded solutions
decay to 0 as £ — —oo faster than algebraically.

The aim of the current addendum is thus to present a proof that removes
the weight of the space. Namely, we show that:

Theorem 1.1. All solutions of (1.5) with T > 0 that are in H*(—o0,0) with
5 > 2 are given by the one-parameter family {€ € (—00,0) — Ce* : C € R},
where X is the positive zero of (1.6).

A crucial point in our proof will be the non-negativity of the integral

0
(1.7) I[v] == / V' (6)D%v(€)dE.

J —00
We give the proof of Theorem 1.1 in the next section. Let us now recall
some notation and properties of (1.2). For s > 0 we shall adopt the following
notation for the Sobolev space of square integrable functions,

HA(R) == {u: |lullgsm) < oo}, sy = N1 + K12/ %] 2 ) »
and the corresponding homogeneous norm ||ul| FaR) = [I1k]*@|l 2 (R, Where
@ denotes the Fourier transform of u. It is easy to see that ||D%ul| . ® =
HuHHHQ(R), so that D is a bounded linear operator from H*(R) to H*~*(R).

We recall that the analysis in [1] starts out by proving a ’local’ existence
result on (—o0, &] with £y < 0 and |&| sufficiently large. This proof is based

on linearisation about £ = —oo (or, equivalently, ¢ = ¢_), which is given by
(1.5). It is then assumed that
(1.8) /\/(7852 + D% — h'(¢-)Id) = span{e®} in H*(—o0,&)

where Id denotes the identity operator and s = 4 if 7 > 0 and s = 2 if
7 = 0. The assumption (1.8) follows if Theorem 1.1 is true. Notice that the
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3
problem is invariant under translation, so we can take £ = 0 without loss
of generality in order to show (1.8).

2. PROOF OF THEOREM 1.1
We work in the Hilbert space
H3(—00,0) = {v € H(=00,0) : v(0) =0} N H?(—0,0).

We need two lemmas. First, we find a way of writing the potential in D as
an integral (see [5]):

Lemma 2.1. (i) Let h € CX(R) be an even function, then H : R — R
defined by

H(t) ::/Rh(t—’r)h(r)dr

is an even non-negative function with compact support. Moreover,
h can be normalised such that [~ H(t)dt = 1.
(ii) Let 8> —1 and H as in (i), then for all z € R

||~ = / P H (tz)dt .
0

Moreover, for any &, y € R and a > 0, we have

(2.1) |-yl = / / (z — ) h(t(z — y)) dz dt.

We can now show the following key result:

Lemma 2.2. Let v € HZ(—00,0), then the integral I[v] in (1.7) is well-
defined and is non-negative. Moreover, I[v] is zero if and only v = 0.

Proof. We first show that I[v] is well-defined. Indeed, using the Cauchy-
Schwarz inequality and that « € (0,1), it follows that

(2.2) ' / €)de

We now use the reflection operator € : H2(—o0,0) — H%(R),

< 'l 22 (co00) 1PV L2(—00,0) -

u(z) ifz<0
El(z) = u*(z) = )
() = w'() {u(m) ifx >0,
so that Hu*H%Z(R) =2[[ull?, (—oc,0) Then,
1DVl Z2( 00y < 1D 0" 172 Ry = 10" gy < N0 70y = 200l 73 (—o0r0) < 00

This and ( 2.2) imply that I[v] is well-defined.
In order to determined the sign of I[v], we first write (1.7) over integrals
on R:

T

where 6 denotes the Heaviside function. In the first identity we have used
the definition of D® and Fubini-Tonelli Theorem. Let us, for simplicity
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of notation, write F(z) = ¢'(2)0(—z). Then, by expressing the potential
according to Lemma 2.1 (2.1), we obtain

)
M= [ [F©Fw [~ [ hetc =) hietz = ) deavayae

and by Fubini-Tonelli Theorem we have that

I = %/Omta./]m </RF(§)h,(t(z7§))d§>2dzdtZO.

Now, if I[v] = 0 then F x hy = 0 almost everywhere, where hy(z) = h(tz).
Since h has compact support, h; acts as a mollifier as ¢ — oo and it is not
hard to show that then F =0 ([5]). Recalling that F(z) = v'(z)0(—z) with
v(0) = 0 then v = 0. O

Proof of Theorem 1.1. First let us prove the uniqueness of solutions of (1.5)
in H%(—o0,0) for a given data in ¢ = 0. This is equivalent to proving that
the only solution of (1.5) in HZ(—o0,0) is v = 0; indeed, if v; and vy are
two solutions of (1.5) with v;(0) = v2(0), then v = vy — vo satisfies

h/(¢7)12 — Da’l) + T’l}”
(23) {’U(O) =0.

Testing (2.3) with v/ € H'(—00,0) and integrating with respect to & we
obtain:

! 0 T
0= uop [ v@protae+ Lo

and Lemma 2.2 implies that v = 0.

It is easy to see, just by a straight computation, that the exponential
functions Ce’¢ with u being a zero of (1.6) satisfy (1.5). If 4 = ), then
these exponential functions are the only solutions in H 2(—00,0), by the
uniqueness just established. On the other hand, since these functions are
also solutions in H*(—00,0) with s > 2 and H*(—00,0) C H?(—00,0), the
result follows. O
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TWO CLASSES OF NONLOCAL EVOLUTION EQUATIONS
RELATED BY A SHARED TRAVELING WAVE PROBLEM

FRANZ ACHLEITNER

ABSTRACT. We consider nonlocal reaction-diffusion equations and non-
local Korteweg-de Vries-Burgers (KdVB) equations, i.e. scalar conser-
vation laws with diffusive-dispersive regularization. We review the exis-
tence of traveling wave solutions for these two classes of evolution equa-
tions. For classical equations the traveling wave problem (TWP) for a
local KdVB equation can be identified with the TWP for a reaction-
diffusion equation. In this article we study this relationship for these
two classes of evolution equations with nonlocal diffusion/dispersion.
This connection is especially useful, if the TW equation is not studied
directly, but the existence of a TWS is proven using one of the evolution
equations instead. Finally, we present three models from fluid dynam-
ics and discuss the TWP via its link to associated reaction-diffusion
equations.

1. INTRODUCTION

We will consider two classes of (nonlocal) evolution equations and study
the associated traveling wave problems in parallel: On the one hand, we
consider scalar conservation laws with (nonlocal) diffusive-dispersive regu-
larization

(1) Ou+ 0pf(u) = eLqu] + 00, Lofu) , t>0, xzeR,
for some nonlinear function f : R — R, Lévy operators £; and La, as well
as constants €, € R. The Fourier multiplier operators £; and 9, L, model

diffusion and dispersion, respectively. On the other hand, we consider scalar
reaction-diffusion equations

(2) Ou=ocLslul+r(u), t>0, zeR,

for some positive constant o, as well as a nonlinear function r : R — R and
a Lévy operator £3 modeling reaction and diffusion, respectively.

Definition 1.1. A traveling wave solution (TWS) of an evolution equation—
such as (1) and (2)-is a solution u(z,t) = u(€) whose profile @ depends on
¢ := x — ct for some wave speed c. Moreover, the profile 4 € C?(R) is
assumed to approach distinct endstates u such that

(3) Jim a(€) = us , Jim a™M(€) =0 withn=1,2.

Such a TWS is also known as a front in the literature. A TWS (@, c¢) is
called monotone, if its profile 4 is a monotone function.

Key words and phrases. nonlocal evolution equations, traveling wave solutions,
reaction-diffusion equations, Korteweg-de Vries-Burgers equation.
1

appeared as: F. Achleitner. “Two Classes of Nonlocal Evolution Equations
Related by a Shared Traveling Wave Problem”. In: From Particle Systems to
Partial Differential Equations. Ed. by P. Gongalves and A. J. Soares. Springer
International Publishing, 2017, pp. 47-72



94 2. KORTEWEG-DE VRIES-BURGERS EQUATIONS

2 FRANZ ACHLEITNER

Definition 1.2. The traveling wave problem (TWP) associated to an evo-
lution equation is to study for some distinct endstates u4 the existence of a
TWS (@, c) in the sense of Definition 1.1.

We want to identify classes of evolutions equations of type (1) and (2),
which lead to the same TWP. This connection is especially useful, if the
TWP is not studied directly, but the existence of a TWS is proven using
one of the evolution equations instead. A classical example of (1) is a scalar
conservation law with local diffusive-dispersive regularization

(4) Opu+ Opf(u) = €d?u+603u, t>0, zeR,

for some nonlinear function f : R — R and some constants e > 0 and § € R.
Equation (4) with Burgers flux f(u) = u? is known as Korteweg-de Vries-
Burgers (KdVB) equation; hence we refer to Equation (4) with general f as
generalized KAVB equation and Equation (1) as nonlocal generalized KAVB
equation. A TWS (u, ¢) satisfies the traveling wave equation (TWE)

(5) —ct' + f'(u) @' = eu” +6u", £cR,
or integrating on (—oo,¢| and using (3),
(6) h(u) == f(a) —cu— (flu_) —cu_)=et' +6u", ¢€R.

However, the TW ansatz v(z,t) = u(x — et) for the scalar reaction-diffusion
equation

(7) O = —h()+350%v, t>0, z€R,

leads to the same TWE (6) except for a different interpretation of the pa-
rameters. The traveling wave speeds in the TWP of (4) and (7) are ¢ and e,
respectively. For fixed parameters ¢, €, and §, the existence of a traveling
wave profile @ satisfying (3) and (6) reduces to the existence of a hetero-
clinic orbit for this ODE. This is an example, where the existence of TWS
is studied directly via the TWE.

An example, where the TWE is not studied directly, is the TWP for a
nonlocal KdVB equation (1) with £1[u] = 82u and Ls[u] = ¢+u—u for some
even non-negative function ¢ € L'(R) with compact support and unit mass,
where ¢¢(-) := ¢(-/€)/e with € > 0. It has been derived as a model for phase
transitions with long range interactions close to the surface, which supports
planar TWS associated to undercompressive shocks of (51), see [52]. In
particular, the TWP for a cubic flux function f(u) = u? is related to the
TWP for a reaction-diffusion equation (2) with £3[u] = La[u]. The existence
of TWS for this reaction-diffusion equation has been proven via a homotopy
of (2) to a classical reaction-diffusion model (7), see [14].

Outline. In Section 2 we collect background material on Lévy operators L,
which will model diffusion in our nonlocal evolution equations. Special em-
phasize is given to convolution operators and Riesz-Feller operators. In
Section 3 we review the classical results on the TWP for reaction-diffusion
equations (7) and generalized Korteweg-de Vries-Burgers equation (4). We
study their relationship in detail, especially the classification of function
h(u), which will be used again in Section 4. In Section 4, first we review the
results on TWP for nonlocal reaction-diffusion equations (2) with operators
L3 of convolution type and Riesz-Feller type, respectively. Finally, we study
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the example of nonlocal generalized Korteweg-de Vries-Burgers equation (1)
with £q[u] = Di/ %4 and Lo[u] = 0%u modeling a shallow water flow [44],
and Fowler’s equation

(8) atu+8wu2:8§u—8ﬂ)l/3u, t>0, zeR,

modeling dune formation [36], where D¢ is a Caputo derivative. In the
Appendix, we collect background material on Caputo derivatives D and
the shock wave theory for scalar conservation laws, which will explain the
importance of the TWP for KdVB equations.

Scalar conservation laws with fractional Laplacian are another example of
equation (1) with £1[u] = —(=82)*/% u, 0 < a < 2, and L3[u] = 0. However,
its traveling wave problem can not be related to a nonlocal reaction-diffusion
problem like our examples. Therefore, instead of discussing its traveling
wave problem, we refer the interested reader to the literature [15, 31, 32, 7,
10, 43, 30, 23, 8, 33, 26] and references therein.

Notations. We use the conventions in probability theory, and define the
Fourier transform F and its inverse F~! for g € L'(R) and x,k € R as

Flgl(k) == /R e“kzg(x) dx ; ]ffl[g](x) ;:# /R efikzg(k) dk .

In the following, F and F~! will denote also their respective extensions to
L2(R).

2. LEVY OPERATORS

A Lévy process is a stochastic process with independent and stationary
increments which is continuous in probability [12, 40, 53]. Therefore a Lévy
process is characterized by its transition probabilities p(t,z), which evolve
according to an evolution equation
) Op = Lp
for some operator £, also called a Lévy operator. First, we define Lévy
operators on the function spaces Co(R) := {f € C(R)| limy|_ f(z) = 0}
and C3(R) == {f, f/, f" € Co(R)}.

Definition 2.1. The family of Lévy operators in one spatial dimension
consists of operators £ defined for f € C3(R) as
(10)

£1@) = 3AP @) @+ [ (o) = @) =y 7@ ) v(d)
for some constants A > 0 and v € R, and a measure v on R satisfying
v({0}) =0 and / min(1, |y?) »(dy) < co.
R

Remark 1. The function f(z+y)— f(z) —y f'(2)1(—1,1)(y) is integrable with

respect to v, because it is bounded outside of any neighborhood of 0 and
fla+y) = f@) =y f@)1lny) =0(yl*) as |y =0

for fixed . The indicator function c(y) = 1(_11)(y) is only one possi-

ble choice to obtain an integrable integrand. More generally, let ¢(y) be a
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bounded measurable function from R to R satisfying ¢(y) = 1 + o(Jy|) as
ly| = 0, and c(y) = O(1/]y|) as |y| — oo. Then (10) is rewritten as

(1)
LF(2) = YAP" (@) /() + /R (F&+9) — F(2) — y F'(@)e)) v(dy) |

with v = v+ [ y (c(y) — L1,1)(y)) v(dy).

Alternative choices for ¢:

(c 0) If a Lévy measure v satisfies fly\<1 ly] v(dy) < oo then ¢ = 0 is
admissible.

(c 1) If a Lévy measure v satisfies fly\>1 ly] v(dy) < oo then ¢

1l
—
-
w

admissible.
‘We note that A and v are invariant no matter what function ¢ we choose.

Examples.
(a) The Lévy operators

(12) cf = /R (F(x +9) — 1(x)) v(dy)

are infinitesimal generators associated to a compound Poisson pro-
cess with finite Lévy measure v satisfying (c 0). The special case of
v(dy) = ¢(—y) dy for some function ¢ € L*(R) yields

(13) £f(z) :/R (F@+y) - £()) o(—y) dy = (6 f — /R 6 dy f)(z).

(b) Riesz-Feller operators. The Riesz-Feller operators of order a and
asymmetry 6 are defined as Fourier multiplier operators

(14) FIDgfI(k) = v5(k) FISI(R),  keR,

with symbol 9§ (k) = —|k|®exp[i sgn(k) Om/2] such that (a,0) €
Da,9 and

Dop:={(a,0) cR?|0<a<2, |§<min{a,2—-a}}.

Special cases of Riesz-Feller operators are
e Fractional Laplacians —(—A)%2 on R with Fourier symbol —|k|
for 0 < a < 2. In particular, fractional Laplacians are the
only symmetric Riesz-Feller operators with 7(7A)“/ 2 = Dy
and 6 = 0.
e Caputo derivatives —D¢ with 0 < o < 1 are Riesz-Feller oper-
ators with @ = o and 6 = —a, such that —D} = D see also
Section A.
e Derivatives of Caputo derivatives 9,D% with 0 < a < 1 are
Riesz-Feller operators with a =14 a and § = 1 — «, such that
0, DY = D%i’g
Next we consider the Cauchy problem
(15) Owu(z,t) = Dglu(-,)|(z) , w(z,0) =wup(z) ,

for (z,t) € R x (0,00) and initial datum ug.

o
—ar
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FIGURE 1. The family of Fourier multipliers vg(k) =
—|k|* exp [isgn(k)67/2)] has two parameters a and 6. Some
Fourier multiplier operators F[T f](k) = ¥g(k) F|[f](k) are
inserted in the parameter space (a,6): partial derivatives and
Caputo derivatives D¢ with 0 < oo < 1. The Riesz-Feller op-
erators D§ are those operators with parameters (a,6) € D, 9.
The set D¢ is also called Feller-Takayasu diamond and de-
picted as a shaded region, see also [47].

Proposition 2.2. For (a,0) € D, with § # £1 and 1 < p < oo, the
Riesz-Feller operator Dy generates a strongly continuous LP-semigroup

Sy LP(R) — LP(R) ,  wp — Siuo = G4(-,t) *xup ,
with heat kernel G4(x,t) = F~texp(t ¥§(:)](z). In particular, G3(z,t) is
the probability measure of a Lévy strictly a-stable distribution.

The proof of this proposition for a subclass 1 < @ < 2 in [6, Proposition
2.2] can be extended to cover all cases (a,6) € D,¢ with § # £1. For
(a,0) € {(1,1),(1,-1)}, the probability measure G§ is a delta distribution,
e.g. Gi(z,t) = 8p4¢ and G| (z,t) = Jy—y, and is called trivial [53, Definition
13.6]. However, we are interested in non-trivial probability measures G§ for

(a,0) € D5 :={(a,0) € Dapl0] <1},
such that Dap = Df 5, U {(1,1), (1,-1)}. Note, nonlocal Riesz-Feller Dg
operators are those with parameters
(a,0) €5 5:={(a,0) €Dyp|0<a<2, [0]<1},
such that @7 y = D3 , U {(2,0)}.

Proposition 2.3 ([6, Lemma 2.1]). For (a,0) € D , the probability mea-
sure G is absolutely continuous with respect to the Lebesgue measure and
possesses a probability density which will be denoted again by Gg. For all
(z,t) € R x (0,00) the following properties hold;

(a) G§(z,t) > 0. If @ # £a then Gg(x,t) > 0;

() 1G5 Ol wy = 15
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(¢) G4(x,t) = t~1/oGe(xt~V/,1);
(d) G§(-,s) * Gg(-,t) = Gg(-, s +1t) for all 5,t € (0,00);
(e) G§ € C5°(R x (0,00)).

The Lévy measure v of a Riesz-Feller operator Dy with (a,0) € D, is
absolutely continuous with respect to Lebesgue measure and satisfies

W(dy) = c_(G)y*iiady on (0,00) ,
Ol dy on (—00,0),
with c4(8) =T(1 4+ a)sin((a £ 0)7/2) /7, see [47, 54].
To study a TWP for evolution equations involving Riesz-Feller operators,
it is necessary to extend the Riesz-Feller operators to CZ(R). Their singular
integral representations (10) may be used to accomplish this task.

Theorem 2.4 ([6]). If (a,0) € D] y with a # 1, then for all f € S(R) and

(16)

reR
D) =+ OO iy
(17) +ecy (0 / fla+y) - f(llz!;raf/(ﬁ)yl(—l,l)(y) dy
fle—y) = fl@) + f'(@) ylan(y)
e / - £y1+a Yty dy

with c+(0) =T(1+ a)sin((a £ 0)7/2) /7. Alternative representations are
o If0<a<1, then

N e N Y e =

o [f1<a<?2, then

/ f@+y) = flz) - f'(2)

1+a

(18) D§f(z) Yy

1+a

/ fle—y) = f@) + @y

These representations allow to extend Riesz-Feller operators D§ to CZ(R)
such that DECZ(R) C Cy(R). For example, one can show

Proposition 2.5 ([6, Proposition 2.4]). For (a,0) € Dg9 with 1 < a < 2,
the integral representation (18) of DY is well-defined for functions f € CZ(R)
with

[2711 [lfa
(19) SUP|D9f( )N <K Neyry 5— 5.t 4K ch(R) < 00

for some positive constants M and K = @| sin((a+0)%)+sin((a—0)5)|.

Estimate (19) is a key estimate, which is used to adapt Chen’s approach [24]
to the TWP for nonlocal reaction-diffusion equations with Riesz-Feller op-
erators [6].
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3. TWP FOR CLASSICAL EVOLUTION EQUATIONS

In this section we review the importance of the TWP for reaction-diffusion
equations and scalar conservation laws with higher-order regularizations,
respectively.

3.1. Reaction-diffusion equations. A scalar reaction-diffusion equations
is a partial differential equation

(20) ou=0u+r(u), t>0, TR,

for some positive constant o > 0, as well as a nonlinear function r : R — R
and second-order derivative ('ﬁu modeling reaction and diffusion, respec-
tively. The TWP for given endstates uy is to study the existence of a
TWS (@, c) for (20) in the sense of Definition 1.1. If the profile @ € C?(R)
is bounded, then it satisfies limg_+o0 aM () =0forn=1,2. ATWS (@,c)
satisfies the TWE

(21) —cti' =r(u)+ou”, £€R.

Phase plane analysis. A traveling wave profile @ is a heteroclinic orbit of
the TWE (21) connecting the endstates u+. To identify necessary conditions
on the existence of TWS, TWE (21) is written as a system of first-order
ODE:s for u, v := u':

@ ()= (o enye) = F00 €2

First, an endstate (us,vs) of a heteroclinic orbit has to be a stationary state
of F,i.e. F(us,vs) =0, which implies vs = 0 and r(us) = 0. Second, (u—_,0)
has to be an unstable stationary state of (22) and (u4,0) either a saddle or
a stable node of (22). As long as a stationary state (us,vs) is hyperbolic,
i.e. the linearization of F at (us,vs) has only eigenvalues A with non-zero
real part, the stability of (us,vs) is determined by these eigenvalues. The
linearization of F at (us,vs) is

(23) DF(us,vs) = (_r/(gs)/g —cl/o> )

Eigenvalues A+ of the Jacobian D F (us, vs) satisfy the characteristic equation
N+ Ne/o+1'(us) /o = 0. Moreover, \_ + A} = —¢/o and A_X\; = 7/(us) /0.
The eigenvalues Ay of the Jacobian DF(us,vs) are

¢ 2 rl(us)  —cEn/c—dor!(uy)
(24) As = 20 * 402 o 20 '
Thus ' (us) < 0 ensures that (us,0) is a saddle point, i.e. with one positive
and one negative eigenvalue.

Balance of potential. The potential R (of the reaction term r) is defined as
R(u) := [} r(v) dv. The potentials of the endstates u are called balanced
if R(uy) = R(u_) and unbalanced otherwise. A formal computation reveals
a connection between the sign of ¢ and the balance of the potential R(u):
Multiplying TWE (21) with @, integrating on R and using (3), yields

(25) —c||@|3. = /u+ r(v) dv = R(uy) — R(u_) ,
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since [ @@ d¢ = 0 due to (3). Thus —sgnc = sgn(R(uy) — R(u_)).
In case of a balanced potential the wave speed c is zero, hence the TWS is
stationary.

Definition 3.1. Assume u_ > u;. A function r € C1(R) with r(uy) = 0 is
e monostable if '(u_) <0, r'(uy) > 0 and r(u) > 0 for u € (uq,u_).
o bistable if r'(uy) < 0 and

<0 forue (uy,us),
>0 forue€ (usu_).

Juy € (ug,u_) : r(u){

o unstable if 7' (uy) > 0.

We chose a very narrow definition compared to [56]. Moreover, in most
applications of reaction-diffusion equations a quantity u models a density of
a substance/population. In these situations only nonnegative states us and
functions u are of interest.

Proposition 3.2 ([56, §2.2]). Assume o >0 and u— > uy.

e [fr is monostable, then there exists a positive constant c. such that
for all ¢ > ¢, there exists a monotone TWS (u,c) of (20) in the
sense of Definition 1.1. For ¢ < ¢y no such monotone TWS exists
(however oscillatory TWS may ezist).

o Ifr is bistable, then there exists an (up to translations) unique mono-
tone TWS (u,c) of (20) in the sense of Definition 1.1.

o Ifr is unstable, then there does not exist a monotone TWS (@, c) of
(20).

If a TWS (4, c) exists, then a closer inspection of the eigenvalues (24) at
(u4,0) indicates the geometry of the profile @ for large ¢&:

& —dor' (uy) {

>0 TWS with monotone decreasing profile @ for large &;
<0 TWS with oscillating profile @ for large €.

3.2. Korteweg-de Vries-Burgers equation (KdVB). A generalized KIVB

equation is a scalar partial differential equation

(26) Opu+ 0o f(u) = €d?u+602u, xR, t>0,

for some flux function f : R — R as well as constants ¢ > 0 and § € R.

The TWP for given endstates uy is to study the existence of a TWS (4, c)

for (26) in the sense of Definition 1.1. The importance of the TWP for KAVB

equations in the shock wave theory of (scalar) hyperbolic conservation laws

is discussed in Section B. A TWS (&, c) satisfies the TWE

(27) —cu' + f'(u) W = eu" +0u", E€R,

or integrating on (—oo, ] and using (3),

(28)  h(u):=f(u) —ci— (flu) —cu_)=ei' +6u", E€R.
Connection with reaction-diffusion equation. A TWS u(z,t) = a(x—ct) of

a generalized Korteweg-de Vries-Burgers equation (26) satisfies TWE (28).

Thus v(z,t) = a(x — et) is a TWS (@, €) of the reaction-diffusion equation

(29) O =—h(©)+080%v, zeR, t>0.
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Phase plane analysis. Following the analysis of TWE (21) for a reaction-
diffusion equation (20) with r(u) = —h(u) and o = §, necessary conditions
on the parameters can be identified. First, a TWE is rewritten as a system
of first-order ODEs with vector field F'. Then the condition on stationary
states implies that endstates u+ and wave speed ¢ have to satisfy

(30) flug) = flus) = cluy —u) .

This condition is known in shock wave theory as Rankine-Hugoniot condi-
tion (54) on the shock triple (u_, u;c). The (nonlinear) stability of hyper-
bolic stationary states (us,vs) of F' is determined by the eigenvalues

le €2 + 46N (us)

31 Ny = ———4 ¥~ 7S

(31) 7795 2[4]

of the Jacobian DF (us, vs). If €,6 > 0, then (uy,0) is always either a saddle
or stable node, and A/(u_) = f'(u_)—c¢ > 0 ensures that (u_,0) is unstable.
For example, Lax’ entropy condition (55), i.e. f'(uy) < ¢ < f'(u—), implies
the latter condition.

Convex flux functions.

Theorem 3.3. Suppose f € C%(R) is a strictly convex function. Let ¢, §
be positive and let (u—,u;c) satisfy the Rankine-Hugoniot condition (54)
and the entropy condition (55), i.e. u— > uq. Then, there exists an (up to
translations) unique TWS (@, c) of (26) in the sense of Definition 1.1.

Proof. We consider the associated reaction-diffusion equation (29), i.e. dyu =
r(u) + 602u with r(u) = —h(u). Due to (54) and (55), r(u) is monostable
in the sense of Definition 3.1. Moreover, function r is strictly concave, since
r(u) = —f"(u) and f € C?*(R) is strictly convex. In fact, (us,0) are the
only stationary points of system (22), where (u_,0) is a saddle point and
(u4,0) is a stable node. Thus, for all wave speeds e there exists a TWS (u, €)
— with possibly oscillatory profile 4 — of reaction-diffusion equation (29).
Moreover, (u,c) is a TWS of (26), due to (27)—(29). O

The TWP for KdVB equations (26) with Burgers’ flux f(u) = u? has
been investigated in [16]. The sign of § in (26) is irrelevant, since it can be
changed by a transformation & = —z and a(Z,t) = —u(z,t), see also [41].
First, the results in Theorem 3.3 on the existence of TWS and geometry
of its profiles are proven. More importantly, the authors investigate the
convergence of profiles @(&;¢€,6) in the limits € — 0, 6 — 0, as well as €
and ¢ tending to zero simultaneously. Assuming that the ratio §/¢? remains
bounded, they show that the TWS converge to the classical Lax shocks for
this vanishing diffusive-dispersive regularization [16].

Concave-convex flux functions.
Definition 3.4 ([45]). A function f € C3(R) is called concave-conver if

() uf'@)>0 Vur0, f0)£0, lm f(w)=-+.

Here the single inflection point is shifted without loss of generality to the
origin. We consider a cubic flux function f(u) = u® as the prototypical
concave-convex flux function with a single inflection point, see [39, 45].

appeared as: F. Achleitner. “Two Classes of Nonlocal Evolution Equations
Related by a Shared Traveling Wave Problem”. In: From Particle Systems to
Partial Differential Equations. Ed. by P. Gongalves and A. J. Soares. Springer
International Publishing, 2017, pp. 47-72



102 2. KORTEWEG-DE VRIES-BURGERS EQUATIONS

10 FRANZ ACHLEITNER
U
monostable A (u)
Us K U < Uy

U < Uy < Uy

,— monostable —h(u)
U_

monostable A(u) u_ < uyp < uy

A

Up < U—|< Uy
monostable h(w)

FIGURE 2. classification of the cubic reaction function
r(u) = —h(u) in (34) depending on its roots u_, uy and
Uy = —u_ — ug according to Definition 3.1.

Proposition 3.5 ([41, 38]). Suppose f(u) = u® and € > 0.
(a) If 6 < 0 then a TWS (a,c) of (26) exists if and only if (u_,uy;c)
satisfy the Rankine-Hugoniot condition (54) and the entropy condi-
tion (55).
(b) If 6 > 0 then a TWS (a,c) of (26) exists for u— > 0 if and only if
uy € S(u_) with

_Jue) if um <28,
(33) S(u-) = {{_u CAUIBa)  fu 528
V2 e

where the coefficient B is given by B = 5 7

Proof. Following the discussion from (26)—(29), we consider the associated
reaction-diffusion equation (29), i.e. yu = r(u) + 602u with r(u) = —h(u).
From this point of view, we need to classify the reaction term r(u) = —h(u):
Whereas r(u—) = 0 by definition, r(u4) = 0 if and only if (u_, uy;c) satis-
fies the Rankine-Hugoniot condition (54). The Rankine-Hugoniot condition
implies ¢ = u% + uy u_ +u®. Hence, the reaction term r(u) has a factor-
ization

(34) r(w) = —(u® —ud —c(u—u)) = —(u—u_) (u—1up) (u+up +u)

Thus, r(u) is a cubic polynomial with three roots u; < ug < ug, such that

r(u) = —(u —u1)(u — u2)(u — uz). In case of distinct roots u; < ug < us
we deduce r'(u1) < 0, 7’(u2) > 0 and r’(u3) < 0. The ordering of the roots
ug and u, = —u_ — uy depending on w4 is visualized in Figure 2. Next,

we will discuss the results in Proposition 3.5(b) (for u— > 0 and ¢ > 0) via
results on the existence of TWS for a reaction-diffusion equation (29).
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(1) For uy < uy < u—, function r(u) is bistable, see also Figure 2. Due
to Proposition 3.2, there exists an (up to translations) unique TWS
(@, €) with possibly negative wave speed. Under our assumption
that the wave speed € is positive, relation (25) yields the restriction

—uy > u_. In fact, for u— > 20 and uy = —u_ + 3 there exists
a TWS (a,e) for reaction-diffusion equation (29), see [41, Theorem
3.4]. The function r is bistable with u. = —u_ — uy = —f3, hence

f'(ug) > ¢. This violates Lax’ entropy condition (55) and is known
in the shock wave theory as a slow undercompressive shock [45].

(2) For uy, < uy < u—, function r(u) is monostable, see Figure 2. Due
to Proposition 3.2, there exists a critical wave speed c,, such that
monotone TWS (u,€) for (29) exist for all € > ¢,.. However, not all
endstates (u—,u4) in the subset defined by u, < uy < u_ admit a
TWS (@, c), see (33) and Figure 3B). The TWS (4, ¢) associated to
non-classical shocks appear again, with reversed roles for the roots
uy and uy: For u_ > 28 and uy = —f3, there exists a TWS (@, €) for
reaction-diffusion equation (29), see [41, Theorem 3.4]. These TWS
form a horizontal halfline in Figure 3B) and divides the set defined
by u. < uy < u— into two subsets. In particular, TWS exist only
for endstates (u_,uy) in the subset above this halfline.

(3) For ut < u_ < uy, function r(u) = —h(u) satisfies r(u) < 0 for all
u € (uy,u_), see also Figure 2. Thus the necessary condition (25)
can not be fulfilled for positive ¢ = €, hence there exists no TWS
(@, €) for the reaction-diffusion equation.

(4) For u, < u— < uy, function r(u) is monostable with reversed roles of
the endstates u., see Figure 2. Due to Proposition 3.2, there exists
a TWS (@, €) however satisfying limg_, o0 %(E) = .

If 6 = 0, then equation (26) is a viscous conservation law, and its TWE (28)
is a simple ODE —ew’ = r(u) with r(u) = —h(u). Thus a heteroclinic orbit
exists only for monostable r(u), i.e. if the unstable node u_ and the stable
node w4 are not separated by any other root of r.

If § < 0, then we rewrite TWE (28) as eu/ = h(u) +|6|a”. It is associated
to a reaction-diffusion equation dyu = h(u) + |0|02u via a TWS ansatz
u(z,t) = a(z — (—€)t); note the change of sign for the wave speed. If
Uy < ux < u_ then h(u) is an unstable reaction function. Thus there exists
no TWS (@, —e) according to Proposition 3.2. If u, < uj < u_ then function
h(u) = —r(u) satisfies h(u) < 0 for all u € (uy,u_), see also Figure 2. The
necessary condition (25) is still fine, since also the sign of the wave speed
changed. In contrast to the case § > 0, there exists no TWS connecting u_
with u,, which would indicate a bifurcation. Thus, the existence of TWS
for all pairs (u—,u+) in the subset defined by u, < uy < u_ can be proven.
The TWP for other pairs (u_,u4) is discussed similarly. O

4. TWP FOR NONLOCAL EVOLUTION EQUATIONS

4.1. Reaction-diffusion equations. The first example of a reaction-diffusion
equation with nonlocal diffusion is the integro-differential equation

(35) u=Jxu—u+r(u), t>0, z€R,
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Uy < Uy < u_

monostable r
. .  u_

/[‘ < Uy < u
bistable r

(A) (B)

FIGURE 3. A) classification of reaction function r depending
on its roots u_, ut and uy = —u_ — uy; B) Endstates uy
in the shaded region and on the thick line can be connected
by TWS of the cubic KdVB equation; TWS in the shaded
region and on the thick line are associated to classical and
non-classical shocks of dyu + d,u® = 0, respectively. For a
classical shock the shock triple satisfies Lax’ entropy condi-
tion f'(u_) > ¢ > f'(u4); i.e. characteristics in the Riemann
problem meet at the shock. In contrast, the non-classical
shocks are of slow undercompressive type, i.e. characteristics
in the Riemann problem cross the shock.

for some even, non-negative function J with mass one, i.e. for all x € R
(36) JeCR), J>0, Jx) =J(-z2), / J(y) dy =1,
R

and some function r. The operator L[u] = J * u — u is a Lévy operator,
see (13), which models nonlocal diffusion. It is the infinitesimal generator
of a compound Poisson stochastic process, which is a pure jump process.

The TWP for given endstates uy is to study the existence of a TWS (@, ¢)
for (35) in the sense of Definition 1.1. Such a TWS (4, ¢) satisfies the TWE
—ct' = J*xu—u+r(a) for £ € R. Next, we recall some results on the TWP
for (35), which will depend crucially on the type of reaction function r and
the tail behavior of a kernel function J. We will present the existence of
TWS with monotone decreasing profiles u, which will follow from the cited
literature after a suitable transformation.

Proposition 4.1 ((monostable [27]), (bistable [14, 24])). Suppose u_ > uy
and consider reaction functions r in the sense of Definition 3.1. Suppose
J € WH(R) and its continuous representative satisfies (36).
o Ifr is monostable and there exists X > 0 such that [ J(y) exp(Ay) dy <
oo then there exists a positive constant c, such that for all ¢ > ¢,
there ezists a monotone TWS (u,c) of (35). For ¢ < ¢y no such
monotone TWS exists.
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o If r is bistable and [ |y|J(y) dy < oo, then there exists an (up to
translations) unique monotone TWS (@, c) of (35).

For monostable reaction functions, the tail behavior of kernel function J is
very important. There exist kernel functions J, such that TWS exist only for
bistable — but not for monostable — reaction functions , see [58]. The prime
example are kernel functions J which decay more slowly than any exponen-
tially decaying function as |z| — oo in the sense that J(z)exp(n|z|) — oo
as |z| — oo for all n > 0.

For reaction-diffusion equations of bistable type, Chen established a uni-
fied approach [24] to prove the existence, uniqueness and asymptotic sta-
bility with exponential decay of traveling wave solutions. The results are
established for a subclass of nonlinear nonlocal evolution equations

Su(z,t) = Alu(-, t)](z) for (z,t) e R x (0,77,
where the nonlinear operator A is assumed to
(a) be independent of ¢;
(b) generate a L semigroup;
(c) be translational invariant, i.e. A satisfies for all v € dom.A the
identity
Afu(- + h)|(z) = Alu(-)](x + h) VYa ,heR.
Consequently, there exists a function r : R — R which is defined
by A[vl] = r(v)1 for v € R and the constant function 1 : R — R,
x +— 1. This function r is assumed to be bistable in the sense of
Definition 3.1;
(d) satisfy a comparison principle: If du > Afu], v < Av] and
u(-,0) > v(-,0), then u(-,t) > v(-,t) for all t > 0.
Chen’s approach relies on the comparison principle and the construction of
sub- and supersolutions for any given traveling wave solution. Importantly,
the method does not depend on the balance of the potential. More quan-
titative versions of the assumptions on 4 are needed in the proofs. Finally
integro-differential evolution equations
(37) O = €d?u+ G(u, Jy * S*(u), ..., Jn * S™(u))
are considered for some diffusion constant ¢ > 0, smooth functions G and
S* and kernel functions J, € C*(R) N W1(R) satisfying (36) where k =
1,...,n. Additional assumptions on the model parameters guarantee that
an equation (37) can be interpreted as a reaction-diffusion equation with
bistable reaction function including equations (20) and (35) as special cases.
Another example of reaction-diffusion equations with nonlocal diffusion
are the integro-differential equations
(38) Owuw=Dgu+r(u), t>0, zeR,
for a (particle) density u = u(x,t), some function r = r(u), and a Riesz-
Feller operator D§ with (,6) € ®49. The nonlocal Riesz-Feller operators
are models for superdiffusion, where from a probabilistic view point a cloud
of particle is assumed to spread faster than by following Brownian motion.
Integro-differential equation (38) can be derived as a macroscopic equation
for a particle density in the limit of modified Continuous Time Random
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Walk (CTRW), see [48]. In the applied sciences, equation (38) has found
many applications, see [54, 57] for extensive reviews on modeling, formal
analysis and numerical simulations.

The TWP for given endstates uy is to study the existence of a TWS (@, ¢)
for (38) in the sense of Definition 1.1. Such a TWS (4, c¢) satisfies the TWE

(39) —ci' = Dgu+r(w), (ER.

First we collect mathematical rigorous results about the TWP associated
to (38) in case of the fractional Laplacian D§ = —(—A)%?2 for a € (0,2), i.e.
a Riesz-Feller operator Dg with 6 = 0.

Proposition 4.2 ((monostable [17, 18, 34]), (bistable [21, 19, 20, 50, 25,
37])). Suppose u— > uy. Consider the TWP for reaction-diffusion equa-
tion (38) with functions r in the sense of Definition 8.1 and fractional
Laplacian Dg, i.e. symmetric Riesz-Feller operators Dy with 0 < a < 2
and 6 = 0.

e Ifr is monostable then there does not exist any TWS (@, c) of (38).
o Ifr is bistable then there exists an (up to translations) unique mono-
tone TWS (u,c) of (38).

For monostable reaction functions, Cabré and Roquejoffre prove that a
front moves exponentially in time [17, 18]. They note that the genuine
algebraic decay of the heat kernels G associated to fractional Laplacians
is essential to prove the result, which implies that no TWS with constant
wave speed can exist. Engler [34] considered the TWP for (38) for a different
class of monostable reaction functions r and non-extremal Riesz-Feller oper-
ators D§ with (a, 0) € @;9 and D}, = {(a,0) € Dap||0| < min{a,2 —a} }.
Again the associated heat kernels G§(x,t) with (a,6) € ’D:ﬂ decay alge-
braically in the limits z — +o0, see [47].

To our knowledge, we established the first result [6] on existence, unique-
ness (up to translations) and stability of traveling wave solutions of (38)
with Riesz-Feller operators Dg for (a,6) € Dq9 with 1 < a < 2 and bistable
functions r. We present our results for monotone decreasing profiles, which
can be inferred from our original result after a suitable transformation.

Theorem 4.3 ([6]). Suppose u— > uy, (a,0) € Dy with 1 < a < 2, and
r € C®(R) is a bistable reaction function. Then there exists an (up to
translations) unique monotone decreasing TWS (@, c) of (38) in the sense
of Definition 1.1.

The technical details of the proof are contained in [6], whereas in [5]
we give a concise overview of the proof strategy and visualize the results
also numerically. In a forthcoming article [4], we extend the results to all
non-trivial Riesz-Feller operators Df with (a,0) € D 5. The smoothness
assumption on 7 is convenient, but not essential. To prove Theorem 4.3, we
follow — up to some modifications — the approach of Chen [24]. It relies on a
strict comparison principle and the construction of sub- and supersolutions
for any given TWS. His quantitative assumptions on operator A are too
strict, such that his results are not directly applicable. A modification allows
to cover the TWP for (38) for all Riesz-Feller operators Dg with 1 < a < 2
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also for non-zero 6, and all bistable functions r regardless of the balance of
the potential.

Next, we quickly review different methods to study the TWP of reaction-
diffusion equations (38) with bistable function r and fractional Laplacian.
In case of a classical reaction-diffusion equation (20), the existence of a TWS
can be studied via phase-plane analysis [13, 35]. This method has no obvious
generalization to our TWP for (38), since its traveling wave equation (39) is
an integro-differential equation. The variational approach has been focused
— so far — on symmetric diffusion operators such as fractional Laplacians and
on balanced potentials, hence covering only stationary traveling waves [50].
Independently, the same results are achieved in [21, 19, 20] by relating the
stationary TWE (39)p—o,—0 via [22] to a boundary value problem for a
nonlinear partial differential equation. The homotopy to a simpler TWP
has been used to prove the existence of TWS in case of (35), and (38)p—0
with unbalanced potential [37].

Chmaj [25] also considers the TWP for (38)y—¢ with general bistable
functions r. He approximates a given fractional Laplacian by a family of
operators Je xu — ([ Jo)u such that limeo Je *u — ([ Jo)u = D¢u in an ap-
propriate sense. This allows him to obtain a TWS of (38)p—¢ with general
bistable function r as the limit of the TWS wu, of (35) associated to (J¢)e>0-
It might be possible to modify Chmaj’s approach to study reaction-diffusion
equation (38) with asymmetric Riesz-Feller operators. This would give an
alternative existence proof for TWS in Theorem 4.3. However, Chen’s ap-
proach allows to establish uniqueness (up to translations) and stability of
TWS as well.

4.2. Nonlocal Korteweg-de Vries-Burgers equation. First we con-
sider the integro-differential equation in multi-dimensions d > 1
d

(40) Opu+ 0, f(u) = eAzu+'yeQZ (d);*@zjuf@%u) , zeRY, t>0,

j=1
for parameters ¢ > 0, v € R, a smooth even non-negative function ¢ with
compact support and unit mass, i.e. [ps ¢(x) dz = 1, and the rescaled
kernel function ¢(z) = ¢(z/€)/e?. It has been derived as a model for phase
transitions with long range interactions close to the surface, which supports
planar TWS associated to undercompressive shocks of (51), see [52]. A
planar TWS (4, c) is a solution u(z,t) = u(x — cte) for some fixed vector
e € R?, such that the profile is transported in direction e. The existence of
planar TWS is proven by reducing the problem to a one-dimensional TWP
for (40)4=1, identifying the associated reaction-diffusion equation (35) and
using results in Proposition 4.1. For cubic flux function u?, the existence of
planar TWS associated to undercompressive shocks of (51) is established.
Moreover, the well-posedness of its Cauchy problem and the convergence of
solutions u€ as € \, 0 have been studied [52].

Another example is the fractal Korteweg-de Vries-Burgers equation
(41) Opu+ 0, f(u) = €0y DFu+ 602u, x€R, ¢>0,

for some € > 0 and § € R.

appeared as: F. Achleitner. “Two Classes of Nonlocal Evolution Equations
Related by a Shared Traveling Wave Problem”. In: From Particle Systems to
Partial Differential Equations. Ed. by P. Gongalves and A. J. Soares. Springer
International Publishing, 2017, pp. 47-72



108 2. KORTEWEG-DE VRIES-BURGERS EQUATIONS

16 FRANZ ACHLEITNER

Equation (41) with a = 1/3 has been derived as a model for shallow
water flows, by performing formal asymptotic expansions associated to the
triple-deck (boundary layer) theory in fluid mechanics, e.g. see [44, 55].
In particular, the situations of one-layer and two-layer shallow water flows
have been considered, which yield a quadratic (one layer) and cubic flux
function (two layer), respectively. In the monograph [49], similar models are
considered and the well-posedness of the initial value problem and possible
wave-breaking are studied.

The TWP for given endstates uy is to study the existence of a TWS (@, ¢)
for (41) in the sense of Definition 1.1. Such a TWS (4, ¢) satisfies the TWE

(42) h(@) == f(@) — flu-) — c(t — u_) = eD{u + 6u” .

We obtain a necessary condition for the existence of TWS — see also (25) —
by multiplying the TWE with @’ and integrating on R,

Uy oo
(43) / h(u) du = 6/ @' DYu(¢) d¢ >0,
JU— J =00
where the last inequality follows from (50).
Connection with reaction-diffusion equation. If a TWS (g, c) for (41) ex-
ists, then u(z,t) = @(z) is a stationary TWS (@, 0) of the evolution equation

(44) du=—eD%u — 6%u+h(u), z€R, t>0.

To interpret equation (44) as a reaction-diffusion equation, we need to verify
that —eDiu—(S@%u is a diffusion operator, e.g. that —eDﬂ"ru—Jagu generates
a positivity preserving semigroup.

Lemma 4.4. Suppose 0 < o < 1 and 71,72 € R. The operator 1DIu +
v202u is a Lévy operator if and only if 1 < 0 and 2 > 0. Moreover, the
associated heat kernel is strictly positive if and only if y2 > 0.

Proof. For a € (0,1), the operator —D¢ is a Riesz-Feller operator D, and

generates a positivity preserving convolution semigroup with a Lévy stable
probability distribution G, as its kernel. The probability distribution is
absolutely continuous with respect to Lebesgue measure and its density has
support on a half-line [47]. For example the kernel associated to —D/? is
the Lévy-Smirnov distribution. Thus, for v; < 0 and 2 > 0, the operator
ol D‘}ru—s—'ygagu is a Lévy operator, because it is a linear combination of Lévy
operators. Using the notation for Fourier symbols of Riesz-Feller operators,
the partial Fourier transform of equation

dyu = | | D [u] + 720;u
is given by 0y F[u](k) = (|71|v*, (k) —v2k?)F[u](k). Therefore, the operator
generates a convolution semigroup with heat kernel
F o exp{(Imlva(k) = 72k?) t})(z) = G4 (-, Inft) * GG (-, 72t) (2)

which is the convolution of two probability densities. The kernel is posi-
tive on R since probability densities are non-negative on R and the normal
distribution G% is positive on R for positive ~at.

The operator D for o € (0, 1) is not a Riesz-Feller operator, see Figure 1,
and it generates a semigroup which is not positivity preserving. Thus it and
any linear combination with v; > 0 is not a Lévy operator. O
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Convex flux functions.

Proposition 4.5. Consider (41) with 0 < o < 1, § € R and strictly con-
vex flux function f € C3(R). For a shock triple (u_,u,;c) satisfying the
Rankine-Hugoniot condition (54), a non-constant TWS (u,c) can exist if
and only if Laz’ entropy condition (55) is fulfilled, i.e. u_ > uy.

Proof. The Rankine-Hugoniot condition (54) ensures that h(u) in (42) has
exactly two roots uy. If Lax’ entropy condition (55) is fulfilled, then u_ >
uy and —h(u) is monostable in the sense of Definition 3.1. Thus, the nec-
essary condition (43) is satisfied. If u_ = wy then (43) implies that @ is a
constant function satisfying & = ux. If u— < uy then —h(u) is monostable
in the sense of Definition 3.1 with reversed roles of u.. Thus, the necessary
condition (43) is not satisfied. O

Next, we recall some existence result which have been obtained by directly
studying the TWE. In an Addendum [28], we removed an initial assumption
on the solvability of the linearized TWE.

Theorem 4.6 ([3]). Consider (41) with § = 0 and convez fluz function f(u).
For a shock triple (u—,us;c) satisfying (54) and (55), there exists a mono-
tone TWS of (41) in the sense of Definition 1.1, whose profile i € C}(R) is
unique (up to translations) among all functions u € u_+H?*(—o0,0)NC}(R).

This positive existence result is consistent with the negative existence
result in Proposition 4.2 and Engler [34] for (38) with non-extremal Riesz-
Feller operators Dj for (a,8) € D} ,. The reason is that —D¢ for 0 < a < 1
is the generator of a convolution semigroup with a one-sided strictly stable
probability density function as its heat kernel; in contrast to heat kernels
with genuine algebraic decay [17, 18, 34].

Theorem 4.7 ([2]). Consider (41) with fluz function f(u) = u?/2. For a
shock triple (u—,uy;c) satisfying (54) and (55), there exists a TWS of (41)
in the sense of Definition 1.1, whose profile @ is unique (up to translations)
among all functions u € u_ + H*(—00,0) N C3(R).

If dispersion dominates diffusion then the profile of a TWS (@, c) will be
oscillatory in the limit £ — co. For a classical KAVB equation this geometry
of profiles depends on the ratio ¢2/§ and the threshold can be determined
explicitly.

Concave-convex flux functions. We consider a cubic flux function f(u) =
u? as the prototypical concave-convex flux function. Again the necessary

condition (43) and the classification of function h(u) = —r(u) in Figure 2
can be used to identify non-admissible shock triples (u_, uy;c) for the TWP
of (41).

We conjecture that a statement analogous to Proposition 3.5 holds true.
Of special interest is again the occurrence of TWS (1, ¢) associated to non-
classical shocks, which are only expected in case of (41) with ¢ > 0 and
6 >0.

Proposition 4.8. Suppose f(u) = u® and € > 0.
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(1) If § <0 then a TWS (u,c) of (41) exists if and only if (u—,uy;c)
satisfy the Rankine-Hugoniot condition (54) and the entropy condi-
tion (55).

(2) Conjecture: If § > 0 then a TWS (u,c) of (41) exists for u— > 0 if
and only if uy € S(u_) for some set S(u—) similar to (33).

Sketch of proof. If & = 0, then equation (41) is a viscous conservation law,
and its TWE (42) is a fractional differential equation ¢eD$u = h(@). Thus a
heteroclinic orbit exists only for monostable —h(u), i.e. if the unstable node
u_ and the stable node u, are not separated by any other root of h. This
follows from Theorem 4.6 and its proof in [3, 28].

If § < 0, then the TWE (42) is associated to a reaction-diffusion equa-
tion (44) via a stationary TWS ansatz u(z,t) = u(z). First we note that a
stronger version of the necessary condition (43) is available

3 3
(45) / h(a)u' (y) dy = e/ @ Dfu(y) dy >0, VEER,
—00 —0o0

see [2]. If uy < uy, < u— then h(u) is an unstable reaction function, see
Figure 2. Thus there exists no TWS in the sense of Definition 1.1 satisfying
the necessary condition (45). If u, < uy < u_ then function —h(u) is
monostable in the sense of Definition 3.1 and the necessary condition (43)
can be satisfied. The existence of a TWS (@, ¢) can be proven by following the
analysis in [2, 28]. The TWP for other pairs (u—_, uy) is discussed similarly.

If 6 > 0 then the occurrence of TWS (@,c) associated to non-classical
shocks is possible. Unlike in our previous examples, the associated evolution
equation (44) is not a reaction-diffusion equation, since —eD% @ — 6%” is not
a Lévy operator. Especially, the results on existence of TWS for reaction-
diffusion equations with bistable reaction function can not be used to prove
the existence of TWS (@, ¢) associated to undercompressive shocks. Instead,
we investigate the TWP directly [1], extending the analysis in [2, 28] for

Burgers’ flux to the cubic flux function f(u) = u3. ]

4.3. Fowler’s equation. Fowler’s equation (8) for dune formation is a spe-
cial case of the evolution equation

(46) Opu+ O, f(u) = 60%u — €0, Dfu, t>0, z€R,

with 0 < « < 1, positive constant €,d > 0 and flux function f. Here the
fractional derivative appears with the negative sign, but this instability is
regularized by the second order derivative. The initial value problem for (8)
is well-posed in L? [9]. However, it does not support a maximum principle,
which is intuitive in the context of the application due to underlying ero-
sions [9]. The existence of TWS of (8) — without assumptions (3) on the
far-field behavior — has been proven [11].

For given endstates us, the TWP for (46) is to study the existence of a
TWS (1, c) for (46) in the sense of Definition 1.1. Such a TWS (&, c) satisfies
the TWE

(47) h(@) == f(@) — flu-) —c(t—u_) =6u' —eDu, E€R.

For 6 = 0, the TWE reduces to a fractional differential equation eD{u =
—h(@), which has been analyzed in [3, 28] for monostable functions —h(u).
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Equation (47) is also the TWE for a TWS (@, §) of an evolution equation
(48) O = —€Du —h(u), xz€R, t>0.

For € > 0, the operator is —eD% is a Riesz-Feller operator eD® , whose heat
kernel G%, has only support on a halfline. For a shock triple (u_,uy;c)
satisfying the Rankine-Hugoniot condition (54), at least h(uy) = 0 holds.
Under these assumptions, equation (48) is a reaction-diffusion equation with
a Riesz-Feller operator modeling diffusion.

The abstract method in [11] does not provide any information on the
far-field behavior. Thus, assume the existence of a TWS (g, ¢) in the sense
of Definition 1.1, for some shock triple (u_,uy;c) satisfying the Rankine-
Hugoniot condition (54). Again, a necessary condition is obtained by mul-
tiplying TWE (47) with @’ and integrating on R; hence,

(49) /u 7? h(u) du = /R (@)? de — /}R a'Dsu d¢ .

The left hand side is indefinite since each integral is non-negative, see also (50).

For a cubic flux function f(u) = u® and a shock triple (u_,u; c) satisfying
the Rankine-Hugoniot condition (54), we deduce a bistable reaction function
r(u) = —h(u) as long as uy < —uy —u— < u_ see Figure 2. However, since
the heat kernel has only support on a halfline, we can not obtain a strict
comparison principle as needed in Chen’s approach [24, 6, 4].

APPENDIX A. CAPUTO FRACTIONAL DERIVATIVE ON R

For a > 0, the (Gerasimov-)Caputo derivatives are defined as, see [42, 54],

(D% ) (2) 0 () ifa=neNy,
+H\E) = F(nl—a) ffoo (m_f;zz,(fzﬂ dy ifn—1<a<nforsomeneNy.
() ifa=neNy,
D¢ = n n
PEN@) {lj(;l—)a) fzoo (,Uf;)iy<f/i+l dy ifn—1<a<nforsomeneNy.

Properties:

e Fora>0and A >0
(DY exp(A))(z) = A% exp(Az) , (DL exp(=A))(x) = A* exp(—Aw)

e For > 0 and f € S(R), a Caputo derivative is a Fourier mul-
tiplier operator with (FD$f)(k) = (1k)*(Ff)(k) where (ik)* =
exp(amisgn(k)/2).

e If @ is the profile of a TWS (4, ¢) in the sense of Definition 1.1, then

o [ dwotaw a =4 [t [ 00 4y as 20,

where the last inequality follows from [46, Theorem 9.8].
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APPENDIX B. SHOCK WAVE THEORY FOR SCALAR CONSERVATION LAWS

A standard reference on the theory of conservation laws is [29], whereas [45]
covers the special topic of non-classical shock solutions. A scalar conserva-
tion law is a partial differential equation

(51) Ou+ 0 f(u)=0, t>0, zeR,

for some flux function f : R — R. For nonlinear functions f, it is well known
that the initial value problem (IVP) for (51) with smooth initial data may
not have a classical solution for all time ¢ > 0 (due to shock formation).
However, weak solutions may not be unique. The Riemann problems are
a subclass of IVPs for (51), and especially important in some numerical
algorithms: For given u_,u4 € R, find a weak solution u(x,t) for the initial
value problem of (51) with initial condition

(52) u@ﬂ)_{%” z<0,

uy , >0.

Weak solutions of a Riemann problem that are discontinuous for ¢ > 0 may
not be unique.

Example B.1. 4 shock wave is a discontinuous solution of the Riemann
problem,

(53) u(z,t) = {

u-, xz<ct,

Uy, x>ct,

if the shock triple (u—,uy;c) satisfies the Rankine-Hugoniot condition

(54) Fus) = f(us) = elus —u)
The Rankine-Hugoniot condition (54) is a necessary condition that ui are
stationary states of an associated TWE (28), see (30).

shock admissibility. Classical approaches to select a unique weak solution
of the Riemann problem are

(a) Laz’ entropy condition:
(55) flug) <e< flu-) .

It ensures that in the method of characteristics all characteristics
enter the shock/discontinuity of a shock solution (53). For convex
flux function f, condition (55) reduces to u— > u4. Shocks satis-
fying (55) are also called Lax or classical shocks. For non-convex
flux functions f, also non-classical shocks can arise in experiments,
called slow undercompressive shocks if f'(us) > ¢, and fast under-
compressive shocks if f/'(uy) < c.

(b) Oleinik’s entropy condition.

Jw) = flus) o flus) = f(u)

W — U— - Uy — U

(56)

for all w between u_ and .

(¢) Entropy solutions satisfying integral inequalities based on entropy-
entropy flux pairs, such as Kruzkov’s family of entropy-entropy flux
pairs.
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(d) Vanishing viscosity. In the classical vanishing viscosity approach,
instead of (51) one considers for € > 0 equation

(57) Qu+0pflu) =ed?u, t>0, z€R,

where €92u models diffusive effects such as friction. Equation (57) is
a parabolic equation, hence the Cauchy problem has global smooth
solutions u for positive times, especially for Riemann data (52). An
admissible weak solution of the Riemann problem is identified by
studying the limit of u® as € \ 0.

In other applications, different higher order effects may be impor-
tant. For example, a nonlocal generalized KdVB equation (1) can
be interpreted as a scalar conservation law (51) with higher-order
effects Ru] := eLq[u] + 60, Ls[u].

Already for convex functions f, the convergence of solutions of the
regularized equations (e.g. (1)) to solutions of (51) reveals a diverse
solution structure. The solutions of viscous conservation laws (57)
converge for € N\, 0 to Kruzkov entropy solutions of (51). In contrast,
in case of KAVB equation (4) the limit ¢,6 — 0 depends on the
relative strength of diffusion and dispersion:

e Weak dispersion: § = O(¢?) for ¢ — 0 e.g. § = B¢ for some

8> 0.

TWS converge strongly to entropy solution of Burgers equation.
e Moderate dispersion: ¢ = o(e) for ¢ — 0 includes weak

dispersion.

TWS converge strongly to entropy solution of Burgers equation,

see [51].

e Strong dispersion: weak limit of TWS for €¢,6 — 0 may not
be a weak solution of Burgers equation.

For non-convex flux functions f, a TWS may converge to a weak
solution of (51) which is not an Kruzkov entropy solution, but a
non-classical shock.
A simplistic shock admissibility criterion based on the vanishing viscosity
approach is the existence of TWS for a given shock triple:

Definition B.2 (compare with [41]). A solution u of the Riemann problem
is called admissible (with respect to a fixed regularization R), if there exists
a TWS (@, ¢) in the sense of Definition 1.1 of the regularized equation (e.g.
(1)) for every shock wave with shock triple (u—,u4;c) in the solution w.
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TRAVELING WAVES FOR A BISTABLE EQUATION WITH
NONLOCAL-DIFFUSION

FRANZ ACHLEITNER AND CHRISTIAN KUEHN

ABSTRACT. We consider a single component reaction-diffusion equa-
tion in one dimension with bistable nonlinearity and a nonlocal space-
fractional diffusion operator of Riesz-Feller type. Our main result shows
the existence, uniqueness (up to translations) and local asymptotic sta-
bility of a traveling wave solution connecting two stable homogeneous
steady states. In particular, we provide an extension to classical re-
sults on traveling wave solutions involving local diffusion. This exten-
sion to evolution equations with Riesz-Feller operators requires several
technical steps. These steps are based upon an integral representation
for Riesz-Feller operators, a comparison principle, regularity theory for
space-fractional diffusion equations, and control of the far-field behavior.

1. INTRODUCTION

We consider evolution equations
(1) Ou=Dgu+ f(u), zeR, te(0,00),

where f € C*°(R) is a nonlinear function of bistable type, i.e., f has precisely
three roots u— < a < u4 in the interval [u_,uy] such that

(2) f(u*):f(a):f(u+):07 f/(u*)<07 f/(u+)<07
and Dy is a Riesz-Feller operator for some fixed parameters 1 < a < 2 and

|0] < min{a,2 — a}. A Riesz-Feller operator can be defined as a Fourier
multiplier operator

F[Dgul(§) = v§ (&) Flul(§),  EeR,
with F denoting the Fourier transform and symbol
Yg (&) = —|€]% exp [i(sgn({))ﬁg] for 0 <@ <2 and |f| < min{e,2 — a}.

Special cases are the second order derivative D% = 92, the fractional Lap-
lacians D§ = —(—82)%/? for 0 < < 2 and 6 = 0, and Weyl fractional
derivatives D3, for 0 < av < 2 and 6 = 2 — a; for details see Section 2.
The study of reaction-diffusion equations in the form (1) is motivated
by the observation of ensembles of particles in experiments which do not
spread according to normal diffusion modeled by dyu = D(Z) u. These diffu-
sion processes are called anomalous and one distinguishes between subdif-
fusive and superdiffusive processes, given that the ensemble spreads slower,

respectively, faster than normal diffusion [5, 29, 30]. In particular, diffusion

2010 Mathematics Subject Classification. 35A01, 35A09, 35B51, 35R09, 47G20.

Key words and phrases. Traveling wave, Nagumo equation, real Ginzburg-Landau
equation, Allen-Cahn type equation, Riesz-Feller operator, nonlocal diffusion, fractional
derivative, comparison principle.

1

appeared as: F. Achleitner and C. Kuehn. “Traveling waves for a bistable
equation with nonlocal diffusion”. In: Adv. Differential Equations 20.9-10
(2015), pp. 887-936



3. REACTION-DIFFUSION EQUATIONS 119

2 FRANZ ACHLEITNER AND CHRISTIAN KUEHN

equations with Riesz-Feller operator, d;u = Dg u, are models which exhibit
superdiffusive behavior. Consequently, reaction-diffusion equations of the
form (1) have been used to model systems where reactions and superdif-
fusion occur simultaneously; examples include geophysical flows [13], the
dynamics of fronts in magnetically confined plasmas [14], the spreading of
epidemics due to complex mobility patterns of individuals [22], step-flow gro-
wth of a crystal surface [25], and experiments on the Belousov-Zhabotinsky
reaction in a fluid forced by Faraday waves [30, 44].

A traveling wave solution of (1) is a solution of the form wu(t,z) = U(§),
for some constant wave speed ¢ € R, a traveling wave variable £ := x —
ct, and a function U connecting different endstates lime_,4oc U(§) = ux.
The profile U of a traveling wave solution has to satisfy the traveling wave
equation

—eU'(€) = DU + (V)

where Dy has to be understood as its extension to C’g—functions.

The existence of traveling waves of (1) has been proved for DZ = 92 [2, 18]
and in case of fractional Laplacians D§ = —(—82)%? modeling symmetric
superdiffusion [7, 8, 21, 46, 35, 11]. However, some experiments indicate
asymmetric superdiffusive behavior [13, 14, 22] and have been modeled by
equation (1) with Riesz-Feller operator Dg with non-zero asymmetry para-
meter 6.

Our aim is to prove existence, uniqueness (up to translations) and local
asymptotic stability of traveling wave solutions u(z,t) = U(z — ct) of (1)
for 1 < o < 2 and |#| < min{e,2 — a}. In the following we discuss only the
case u— = 0 and u4 = 1 without loss of generality.

First, we briefly review previous results on traveling wave solutions of
classical bistable reaction-diffusion equations in Subsection 1.1 and of bista-
ble reaction-diffusion equations with fractional Laplacian in Subsection 1.2.
Then we will present our main results in Subsection 1.3 and conclude with
a discussion in Subsection 1.4.

1.1. Classical Bistable Reaction-Diffusion equations. Equation (1)
with D2 = 92 and bistable nonlinear reaction term f(u) = u(1 — u)(u — a)
is known as Nagumo’s equation to model propagation of signals [28, 31],
as one-dimensional real Ginzburg-Landau equation to model long-wave am-
plitudes e.g. in case of convection in binary mixtures near the onset of
instability [33, 39], as well as Allen-Cahn equation to model phase transi-
tions in solids [1]. This equation has three homogeneous steady states (or
equilibria) 0 = u_ < a < u4 = 1, where u = uy are locally asymptotically
stable and u = a is unstable. It is natural to search for monotone traveling
wave solutions u(z,t) = U(x — ct) = U(§) which connect two stable states
®3)

lim U(§) =u_, lim U(§) =uy and U'() >0 forall £ €R.

——o0 £—o0

The existence of—up to translation unique—traveling wave solutions u(z,t) =
U(z — ct) of reaction diffusion equations

(4) Ou=>u+flu), zeR, t>0,
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with general bistable reaction function f € C*(R) and their stability are
well-known; see e.g. [2, 18, 12] and references therein.

It is important to highlight that phase plane methods may be used [19]
to study the existence and uniqueness of traveling wave solutions of (4). In
case of a partial integro-differential equation like (1) these classical geometric
methods do not generalize immediately. A similar remark applies to the
asymptotic stability of traveling wave solutions—with exponential rate of
decay—which may be deduced from a special variational structure availabe
in case of (4).

If a traveling wave solution with profile U exists then its wave speed ¢
satisfies

f:f flw) dw
(5) c= _fk (U ()2 dz *

Thus the potential F(u) = F(u_) + [ f(v) dv indicates which stable
state, either u_ or uy, will replace the other one. In case of a balanced
potential, f;f f(v) dv =0, a stationary traveling wave will exist, i.e., both
stable states will co-exist. In contrast, in case of an unbalanced potential,
f;f f(v) dv # 0, the stable state with smaller potential value will replace
the one with larger potential value, also called the metastable state. It
is important to note that many of the following results are restricted to
balanced bistable functions f.

In some applications a reaction-diffusion model with nonlocal diffusion
may be more appropriate; Bates et al. [1] considered

(6) o= T xu=ut f(w) = [ Ja=y) ulwnt) dy = ulet) + flutat),
for x € R, t > 0, some suitable non-negative function J € C''(R) and general
bistable function f € C?(R). This is an example of a nonlocal reaction-
diffusion equation with diffusion operator of convolution type, J*u—u, which
has—under suitable assumptions on J—similar properties as the Laplacian.
They prove existence of traveling wave solutions via homotopy to a local
reaction-diffusion model (4). However, local asymptotic stability of traveling
wave solutions with exponential rate of decay is proven only for stationary
traveling wave solutions, i.e., in case of a balanced bistable function f, since
a variational structure used in (4) seems not to be available for (6).

Chen [10] established a unified approach to prove the existence, unique-
ness and local asymptotic stability with exponential decay of traveling wave
solutions for a class of nonlinear nonlocal evolution equations including (4)
and (6) and many more examples from the literature. His approach is suit-
able for equations supporting a comparison principle and based on con-
structing suitable sub- and super-solutions. In Section 4.1 we recall his
assumptions and results in more detail.

1.2. Bistable Reaction-Diffusion equations with Fractional Lapla-
cian. We briefly review previous results on traveling wave solutions for
equation (1) with fractional Laplacian Df where 0 < a < 2.
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Zanette [15] considered equation (1) to study the effects of anomalous dif-
fusion represented by a fractional Laplacian D in combination with a sim-
ple reaction function f introduced by McKean in his study [28] of Nagumo’s
equation [31]. Restricting to monotone traveling wave solutions, an explicit
solution in integral form is derived, and the asymptotic behavior of front
tails and front width are studied.

Volpert et al. [13] consider (1) for fractional Laplacians D with o € [1, 2]
and general reaction function f. They notice that if a traveling wave solution
u(z,t) = U(x — ct) with monotone profile U exists, then its wave speed ¢
has to satisfy again (5). Moreover, traveling wave profiles U are shown to
approach the endstates at an algebraic rate 1/|¢|* for 1 < a < 2, in contrast,
to an exponential rate for a = 2.

Nec et al. [32] consider (1) for fractional Laplacians Df with o € (1,2)
and bistable reaction function f(u) = u(1 — u?). They derive a variational
formulation such that (1) is the associated Euler-Lagrange equation, and
approximate traveling wave solutions. Similarly, they discuss examples with
bistable reaction function f of unbalanced type.

A first rigorous proof for the existence and uniqueness of stationary trave-
ling wave solutions of (1) for fractional Laplacian Df and balanced bistable
function f was given by Cabré and Sire [7, 8] as well as Palatucci, Savin
and Valdinoci [35]. They consider equations in general space-dimensions,
whereas we only discuss their results in one space-dimension.

Cabré and Sire [7, 8] consider the stationary problem

(7) 0=Dfw+ f(w) inR

for a € (0,2) and a function f € C'(R) with v > max(0,1 — ). Due to a
result by Caffarelli and Silvestre [9], they relate equation (7) to a boundary
value problem for a nonlinear partial differential equation. Then they prove
that a stationary traveling wave solution, w(z) = U(x), of (7) exists if and
only if f is a function of bistable type f(u_) = f(uy) = 0 with a balanced
potential; if—in addition—f’(u4) > 0 then they prove that a traveling wave
solution is unique up to translations. Moreover, they derive the asymptotic
behavior of front tails.

Palatucci, Savin and Valdinoci [35] investigate the existence, uniqueness
and other geometric properties of the minimizers of the energy functional

(8) E(w, Q) := K(w,Q) +/ F(w(z)) dz
Q

where K(w, Q) can be viewed as the contribution in Q of the squared H*
semi-norm of w, and F is a double-well potential with F(uy) = 0. First,
they show that in one space-dimension stationary traveling wave solutions,
w(x) = U(z), of (7) are local minimizers of the functional £(w,R). For a
bistable function f € C'(R) with balanced potential, they prove the exis-
tence of a unique (up to translations) nontrivial global minimizer w of the
energy £ which is strictly increasing. This minimizer w solves (7) and is
unique (up to translations) also in the class of monotone solutions of this
equation. Moreover, they establish that w belongs to C?(R) and derive the
asymptotic behavior of front tails.
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Chmaj [11] proved the existence of traveling wave solutions of (1) for
fractional Laplacians Df with a € (0,2) and general bistable function f. A
fractional Laplacian can be approximated by a family of convolution ope-
rators Je * U — U such that J.« U — U — D§ U for e — 0 in a suitable
sense. The associated (traveling wave) equations —cU’ = J.«U — U + f(U)
exhibit for all sufficiently small ¢ > 0 a unique monotone solution (U, c)

with U/ > 0 see also [4, 10]. Finally the existence of a limit U = lim¢_,o U,
is established and that U is the profile of a traveling wave solution of (1)
with 6 = 0.

Gui and Zhao also consider (1) for fractional Laplacians Df with o € (0, 2)
and general bistable reaction function f. They prove existence of unique
traveling wave solutions u € C?(R) via homotopy to the balanced case.
Moreover, they show qualitative properties of the traveling wave solutions
such as the asymptotic behavior of front tails [21, 46].

1.3. Bistable Reaction-Diffusion equations with Riesz-Feller opera-
tor. The reaction-diffusion equation (1) with general Riesz-Feller operators
has been considered in [3, 16]. Bacumer et al. [3] developed a numerical met-
hod for fractional reaction-diffusion equations based on operator splitting.
Engler [16] considered the initial value problem for (1) with initial data
having support on a half-line and studied how the spatial support of the
solution spreads in time. Using comparison arguments he determines con-
ditions on a given reaction function f to decide if the speed of the spread
is bounded or unbounded. In case of (our) bistable reaction function f the
spread of spatial support is proven to be bounded, supporting the existence
of traveling wave solutions.

Remark. In comparison, the Fisher-KPP equation is a reaction-diffusion
equation (1) with D} = 82 and f(u) = u(1 — u) describing the competition
of species. The stable state will invade the unstable state at a constant
speed in case of Dg = 82 and at an exponential speed in case of a Riesz-
Feller operator Dy with 0 < o < 2 [14, 6, 16].

Main Results. Our main result is summarized in the following theorem.

Theorem 1.1. Suppose 1 < a < 2, |0| < min{e,2 — a} and f € CP(R)
satisfies (2). Then equation (1) admits a traveling wave solution u(x,t) =
U(x — ct) satisfying (3). In addition, a traveling wave solution of (1) is
unique up to translations. Furthermore, traveling wave solutions are locally
asymptotically stable in the sense that there exists a positive constant k such
that if u(x,t) is a solution of (1) with initial datum ug € Ch(R) satisfying
0<wuyp <1 and

liminf ug(z) > a, limsup up(z) < a,

T—00 T——00
then, for some constants £ € R and K > 0 depending on uy,

fu(-t) = U —ct + &) pe@) < Ke™™ vVt >0.

Our proof is structured as follows. In Section 2, first we consider the Riesz-
Feller operators as Fourier multiplier operators on Schwartz functions, then
we extend the Riesz-Feller operators in form of singular integrals to functions
in CZ(R).
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In Section 3, we investigate the Cauchy problem for (1) with initial da-
tum ug € Cp(R) such that 0 < wy < 1. We follow a standard approach,
to consider the Cauchy problem in its mild formulation and to prove the
existence of a mild solution. The Cauchy problem generates a nonlinear
semigroup which allows us to prove uniform C,f estimates via a bootstrap
argument and to conclude that mild solutions are also classical solutions. In
Subsection 3.1 we establish a comparison principle for the partial integro-
differential equation (1) and investigate the behavior of the spatial limits of
solutions. The comparison principle is essential to prove our result on the
existence, uniqueness and local asymptotic stability of traveling wave soluti-
ons and to allow for a larger class of admissible functions f in the result for
the Cauchy problem. Moreover, in the existence proof we need to show that
the (continuous) solution of the Cauchy problem with some prepared initial
datum exhibits spatial limits at all times. Therefore, we prove Theorem 3.4
on the far-field behavior of solutions.

In Section 4, we consider the traveling wave problem for (1). First, we re-
call the results by Chen [10]. Then we study his necessary assumptions and
notice that some estimates are not of the required form. However Chen’s
approach can be extended, which we prove in the Appendices A-C. Our
main result in Theorem 1.1 will follow from the separate results on unique-
ness in Theorem A.1, on local asymptotic stability in Theorem B.3 and on
existence of a traveling wave solution in Theorem C.1. The details are given
in Subsection 4.2.

1.4. Discussion. To our knowledge, we establish the first result on exis-
tence, uniqueness (up to translations) and local asymptotic stability of tra-
veling wave solutions of (1) with Riesz-Feller operators Df for 1 < a < 2
with |#] < min{a, 2 — a} and general bistable function f.

The variational approach [35] is—at the moment—restricted to symme-
tric diffusion operators such as fractional Laplacians and balanced bistable
functions. Whereas, Gui and Zhao deduce the existence of a traveling wave
solution for an unbalanced bistable function via a homotopy argument from
the case of a balanced one. It might be possible to modify Chmaj’s appro-
ach to cover reaction-diffusion equation (1) with Riesz-Feller operators Dg.
However his approach is only concerned with the existence of traveling wave
solutions. By following Chen’s approach, we obtain uniqueness and local
asymptotic stability of traveling wave solutions of (1) directly.

In contrast, the existence of traveling wave solutions of equation (1) with
bistable function f and fractional Laplacian D§ with 0 < o < 1 has been
established in case of balanced potentials [7, 8, 35] and in the unbalanced case
by [L1, 21]. However, to extend Chen’s approach, if this is possible, to the
general case of Riesz-Feller operators with 0 < & < 1 and |0 < min{«,2—a}
remains an open problem.

2. RIESzZ-FELLER OPERATORS

We follow Mainardi, Luchko and Pagnini [27] in their definition of the
Riesz-Feller fractional derivative as a Fourier multiplier operator. They
use a definition of the Fourier transform which is customary in probability
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theory. For f in the Schwartz space

(9) S[R) = {f € C*(R) : sup

zeR

Nf
B
T TU'Y(I) < 00, Vﬁ,ﬂ/ENO}

the Fourier transform is defined as
Q) = [ oo r@) do, gk,
R
and the inverse Fourier transform as
1 .
FUf@) =5 [ eH@ a6, e,
2ﬂ' R

In the following, F and F~! will denote also their respective extensions
to L?(R). Then, the Riesz-Feller space-fractional derivative of order a and
skewness 6 is the Fourier multiplier operator

(10) FIDG &) = v5 (&) FIE),  CeR,

with symbol

(11) ¥§ (&) = —|¢|* exp [i(sgn(€))05] , 0<a <2, [0 <min{a,2-a}.
The symbol 1§ () is the logarithm of the characteristic function of a Lévy
strictly stable probability density with index of stability o and asymmetry
parameter 6 according to Feller’s parameterization [17, 20]; see also [17, 30,
34].

2.1. The Linear Space-Fractional Diffusion Equation. To analyze the
Cauchy problem for the reaction diffusion equation (1) we need to investigate
the linear space-fractional diffusion equation

(12) Ou(z,t) = DY [u(-,)](x), (z,t) € Rx (0,00),

for 0 < @ < 2 and |f| < min{a,2 — a}. A formal Fourier transform of the
associated Cauchy problem yields

which has a solution Flu](€,t) = et¥6 (& Flug](€). Hence, a formal solution
of the Cauchy problem is given by

(13 u@t) = (G50 w)a) = [ Golo—unt) ualy) dy
with kernel (or Green’s function)
(14) G, 1) == F 7 [e50] (@),

To study the properties of the formal solution, first we investigate the kernel
G and then we verify that (13) defines a semigroup of solutions.

Lemma 2.1. For 0 < a < 2 and |0| < min{a,2 — a}, G§(z,t) is the
probability measure of a Lévy strictly a-stable distribution.

Moreover, for |0| < 1 the probability measure G§ is absolutely continu-
ous with respect to the Lebesgue measure and possesses a probability density
which will be denoted again by G§. Furthermore, for all (z,t) € R x (0, 00)
the following properties hold;

(G1) Gg(z,t) 20,
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(G2) G§(a,t) =t~ VoG (xt~V/ 1).

(G3) 1GE )l =1,

(G4) G5(-,8) * Gg(-,t) = Gg (-, s +t) for all s,t € (0,00),

(G5) 1G5 (Ol o) < GG Dllayt = for all 1 <p <,

(G6) Gg € C§°(R x (0,00))

Moreover, for 1 < a <2, |0| <min{a,2 —a} and |0] <1,

(G7) For all m > 0 there exists a constant By, € (0,00) such that

B?n

(G8) For allt > 0, there exists a KC such that |0,G (-, )| L1 () = = Kt~/
(G9) G§(-,8) % 0,G5 (-, t) = 0,G§ (-, s +t) for all s,t € (0,00).
(G10) For allt >ty > 0 and u € LY(R) we have (G§(-,t) xu) € C*°(R).
For 0 < a < 2 and |0] < min{e,2 — a} and o # £0 (i.e. excluding the
so-called extremal pdfs)
(G11) G§(x,t) > 0.

Proof. Due to Theorem [37, Theorem 14.19], the function e3¢ is the cha-
racteristic function of a random variable with Lévy strictly a-stable distri-
bution. Thus G is the scaled probability measure of a Lévy strictly a-stable
distribution. In case of («,6) € {(0,0),(1,1), (1,—1)}, the probability mea-
sure G is a delta distribution

Gz, t) =6,,  GHa,t) =0ppe,  Gi(z,t) =0,y

and is called trivial [37, Definition 13.6]. In all other (non-trivial) cases,
the probability measure G is absolutely continuous with respect to the Le-
besgue measure and has a continuous probability distribution density [37,
Proposition 28.1], which we will denote again by G§. A non-trivial strictly
a-stable probability density is pointwise non-negative (G1) and satisfies the
scaling property (G2) due to [37, Remark 14.18]; hence the identity (G3) and
the estimate (G5) follow. The (semigroup)-property is satisfied by the de-
fining property of strictly a-stable probability density [37, Definition 13.1].

Moreover, a non-trivial strictly a-stable probability density is C°°-smooth
whose partial derivatives of all orders tend to 0 in the limits z — +o0 [37,
Proposition 28.1; Example 28.2], hence (G6) holds. Subsequently, the pro-
perties (G7)—(G9) follow from direct calculations, see also [15] for the special
case of fractional Laplacian D§ and [12] for the general case a € (1,00)\N.
To prove (G10), we consider the basic definition of the derivative as the limit
of a finite difference. Moreover, for t >ty > 0, G§(-,t) € C{°(R) N W>1(R)
due to the estimate (G7). Thus £(G§(-,t) — 7.G§(:,t)) converges uniformly
to 9,G§(-,t), i.e. with respect to the norm ||.||fg). This fact and the
Dominated Convergence Theorem imply that, 2(G§(-,t) — 7G§(-,1)) * u
converges uniformly to 0,G§ (-, t) * u, too. Finally, for h(-,t) := Gg(-,t) * u,
the identity 1(G§(,t) — 7.G§(-, 1)) x u = L(h(,t) — 7ch(-,)) implies that
the derivative Ozh(-,t) exists and is equal to 9,G§(-,t) *u. A mathematical
induction on the order of the derivative proves the general statement. Due
to (G8) and a result by Sharpe [10], the support of G§(-,t) is either all of
R or a half-line for each ¢ > 0 [37, Remark 28.8]. Indeed only the strictly

(15)  |OGg(w, 1) < = Fm)/e V(z,t) € R x (0,00) .
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a-stable probability densities with 0 < o < 1 and § = —« or § = « have
support on (—o0,0] and [0, o), respectively; all others have support R [30,
Property 1.2.14].

Due to the properties of G§, it is easy to show that D§ generates a
semigroup.

Proposition 2.2. For 1 < a <2 and |0| < min{«, 2 — a}, the Riesz-Feller
operator Dg generates a strongly continuous, convolution semigroup

Sy LP(R) — LP(R), wg — Stup = Gy (-, ) xug,
forall1 <p< .

Proof. Due to Lemma 2.1, the probability measure G is absolutely continu-
ous with respect to the Lebesgue measure and possesses a probability distri-
bution density which will be denoted again by G§. Thus (G3) and Young’s
inequality for convolutions imply ||Syullre < |GG (- t)|| L1 |lullr = [Jullze for
all u € LP(R™). Therefore S; : LP(R) — LP(R) are well-defined bounded
linear operators for all ¢ > 0. (S;)i>0 is a semigroup, since Syys = S¢S
for all s,£ > 0 holds due to (G4). Whereas the formal definition Sy = Id
is justified, since (G2) and a standard result about convolutions [26, p.64]
yield strong continuity of (St)>o.

2.2. Extensions to Bounded Continuous Functions. We are interested
in traveling wave solutions which will be CZ(R) functions in space. There-
fore, we are going to derive an extension for the nonlocal operators Dy such
that D§ : C2 — C}, and it generates a semigroup on Cj.

2.2.1. A Representation Formula. To study the traveling wave problem, it is
necessary to extend the nonlocal operator to Cf(]R). The following integral
representations may be used to accomplish this task.

Proposition 2.3. If 1 < a < 2 and || < min{w,2 — a}, then for all
f€SMR) and x € R
(16)

oo "z © z—&)—f(x "(z
S“f(x):cl/ St e g +62/ SO M @8 g
0 0
for some constants ¢1,ca > 0 with ¢1 + c2 > 0.

Proof. This representation of the Riesz-Feller operator Dg is well known in
the literature on (generators of stable) stochastic processes [24, 12]. The
representation is stated without proof [24, 12], therefore we show how to
identify our chosen form (16) from a standard reference like [37].

Due to Lemma 2.1, G is the scaled probability measure of a Lévy strictly
a-stable distribution. Due to [37, Theorem 14.3], such a probability measure
can be characterized by a Lévy triplet (A,v,~). In particular, for G§, the
constants are determined as A = 0 and v € R, and v is an absolutely
continuous (Lévy) measure

(17 v(de) = {mla on (0,00),

ealal 1= on (~00,0),
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for some constants ¢1,c2 > 0 such that ¢; + c2 > 0, see also [37, page 80].
Moreover, there exists a Lévy process (X¢)¢>o (such that Py, = G§), which
is unique up to identity in law [37, Corollary 11.6]. Due to [37, Theorem

31.5], the infinitesimal generator of the associated transition semigroup has
a representation

(18) Df f(x) = 4=2f (@) + / flert- /e fReen® g
0

. -
te / f(x—ﬁ)—f(z);{ré ) €1(—1,1)(8) de
0

for the given constants ¢; and co.

In [37, Remark 8.4], alternative representations are discussed. If 1 < o <
2, then the Lévy measure v satisfies condition flx\>1 |z| v(dz) < oo, hence
the characteristic function has a representation [37, Eq.(8.8)] with generating
triplet (A,v,71)1 = (0,v,7). Due to [37, Theorem 14.7], a strictly a-stable
distribution for 1 < o < 2 satisfies 41 = 0 which yields representation (16).

O

This representation allows to extend the D operator to CZ(R) such that

DY C2(R) C Cy(R).

Proposition 2.4. The integral representation (16) of Dy with 1 < a < 2
and |0] < min{e, 2 — o} is well-defined for functions f € C2(R) with

(19)

]\4’2—@ ]\/Il—a
sup | Dg f(z)| < 3(cr JFCZ)Hf”HC;,(R)r +2(e1 +02)Hf,”Cb(R)j <00
z€R « «

for any positive constant M > 0 and the positive constants c¢1 and ca in
Proposition 2.35.

Proof. We consider the two summands in (16) separately, starting with the
first integral for any f € CZ(R). The goal is to obtain an upper bound.
Choose M > 0 and consider

" )~ f )~ (@) M fare) - fo) - (@)
A z 51%2 = d€ :/0 = 514:1 = df

n / [t oS ge
M

The first integral is written as

M
/ J(@+8)—f (@)~ f'(@)E f<z> r@E g /
0 0
M
L
M
L&

[/ Fle+06) € de—f(xx} ae

{/ / (@ + s0€) 0¢ ds d6:| d¢
{/ / F(x+ 50€) 0 ds dH} d¢

bounded by [|f”|lc,
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where we use the shorthand notation || - ||, = || - [l (). Thus

M o g @)@ . Mo wy . M=o
| A e < e, [ € e = e

The second integral is written as

* O —f@) - )€ * [
= 714:17 z d¢ = Tfa /( 0 dg — ! d
/ e e~ [T k| [ raroo an - pia ac

I
o0
:/ 13
u ¢

([ 00~ 716 an] ag

bounded by 2 f'||c,

Thus

el /
/ fletdf@l Wt g
JMm
Summarizing we estimate

/0 ferfo)-f X g

o0
<2 fle, /A e =2 e M

12— -
<31y = + 20 f lle, M= < oo

« a—1

and similarly
/0 fle—9J@H e g

for any M > 0. Consequently, the integral representation (16) of D§ satisfies
estimate (19). O

M-«
Cy "a—1 <00

. 12— .
< 51 oy = + 2117

2—a

The estimate (19) shows that for 1 < o < 2 there exists a bound for D
involving first and second derivatives. This is one key estimate we are going
to use to adapt the assumptions (B3) and (C3) discussed in Section 4.1.

For a self-contained derivation of the representation of fractional Lapla-
cians D, 0 < a < 2, see the work of Droniou and Imbert [15, Theorem
1]. Their results on continuity [15, Proposition 1] and on sequences [15,
Theorem 2] generalize to Riesz-Feller operators with obvious modifications
in their proofs.

Proposition 2.5. Let 1 < a < 2, 0] < min{a,2 — a} and f € CZ(R). If
(fa)n>1 € C2(R) is bounded in L®(R) and D3 f, — D2 f locally uniformly
on R, then Dg f,, = Dg f locally uniformly on R.

Theorem 2.6. Let 1 < a < 2, |§] < min{a,2 — a} and f € CZ(R). If
(zk)ken s a sequence in R™ such that f(xy) — supgpn f as k — oo, then
limg_y00 Vf(2r) =0 and liminfy_,o DY [f](xr) > 0.

2.2.2. Semigroup Properties. A non-degenerate Riesz-Feller operator gene-
rates a strongly continuous convolution semigroup on Cp(R), which can be
extended to a convolution semigroup on L*®(R).

Theorem 2.7. For 1 < a < 2 and |0| < min{e, 2 — a}, the Riesz-Feller
operator D generates a convolution semigroup S; : L®(R) — L>®(R),
up — Siug = G§(-,t) * ug, with kernel G§(x,t). Moreover, the convolu-
tion semigroup with u(zx,t) := Syug satisfies

appeared as: F. Achleitner and C. Kuehn. “Traveling waves for a bistable

equation with nonlocal diffusion”.
(2015), pp. 887-936

In: Adv.

Differential Equations 20.9-10



3. REACTION-DIFFUSION EQUATIONS 129

12 FRANZ ACHLEITNER AND CHRISTIAN KUEHN

(1) u € C®(R x (ty,00)) for all to > 0;

(2) O = DG u for all (x,t) € R x (tp,00) and any ty > 0;

(3) u(-,t) = ug for t \, 0 in the weak-+ topology of L®°(R);

(4) If UORE Cy(R) then limpy(0,00)5 (x,t)—(w0,0) (T, ) = uo(wo) for each
20 € KR.

Proof. Due to the assumptions and Lemma 2.1, the kernel is a smooth proba-
bility density function with G§(-,¢) € L!(R). This observation and Young’s
inequality for convolutions show that S : L°(R) — L>®(R), t > 0, are well-
defined bounded linear operators. We define Sy = Id and the semigroup
property follows from property (G4) in Lemma 2.1. The semigroup (S;)>0
of bounded linear operators on L*°(R) is not necessarily strongly continu-
ous, see also [23, page 427 ff.]. However Siuy converges for ¢ \, 0 in the
weak-* topology of L®(R), see also [11].

The function u is smooth, since u is a convolution of ug € L>°(R) with an
integrable smooth function G having bounded integrable derivatives (G6)-
(G8). Furthermore, u is a solution of (12), since G§ is a solution of (12)
for positive times. Finally, G§ is an approximate unit with respect to ¢ due
to (G1)—(G3) which is sufficient for the stated convergence to the initial
datum ug. O

In the analysis of the traveling wave problem, we are mostly interested in
the evolution of initial data in Cj. Therefore, it is important to notice the
following corollary.

Corollary 2.8. For 1 < a < 2 and || < min{a,2 — a}, the Riesz-
Feller operator Dy generates a convolution semigroup Sy : Cp(R) — Cp(R),
ug — Spug = Gg(-,t) * ug, with kernel G§(x,t). Moreover, the convolution
semigroup with u(z,t) := Spug satisfies

(1) ue C®°(R x (ty,0)) for all ty > 0;

(2) Oqu = Dg u for all (z,t) € R x (tg,00) and any ty > 0;

(3) If up € Cp(R) then u € Cp(R x [0,T7]) for any T > 0.

Since S; : Cp(R) — Cp(R) is not a strongly continuous semigroup, the rela-

tion between the Cy-extension of the strongly continuous semigroup (St)s>0

on Cp(R) and the Cf—cxtcnsion of the Fourier multiplier operators Dy is not
obvious. This issue is discussed in [38], see also [23, Section 4.8].

3. CAUCHY PROBLEM AND COMPARISON PRINCIPLE

We consider the Cauchy problem

{@u Gu+ f(u) for (z,t) € Rx (0,00),

(20) u(z,0) = up(z) for x € R,

for1 < a <2,]0] <min{a,2—a} and f € C*(R) satisfying (2). We follow a
standard approach, and consider the Cauchy problem in its mild formulation
to prove the existence of a mild solution. The Cauchy problem generates
a nonlinear semigroup which allows to prove uniform C’f estimates via a
bootstrap argument and to conclude that mild solutions are also classical
solutions.
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Droniou and Imbert [15] studied partial integro-differential equations
Owu(z,t) = Df [u(-, t)](z) + F(t,z,u(z,t), Vu(z,t)) for z e R",t>0,

involving the fractional Laplacian D for 0 < o < 2. First, they introduce
the fractional Laplacian D§ as a Fourier multiplier operator on the Schwartz
class S(R), and then they extend it to CZ(R) functions in [15, Lemma 2].
In particular, they consider the Cauchy problem for a € (1,2)

(21) {8tu(x,t) =D§ [u(-, t)](x) + F(t,z,u, Vu) for z e R",t >0,
u(z,0) = up(x) for z € R,
where up € WH(R?) and F' € C([0,00) x R x R x R").

In the one-dimensional case (n = 1) of a smooth function F' = F(u)
depending only on the unknown u and ug € L°°(R), their assumptions on
F simplify to

(DI1) VR > 0, Vk € N, 3Kg > 0 such that Vv € [-R,R] and V3 € N
satisfying 8 < k,
[0S F(v)] < Kpy -
(DI12) 3A : [0,00) — (0,00) continuous and non-decreasing such that
I 5= da = oo and Vv € R

0 Aa)
sgn(v)F(v) < A(v]) .

(DI3) VR > 0, Iy : [0,00) + (0, 00) continuous and non-decreasing such
that [° w2~ da = oo and Vv € [-R, R]

Tr(a)
v|0yF(v) <Tr(lv]).

A smooth function F' = F(u) that depends only on u and satisfies (DI1)
also satisfies (DI3), since

W|0uF (¢, z,v,v) = [v|F'(v) < [v] max |F'(v)| < Kralv| =: Tr(|v])
vE[-R,R]
implies
o © . u=t
—— du = ——— du = = lim1 =00.
/0 Trlu) /o Kriu 4T Far B n(w) u=c -
In this case a simplified proof of [15, Theorem 3] allows to show the existence

of a solution for the initial value problem (IVP) with up € L*(R).

Theorem 3.1. Let o € (1,2), up € L*°(R) and F = F(u) satisfy (DI1) and
(DI2). There exists a unique solution of (21) in the following sense: for all
T>0

(DI}) v € Cp(R x (0,T)) and for all a € (0,T) v € C;°(R x (a,T));

(DI5) w satisfies the partial integro-differential equation (21) on R x (0,T),

(DI6) If up € Cp(R) then u(-,t) — ug uniformly on R as t — 0.

There are also the following estimates on the solution: for all0 <t < T <
007

(DI7) [lu(-, 1)o@y < L7+ L{l[uoll = ®)))

00),

where L : [0,00) — [0, a L(a) = [()a ﬁ db.
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u U

Filu)

FIGURE 1. The functions fi(u) = u (1 — u) (v — a) and
fo(u) = (u+1)u(u—a)(u—1)(u—2) for any a € (0,1) are
bistable in the sense of (2) and depicted in the left and the
right figure, respectively. Whereas f; satisfies the assumpti-
ons (DI1)—(DI3), function f does not satisfy (DI2).

Remark. The function £ : [0,00) — [0,00), a — L(a) = [ ﬁ db, is a
non-decreasing C'!-diffeomorphism from [0, o0) to [0, 00), due to the assump-

tions on A.

For our purposes we need to extend the result of Theorem 3.1 to the case
of all Riesz-Feller operators Df in (20) and to adapt the result to admissible
functions f which do not satisfy the growth condition (DI2) see also Figure 1.

First, Droniou and Imbert note in [15, Remark 5] that their proof of [15,
Theorem 3] still applies if D is replaced by more general operators which
satisfy [15, Theorem 2] and whose associated kernel K, (z,t) has the pro-
perties [15, (30)]

(P1) Ko € C®(R x (0,00)) and (Kq(+,t))i—0 is an approximate unit (in

particular, K4 > 0 and, for all t > 0, [ Ko (-, )|l L1 ) = 1),

(P2) Vt >0, Vt' >0, Ko(,t + 1) = Ko, t) x Ko, 1),

(P3) 3K > 0, Vt > 0, [|[VEa(-, )|l g1 m) < Kt~
and [15, (59)]

(P4) (0,00) 3t ++ Ko, t) € L'(R) is continuous.

The Riesz-Feller operators D§ for 1 < a < 2 and |0] < min{a, 2 — a} satisfy
the properties (P1)-(P3), due to Theorem 2.6 and Lemma 2.1, and (P4)
follows from the regularity of G and the scaling property (G2). Therefore
the result of Theorem 3.1 still holds if the operator Df in (21) is replaced
by a Riesz-Feller operator Dy for 1 < o < 2 and |0| < min{e, 2 — a}.

Second, the prototype of a function f satisfying assumption (2) is a cubic
polynomial of the form

filu):==u(l—u)(u—a) forsome ac (0,1),

which satisfies (sgnv)fi(v) < maxyep,y fi(u) for all v € R and hence as-
sumption (DI2) with a constant A. In contrast, other admissible function
such as

fo(u) = (u+1u(u—a)(u—1)(u—2) for some a € (0,1)
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do not satisfy assumption (DI2). The estimate
(sgnv) f2(v) < AJvl) = e(lv| +2)°

for some ¢ > 0, implies that
u=R 1

/Oo ! d /°° ! d li ! <
—— du = —— du =— lim ——— =— <oo.
0o Aw) o c(u+2)° Roo de(u +2)4|,_, 26

However, we are interested in solutions taking values in [0, 1] and the par-
tial integro-differential equation exhibits a comparison principle see also
Lemma 3.3. Thus we will modify the function fo outside of [0, 1], such that
it satisfies the assumptions (DI1)-(DI2), see also Figure 1. Consequently
(a generalization of) Theorem 3.1 applies to the associated Cauchy problem
and the solution—taking values in [0, 1]—will be a solution of the original
Cauchy problem (20).

Theorem 3.2. Suppose 1 < a < 2, 0| < min{e,2 — a} and f € C*(R)
satisfies (2). The Cauchy problem (20) with initial condition u(-,0) = ug €
Cp(R) and 0 < up < 1 has a solution u(x,t) in the sense of Theorem 3.1
satisfying 0 < u(z,t) < 1 for all (z,t) € R x (0,00). Moreover, for all
k € N and tg > 0 there exists a K > 0 such that \|u(~,t)\|c§(R) < K for all
0<tyg<t.

Proof. The first assumption (DI1) is satisfied, since f is a smooth function,
hence all derivatives are continuous and bounded on any compact interval
[—R, R]. We are interested in solutions taking values in [0, 1]. Moreover, the
partial integro-differential equation exhibits a comparison principle, such
that classical solutions u(z, ) of our Cauchy problem will satisfy 0 < u < 1.
Therefore, we can modify f in such a way that its modification fsatisﬁcs
assumption (DI2) but does not change the dynamics as long as u takes values
in [0,1]. First, we define fimin := minyejo,1) f(u), frmazr = maxyuejoq) f(u),
and a bounded function f(u) := max{ fin , min{f(«), fmaez}}. Finally, we
consider a smooth function f € C*(R), such that f(u) = f(u) = f(u) for
all w € [0,1] and |f(u)| < [f(u)| for all u € R. Then, assumption (DI2)
holds for f with (sgnv)f(v) < A(|v]) = [|fllse < co. Assumption (DI1)
continues to hold. Thus, due to (a generalization of) Theorem 3.1, there
exists a unique solution to the Cauchy problem

{Btu =D§u+ fw) for (z,t) € R x (0,77,

22
(22) u(+,0) = uo for z € R.

Due to the assumptions on the initial datum 0 < up < 1 and a comparison
principle—formulated in Lemma 3.3—0 < wu(z,t) < 1 for all (z,t) € R x
[0, T]. Thus the solution u(z,t) is a solution of the original Cauchy problem,
whose uniqueness has to be verified. Suppose two solutions of (20) with
the stated properties exist, then they are solutions of the modified Cauchy
problem (22) as well. However, the modified Cauchy problem has a unique
solution, hence the two solutions are identical.

Due to (a generalization of) Theorem 3.1 a solution u exists for all T > 0
on a time interval (0,7'). However the comparison principle proves that
0 <wu(-t) <1 forallt >0, such that [[u(-,t)| 1) satisfies not only (DI7)
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but also |[u(-,t)||pee®) < 1 for all £ > 0. The solution v is also a mild
solution and satisfies

u(z,t) = (GS('J)*UO)(@“)+/O (GG (-t =7) fu(,7)](x) dr

for ¢t > 0. For t > ty > 0 the solution is differentiable and satisfies the mild
formulation

Oyu(z,t) = (ang(~,t) * uo) (z) + /Ot [316'8‘(-,15 —7)* f(u(-,7))|(x) dr

and hence the estimate

1
o

1—-1

@

1
(23) sup |Ozpu(z, t)| < Kt~ a |Jug||pee + max |f(u)| K
zER ~——  u€[0,1]
<1
due to 0 < u(-,t) < 1forallt > 0and Lemma 2.1. In particular, assumption
1 < a < 2 implies

1 -
and ¢t a < (2t)) «

Q=
Q=

tTa <t

for all ¢ € [to, 2to]. Thus, for ¢ € [to, 2to], estimate (23) yields

1 -t

“a (2tg) @
sup |dpu(z, t)| < Kty * 4+ max |f(u)| K ———
z€eR u€0,1] 1- o
This gives an estimate on bounded intervals, but not a global estimate on
[to, 00). However, the IVP generates a nonlinear semigroup; the solution u
of the IVP with initial condition u(-,0) = ug(-) is equal to the solution v of
the IVP with initial condition v(-, ) = u(-, to) on the time interval [to, c0).
Hence, u and its derivative J,u(x,t) satisfy

t

u(z,t) = (Gé"(wt—to)*U(wto))(m)+/ (GG (ot =7)* flu(,7)(z) dr

to

and

dpu(z,t) = (61G3(~,t - to)*u(~.,t0)) (m)+/

to

t

[0:G5 (.t = 1) F(u(7)] (@) dr

for t > tg > 0. The estimate now reads

1

1 t—tp)' @

sup |Opu(z, )| < Kt —to) " a|lu(-, to)||pe + max |f(u)| K %
z€R u€[0,1] 1-1

for t > to > 0 and t € [2to, 3tp] we obtain again

1

1 1—=

-= 2t a

sup |Opu(z,t)| < Kty * + max |f(u)| K %

z€R u€[0,1] 1- a

due to 1 < a < 2 and the uniform estimate on u. By induction we obtain
the uniform estimate of d,u(z,t) on (x,t) € R x [tp,00), and in a similar
way the uniform estimates for all other derivatives of u. O
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3.1. Comparison principles and far-field behavior.

Lemma 3.3. Assume 1 < o < 2, || < min{a,2 —a}, T > 0 and u,v €
Cp(R x [0, T]) N CE(R x (to,T)) for all to € (0,T) such that

Ou <Dgu—+ f(u) and Ow>Dgv+ f(v) in Rx(0,T].

(i) If v(-,0) > u(-,0) then v(z,t) > u(x,t) for all (z,t) € R x (0,T7].
(it) If v(-,0) = u(-,0) then v(z,t) > u(z,t) for all (z,t) € R x (0,T].
(iii) Moreover, there exists a positive continuous function

7 :[0,00) x (0,00) = (0,00), (m,t) — n(m,t),
such that if v(-,0) > u(-,0) then for all (z,t) € R x (0,T)

NLﬂ-M%ﬂanmﬂé 0(y,0) — u(y,0) dy .

Proof. (i) The function w := v—u satisfies w € C,(Rx [0, T))NCE(R x (to, T))
for all tp € (0,T), w(-,0) > 0in R and

Bw = A(v —u) > Do — w) + f(v) ~ f(u)
1
:D‘{}(v—u)—k/o FOv+ (1 —0)u)(v—u) df

=Djw+ <‘/Ol f'(0v+ (1 —0)u) d9>w.

=:k(z,t)

In particular, k : R x [0,T] — R, (z,t) — k(z,t), is a bounded continuous
function, due to the properties of v and v. To prove w > 0 in R x (0, 7], we
will derive a contradiction following [10, page 153]. Assume w takes negative
values in R x [0, T]. Due to w € Cp(R x [0,T]) and w(-,0) > 0, for any x > 0

there exist € > 0 and T > T > 0 such that

w(z,t) > —ee®  in Rx[0,T) and inﬂ%w(m,f) = —ceT
ze

In the following we use again 7" instead of T and assume without loss of
generality w(0,T) < —Ze 2. Consider w(z, t) := —€(3 +02(z))e?* where
o>0and z € C®R), 2(0) =1, limg_,10 2(x) =3, as well as 3 > z > 1,
|2'| <1 and |2”| <1in R. The function w satisfies for o > 0

wz,t) = —€ (2 +0z(2)) e < —e (3 +0)
where the upper bound is monotone decreasing with respect to o. Thus
there exists a o* € (}, %] such that w > w in R x [0,T], where § < o* due
to the restrictions at = 0. Moreover

ngloo —e(3+ % 2(z))e?t = —e(3+ 30%)et < 75%621% < —e o2t

< liminfw(z,t).
r—Foo

In summary, there exists o* € (%, %] and (xg,%)) € R x (0,7 such that
w > win R x [0,7] and w(zo,t0) = w(xo,t0). Thus w —w € Cp(R x
[0,7]) N CZ(R x (to,T]) is a non-negative function which attains its mini-
mum at (zg,%p) € R x (0,7}, hence dyw(zo,t0) < dw(zo,to), Oxw(xo,to) =
0w (20, t0), 02w (z0,t0) > O2w(wo, to)-

appeared as: F. Achleitner and C. Kuehn. “Traveling waves for a bistable
equation with nonlocal diffusion”. In: Adv. Differential Equations 20.9-10
(2015), pp. 887-936



3. REACTION-DIFFUSION EQUATIONS 135

18 FRANZ ACHLEITNER AND CHRISTIAN KUEHN

First we deduce from the integral representation of Dj in Proposition 2.3
the estimate DY [w(-,t0)](z0) > Dg [w(:,to)](z0). Second we deduce the
estimate

*%EHGQMU > Oww(z0,t0) > Opw(zo, to)
> Dg [w(-, to)](z0) + k(zo, to)w(zo, to)
= D [w(-, t0)](wo) — sup [k] [w(o, to)]
Kl lley @) Y — AN lloy @ =1 — sup K] €(§ + 0" (z0) e
2o

1-a
*ICA EO_*emeg _ 4]{1\[ 60_*62}%0 — sup ‘k‘ 6 eQKfU

where we use Prop051t10n 2.4 with some positive constants M and K. Thus
if we choose x > 0 such that

V

v

2—a 1—
ST < SRMEC oMo

— §sup ||
then we obtain a contradiction. Therefore w > 0 in R x (0, 7.

(ii) For another constant Ky € R, the function wy := e®*'w satisfies
wa € Cp(R x [0, T)) NCE(R % (¢, T)) for all tg € (0,T), wy > 0in R x (0,77,
and

Oywa > Dy wa — ca(x, t)we
with cp(z,t) := —(K2 + k(z,t)). Choosing Ky € R such that ca(x,t) =
— (K2 + k(JL,l&)) < 0 and using wy > 0 in R x (0,7, yields
Oywa > Dy wa — ca(x, t)we > Dy ws .
Due to the first part,
wa(z,t) > [GS (- 1) * wa(-, 0)](z) = eF2GG (-, 1) * w(-, 0)](z).

The assumption v(-,0) = u(-,0) implies that there exists o € R and € > 0
such that w(z,0) > 0 for all € (g — €, 20 + €) due to continuity of w. Mo-
reover, the nonlocal diffusion equation dyw = Dg w generates a convolution
semigroup with a positive convolution kernel G§(z,t), i.e. G§(x,t) > 0 in
R x (0,T7], see Lemma 2.1. Therefore,

wa(z,t) > / Gy(x —y,t)wa(y,0) dy >0 for all (z,t) € Rx (0,77,
Ue(zo)

which implies w(x,t) > 0 for all (z,t) € R x (0,T].
(iii) If v(-,0) > wu(-,0) then as before

1
wa(x,t) =[G (-, t) x wa(-,0)](z) = /0 (G5 (x —y, t)wa(y, 0)] dy
1

> min G§(z y,t)/o wa(y,0) dy ,

y€(0,1]

since G§ is an integrable positive smooth function, and wa(-,0) > 0 in R.
Thus

1
cKQt(v(x., t)—u(x,t)) > min Gg(z,t)/ w(y,0) dy
0

2€[—|z[—1,]z]]

1
= ii(lal, 1) /0 (0(5,0) — u(y,0)) dy ,
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where 7j(m,t) = min,e(_m_1,,) G§(2,1), is a positive continuous function,
since G§(-,t) for t > 0 is a positive smooth function. Consequently the
function 7 : [0,00) x (0,00) — (0,00), (m,t) — e~ K2t5(|2|,t), is a positive
continuous function, and the statement follows.

We need to investigate the behavior of solutions in the limits z — +o0, see
also [12, Theorem 5.2] for the case of a system of reaction-diffusion equations
with local derivatives. We consider the Cauchy problem

(24) {@u—Di}u-‘,—F(u) for (z,t) € R x (0,00),

u(z,0) = up(x) for z € R,

for some unknown function u : R x (0,00) — R and a given bounded con-
tinuous function F : R — R, u — F(u), satisfying a Lipschitz condition in
u.

Theorem 3.4. Let 1 < a < 2 and |0] < min{a, 2—a}. Suppose uy € Cp(R)
and that the limits

zglf?oo ’lL()(QZ) = Yok

ezist. If u € Cy(R x [0,T]) N CZ(R x (to,T)) for all ty € (0,T) is a solution

of the Cauchy problem (24) then the limits limy_1o0 u(x,t) = us(t) exist
and satisfy

(25) Qe — Pug)  for t€[0,T],  ur(0) =ugs.
Proof of Theorem 3.4. The result is a variation of [12, Theorem 5.2] where

the case D3 = 92 is considered. Again, for 1 < a < 2 and || < min{e, 2—a}
the fundamental solution G of

Ou=Dgu for (z,t) € Rx (0,T]

is for all ¢ > 0 an integrable positive smooth function G§(-,t) € L!(R) with
finite mean, see Lemma 2.1. Like in the proof of [12, Theorem 5.1, we
obtain the unique mild solution as the limit of an iterated sequence

+00
et = [ Gyl tuly) dy
t “+o00
uF () = uO(a, t) +/0 /700 Gy(x —y,t — TF(@WF(y,7) dy dr

for k € N. The functions u* are bounded and continuous, hence measurable.
To study the limits of a solution u, we consider the limits of the functions
u¥. The dominated convergence theorem yields

x

—+00
0 — T 0 — 1 o —
(0=t et = Tm [ Gl —y) dy

+0o +oo
- / G3y.1) lim uolz—y) dy = / G5y uos dy = uos
r—+oo

—00
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A mathematical induction on k € N proves that the limits of u* satisfy

u’fl(t) 1= Tkrirlm uk“(x7 t)

t +oo
—wet im [ [ Gyt nFA ) dy dr
T ©Jo J-oco
t +o00
:Uo,i+/ / Gy(y,t —7) lim F(uk(xfy,T)) dy dr
0 Joso r—+o0

:uo’i+/o F(ui(T)) dr .

The sequence of functions u% () converges uniformly for 0 < ¢ < T to some

function w4 (t), by virtue of the uniform convergence of the sequence of
functions u*(x,t), k € N. Passing to the limit, we obtain

us(t) =uo+ + /Ot F(ug(r)) dr,

which is equivalent to the stated differential equation. O

4. TRAVELING WAVE PROBLEM

We consider the traveling wave problem for the local reaction-nonlocal
diffusion equation

(26) Ou=Dgu+ f(u), zeR, te(0,00),

with 1 < @ < 2, || < min{e,2 — a} and f € C®°(R) being a bistable
function in the sense of (2). The profile U—of a traveling wave solution
u(t,z) = U(x — ct)—has to satisfy the traveling wave equation

—cU'(§) =Dy U + f(U)

where Dg has to be understood in the sense of the singular integral in Pro-
position 2.3 which is well-defined for C2(R) functions due to Proposition 2.4.

4.1. Chen’s Approach and Results. In this section we briefly review

the results from [10] as they provide the basis for this work. Consider the
evolution equation
(27) Ou(z,t) = Afu(-, t)](z), (z,t) e R % [0,00),

where A is a nonlinear operator. We shall also need the Fréchet derivative
of A defined by
Alu + ev] — Alu)
. .
The basic assumptions on the operator A are:

A'lu](v) :== ll_r)%

(1) (semigroup) A generates a semigroup on L>(R),

(2) (translation invariance) Alu(- + h)|(z) = Afu(-)](z + h) for all
z,h € R,

(3) (bistability) there exists a function f(-) such that Afal] = f(a)l
for all @ € R with

(28) feC'R), f(O)=0=f(1), f(O)<0, f1)<o0,
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(4) (comparison principle)

(29) if Opu > Afu], dv < Afv], u(-,0) > v(+,0), u(-,0) £ v(-,0)
then u(-,t) > v(-,t) V¢t > 0.

Chen [10] studies the existence, uniqueness and local asymptotic stability
of traveling fronts u(x,t) = U(x — ct) for (27) connecting the two homogene-
ous stable states i.e. in a moving coordinate frame £ = x — ¢t one demands
(30) lim U(¢) =0, lim U(§) =1 and lim U'(¢) =0.

£——o0 o0 [€]—o00
We state the three main results from [10] which will follow from the semi-
group property, several variants of the other three properties and additional
estimates for A.

Theorem 4.1. (uniqueness, [10, Thm. 2.1]) Suppose the following assump-
tions hold:

(A1) A is translation invariant and f is bistable in the sense of (28).

(A2) A satisfies the comparison principle (29).

(A3) There exists constants K1 > 0 and Ko > 0 and a probability measure
v such that for any functions u,v with —1 < u,v < 2 and every x € R

A+ 0)(1)() — Aful(1)(a)]

(31)
<K /R oz — I dy) + Kallo( + len(1a)-

Then monotonic traveling waves are unique up to translation. More preci-
sely, suppose (27) has a traveling wave U € C1(R) with speed ¢ satisfying
(30) and U'(€) > 0 V& € R, then any other traveling wave solution (U, ¢)
with U € CO(R) and0<U<1onR satisfies

c=¢ and U(:) = U(- + &) for some fized & € R
i.e. U is a translate of the original wave U.

To obtain local asymptotic stability of the traveling wave one has to ex-
tend the assumptions (A1)—(A3).

Theorem 4.2. (local asymptotic stability, [10, Thm. 3.1]) Suppose (A1)
(A3) hold and, in addition, we have:
(B1) There exist constants a~ and a™ with 0 < a~ < a™ < 1 such that f
satisfies f >0 in (=1,0)U (a™,1) and f < 0 in (0,a7) U (1,2).
(B2) There exists a positive non-increasing function n(m) defined on 1, 00)
such that for any functions u(x,t),v(z,t) satisfying —1 < u,v < 2,
Oru > Alu], O < Afv] and u(-,0) > v(-,0), there holds

(32) min [u(z,1) —v(z,1)] > 7](m)/0 [u(y,0) —v(y,0)] dy Vm >1.

z€[—m,m)|

(B3) With K1, Ka, v, u and v as in (A3), there holds, for every x € R,

(33) LAl 1l(a) ~ Al@)] < K [ Jolo =) () + Ko [ o -
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Then monotonic traveling waves are exponentially stable. More precisely,
suppose (27) has a traveling wave U € C1(R) with speed c satisfying (30)
and U'(§) > 0 V€ € R. Then there exists a constant k such that for any
ug € L®(R) satisfying 0 < up < 1 and

liminf ug(z) > at, limsupup(z) < a™,
T—o0 T—>—00
the solution u(z,t) of (27) with initial value u(-,0) = ug(-) satisfies the
exponential stability estimate
lu(-,t) = U(- = ct + &) oo (ry < Ke™™ for allt <0,
where & and K are constants depending on ug.

The strongest set of assumptions is required to show the existence of a
traveling wave.

Theorem 4.3. (existence, [10, Thm. 4.1]) Suppose the following assumpti-
ons are satisfied:

(C1) A is translation invariant and the function f satisfies for some a €
(0,1),
() >0 for ue(—1,0)U(a,1),
<0 forue (0,a)U(L,2),
where f'(0) <0, f(1) <0, f'(a) > 0.
(C2) There exists a positive continuous function n(x,t) defined on [0, 00) X
(0,00) such that if u(z,t),v(x,t) satisfy —1 < u,v <2, Gu > Aful,
0w < Afv] and u(-,0) > v(-,0), then for all (z,t) € R x (0, 00)

1
(B ulwt) — o) > () /0 [u(y,0) — v(y,0)] dy.

(C3) There exist positive constants K1, Ko, K3, and a probability measure
v such that for any u,v € L®(R) with —1 < u,v < 2, and x € R we

have
(35) |Alu + v](z) — Aful(z)]
<K /R ‘U(l’ - U)' V( dy) + K» HU//HCO([171,1+1]) ’
(36) [Alu+v] — Alu) — A'[u](0)] < Ks|[v[|Zo ),
(37) | A'[u + 0] (1) (2) — A'Tu)(1)(2)]

<Ky [ lote =) v(d) + Ko lolengerr oy -

(C4) For any function ug(-) satisfying 0 < ug <1 and [|lugl|caw) < 0o, the
solution u(z,t) of (27) with initial condition u(-,0) = uo(-) satisfies

sup Ju(-t)llc2m) < oo
te[0,00)

Then there exists a traveling wave U € C1(R) with speed c satisfying (30)
and U'(§) > 0 V€ € R.
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Observe that the assumption (Ci) for ¢ = 1,2,3 implies (Ai) as well as
(Bi). Furthermore, the first assumption for each theorem prescribes the
nonlinear bistability behavior, the second one is a comparison principle and
the third assumption yields estimates on the nonlinear operator A as well
as on its linearization A’.

Chen proved Theorems 4.1-4.3 with a view towards a general class of
integro-differential evolution equations of the form

(38) Oy = 60%u + G(u, Jy * S (u), ..., Jn * S™(u))

for some diffusion constant § > 0, smooth functions G and S*, and non-
negative functions J, € C*(R) of unit mass [ Ji(y) dy =1 and bounded
total variation [; [J;(y)| dy < oo where k = 1,...,n. In [10, Section 5]
further assumptions are specified such that the conditions (C1)—(C4) hold,
which imply the existence, uniqueness and local exponential stability of tra-
veling wave solutions for these equations. It turns out that the approach
does not apply directly when we replace the Laplacian in (38) by a more
general Riesz-Feller operator Dy.

4.2. The Bistable Case with Nonlocal Diffusion. The analysis of equa-
tion (26) in the Sections 2 and 3 show that we only need a relatively mild
generalization of Chen’s results [10] which we reviewed in Section 4.1.

First we identify the operator A as Afu] := D§ u + f(u) and take a look

at the assumptions (C1)—(C4).

(C1) The Riesz-Feller operators D are translational invariant with re-
spect to the spatial variable, which follows from their integral repre-
sentation in Proposition 2.3. The nonlinearity u + f(u) depends
on the spatial variable only through the function u itself, hence the
operator is again translational invariant. Consequently, the opera-
tor A is translational invariant, since it is the sum of translational
invariant operators.

Due to translational invariance, the operator A maps a constant
function to a constant function. In particular, Alcl] = D [c1] +
f(e)1 = f(e)1 for all ¢ € R, where 1 denotes the constant function
z +— 1. The additional assumptions on f identify the admissible
nonlinear functions.

(C2) The property follows Lemma 3.3.

(C3) In the following, we consider u,v € L*®(R) with —1 < u,v < 2, see
assumption (C3). The quantity in (35) is estimated as

[Afu +v](z) — Afu](z)| = | D [u +v] + f(u +v) — Dy u — f(u)|
< DG v|(x) + | f(u+v) = f(u)|(z)
< KoV leymy + Kallv' oy m) + Kav(@)]

for some positive constants K1, Ko and K4, due to Proposition 2.4
and

[t v) — F)|(z) = /0 Pt to) dt o)
<N ez, lv(@)] -
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Note that the estimate involves [|[v”||o(r) instead of [|v" || ((e—1,041))
due to the estimate of the Riesz-Feller operator in Proposition 2.4.
The Fréchet derivative A'[u](v) of A is A'[u](v) = Djv + f'(u)v.
The second estimate (36) follows from

Al + 0] — Afu] — Au](0)] = |£(u+v) — Fu) — F(w)]
1 t
/0 /O f(u+sv) ds dt o] < | logaple@)?-

The third estimate (37) follows from
(A +0](1)(z) = Au] (V) ()] = ' (w+v) = f'(u)

/ f(u+tv) dt v(x)
0

(C4) Due to Theorem 3.2, the Cauchy problem with initial datum ug €
C3(R) and 0 < ug < 1 has a solution u(z,t) which satisfies the pro-
perties (DI4)—(DI7), 0 < u < 1 and the uniform estimates sup,c(g o) [u(, ) c2r) <
co. We observe that a solution u of the IVP with initial datum
ug € L®(R) and 0 < up < 1 almost everywhere becomes smooth for
positive times and its C¥(R)-norm for any k € N can be uniformly
bounded.

The modifications in the estimates in (C3’) are due to our replacement of a
second-order derivative with a Riesz-Feller operator, which demand a global
estimate see Proposition 2.4. Furthermore, we prefer to work in a C} setting
instead of a L™ setting.

<N Nleezalv(@)] -

Theorem 4.4. Theorems {.1-4.3 still hold if each term Ka|[v"|comy is re-
placed by ~

Es[v'lloym) + Ka2llv"llo, @)
occurring in the inequalities (33) and (35).

Proof. Precise statements and details are given in Appendix A for unique-
ness, Appendix B for stability and Appendix C for existence. |

Finally we prove the main result stated in Theorem 1.1.

Proof of Theorem 1.1. Under the assumption of this theorem, we studied at
the beginning of this subsection Chen’s original conditions (C1)—(C4). We
noticed that only in condition (C3) one estimate has to be modified. This
implies that the same estimate has to be changed also in condition (B3).
However, in the Appendices we verify that his approach can be modified
to obtain the stated results on existence in Theorem C.1, uniqueness in
Theorem A.1 and stability in Theorem B.3 of traveling wave solutions of (1).

O

APPENDIX A. PROOF - UNIQUENESS

The problem (1) under consideration fulfills the assumptions (A2) and (A3)
due to the discussion in Section 4. For nonlinear functions satisfying the
assumptions (Al), the uniqueness result in Theorem [10, Theorem 2.1] is
applicable. In the following, we modify the proof to incorporate Riesz-Feller
operators.

appeared as: F. Achleitner and C. Kuehn. “Traveling waves for a bistable
equation with nonlocal diffusion”. In: Adv. Differential Equations 20.9-10
(2015), pp. 887-936



142 3. REACTION-DIFFUSION EQUATIONS

25

A traveling wave solution of (1) is a solution of the form wu(t,z) = U(§),
for some constant wave speed ¢ € R, a traveling wave variable £ := x —
ct, and a function U connecting different endstates lime_, 100 U(§) = ux.
The profile U of a traveling wave solution has to satisfy the traveling wave
equation —cU’(§) = Dy U + f(U) where Dj has to be understood as its
extension to CZ-functions.

Theorem A.1l. Suppose (A1) holds and (U, c) is a traveling wave solution
of (1) satisfying

UcCYR), lim U@)=0=u_, lim U@E)=1=:uy,
(39) £——o0 {—+o00

U'(¢)>0 onR, lim U'(¢)=0.

|¢]—o00
Then, for any traveling wave solution (U, &) of (1) with

UeCR), lim UE)=ur and u_ <U<u; onR,
E—+oo

we have ¢ = ¢ and U(-) = U(- + &) for some & € R.
First, we need to construct sub- and supersolutions.

Lemma A.2. Suppose (U, c) is a traveling wave solution of (1) satisfying (39).
Then, there exists a small positive constant §, (which is independent of U)
and a large positive constant o* (which depends on U) such that for any
d € (0,6.] and every & € R, the functions w™ and w™ defined by

(40) wh(z,t) == Uz — ct + & £ 0™l — e P]) £ de P
with 8 := L+ min{—f'(0), — (1)} are a supersolution and a subsolution of (1),
respectively.

Proof. Let y := x—ct+& +0*5[1—e~?"] and note that the function wt (,t)
satisfies
dwT —D§wt — flw')

=U'(y)(—c+ a*éﬁefﬂt) —68e™P — Dy wt — f(wh);
a traveling wave satisfies —cU’ = D§ U+ f(U) as well as D§ U (y) = D§ w* (z, t),
hence

=DjU(y) + f(U) = Df w* (w,1) = f(w") + U'(y)o" 0B — 6fe~"

=f(U) — f(U +8eP) + 58 P (U (y)o™ — 1)

Due to the properties (39) of U, there exists for any d, € (0, %) a positive
constant M = M (U) such that

(41) U@ >1-6, forall £>M, UE) <d, forall €< —M.

We consider three cases |y| < M,y < —M and y > M.
In case |y| < M, the estimate

o1

0

> = flleq-1,.2 e
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yields
FU) = (U +6e7) + 58P (U (y)o* — 1)
>0 (= |1 leera) + BU (y)o* —1)).
The last expression is non-negative, if ¢* is chosen according to
Neer,2) + Neqer,zy +
(42) o> sup I e /1,2]) B _ ||f leq 1,2])I 5’
ly|<M BU'(y) Binfjy<p U'(y)

where inf}, <y U "(y) is positive, since U’ is a continuous positive function
and |y| < M is a compact subset. For o* in (42), dyw* —D§ w — f(w*) >0
for all |y| < M.

In case y > M, we have

) = (U +6e75) + 6562 (U (y)o — 1)

= 5e*5f< / 1 —f(U(y) +05e5t) — 3 do + ﬂa*U’(y)) )

0

The last expression is non-negative, if § € (0, 0.] and d, is chosen sufficiently
small according to

(43) n ]7f/(u) >p= %nlin{ff/(o)‘,*f,(l)}v

in
UE[1—0x,140x

since Bo*U’(y) is non-negative anyway.
In case y < —M, we have

FU) = f(U +de7) + 35”7 (U (y)o" — 1)
= 5e*5f</1 —f(U(y) +06e™P) — B do + 60*U’(y)> .
0

The last expression is non-negative, if § € (0, d.] and d, is chosen sufficiently
small according to

(44) min —f'(u) > 8= Lmin{—f'(0), (1)},
u€[0,28.]
since Bo*U’(y) is non-negative anyway.

Choosing d, sufficiently small such that (43) and (44), then M sufficiently
large such that (41) and finally o* sufficiently large such that (42) are satis-
fied, respectively, we deduce that

ow™ —D§wt — f(wh) >0.
In contrast, to prove that w™ is a subsolution, i.e.
Ow™ —Dgw™ — f(w™) <0,
we have to choose ¢, sufficiently small such that
i —f'(u) > B = Lmin{—f'(0), - f'(1)}.
vl iy ) 2 B = g min{=(0), —f (1)}
then M sufficiently large such that (41) and finally o* sufficiently large such
that (42) are satisfied, respectively.
Together, the result follows if we choose §, sufficiently small such that

min - =f(0)2 5= bmin{—f(0),~F/(1).

u€[—8+,20,]U[1—28.,1+0x
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then M sufficiently large such that (41) and finally o* sufficiently large such
that (42) are satisfied, respectively. g

Proof of Theorem A.1. The proof is based upon [10, Proof of Theorem
2.1], and we highlight the necessary modifications. The problem (1) under
consideration fulfills the assumptions (A2) and (A3) due to the discussion
in Section 4. ~

Step 1. Since U(€) and U(€) have the same limits as £ — $o0, there exist
& € R and h > 1 such that

(45) U+&)=6. <UH)<U(+&+h)+6, on R,

where 0, is taken from Lemma A.2. Considering the translated profile U(- +
5}) instead of U, we can set {; = 0 without loss of generality. Comparing
U(x—ét) with w® in (40) (with & = 0 for w™ and & = h for w*), we obtain
from inequality (45), Lemma A.2 and Lemma 3.3

(46) U(w —ct — o*6,[1 — e_m’}) — Pt
<U(z—ét) < U(z—ct+h+0"6.[1— e*m}) + 8,675t

for all z € Rand ¢t > 0. Keeping £ := z — ¢t fixed, sending ¢ — oo, and using

limg_s 400 U(E) = lime 400 U(§) = u+, we obtain from the first inequality
in (46) that ¢ > ¢ and from the second inequality in (46) that ¢ < ¢, so that
¢ = ¢. In addition,
(47) Ul —06,) <UE) <UE+h+0",) VEeR.

Step 2. Due to (47), the shifts

¢ =mf{EeR|U() SU(+E)} = 0,
and
wi=sup{{ ER|U() 2U(+&)} <h+0".

are well-defined and satisfy &, < £*. To finish the proof, it suffices to show
that & = &*. To do this, we use a contradiction argument. Hence, we
assume that & < &* and U(-) Z U(- + &*).

Since we assume limj¢|_,o0 U'(€) = 0, there exists a large positive constant
My = M>(U) such that
(48) 20*U' (&) <1 if |¢] > My.
The definition of &* implies U(-) < U{(- +¢&*). The functions U() and U(- +
&*) are stationary solutions of (1) and U(-) — U(- + £*) € C([0, T]; Co(R)).
Thus the comparison result in Lemma 3.3 implies U(-) < U(- +£*) on R.
Qonsequently, by the continuity of U and U, there exists a small constant
h € (0, 51| such that
(49)  UE) <UE+€ —20"h) V& with |[€+ | < My +1.
When | + £*| > M3 + 1, then for some 6 € [0, 1]

UE+€ —20"h) —U(€) > UE+€ ~20"h) ~U(E+¢7)
= =20 hU' (€ + £ — 200" h) > —h
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by the definition of M,. Hence, in conjunction with (49), U (€& +£* —20*h) +
h > U(¢) on R. Due to Lemma A.2 and Lemma 3.3, for all x € R and ¢ > 0,
(50) Ul —ct+&— 20%h + o*h[1 — e*ﬂt]) + he Pt > Uz — ct).

Keeping £ := x — ct fixed and sending ¢t — oo, we obtain U(f + & — (r*ﬁ) >
U(¢) for all € € R. But this contradicts the definition of £*. Hence, &, = £*,
which completes the proof of the theorem.

APPENDIX B. PROOF - STABILITY
We follow the proof of Chen in [10, Section 3]. In Section 4 we studied
the properties (C1)-(C4) in case of Afu] := D§ u + f(u). Indeed the pro-
perties (C1), (C2) and (C4) are satisfied, whereas one estimate in (C3) has
to be modified. This implies that the properties (Al)-(A3) and (B1)-(B2)
hold, whereas the estimate in property (B3) has to be modified.
First, we construct sub- and supersolutions of (1). In the sequel, ¢ €
C*®(R) is a fixed function having the following properties:
((s)=0 if s <0,
(51) ((s)=1 if s>4,
0<(¢'(s)<1and [("(s)] <1 if s€(0,4).
Lemma B.1. Assume that (B1) holds. Then, for everyd € (0, min{a™ /2, (1—
a™)/2}], there exists a small positive constant ¢ = €(8) and a large positive
constant K = K(8) such that, for every & € R, the function wt(x,t) and
w™(x,t) defined by
wh(z,t) == (146) —[1 — (a7 — 28)e ¢ (—e(x — £+ K1),
w(z,t) = =8+ [1 — (1 —a™ —20)e|¢(e(x — € — Kt)),
are respectively a supersolution and a subsolution of (1) in R x (0,00).
Proof. We only prove the assertion of the lemma for w™. The proof for

w7 is analogous and is omitted. By translational invariance, we need only
consider the case £ = 0. We want to estimate the right-hand side of

Ow™ (z,t) — Alw™ (-, t)](x) = pw™ (x,t) — Dy [w™ (-, 0)](z) — f(w™ (z,t)).
On the one hand
dw ™ (x,t) = —Ke[l—(1—a™—28)e™|¢'+e(1—aT—28)e (¢ < —Kea¢'+e,

due to the assumptions on ¢ and §. On the other hand,

| D [w™ (- )(@)| < K [10207 oy oy + 195w ey mxiory | < Ke
due to Proposition 2.4, the assumptions on ¢ and
dpw™ = €[l — (1 — a™ — 20)e™ ¢ (e(x — € + Kt))
as well as 92w~ = 2[1 — (1 — a™ — 28)e™|¢" (e(x — &€ + Kt)). Consequently,
the estimate
(52) O™ (z,t) — Alw™ (-, 1)](z) < —Kreat¢' — fw™) + Kae

for some positive constants K and Ky follows. To show that w™ is a sub-
solution, we have to find € and K; such that the right-hand side of (52) is
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negative. This is possible by the same arguments as in [10, Proof of Lemma
3.2]. g

Second, we investigate estimates on a solution of (1) as time evolves.

Lemma B.2. Assume that the hypothesis of Theorem B.3 hold and the
constants d, and o* are taken from Lemma A.2. Then, there exist a small
positive constant €* (independent of ug) such that if, for some T >0, £ € R,
6 € (0,min{1,1/0*}8,/2], and h > 0, there holds

(653) Ux—cr+& —0<u(z,7)<U(x—ct+&+h)+6 Ve e R,
then for every t > T + 1, there exist é(t), 5(15), and iz(t) satisfying
)€€ —0"0,E+h+0ad],
5(t) < e BED[5 4+ ¢ min{h ,1}],
h(t) < [h— o*¢* min{h,1}] + 205,

such, that (53) holds with (,€,8,h) replaced by (t,£(t), 6(t), h(t)).

Proof. Equation (1) is invariant with respect to spatial translations and time
shifts. Thus we set £ = 0 and 7 = 0 without loss of generality and obtain

Ux)—0<u(z,0)<U(x+h)+6 VreR.

We want to deduce
(54)
U(Ifctfo*(S[lfe*Bt])7(5e75t <u(z,t) < U(xfct+h+0*6[lfefﬁt])+6efﬂt ,

with the help of Lemma 3.3. First, the functions
(55)
w(z,t) == U(x —ct — 0*6[1 — e ) —de™?  with w™(x,0) = U(z) — 4,

and
(56)
wt(z,t) = U(x—ct—&-h—t—a*(?[l—e*m])+§efﬁt with w'(z,0) = U(z+h)+6,

are a subsolution and a supersolution of (1), respectively, due to Lemma A.2.
Second, a solution u(z,t) of (1) with initial datum wu(-,0) = uo(-) € Cp(R)
and 0 < ug < 1 satisfies 0 < u(z,t) < 1 for all (z,t) € R x (0,7T], due to
Theorem 3.2. Finally, inequality (54) follows from the comparison principle
in Lemma 3.3.

Define & := min{h, 1} and ¢; := %minge[m] U'(€), then fol Uy+h)—U(y) dy >

2¢1h. Due to (54), at least one of the estimates
1
[ 0.0 -V +5 dy = ali+o
0

1
or / Uy +h)+ 3 —u(y,0) dy > eth+6
0

is true. Here the first case is considered, whereas the second case is similar
and omitted. Comparing v with w™ in (55) and using property (B2)—see
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also Lemma 3.3—yields

(57) 2,1) = [U(z —c—0"3[1 —eP]) — 677

min u(
T€[~Mz—2—|c[ ,M2+2+|c|]
1
>n(My +2+ \c|)/ u(y,0) — (U(y) — 8) dy > nerh+nd
0

with 7 := n(Mz + 2 + |¢|). Defining & := ¢ + 0*5[1 — e~”], which satisfies
—ld <& =c+0%[l —e P < el + 0" min{1,1/0*}0,/2 < |c| + 1,

and

(58) € := min % , L , min w
2 7 20%  ze[~Ma—2-2|c[ ,Ma+2+2|c]] 20*U'(z)

yields

Ux — & +20%¢"h) — Uz — &) = U'(0)20*¢*h < nerh +né
for all z € [-My—1—|c|, Ma+1+|c|] and some 0 € [x—&; ,z—& +20%€"h].
Consequently, together with (57),
w(z,1) > Uz — & +20"€h) — de™? Ve e [-My—1—|c|,Ma+1+|c].
In contrast, for |z| > My + 1 + |c|, the definition of My in (48) yields
Uz — &) > Uz — & + 20" €*h) — €*h. Together with (54) for ¢ = 1 and the
previous estimate, we obtain
u(z,1) > Uz — &) —6e™P > Uz — & +20%€*h) — (56713 +€°h) VreR.
Next, we want to show
w(x,1+7)>Ulx —er — €& +20%¢h — " q(1 —e™P7)) — g™ = wy (z,7)
for ¢ := de=# 4+ ¢*h and all 7 > 0. The estimate ¢ = de =% + ¢*h < §, and
Lemma A.2 imply that
wy (z,7)  with  wy (2,0) :==U(z — & +20*¢*h) — ¢
is a subsolution of (1). Thus we deduce from Lemma 3.3, u(z,1+ 7) >
wy (x,7) for all 7 > 0. Furthermore, we conclude
u(@,1+7) > wy (z,7) = Uz — er — & + 20" h — a*q(1 — ¢ P7)) — ge™P7
>U(x—er—c+o'e'h—o*s) — efﬁT((S +€*h),
using the deﬁnitions of & and ¢, and thAe monotonicity of U. Hence, setting
t =147, &(t) = o*¢*h — 0*5, and §(t) = e PE=D(§ + €*h), we obtain
from the last inequality the lower bound. Whereas, estimate (54) with
h(t) := [h+0*5(1 —e )] — £(t) = h — o*e*h 4 0*5[2 — e~ A7), implies the
upper bound. O

Finally, we show local asymptotic stability of traveling wave solutions
of (1)

Theorem B.3. Assume that (A1)-(A3), (B1)-(B2) and (C3’) hold. Also
assume that (1) has a traveling wave solution (U, c) satisfying (39), and

- 1_qat
(59) 0<5§min{min{1,l/g*}%*,%,1 2(1 },
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where o* and 6, are the positive constants in Lemma A.2. Then, there exists
a positive constant k such that for any ug € Cp(R) satisfying 0 < ug < 1
and

(60) liminfug(z) >1 -6 >a™, limsupup(z) <d <a”,
x——+00

T——00

the solution u(z,t) of (1) with initial condition u(-,0) = uo(-) has the pro-
perty that

lu-t) =U( = ct +¢)

where £ € R and K > 0 are constants depending on ug.

Lo < Ke™™ Vit >0,

Proof. We follow the four step procedure in [10, Proof of Theorem 3.1].
Step 1. We prove that for any admissible § > 0, there exist large positive
constants T" and H such that

(61) U(x—cT'—H/2) -6 <u(z,T)<U(x—cT+H/2)+¢ Vr e R.

First, auxiliary smooth functions w™®(z,t) are introduced as in Lemma B.1
which are constant except on a bounded interval. The functions

wh(z,t) = (1+8) — [1 — (a= —20)e”¢(—e(z — T + Kt))
w(z,t) = =0+ [1 — (1 —at — 20)e™ ¢ (e(x — €~ — Kt))
are a supersolution and a subsolution of (1), respectively, for any
0 <6 <min{%-, 1’2‘#},

&t € R, and appropriate constants e = €(§) and K = K(6). If, for a suitable
choice of the parameters £F, the inequality

(62) w™ (x,0) < u(x,0) = ug(z) < wh(z,0) Vo e R
holds, then
(63) w(z,T) <ulz,T) <w(z,T) Vo e R

will follow from Lemma 3.3. Thus, we determine suitable parameters &+
to satisfy (62). Due to assumption (60), the biggest z* € R such that
up(x*) =1 -8 > a™ is a finite number. Moreover, w™(z,0) < a* + ¢ for
all x € R where assumption (59) implies a* + ¢ < 1 —§. Thus the choice
¢~ = 2 implies the estimate

w™(z,0) < {

hence w™(z,0) < up(z) for all z € R.

Again, due to assumption (60), the smallest . € R such that ug(z.) =0
is a finite number. Moreover, w*(z,0) > a~ — ¢ for all # € R where
assumption (59) implies 6 < a~ — §. Thus the choice ¢+ = z, implies
the estimate

—0 for all = < z*,
at+6 forall x> a*,

w+(:z,0)2 a”—¢6 forall x <uwz,,
140 for all = >z,

hence up(z) < wt(z,0) for all x € R. Consequently, for our choice of
parameters £+, Lemma 3.3 implies estimate (63) for all T > 0.
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Additionally, for §yy > 0 satisfying (59), we determine 7' > 0 and H > 0
such that
Ulx—cT—H/2)—6y <w (2,T) and wh(z,T) <U(x+cT+H/2)+6y

for all z € R. The functions U(-) and w* are continuous differentiable and
monotone increasing. Moreover, w™ (z,t) = —d+[1—(1—a™—28)e~|¢(e(z—
£~ — Kt)) satisfies

~.T) =1-6—(1—at—28)e T >at +6 forall @ > ¢ +KT+1%,
w (z,
> =4 everywhere.

Given an admissible dy7, we choose 0 < § < dy and H~ > 0 such that
. 4
Ulx—cT'—H /2)—dy=—-§ for =& +KT+—.
€

Then, U(zx — T’ — H /2) — oy <w (x,7T) for all z € R, if

(64)
EIP Ulx—cT'—H /2)—dy=—dy <—0,
(65)
lim U@—cT—H /2)—p=1-0p<1—6—(1—at—20)e™T.
T—+00
Similarly, we find that wt (z,t) = (14+6)—[1—(a™—28)e” ¢ (—e(x—ET+KL))
satisfies
— - _ —eT < £t _ 4
wt (@, T) 0+ (a 20)e forall <& KT -2,
<1494 everywhere.

Given 0 < § < &y, we choose Ht > 0 such that

Ul —cT+HY/2)+6p=1+0 forxz&*—lCT—é
Then, U(z — T + H"/2) + 6y > wt(x,T) for all z € R, if
(66) zgrflmU(mch+H+/2)+6U:5U26+(a7726)e’€T,
(67) ZETEOOU($*CT+H+/2)+5U:1+5U>1+5-

The Conditions (64) and (67) are equivalent to dy > §. We consider d :=
0y — 6 > 0. To fulfill the Conditions (65) and (66), we need d > max{a~ —
26,1 —at —25}e=T > 0. In particular, we choose d = max{a™ — 25,1 —
at —26}e" for some T > 0 sufficiently large, such that § = dy —d and & €
(0,min{a=/2, (1 —a™")/2}], which is an assumption in Lemma B.1. Finally,
due to the monotonicity of the functions U(-) and w™, inequality (61) will
hold for the choice H = max{H~, H"}.

Step 2. First, define

6" := min {%*7 % and k" :=o0"¢* — 206" > % >0,
then fix t* > 2 such that
0<e P D14+)<1-K <1.

Due to Step 1, for § = 6%, there exist positive constants 7" and H such
that (61) holds. In particular, we can assume without loss of generality that
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0 < H < 1. Otherwise (61) and Lemma B.2 imply that (53) holds with
T=T+1t" some € € [—%—a*éﬂ%—}—a*é*], 0 =06* and h = H — k*, since

S(T + 1) < e PV 4 ¢*] < 6%,

and
il(T-i—t*) <H-0%+20%0" < H - k",

due to the definition of ¢* and x*. Repeating the procedure shows that (53)
holds for 7 = T + Nt*, § = §* and h = H — Nx* for all N € Ny such that
H — (N —1)x* > 1. Hence there exists a finite time 77 > T such that (53)
holds for 7 =T, 6 = 6* and h = 1 and some § € R (which will be denoted
by £°).

Step 3. A mathematical induction on k € Ny shows that (53) holds for
some & = & € R, and

T=TF =T +kt*, §=06":=(1—-rF" and h=hrF:=(1-r")r.

Induction start: For k& = 0, the assertion holds due to Step 2. Induction
step: Assuming the assertion for £ = [ € Ny (induction hypothesis), we
prove the assertion for k = [ 4+ 1. The induction hypothesis for &k =1 € Ny
is equivalent to (53) for (7,&,68,h) = (T, €', 6, h!). Lemma B.2 implies that
estimate (53) holds for (7,¢,8,h) = (T*1,€,0, h) satisfying

feld—o"d, &+ 1 40",

8 < efﬁ(t*,l)((sl + E*hl) _ (1 _ N*)lé*e—ﬁ(t*,l) (1 + %) < (1 _ K*)Prl(s*,

h<h'—o*ch! +20%6' = (1 — k(1 — 0¥¢" 4+ 2076%) = (1 — x*)F,
due to the definition of §*, £* and t*. Consequently, (53) holds for 7 =
TlJrl7 some £ = §l+1 c [fl _ (J.*(gl7 §l + ht + 0.*51]7 5 = (1 _ H*)l+15* and
h = (1 —x*)"1. This finishes the proof of the induction step, and—hence—
the proof of the mathematical induction.

Step 4. Step 3 shows that (53) holds for (7,&,6,h) = (T*, &, 6% h¥) for
all k € Ny, i.e. at discrete times 7 = T*. Like in Step 1, it follows that (53)
holds for all 7 > T*, § = 6%, h = hF 4+ 20*6%, ¢ = €% — 6*6% and k € Ny. To
deduce the (best) estimate for ¢t > Ty, we define 0(t) = 6, £(t) = &8 — o*6F,
h(t) = h* + 20*6% on each interval ¢ € [T*, T*+1) for all k € Ng. Then,

Uz —ct+ &) —0(t) <ul(z,t) <U(x—ct+ &) +h(t)+ (L)

for all t > T, x € R. Recalling Tk =T\ + kt* for k € Ny, we conclude that

Tk <t < Tk is equivalent to k < tz*Tl < k+1. Thus using the definitions

of k*, 6(t) and h(t), we deduce In(1 — £*) < 0,
o(t) < o* exp{(% - 1) In(1 — Ii*)} ,
* ok t=T *
h(t) < (1 + 2075 )exp{( = —l)ln(l—n )}

for all ¢ > T'. Consequently, £(t) € [£(7) —0*6(7) ,&(7) + h(T) + 0*6(7)] for
any t > 7 > T; implies that

[6(6) = €] < h(r) +20°5(7) < (1+40"8 ) exp { (T2 = 1) (1 = w) }.
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Therefore, the limit & = limy 00 £(t) exists and
(o — £(7)| < h(r) + 20%8(7) < (1 + 40*6*) exp { (;—T - 1) In(1 — m)}

for all 7 > T37. The estimates imply the statement of Theorem B.3 for the
choicenzft%ln(lfﬁ*). O

Following the proof of [10, Theorem 3.5], we determine bounds on the
traveling wave speed c.

Theorem B.4. Assume that (B1), (A2) and (C3’) hold. Then, for any
traveling wave solution (U, c) of (1), the wave speed ¢ satisfies

I flleqoa 3+a

(68) o] < C =

€ a

where @ :== min{a~,1—a™} and € is a positive constant defined implicitly by

p(@) = K[23 2+ 2] = min{ ()] |s € 3. 2] U1 - 2.1 5]
with the constant IKC determined in Proposition 2./.

Proof. Estimate (68) will be proven with the help of explicit sub- and super-
solutions in traveling wave form. Due to assumption (B1), 0 < a < % and
min{ |f(s)||s € [, 2] UL — 22,1 - 2]} > 0. The traveling wave U takes
only values in [0, 1], hence we can modify f without loss of generality such
that [|fllcqo,) = Iflloqa) as well as f(u) = —f(3) > 0 for u € [-1,—3]
and f(u) =—-f(1-%)<0foruel+§,2]

To prove the upper bound ¢ < C, we will use a subsolution w™(x,t). We
recall the definition of € and C' in the statement of Theorem B.4 and define
C(s) == 3[1 + tanh(s)], 6 = &, w™(z,t) = =26 + (1 + §)¢(e(z — Ct)). A
direct calculation like in the proof of Lemma B.1 yields

Opw™ (2, t) — Afw™ (-, 1)](z) = dpw™ (2,t) — Dy [w™ (-,)](x) — f(w™ (2,1))
(69) < —eC(1+08)¢ (€(x — Ct)) + p(&) — f(w™ (=,1))
where
| Dy [w™ (-, 1)](x)] < E[Hazw*llc,,(mx[o,ﬂ) + Haz7ch,,(Rx[o,T])]
<K[1¢" oy @) + ell¢ oy @] = #(@).

due to Proposition 2.4. To show that w™ (z, t) is a subsolution, i.e. dw™ (z,t)
Alw™ (-, t)](z) < 0 for all (z,t) € R x (0,00), we consider three subcases
¢ € (0, %ML Ce (ILM’%M) and ¢ € [ﬁ,l). First, ¢ € (0, %] implies that
w(z,t) = =26 + (1 4+ §)¢(e(z — Ct)) € (—26,—08] hence f(w™ (z,t)) =
—f(%) > 0 and f(w (2,t)) > p(€). In this case the right hand side
of (69) is nonpositive. Second, ¢ € (%51%) implies that w™(z,t) =
—20 + (1 + 9)¢(€(x — Ct)) € (—6,1 — 20) hence f(w™ (z,t)) has no definite
sign. However, we have

min {g’(s)

cwe (k) } = 5o
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due to ('(s) = 3(1 — tanh?(s)) = 1(1 — (2¢(s) — 1)%) = —2{(s) ({(s) — 1).
Thus, for our choice of € and C, the right hand side of (69) satisfies

—e0(14+8)C (Ex—C)+p(E)~ Flw™ (@,)) < ~eC(14+8) 12542 Fl oy < O

Third, ¢ € [ﬁ, 1) implies w™(z,t) = —26+(1+0)¢(e(z—Ct)) € [1—-26,1-0)
hence f(w™(z,t)) > 0 and f(w™ (z,t)) > p(€). In this case the right hand
side of (69) is nonpositive. Therefore dyw™ (z,t) — Alw™ (-, t)](z) < 0 for all
(z,t) € R x (0,00), hence w™(z,t) is a subsolution.

Like in the first step of the proof of Theorem B.3, we can find X > 1
such that U(-) > w™ (- — X,0) and deduce U(z —ct) > w (z — X,t) =
w™(z — Ct — X,0) for all (x,t) € R x (0,00) from Lemma 3.3. Setting
¢&=x—ctyields U(¢) > w™ (£ + (¢ — O)t — X,0) for all (¢£,¢) € R x (0,00).
In case of ¢ > C' taking the limit ¢ — co would lead to a contradiction with
U(-) > w™(- — X,0), hence the estimate ¢ < C' follows.

To prove the lower bound —C' < ¢, we use a supersolution w (z,t) :=
0+ (1+0)C(e(z + CY)). O

APPENDIX C. PROOF - EXISTENCE

Theorem C.1. Assume that the assumptions (C1), (C2), (C3’) and (C4)
hold. There exists a traveling wave solution (U,c) of (1) that satisfies (39).

Proof. Consider the IVP

(70) {Btv =A@l in Rx (0,00),

v(-,0)=¢()  in R,
where the function ¢ is defined in (51). The idea is to show that, for some
diverging sequence (t;)jen with t; — co, the sequence (v(- +£(t5),t5)) jen—
where v(¢(t),t) = a for all t > 0—has a pointwise limit U(-) which is the
profile of a traveling wave solution of (1).

The IVP (70) has a unique solution v € Cg°(R x (t, 00)) for any to > 0
due to Theorem 3.2, which satisfies
(71)
0<wv(t)<1l, lim v(z,t)=0 and lim v(z,t)=1 forall t>0

T——00 r—+00

due to Theorem 3.4. The function v is monotone increasing in x, since
v(z,0) = ((z) < ¢(z + h) = v(z + h,0) and the comparison principle (C2).
The function v is smooth for positive times, hence v,(x,t) > 0 for all (z,¢) €
R x (0,00); actually vy(z,t) > n(|z|,t)((1) > 0 for all (x,t) € R x (0,00)
follows from studying the difference quotients M with the help
of (C2). Then the implicit function theorem implies the existence of a
smooth function z : (0,1) x (0,00) — R, such that v(z(a,t),t) = a for
all (a,t) € (0,1) x (0,00). The following three lemmas can be proved in the
same way as in Step 2 of the proof of [10, Theorem 4.1].

Lemma C.2. Under the assumptions of Theorem C.1, there exist a small
positive constant 61 and a function my : (0,01/2] — (0,00) such that for all
d € (0,01/2] the function z : (0,1) x (0,00) = R satisfies

(72) 21— 06,t) — 2(8,t) <mi(8)  VE>0.
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Lemma C.3. Under the assumptions of Theorem C.1, for every M > 0
there exists a constant (M) > 0 such that
(73) Ozv(z + z(a,t),t) > n(M) Ve>1, ze[-M,M].

Similar to Lemma A.2 sub- and supersolutions of (1) are constructed.

Lemma C.4. Under the assumptions of Theorem C.1, there exists a small
positive constant 0y and a large positive constant oo such that for any 6 €
(0,80] and every £ € R, the functions W+ and W~ defined by

(74) W (x,t) := v(z+ &+ 098]l — c_m]) + de P
with 8 := L min{—f'(0), — f'(1)} are a supersolution and a subsolution of (1),
respectively.

Lemma C.5. Under the assumptions of Theorem C.1, there exists a se-
quence (tj)jen and a non-decreasing function U : R — (0,1), such that
(tj)jen diverges to +o0o as j — +oo and

lim v(§ + z(a,t;),t;) =U(E) forall { €R.
Jj—00

Moreover, U satisfies lim¢_,_ o U(§) = 0 and lime_, 1 o U(€) = 1.

Proof of Lemma C.5. The sequence {fx(-) := v(- + z(a, k), k) }ren of real-
valued functions on R consists of bounded functions which are uniformly
equicontinuous. Due to the Arzela-Ascoli theorem, there exists a subse-
quence {k;}jen and a bounded continuous function U € Cy(R) such that
Ji; (1) = v(- + 2(a, k;), k;j) — U(-) for j — oo uniformly on compact subsets
of R. Obviously, the function U inherits from the function v the proper-
ties U(0) = a, 0 < U < 1, and to be non-decreasing in =. For sufficiently
small positive § estimate (72) implies U(—m;(d)) < d and U(m1(0)) > 1—4
consequently lime_, o U(€) = 0 and limg_,oo U(&) = 1.

First, we show U(§) < ¢ for all £ < —my(d): Estimate (73) implies
UE+h)—U&) >7n(¢] +1)h >0 for all h € [0,1] and all £ € R. Therefore,
we only need to show U(—m1(9)) < 6, where v(—m1(d) + z(a, k;), k;) —
U(—m1(9)) for j — oco. The function v(z,t) is monotone increasing in the
first argument, hence the function z(a,t) is monotone increasing in its first
argument as well. Due to Lemma C.2 for 6 € (0,61/2] with d <a <1-19,
we deduce z(4,t) < z(a,t) < z(1 —4,t),

—m1(9) + z(a,t) < —z(1 —94,t) + 2(0,t) + 2(a,t) < 2(4,t),
v(=m1(8) + 2(a, kj), kj) < v(2(0,t),t) = ¢ and finally
v(=m1(8) + z(a, kj), kj) = U(=m1(d)) <6 for j — co.

In a similar way, we show v(§{+ z(a,t)) > 1—4¢ for all £ > m;(d) and deduce
U(&) >1—¢ for all £ > my(9).

Moreover, the convergence lim;_,o. v(§ + 2(a, t5),t;) = U(§) is uniform on
R: For sufficiently small § > 0 we deduce for all j € N that
U (§)—v(§+2(a,t)), 1)) < U+ v(€+z(a ty), 1) <6 VE<—ma(6/2)

and |U(€) — v(& + =(a,t;). )] < |1 = U(©)] + |1 — v(€ + 2(a,,),,)] < 6 for
all € > m1(5/2). Due to the uniform convergence on compact intervals, we
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can choose J(0) sufficiently large such that

[U(€)—v(&+z(aty), tj)| <6 V&€ [=ma(6/2),m1(6/2)] and Vj=>J(9)
hence—using the short hand notation w(§, t;) := U(&§) —v(&+2(a, t;), t;)—it
follows that

sup [w(, £)] = max{sup [w(, ¢;)[, sup [w(E, t;)|, sup [w(&, )|} <6
£ER el el Eels

for I := (700,7m1(%)), Iy = [7m1(g),m1(g)], I3 = (ml(%),oo)7 and all
j > J(9).

More precisely, the solution v is a smooth function for positive times
and has uniformly bounded derivatives due to Theorem 3.2. Therefore, an
iterated application of the Arzela-Ascoli Theorem implies that U € C}*(R)
of any order m € N and the existence of a diverging sequence {k;} en such
that fi;(-) = v(- + 2(a, k), kj) — U(:) for j — oo uniformly w.r.t. the
C™ norm on compact subsets of R. Moreover, the function v converges
to constant endstates, and its spatial derivative of any order converge to
zero in the limits £ — +o00. These properties are passed on to the function
U and —as before with the help of Lemma C.2—the convergence f (-) =
v(- + z(a, kj), k;) = U(:) for j — oo turns out to be uniform on R.

Finally, we prove that the function U is the profile of a traveling wave
solution of (1) and satisfies (39). The IVP

(75) U = A[U] in R x (0,00),
U(,00=U(-) inR,
has a unique solution U € C{°(R x (to,00)) for any to > 0 due to Theo-
rem 3.2. First, we need to establish
(76) lim v(€ + z(a, t;), t; +t) = U(€,t)  for all (¢,8) € R x (0,00).
Jj—o0

For any ¢ > 0 there exists J(€) such that if j > J(é) then
v(-— €+ z(a,t),t;) —€<U(-) <v(-+ €+ z(a, tj),t;) + €.
Considering these functions as the initial data of the IVP (75), we obtain
from Lemma C.4 the estimate
v(- — e+ 2(a,t;) — o9e[l — e Pt + 1) — ee Pt < U(-,1)
<o(-— e+ z(a,ty) + o2l — e P 1 1) + ée Pt

Noticing that U is smooth and taking the limit € — 0 and then j — oo
yields statement (76). More precisely, the first estimate is rewritten as

o(- + 2(a, 1)), t; + 1) — éPE < U(-+ & + a9é[l — P, 1)
taking the limits yields

limsupv(- 4 2(a,t;),t; +1) < U(-,1).
j—o0

Using the second estimate yields liminf;_,e v(- + 2(a, t;),t; +t) > U(-1).
Taken together
U(-,t) < liminfo(- + 2(a, tj), t; +t) < limsupv(- + z(a, ;) t; +) < U( 1),

j—o0

j—o0
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we deduce statement (76). The monotonicity of v w.r.t. to « and its limiting
behavior allow to find a large positive constant mg such that v(- —mg, 1) —
0o < v(+,0) < wv(-+mg,1)+d. Again a comparison principle and Lemma C.4
imply
’U(' — mg — 0'2(50(1 — e_’gt),t + 1) — (Soe_ﬁt
S’U('a t)
<wv(-+mo + 0200(1 — C_m),t +1)+ Soe Pt

consequently evaluating at & + z(a,t), setting ¢t = ¢; and taking the limit
j — oo yields

(77) U —mg — 0280, 1) < U(E) < U(E +mg + 0260,1)  forall £ €R.

To prove that the function U is the profile of a traveling wave solution
of (1), we show that U(-,¢) = U(- — ct) for some ¢ € R and all ¢. Due to
estimate (77) the numbers

&o=sup{E ER|U(-+&1)<U()},

are well-defined and satisfy —mg — 0200 < & < & < mg + 0200. However
& = & arguing as in the proof of Theorem A.l1. In particular we noted
that U € Cy°(R) and for some diverging sequence {k;};jen the convergence
v(-+ z(a, k;), kj) = U(:) for j — oo is uniform w.r.t. the CJ"(R)-norm for
any order m € N. In a similar way we can establish that lim,_, 4. Ux(x, t) =
0 for all ¢ > 0 and the uniform convergence v(- + 2(a,t;),t; +t) — U(:,t)
w.r.t. the C}(R)-norm for all ¢ > 0.

Comparing U (-, ) with U(-) for ¢ € (1,2] in the same way one obtains the
existence of a function ¢ : [1,2] — R with ¢(1) = & = £* such that U(-, 1) =
U(-—c(t)). The function c is differentiable and equation ;U = A[U] implies
—d()U'(€) = A[U](€). The right-hand side of the identity does not depend
on ¢ explicitly (only through &), hence ¢/(¢) is constant for all ¢ and (U, ¢)
is a traveling wave solution of (1). To establish the properties of U’ in (39),
we notice that U and hence U are bounded smooth functions approaching
constant endstates in the limits & — +oo. O
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ANALYSIS AND NUMERICS OF TRAVELING WAVES
FOR ASYMMETRIC FRACTIONAL
REACTION-DIFFUSION EQUATIONS

FRANZ ACHLEITNER AND CHRISTIAN KUEHN

ABSTRACT. We consider a scalar reaction-diffusion equation in one spa-
tial dimension with bistable nonlinearity and a nonlocal space-fractional
diffusion operator of Riesz-Feller type. We present our analytical results
on the existence, uniqueness (up to translations) and stability of a trav-
eling wave solution connecting two stable homogeneous steady states.
Moreover, we review numerical methods for the case of reaction-diffusion
equations with fractional Laplacian and discuss possible extensions to
our reaction-diffusion equations with Riesz-Feller operators. In particu-
lar, we present a direct method using integral operator discretization in
combination with projection boundary conditions to visualize our ana-
lytical results about traveling waves.

1. INTRODUCTION.
A scalar reaction-diffusion equation is a partial differential equation
O 9?2
M 2Py f(w) for (s,0) €Rx (0,].

where the spatial derivative models diffusion and (a nonlinear) function f
models reaction of some quantity v = u(z,t) over time. The application and
analysis of reaction-diffusion equations has a long history [6, 58, 61].

In the following, we consider equation (1) with a bistable nonlinear func-
tion f € C1(R) such that

=0 for ue{u_,a,uys},
(2) Ju_<a<uy in R: f(u)q<0 for ué€ (u_,a),
>0 for ue(a,uq),

fu) <0, f(uy)<0.

This kind of reaction-diffusion equation is known as Nagumo’s equation
to model propagation of signals [43, 46], as one-dimensional real Ginzburg-
Landau equation (RGLE) to model long-wave amplitudes e.g. in case of
convection in binary mixtures near the onset of instability [48, 55], as well
as Allen-Cahn equation to model phase transitions in solids [5].

Following Allen and Cahn, a stable stationary state - such as u_ and u -
represents a phase of the system, whereas a traveling wave solution u(z,t) =

2010 Mathematics Subject Classification. 35A01, 35A09, 35B51, 35R09, 47G20.

Key words and phrases. Traveling wave, Nagumo equation, real Ginzburg-Landau
equation, Allen-Cahn type equation, Riesz-Feller operator, nonlocal diffusion, fractional
derivative, comparison principle, quadrature, projection boundary conditions.
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Uz — ct) with limg_, 400 U(§) = u+ represents a phase transition. Each sta-
tionary state u. has an associated potential F(u,) = F(u_)+ [ f(v) dv.
One distinguishes between the balanced case, i.e. the stable states u_ and u
have the same potential F(u—) = F(u+), and the unbalanced case, where
the stable state with lesser potential value F'(u) is called the metastable
state. Then a traveling wave solution u(z,t) = U(x — ct) connecting the
stable states u— and w4 will be stationary (¢ = 0) in the balanced case and
moving in the direction of the metastable state in the unbalanced case.

In some applications it is important to include nonlocal effects. For ex-
ample, Bates et al. [8] proposed a non-local model

3) M= Jxu—u+f(u) for (z,t)€Rx(0,T],

for even, non-negative functions J € C*(R) with

/J(y) dy =1, /\le@) dy <oo, J eI\R),
R JR

and bistable functions f. The assumptions on J ensure that the problem
exhibits a maximum principle and a variational formulation. The existence
of traveling wave solutions u(x,t) = U(xz —ct) is concluded from a homotopy
of (3) to a classical reaction-diffusion model (1). Moreover the traveling
wave again will move depending on the balance of the potential values of
the stable states. In contrast, the asymptotic stability is established only
for stationary traveling wave solutions, i.e. in the balanced case, where an
additional variational structure is available.

Chen established a unified approach [15] to prove the existence, unique-
ness and asymptotic stability with exponential decay of traveling wave solu-
tions for the previous reaction-diffusion equations and many more examples
from the literature. He considers general nonlinear nonlocal evolution equa-
tions in the form

%(w,t) = Afu(-,t)](z) for (z,t) e Rx (0,T],
where the nonlinear operator A is assumed to
(1) be independent of ¢;
(2) generate a L semigroup;
(3) be translational invariant, i.e. A satisfies for all u € dom A the
identity
Alu(- + h)|(z) = Alu(-)|(x+h) Vz,heR.
Consequently, there exists a function f : R — R which is defined
by Alal] = f(a)l for @ € R and the constant function 1 : R — R,
2+ 1. This function f is assumed to be bistable (2);
(4) satisfy a comparison principle
If % > Alul, % < A[v] and u(-,0) > v(-,0), then u(-,t) >
v(-,t) for all t > 0.
Chen’s approach relies on the comparison principle and the construction of
sub- and supersolutions for any given traveling wave solution. Importantly,
the method does not depend on the balance of the potential.
At the same time, Zanette [67] proposed a model

(4) % =Dgu+ f(u) for (z,t) € Rx (0,77,
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with a fractional Laplacian D§ for some a € (0,2) and an explicit bistable
function f. This model exhibits monotone traveling wave solutions hav-
ing an explicit integral representation, hence the asymptotic behavior of
front tails and the front width can be studied directly. Subsequently, the
reaction-diffusion equation (4) with fractional Laplacian and general bistable
function f has been studied in the literature [67, 47, 62, 11, 12, 49, 32, 17].

Engler [20] was one of the first to consider the scalar partial integro-
differential equations

(5) % = Dgu+ f(u) for (z,t) € Rx (0,7],

where u = u(z,t), f € C1(R) is a (bistable) nonlinear function, and D
is a Riesz-Feller operator with 1 < a < 2 and |f| < min{a,2 —a}. A
Riesz-Feller operator Df of order o and skewness ¢ can be defined as a
Fourier multiplier operator, see also the exposition of Mainardi, Luchko and
Pagnini [41]. Starting from the fundamental solution of %’Z = Dgju, Engler
constructs traveling wave solutions for some appropriate bistable function f.
Assuming the existence of traveling wave solutions for general functions f,
Engler studies the finiteness of the wave speed. The existence, uniqueness
(up to translations), and stability of traveling wave solutions for general
bistable functions is left open.

1.1. Main analytical result. Our main result is summarized in the fol-
lowing theorem.

Theorem 1 ([1]). Suppose 1 < a <2, || < min{e,2 — a} and f € CP(R)
satisfies (2). Then equation (5) admits a traveling wave solution u(z,t) =
U(z — ct) satisfying

(6) Elirin UE)=usr and U'(E) >0 forall £ €R.

In addition, a traveling wave solution of (5) is unique up to translations.
Furthermore, traveling wave solutions are globally asymptotically stable in
the sense that there exists a positive constant k such that if u(z,t) is a
solution of (5) with initial datum uy € Cp(R) satisfying 0 < uy <1 and

(7) liminf ug(z) > a, limsupup(z) < a,
T—00 T——00

then, for some constants & and K depending on ug,
fu(-8) —U(- —ct + &)o@y < Ke ™™ ¥Vt >0.

1.2. Discussion. To our knowledge, we established the first result [1] on
existence, uniqueness (up to translations) and stability of traveling wave
solutions of (5) with Riesz-Feller operators D for 1 < o < 2 and [0] <
min{a, 2 — a} and bistable functions f satisfying (2). The technical details
of the proof are contained in [1], whereas in this paper we give a concise
overview of the proof strategy and visualize the results also numerically.

To prove Theorem 1, we follow - up to some modifications - the approach
of Chen [15]. His approach relies on the comparison principle and the con-
struction of sub- and supersolutions for any given traveling wave solution.
It allows to cover all bistable functions f satisfying (2) regardless of the
balance of the potential and all Riesz-Feller operators Dg for 1 < o < 2
regardless of |0] < min{a,2 — a}.

appeared as: F. Achleitner and C. Kuehn. “Analysis and numerics of
traveling waves for asymmetric fractional reaction-diffusion equations”. In:
Commun. Appl. Ind. Math. 6.2 (2015), e-532, 25



162 3. REACTION-DIFFUSION EQUATIONS

4 FRANZ ACHLEITNER AND CHRISTIAN KUEHN

Next, we quickly review different methods to study the traveling wave
problem of a reaction-diffusion equation. In case of a classical reaction-
local diffusion equation (1), the existence of traveling wave solutions can
be studied via phase-plane analysis [6, 26]. This method has no obvious
generalization to our traveling wave problem for (5), since its traveling wave
equation is an integro-differential equation.

The variational approach has been focused - so far - on symmetric dif-
fusion operators such as fractional Laplacians and on balanced potentials,
hence covering only stationary traveling waves [13, 11, 12, 49]. The ho-
motopy to a simpler traveling wave problem has been used to prove the
existence of traveling wave solutions in case of (3), and (4) with unbalanced
potential [32].

Chmaj [17] also considers the traveling wave problem for (4) with general
bistable functions f. He approximates a given fractional Laplacian by a
family of operators J¢ *u — ([ Jo)u such that limeo Je xu — ([ Jo)u = D§u
in an appropriate sense. This allows him to obtain a traveling wave solution
of (4) with general bistable function f as the limit of the traveling wave
solutions ue of (3) associated to (Jc)e>0. It might be possible to modify
Chmaj’s approach to study also our reaction-diffusion equation (5) with
Riesz-Feller operators. This would give an alternative existence proof of a
traveling wave solutions.

However, Chen’s approach allows to establish uniqueness (up to transla-
tions) and stability of traveling wave solutions as well. It remains an open
problem to extend Chen’s approach, if this is possible, to the general case
of Riesz-Feller operators with 0 < @ <1 and |0| < min{a, 2 — a}.

1.3. Outline. Our article is structured as follows. In Section 2, we give
a non-technical review of our analytical results in a companion article [1].
We introduce the Riesz-Feller operators as Fourier multiplier operators on
Schwartz functions, and extend the Riesz-Feller operators in form of singular
integrals to functions in CZ(R). The Riesz-Feller operators D§ generate a
convolution semigroup which we deduce from the theory of Lévy processes.
Then we present the analysis of the Cauchy problem for (5) with initial
datum uy € Cp(R) such that 0 < uy < 1. The proof follows a standard ap-
proach, to consider the Cauchy problem in its mild formulation and to prove
the existence of a mild solution. The Cauchy problem generates a nonlin-
ear semigroup which allows to prove uniform Cf estimates via a bootstrap
argument and to conclude that mild solutions are also classical solutions.
A comparison principle is essential to prove our result on the existence,
uniqueness and stability of traveling wave solutions and to allow for a larger
class of admissible functions f in the result for the Cauchy problem.
Finally, we consider the traveling wave problem for (5). In [1] we consider
a general approach by Chen [15]. There we study his necessary assumptions
and notice that some estimates are not of the required form. However Chen’s
approach can be extended, which we prove in [1, Appendices A-C]. We
sketch the proof of Theorem 1 in Section 2, and refer to [1, Subsection 4.2]
for more details.
In Section 3, we review numerical methods for reaction-diffusion equations
with fractional Laplacian and discuss the (im-)possibility of extensions to our

appeared as: F. Achleitner and C. Kuehn. “Analysis and numerics of
traveling waves for asymmetric fractional reaction-diffusion equations”. In:
Commun. Appl. Ind. Math. 6.2 (2015), e-532, 25



3. REACTION-DIFFUSION EQUATIONS 163

5

reaction-diffusion equations with Riesz-Feller operators. Then we present a
direct method using integral operator discretization based on quadrature in
combination with projection boundary conditions. Furthermore, we visual-
ize the analytical results from Section 2 and outline several challenges for
the numerical analysis of asymmetric Riesz-Feller operators.

2. TRAVELING WAVE SOLUTIONS.

A Riesz-Feller operator of order a and skewness 6 can be defined as a
Fourier multiplier operator,

(8) FIDGf1E) = v (OFfIE),  EER,
with symbol
) U5 (&) = —[€]* exp [i(sgn(€))07] .

for some 0 < a < 2 and |§] < min{e,2 — a}. The symbol g (¢) is the
logarithm of the characteristic function of a Lévy strictly stable probability
density with index of stability o and asymmetry parameter 6 according to
Feller’s parameterization [25, 29].

Remark 1. We follow the convention in probability theory and define the
Fourier transform of f in the Schwartz space S(R) as

FUE) = /R M f(r) dr,  EER,

and the inverse Fourier transform as

FUN) = [ Ere d. zer.

Moreover, F and F~! will denote also their respective extensions to L*(R).

To analyze the Cauchy problem for the reaction diffusion equation (5) we
need to investigate the linear space-fractional diffusion equation
(10) G (@,t) = Dfu(-,t)](x)  for (z,t) € R x (0,00),
0 < a < 2and |0 < min{a,2 — a}. A formal Fourier transform of the
associated Cauchy problem yields

ST D) =05 (OF W& 1), Flul(€,0) = Fluol(€),

which has a solution Flu](€,t) = ¥ (€ Flug](€). Hence, a formal solution
of the Cauchy problem is given by
(11) u(z,t) = (G§ (- 1) * uo)(x)
with kernel (or Green’s function) G§(z,t) :== F~! [exp(t¥§ (-))] (z).

Due to Theorem [51, Theorem 14.19], the function e/¥5 € is the character-
istic function of a random variable with Lévy strictly a-stable distribution.
Thus G§ is the scaled probability measure of a Lévy strictly a-stable dis-

tribution. In case of (a,0) € {(0,0), (1,1), (1, —1)}, the probability measure
Gy is a delta distribution

Gg(r~f) = 6.7:’ G%(I‘,f) = 5m+t ) Gl—l(zat) = 6-T—i

appeared as: F. Achleitner and C. Kuehn. “Analysis and numerics of
traveling waves for asymmetric fractional reaction-diffusion equations”. In:
Commun. Appl. Ind. Math. 6.2 (2015), e-532, 25



164 3. REACTION-DIFFUSION EQUATIONS

6 FRANZ ACHLEITNER AND CHRISTIAN KUEHN

and called trivial [51, Definition 13.6]. In all other (non-trivial) cases,
the probability measure Gg is absolutely continuous with respect to the
Lebesgue measure and has a continuous probability density [51, Proposition
28.1], which we will denote again by G§. For every infinitely divisible distri-
bution 1 on R%, such as G, there exists an associated Lévy process (Xi)¢>0.
In particular, every Lévy process exhibits an associated strongly continuous
semigroup on Cp(R?), see also [51, Theorem 31.5].

The infinitesimal generator of our Lévy process has the following represen-
tation, which allows to extend the Riesz-Feller operator to CZ(R)-functions.

Theorem 2. If0 <a <1 orl<a<2andl|f <min{e,2— a}, then for
all f € S(R) and x € R

(12) Djf(x) = 4= (@) + e /0 s fo LU g

b /°° [ 1@+ @ E1n® g
0

€1+rx

where 1(,111)(-) is an indicator function and some constants ci,co > 0 with
c1+co > 0.

Proof. The result follows from [51, Theorem 31.7] see also [1, Theorem 2.4].
o

In the analysis of the traveling wave problem, we are mostly interested in
the evolution of initial data in C,. Therefore, it is important to notice the
following proposition.

Proposition 3 ([1, Corollary 2.10]). For 1 < o < 2 and |0| < min{a, 2 —
a}, the Riesz-Feller operator Dy generates a convolution semigroup Sy :
Cy(R) = Cy(R), ug — Spug = G§(-,t) * ug, with kernel G§(x,t). Moreover,
the convolution semigroup with u(x,t) := Siuo satisfies

(1) u e C®°(R X (to,0)) for all to > 0;

(2) % = Dgu for all (x,t) € R x (tg,00) and any ty > 0;

(3) If up € Cu(R) then u € Cp(R x [0,T]) for any T > 0.

This result states that Riesz-Feller operators D for 0 < o < 2 and
|6] < min{a,2 — a} generate conservative Cp-Feller semigroups. This can
be deduced from a criterion on the symbol of Fourier multiplier operators
in [54].

It is important to notice that S; : Cp(R) — Cu(R) is not a strongly
continuous semigroup. Thus the C’E-extension of Df are not the infinitesimal
generators of the Cy-extension of the strongly continuous semigroup (S;):>0
on Cp(R) in the usual sense.

2.1. Cauchy problem. We consider the Cauchy problem
(13) %1; =Dju+ f(u) for (z,t) e R x (0,00),
u(z,0) = up(z) for z € R,
for1 < o <2, 0] < min{er,2—a} and f € C*°(R) satisfying (2). We follow a

standard approach, and consider the Cauchy problem in its mild formulation
to prove the existence of a mild solution. The Cauchy problem generates
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a nonlinear semigroup which allows to prove uniform C,f estimates via a
bootstrap argument and to conclude that mild solutions are also classical
solutions.

Theorem 4 ([1, Theorem 3.3]). Suppose 1 < o < 2, 0| < min{w,2 — a}
and f € C*°(R) satisfies (2). The Cauchy problem (5) with initial condition
u(+,0) = up € Cp(R) and 0 < ug < 1 has a solution u(x,t) in the following
sense: for allT >0

)
) u satisfies (5) on R x (0,T);

) If up € Cp(R) then u(-,t) — ug uniformly as t — 0;

) 0 <wu(z,t) <1 forall (x,t) € R x (0,00);

) Vk € NVty >0 3C > 0 such that ”“(Vt)”qf(R) <CY0<ty<t.

The following comparison principle is essential to prove our result on the
existence, uniqueness and stability of traveling wave solutions and to allow
for a larger class of admissible functions f in the result for the Cauchy
problem.

Lemma 5 ([1, Lemma 3.4]). Assumel < a <2, |0] <min{e,2—a}, T >0
and u,v € Cp(R x [0,T]) N CEZ(R x (to,T]) for all to € (0,T) such that

%SD?u—&-f(u) and %Zng—&-f(v) in R x (0,7].

(1) If v(-,0) > u(-,0) then v(z,t) > u(x,t) for all (z,t) € R x (0,T7].
(2) Ifv(-,0) Z u(-,0) then v(z,t) > u(x,t) for all (z,t) € R x (0,T7].
(3) Moreover, there exists a positive continuous function

7 :[0,00) x (0,00) = (0,00),  (m,t) = n(m, 1),
such that if v(-,0) > u(-,0) then for all (x,t) € R x (0,T)

1
oz, 1) — uz, 1) > n(|z], 1) /0 0(4.0) — u(y,0) dy .

Sketch of the proof of Theorem 1. We present here a sketch of the proof of
Theorem 1 and refer to our article [1] for more details. To prove existence
of traveling wave solutions satisfying (6), we consider the Cauchy problem
for (5) with some smooth initial datum ug € Cy(R) satisfying (6). Due to
Theorem 4 there exists a classical solution u(z,t). We consider a diverging
sequence {t;}jen such that limj ,.t; = co and the associated sequence
{u(-,tj)}jen in Cy(R). Then, due to Arzela-Ascoli Theorem, there exists
a subsequence and a limiting function @ such that limy_, u(-, ;) = a(-).
The final and most important step is to verify that @ is a traveling wave
solution of (5) satisfying (6).

To prove uniqueness (up to translations) of a traveling wave solution,
sub- and super-solutions of (5) are constructed from any given traveling
wave solution. Assuming the existence of two traveling wave solutions, one
traveling wave solution is bounded from below and from above by suitable
sub- and super-solutions associated to the other traveling wave solution,
respectively. The comparison principle in Lemma 5 allows to show that one
traveling wave solution is a translated version of the other traveling wave
solution.
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To prove stability of a traveling wave solution, considering the Cauchy
problem for (5) with initial datum wg satisfying (7), then the associated
solution v can be bounded from below and from above by suitable sub- and
super-solutions associated to the traveling wave solution, respectively. The
comparison principle and the evolution of sub- and super-solutions show that
these bounds on the solution v get tighter and allow to prove the exponential
convergence to (a translated version of) the traveling wave solution.

For more details see the proof of [1, Theorem 4.6]. O

3. NUMERICAL METHODS.

In this section, we illustrate our results from Theorem 1 and discuss nu-
merical methods for (5). The case § = 0 yields the fractional Laplacian
Dy = —(=A)*/2 which has been discussed frequently from a numerical per-
spective in the literature. Hence, there is a notational convention to write
(5) for 0 =0 as

ou

WA= J) o S = (A4 f).

However, we shall adhere to the convention Df as introduced previously.
First, we review some of the available numerical schemes for this case. We
restrict the computational domain from z € R to « € [-b,b] =: Q for
some (sufficiently large) b > 0 and with Neumann or Dirichlet boundary
conditions. A numerical comparison of various methods for the case Dg
has already been carried out in [59, 63] so we shall focus our small survey
in Sections 3.1-3.4 on the difficulties in the numerical generalization from
0 =0 to 0 # 0 for space-fractional equations. Furthermore, we only cover
spatial grid bases schemes and do not discuss stochastic particle methods.

The main novel results are our direct method using integral operator
discretization in combination with projection boundary conditions in Section
3.5 and the numerical results in Section 3.6 for (5).

3.1. Spectral methods. One idea is to generalize spectral methods to the
fractional Laplacian case [9]. Let \; denote the Laplacian eigenvalues and
¢; the corresponding eigenfunctions for ngﬁl = Ao with 1 € Ng = NU{0}.
Consider L?(Q) then we may write v € L?(Q) as a series expansion

(14) v=> i, b= (v, )
1=0

where (-,-) denotes the L?(Q) inner product. Fix some a with 1 < a < 2
and consider

(15) HY?(Q) = {v € LX(Q): Y [an*|\|*? < oo} .
=0

The spectral decomposition of the fractional Laplacian implies [7] that —(—X;)%/?
are eigenvalues with eigenfunctions ¢; for Df and for any v € H o/ 2(Q) we
have

(16) Div == "(=\)**ti¢.
=0
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As a remark, we note that all the minus signs on the right-hand side in
(16) disappear if we would write (—A)*/2u on the left-hand side instead
and would let \; denote the eigenvalues of the negative Laplacian. It is
suggested in [9] to apply a backward Euler-type time discretization on a
mesh

(17) O=to<t1 < - <t <tpmy1 <---<T

for (5) where we set ty,41 — tm =: (0t)n,. Denote by u™ := u(x,t,,) the
solution at time t,,. For the time step t,, to t;,+1 one may consider the
semi-implicit backward Euler scheme

um+] —um

(68)m

Making the Fourier spectral ansatz

(18) = Dgu™ L+ fu™).

00 L
u(a,t) =Y wt)pi(z) ~ Y ii(t)gi(x)
1=0 1=0

in (18), using the orthogonality of the basis functions ¢; and employing (16)
leads to the numerical method

N 1 N 2
(19) artt = T4 (N 200, (“;n + (5t)mfl(u’”)>
where f; is the -th Fourier coefficient of f. In particular, the L + 1 Fourier
modes in (19) are decoupled and relatively easy to solve for. Further imple-
mentation details of (19) can be found in [9, Code 4, p.10]. However, the
generalization of (19) from the fractional Laplacian case D to the asym-
metric case Dy with § # 0 is not straightforward. In fact, in the asymmetric
case one generically obtains complex eigenvalues and a continuous spectrum
[3]. This means that (16) is no longer valid for 6 # 0. For another approach
using transform/Fourier-type techniques we refer to [52].

3.2. Finite difference methods. A second possible approach to solve (5)
is to use a finite difference method (FDM) [45] combined with the Griinwald-
Letnikov representation of the space fractional derivative. Let us consider a
spatial discretization of Q = [—b, ] as follows

(20) b= <1< ---<axy=h

We still use the temporal discretization (17). For D§ the Griinwald-Letnikov
representation of Df is given by

o T =N ()
(Dgu)(z,t) = ngnoo e ; mu(ﬂﬁ —rhy,t)
. 1 T'(r—a)
(21) +1\}E>I<1x>ﬁ§ F(_a)r(7,+1)u(a:+rh+,t),

where hy = (z+b)/N and h_ = (b —x)/N. Let us assume for simplicity
that the spatial grid is equidistant and let h := 2b/N. Furthermore, we let

um

= (T, b))
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Then one possible finite-difference discretization of (5) is given by [45, 59]

n+1 N—-n+1
qu—l _ um

1 1 1 1
Tn =1 Sty + Y geupttly |+ ),
o/ r=0 r=0

with g, := % For a similar approach using the Griinwald-Letnikov

representation to obtain finite-difference schemes we also refer to [14, 28, 39,
40, 44, 53, 60, 68]. For even more details on finite-difference methods for
space-fractional diffusion equations consider [38, 57, 66]. In some sense, our
scheme in Section 3.5 has an analogous starting point. However, instead
of the Griinwald-Letnikov representation we use the integral representation
formula which we also employed in the existence-uniqueness-stability proof
of Theorem 1; see also Section 3.5.

3.3. Finite element methods. Another quite natural possibility is to fol-
low the classical finite element method (FEM) variational approach. We

follow [22, 36] in our exposition for the case § = 0. Let X := Hg/Z(Q)
denote the usual fractional Sobolev space obtained as a closure of C§°(£2) in
H?(Q) and define

(22) A(v, w) = —(Dg"*v, Dj ),

where representation (16) is used. Then one may check that A is coercive and
continuous. Consider the space X}, of piecewise linear continuous functions
in X with compact support given by

X :={v € Cyp(Q) : v is linear over [z, Tpt+1], n=1,2,...,N —1}.
Then we may define a discrete operator Ay, : X;, — X}, associated to A via
(Apvn, wi) = A(vp, wp) Yop, wp € Xp.

A semi-discrete Galerkin FEM scheme for (5) is to find uj, = up(t) € X,
such that

(23) <%(t),vh> = (Ahuh(t), U},,> + <f(uh(t)),vh) Yo, € X,

and projected initial condition (uy(0),vy) = (u(0),vs). Choosing a basis
{e1,¢02,...,pon} of X, we may write

N
uh(xv t) = Z un(t)Son(I)'
n=1

One defines the usual mass matrix M € RV*N and stiffness matrix A €
RN*N with entries

(24) Mpm = <99n7§9m>7 Apm :A(Wn=Wm)7 m,n e {1727---7N}-
This converts (23) into the ODEs

au
(25) M— = AU+ f(U)
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where U = (ug,...,un)T and f(U) = ({f(un), ¢1),-- -, (f(un), on))T. Then
one may use a time-stepping scheme directly. For example, a backward Euler
semi-implicit discretization yields for U™ := U (¢,,) the method

(26) Id — (6t)u ML AU™ T = U™ + (6t),, ML F(U™).

These considerations show that we can, at least formally, just follow the
classical FEM theory to derive numerical methods for equations involving
Dg. However, for the fractional Laplacian D§ the matrix entries for A
defined in (24) are not as easy to compute as for D%. FEM techniques
also seem to generalize formally to the asymmetric case as coercivity and
continuity hold for classes of fractional operators more general than Dg
[22, p.574-575]. However, we are again faced with the practical problem of
computing (an approximation of) A(¢y, ¢m). This observation is one reason
which motivates the method presented in the next section. For more details
on FEM for space fractional equations we refer to [23, 24, 27, 50].

3.4. Matrix-transfer techniques. The symmetry of D3 and the view of
fractional powers Df can be employed in conjunction with FEM or FDM
discretizations for (5). Again, we consider the case § = 0 following [34, 35,
10]. Let Aa € RY*N be the usual FEM stiffness matrix and Ma be the
FEM mass matrix for Dg‘ One natural idea is to use a fractional power of
the matrix Ba := M'ElAA in a numerical scheme to represent the fractional
Laplacian. Suppose we can compute (Ba)® then a backward semi-implicit
Euler-type time discretization, similar to (26), leads to

(27) (Id — () (BaA) U™ = U™ + M F(U™).
To solve (27) one has to also compute the function

1
(28)

a(z) =12 (08)mz™

efficiently for matrices, which has been discussed in [10]. However, we still
have to define B . Standard theory implies that Ax, Ma are real, symmetric
matrices [21]. Furthermore, A is non-negative definite and Ma is positive
definite. A direct calculation shows that

(MA)Y2BA(MA)™Y% = (Mp) Y2 Ap(Ma) V2.

Therefore, Ba is similar to a real, symmetric matrix with well-defined point
spectrum o(Ba) C R and eigenvalues & < & < -+ < ---&y. Then it is
very natural to define a matrix function ¢(Z), including (28) as a special
case, by
a(Z) = Q(2)Q ",

where = is a diagonal matrix with =, = £,, @ consists of the eigenvectors
associated to the eigenvalues &, and [¢(Z)]n, = ¢(&,). This yields a well-
defined fractional power (Ba)® when applied to ¢(z) = 2 and can then also
be applied to define (28). Unfortunately, the matrix transfer technique does
not generalize immediately to the case § # 0 as the spectrum o (D) for 6 # 0
is generically continuous with complex eigenvalues as already discussed in
Section 3.1. For more on the matrix transfer technique we refer to [64, 65].
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3.5. Integral representation, quadrature and projection boundary
conditions. Sections 3.1-3.4 explain why, to the best of our knowledge,
there seem to be very few (if any) detailed numerical studies of the asym-
metric case § # 0 for the nonlinear Allen-Cahn/Nagumo-type Riesz-Feller
reaction-diffusion equation (5).

Here we present an easy-to-implement method to study (5) numerically
with a focus on the dynamics of traveling waves. Our approach is to use the
integral representation of Riesz-Feller operators to view (5) as an integro-
differential equation. For o € (1,2) the representation formula is given by

[1]
o 0011,(.7:+§,t)771,(x,t)7§3—:(x,t)
(Dyu)(z,t) = 01/0 ¢lva & d¢
e U(T - f,t) - U(.’L’,t) + f%(ﬁbt)
(29) +e2 /0 £1+a . dé

where the constants ¢; 2 are given in [41] as

o — (1 +a)sin ((a+6)F) and ey — (1 + a)sin ((a —6)3) .

™ ™

Note that there is also an integral representation for o € (0,1) [1] for z € R.
Furthermore, there is an analogous integral representation formula for frac-
tional Laplacians in R? in [19]. Hence, starting from a representation like
(29) is not really a restriction, even for higher-dimensional cases. Further-
more, a similar strategy has also been applied successfully in a similar to
context to other nonlocal operator equations [4] involving traveling waves.

If we write
LL(J, + 67 t) B U’(l.7 t) B 5@(17 t)
gl(évl'vt) = §1+01 = )
u(‘l’ - gvt) - U(l,t) + 5@(17'{)
g2(§7 €z, t) = §1+a = )
then we can simply re-write (5) as an integro-differential equation
au o0 00
(30) (@) =a / 91§ @, t) d§ + 02/ 92(& 2, t) A& + f(u(a, 1))
0 0

For simplicity, we shall just introduce our method for a uniform spatial mesh
(20), i.e. we have

2b
N-1_
where we assume that N > 3 is odd so that z(y11)/2 = 0. Furthermore, we

use another spatial mesh to approximate the integral operators (29) over a
finite domain obtained as a sub-mesh from (31) as follows

(31) —b=m<z<---<aN=0D with  zp41 — 2 = : h,

(32) G=axmyy, L=aya,y o e =N,
which has M subintervals [&,,, {mt1]. We may easily relate M to the num-
ber of points N in our original mesh by M = (N — 1)/2. For b, N suffi-

ciently large we may just use a quadrature rule to approximate (29); we
remark that the possibility to use quadrature techniques for time-fractional
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Caputo-derivative fractional equations has already been noticed in [2, 37].
Very recently (in fact, during the preparation of this work), Huang and
Oberman [33] proposed a quadrature-scheme based upon a singular inte-
gral presentation of the symmetric case Df. We use the regularized, fully
asymmetric representation (29) and obtain for the trapezoidal rule, with
p € {1,2}, that

%) b
¢ /O gp(,.t) e~ c [ ap(€.m,1)

N cp(b—h)
T oM

M
gp(&lvxvt) + gﬂ(&MJrlvx»t) +2 Z gp(£m7x9t):| .

m=2

Using this approximation in (30) yields a system of (formal) ODEs for
un(t) = u(xn,t), which can be written as

du, b—h M
= ar @ (@@)a+ (g1(w)nar) + 201 > (g1 (W)nm
m=2
M
(33) +ea ((92()n1 + (92(w)nnr41) + 262 Y (92(w))nm | + f (1)
m=2

for n € {1,2,..., N}, where the terms involving (g,(u))n,m, are given by

(91 () nm = ung}:ﬂ%un - u"gj,un s (g2(W)nm = ung;ijr;un + unz,%l;u"

Of course, the system (33) is, as yet, only a formal representation as it
involves spatial mesh indices for u which lie outside the range i.e. u, =
w(xn,t) for n € {1,2,...,N}. There is a choice of boundary conditions.
However, instead of classical Neumann or Dirichlet conditions, we want to
compute traveling waves which satisfy

Igrjloo u(z,t) =u_, zETMU(I7t) =uy

for constants uy. Hence, we adopt the following projection-type boundary
conditions for the numerical method

{UN ifn> N,
Uy =

(34) uy  ifn<l1,

Using (34), we get a well-defined ODE system (33) which can be solved
using forward integration, i.e. we adopt a method-of-lines approach; for more
details on using projection boundary conditions to compute traveling waves
in the classical FitzHugh-Nagumo equation we refer e.g. to [18, 30, 31].

Regarding our algorithm (33)-(34) for waves of the Riesz-Feller bistable
equation, we emphasize that our approach is clearly non-optimal from a nu-
merical perspective. For example, there are straightforward generalizations
to non-uniform meshes and higher-order schemes by using non-uniform-mesh
higher-order quadrature methods. We leave these generalizations as future
challenges. Here, we are primarily interested in developing a simple scheme
for (5) and to visualize some of the results from Theorem 1.
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3.6. Numerical results. In this section, we briefly discuss some numerical
simulations of (5) with f(u) = u(1 — u)(u — a) for some a € (0,1) using our
algorithm from Section 3.5. Unless stated otherwise, we fix Q = [—b,b] =
[—30,30], N = 181, spatial mesh points and always employ a standard stiff
ODE solver to solve (33)-(34) (more precisely, ode15s from MatLab [56])
for t € [0,T]. Figure 1(a) shows the initial condition

0 if z € [-30,—2),
(35) up(z) =u(z,0) =4 Iz +3 ifzel-22),
1 if 2 € (2,30].

The initial condition (35) is important as it has been used in the existence
part of the proof of Theorem 1 as discussed in [1, 16]. In particular, ug is
shown to converge to a traveling wave.

uo

0.5

-30 0 X 30 0 -30 0 -30
FIGURE 1. Fixed parameter values are § = 0.1, « = 1.8,
T = 20. (a) Initial condition uy = u(z,0) given by (35). (b)
Simulation with a = 0.5. (c) Simulation with a = 0.6, the
wave travels to the right.

Figure 1(b)-(c) show the fully asymmetric fractional case with D§ for
a = 1.8 and § = 0.1. In both cases we observe a rapid smoothing effect of the
solution as predicted by the smoothing result in Theorem 1. Furthermore,
in both cases, convergence to a traveling wave profile is observed, where
moving the parameter a changes the wave speed. Again, this is expected
since the supremum-norm of the nonlinearity f(u) = u(1 — u)(u — a) does
influence the wave speed.

0 -30 0 -30 0 -30

FIGURE 2. Fixed parameter values are § = 0.1, a = 0.5,
T = 2 with initial condition (36). (a) o = 1.8. (b) a = 1.2.
(¢) @ =1.01.
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As a second interesting part we are interested in discontinuous initial
conditions bounded away from the traveling wave, and even violating one of
the stability assumptions (0 < up < 1) from Theorem 1. One example is

0.49 if x € [-30,0],
(30) wie) =ute.0 = { V50 HE 05
Furthermore, we vary the fractional exponent . Figure 2 shows the results.
Although the initial condition is not within the framework of the theoretical
analysis, we still observe extremely rapid convergence to a wave profile where
the end-states move to u(—b,t) = 0 and u(b,t) = 1. Note however, that
the convergence, as well as the regularization effect, seems to be slower for
smaller exponents a.

F1GURE 3. Fixed parameter values are « = 1.5, a = 0.5,
T = 120 with initial condition (35). (a) = 0.2; wave moves
to the left. (b) 6 = 0.0; standing wave. (c¢) 0 = —0.2; wave
moves to the right.

Another question is the effect of the asymmetry parameter 6. Figure 3
shows three different cases for = 0.2,0, —0.2. It is clearly visible that the
wave speed is directly affected. Within the time ¢ € [0, T, the wave in Figure
2(b) barely moves while there is a drift to the right in Figure 2(c) and to the
left in Figure 2(a). Hence, we may conclude that the asymmetry parameter
definitely has an effect on quantitative properties of traveling waves. Based
on the relation to microscopic super-diffusion processes and previous studies
for other nonlinearities [42], a quantitative change is expected.

As a last issue, we briefly discuss the influence of the asymmetry pa-
rameter on numerical stability. Figure 4 shows simulations for the same
parameter values a = 1.5, § = 0.4 where 6 is chosen closer to the critical
line 2 — a (see Section 2) than before. The absolute error tolerance for the
numerical time step is different in Figures 4(a)-(b). Whereas we observe
numerically induced oscillations in Figure 4(a) for a relatively low tolerance,
the oscillations are suppressed for the more accurate computation in Figure
4(b). We checked that the numerical solution poses no problem for the lower
error tolerance when 6 is lower as well, for example, § = 0.1. This gives a
strong indication that the ODE problem may be stiff, respectively that the
region of A-stability shrinks when 6 is changed. In particular, this leads to
the conjecture that the asymmetric case is not only more complicated with
respect to the design and implementation of numerical algorithms but also
with respect to numerical stability.
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0 -10 0 -10

FIGURE 4. Fixed parameter values are « = 1.5, a = 0.5,
T =3,0=0.4with b= 10 and L = 101 i.e. on a coarser grid
than in the previous figures. (a) Absolute tolerance for the
ODE time stepper is 1076, (b) Absolute tolerance for the
ODE time stepper is 1072,

3.7. Numerical analysis: some challenges. In this section, we would
like to highlight some numerical challenges/conjectures which are relevant
for future work:

(1) Provide a generalization of our scheme to higher-order quadrature
rules and non-uniform meshes, including convergence and error anal-
ysis.

(2) Generalize the scheme to 2- and 3-dimensional cases. What about
the computation of coherent/localized structures for this case?

(3) Investigate the numerical stability properties of algorithms for asym-
metric fractional evolution equations regarding the («, §)-dependence.

(4) Compare various approaches to truncate the domain R. What is the
influence of boundary conditions for space-fractional equations?

(5) What about adaptive algorithms to resolve wave profiles? What is
the influence of o and 6 on the adaptive mesh selection?

(6) Provide robust methods, including error estimates, to calculate the
wave-speed and far-field/tail behavior.

(7) Which methods for fractional diffusion equations, derived by differ-
ent approaches such as FDM, FEM or quadrature, are equivalent?
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