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1. Introduction

1.1. Traveling waves in homogeneous media

The notion of traveling waves in homogeneous media and typical
nonlinearities

This work is concerned with traveling wave solutions to reaction-diffusion equations.
The basic form of a reaction-diffusion equation is

ur = Au~+ f(u) in (0,00) x R™. (1.1)

According to [5], this equation was first introduced in the articles [10] of Fischer and
[14] of Kolmogorov, Petrovsky and Piskunov in 1937 and 1938. The original motivation
was to investigate the spreading of advantageous genes. The considered nonlinearities f
were of logistic type, e.g. f(u) = u(1 —u) or f(u) = u(1l — u?). In both cases there are
stationary states 0 and 1 of the equation.

A particular kind of solutions to the equation are traveling wave solutions or traveling
front solutions. They can be imagined as front profiles, which connect the stationary
states 0 and 1; the time-dependence is a shift into a direction k, |k| = 1, as t grows with
a speed c. More exactly, this means that u is given by a pair (U, ¢), with a front profile
U and a wavespeed c, such that u is of the form

u(t,z) =U(k -z —ct), (1.2)

0<U<1, U(—o0) =0, U(4+o00) = 1.

The direction k is given and the speed ¢ is an unknown that is to be determined. In
some cases there is a unique ¢, such that there exists a corresponding traveling wave
solution (U, ¢). In other cases there are multiple ¢ (for example an interval of the form
(—o0, c*) or (—o0, ¢*]), such that there exist corresponding traveling wave solutions. The
condition (1.2) on u can also be expressed as

k -
u <t + —U, T+ v) = u(t, x) for any vector v € R". (1.3)
c

In case of space dimension one, this is perhaps more illustrative:

l
u(t—i——,x—l—l) = u(t,x) for any [ € R.
c
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k-x

Figure 1.1.: A qualitative view of a front profile in the homogeneous case.

Figure 1.2.: A qualitative picture of a traveling wave solution in the homogeneous case.

The ansatz u(t,z) = U(s) with s = k- & — ¢t is commonly called the moving frame
ansatz. Inserting it into equation (1.1) leads to an ordinary differential equation for U:

Usy = —cU, — f(U). (1.4)

Among the usual questions are those of existence, uniqueness, monotonicity and stability
of traveling wave solutions (U, ¢). Also of interest is the long term behavior of solutions
to the initial value problem

w = Au+ f(u) in (0,00) x R™,
u(0,z) = up(x).

Of course, the results depend on the type of the nonlinearity f. As far as uniqueness
is concerned, a traveling wave solution can only be unique up to a constant shift in s
due to the shift-invariance of the equation in s. From (1.4), one can see that the space
dimension is irrelevant in the questions of existence and uniqueness of traveling wave
solutions.

In the overview article [17], Xin lists the following types of nonlinearities:
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1. f(u) = u(l —u) is called the KPP nonlinearity (after [14]) or Fisher nonlinearity
(after [10]).

2. f(u) =u™(1 —w) with m > 2, m € N is called the m-th order Fisher nonlinearity
or Zeldovich nonlinearity, if m = 2.

3. f(u) =u(l —u)(pu—u) with g € (0,1) is called the bistable nonlinearity.

4. f(u) = e B/*(1 — u) with activation energy £ > 0 is called Arrhenius combustion
nonlinearity or combustion nonlinearity with activation energy E but no ignition
temperature cutoff.

5. f(u) = 0 in [0,6] with 0 € (0,1), f(u) > 0in (0,1) and f(1) = 0, f Lipschitz

continuous, is called a combustion nonlinearity with ignition temperature 6.

In [17], Xin also lists some of the fields in which these nonlinearities arise: Types 1 and
2 have their origin in chemical kinetics. Type 3 arises in biological applications. Types
4 and 5 arise in combustion science.

Some results in the homogeneous case

Let us first list some of the results, which are given in [17]: Let f be any of type 1 - type
5 in the above list with u € (0, %) in case of type 3. By multiplying (1.4) with U, and
integrating over R, it can be seen that

bif(z) dz
<

S B} 15
T T TUzds (15)
R

We want to explain this argument. By multiplying (1.4) with Us and integrating over
an interval [a, b], one obtains

b U(b)
1 1
éUf(b) - §U52(a) = —c/USQ(s) ds — / f(z)dz.
a Ula)

For any fixed a € R, the right hand side converges for b — oo to a value in RU{—00, co}.
Therefore, the left hand side has to converge as well. It follows that, U?(b) — d for
b — oo and some d € [0, 00] (since U2(b) > 0). Consequently, Uy (b) — £+/d for b — co.
But then d = 0, because otherwise U(b) — 1 for b — oo cannot hold. By the same
reasoning Us(a) — 0 for a — —oo. Therefore, one obtains

c]on(s)ds——/lf(z)dz<0.
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The left hand side cannot be 0, and one obtains (1.5). By this argumentation, one has
also obtained Us(s) — 0 for s — +oo.

We continue with the results given in [17]: It is often useful to rewrite the ordinary
differential equation for U as a first order system

V, = —cV — f(U).

In this form, one can perform a phase plane analysis. A traveling wave solution of
(1.1) corresponds to a trajectory in the (U, V') plane connecting the points (0,0) and
(1,0). For f of type 1, this method yields the existence of such a trajectory for every
¢ < c¢* = —-24/f(0). In contrast, for f of type 3 with u € (0, %), there exists a unique
trajectory for a unique c. In case of a type 2 nonlinearity f, there is ¢,, such that there
is a connecting trajectory for every ¢ < ¢,.

For nonlinearities of types 4 and 5, Xin describes different methods involving degree
theory. If f is of type 4, there is a ¢*, such that for every ¢ < c¢*, there is a traveling
wave solution (U, ¢). In case of a type 5 nonlinearity f, there is a unique traveling wave
solution (U, c).

In the work [1], Aronson and Weinberger investigate the one dimensional reaction
diffusion equation

Up = Ugy + f(u). (1.6)

Their nonlinearity f is of the form f(u) = u(1 —u)((1y — 2)(1 —u) — (13 — 2)u). The
parameters 7y, 7o and 73 stem from a biological model. This leads to three major cases
and different relevant properties of f:

Case 1 73 <75 < 7. Then f'(0) >0, f(u) > 0in (0,1).

Case 2 75, < 13 < 7. Then f/(0) >0, f/(1) >0, f(u) > 0in (0,«), f(u) <0 in (a,1)
for some a € (0, 1).

Case 3 73 < 73 < 7. Then f(0) <0, f(u) < 0in (0,), f(u) > 0 in (a, 1) for some
1
a€(0,1), [ f(u)du > 0.
0

Aronson and Weinberger examine the behavior of solutions of the initial boundary value
problem on R, xR, and the pure initial value problem on R, xR and also the existence
of traveling front solutions. For the results, we refer to the article [1].

In [9], Fife and McLeod treat the equation
Up = Ugy + f(u) (1.7)

in one space dimension for a broad class of nonlinearities. In the existence part, it is
assumed that f € C[0,1], f(0) = f(1) = 0 and for some « € (0, 1) one of the following
three cases holds:

10
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1
(a) f<0in (0,q), f>0in (a,1), [ f(z)dz>0.
0

(b) f<0in (0,q), f>0in (a,1), flf(z)dz<0.
0

(¢) f<0in (0,«), f>0in (a,1).

In each of these cases, Fife and McLeod show the existence of traveling wave solutions.
They also investigate the asymptotic behavior of the initial value problem (1.7) on
(0,00) xR, u(0,x) = ¢(x) under similar conditions on f. If the initial values are pulselike
and if there exists a traveling wave solution, the solution to the initial value problem
converges exponentially to a shift of the traveling front solution. The exact result in
the frontlike case is the following: Assume f € C1[0,1], f(0) = f(1) = 0, f’(0) < 0
and f'(1) < 0. Furthermore, assume f(u) < 0 for 0 < u < «ap and f(u) > 0 for
a1 < u < 1, where 0 < ag < ay < 1. Suppose that there is a traveling wave solution
(U, c). Let the initial values satisfy 0 < ¢ < 1 and limsup,_, . ¢(z) < ap, as well as
liminf, . ¢(z) > ay. Then, for some constants zy, w > 0 and K > 0, there holds

lu(t,z) — Uz — ct — 29)| < Ke ™.

The result for pulselike initial values is of similar nature. Under similar assumptions on
f as in the frontlike case and pulselike initial data, the solution u to the initial value
problem converges exponentially to a shifted traveling wave solution for x < 0 and to a
traveling wave moving in the opposite direction for z > 0. For the exact result in the
pulselike case we refer to the article [9].

1.2. Traveling waves in periodic heterogeneous media

The notion of traveling waves in periodic heterogeneous media

We now consider the reaction-diffusion equation in a periodic heterogeneous medium.
A heterogeneous medium is modeled with z-dependent coefficients a;;. We assume that
(aij)ij=1 = (aij(z))} ;= is a smooth, symmetric and uniformly elliptic matrix field, which
is 1-periodic in every component of z. The periodicity can also be expressed by defining
the matrix field on 7™, the n-dimensional torus. Prototypes of the reaction-diffusion
equation in heterogeneous media are

n

Uy = Z(aij(x)uxi)xj + f(u) (divergence form) (1.8)
ij=1
and .
up = Z aij () Uge; + (1) (non-divergence form). (1.9)
ij=1

11
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Of particular interest is the case where the nonlinearity f satisfies f(0) = f(1) = 0. In
this case, the equations have the stationary states 0 and 1.

Neither for (1.8) nor for (1.9) we can expect to find a traveling wave solution of the
form (1.2). Instead, the moving frame ansatz has to be extended. Consider the moving
frame coordinates

s=k-x—ct, = z. (1.10)

A (pulsating) traveling wave solution is a solution u given by a pair (U, ¢) with
U(t,.ﬁlﬁ):U(S,y), OSUS 17
U(s,-) 1-periodic in each component of ¥, (1.11)
lim U(s,y) =0 and lim U(s,y) =1 uniformly in y.
5§—00

s——00
This can also be expressed without changing the coordinate system. A solution u of
(1.8) or (1.9) (more precisely the pair (u,c)) is called a traveling wave solution if

0<u<l,

€;

ult, z) :u(t+

tlim u(t,z) =0 and tlim u(t,x) =1 locally uniformly in z € R"™.
——00 —00

T+ ei) for the unit vectors e;, © =1, ..., n,

We emphasize that this description extends the formulation of (1.3). Of course, there are
variants of the notion of a traveling wave solution. For example, other periodic lengths
can be considered. The nonlinearity f might depend explicitly on x. The stationary
states that are to be connected could be different from 0 and 1. The stationary states
might even be nonconstant. Then, the notion of a traveling wave solution has to be
properly adapted.

A prototypical result of Xin

We now come to a result of Xin [21], which is prototypical for our work. Consider the

equation
n

up = Z ij (T)Uga; + g(u). (1.12)
ij=1
The matrix (a;());;=; is smooth, positive definite and 1-periodic in every component
of x € R™. The nonlinearity g is a C'[0, 1] combustion nonlinearity.

Xin shows the existence of a traveling wave solution U of the form (1.11) with 0 <
U < 1and U > 0, as well as ¢ < 0. The proof uses the method of elliptic regularization.
Under the additional assumption ¢’(1) < 0, Xin proves that every traveling wave solution
U satisfies the monotonicity U, > 0. Under the same assumption, he also proves the
uniqueness of (U, ¢) up to a constant shift in s. He uses the sliding domain method in the
proofs of both the monotonicity and the uniqueness result. Since our work is essentially
based on [21], we will discuss that article in more detail in chapter 2.

12
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Figure 1.3.: A qualitative view of a pulsating traveling wave solution in moving frame
coordinates.

A review of results in the periodic heterogeneous case

A result from Xin which is similar to the previously discussed prototypical result is given
in [18]. Consider the equation

n

ut:Z(am uxlm +Zb uw +g )

3,j=1

It is assumed that (a;);;—; is a smooth, positive definite matrix field on 7. Moreover,
(b;)"_, is a smooth vector field on 7™, which is divergence free and has zero mean over
T"™. The function g is a combustion nonlinearity, which is C' in a neighborhood of 1
and satisfies ¢'(1) < 0.

Under these assumptions, Xin proves the existence of a traveling wave solution (U, ¢)
with ¢ < 0 and U strictly increasing in s. In the proof, he uses the method of con-
tinuation. Under the same assumptions, Xin also shows the strict monotonicity of any
traveling wave solution (if g € C*[0, 1], even U, > 0) and the uniqueness of (U, c) up to
constant shifts in s. As opposed to the case of equation (1.12), the condition ¢'(1) < 0

is also used in the existence part.

In [20], Xin examines the reaction diffusion equation in the form

n

u = Z(al] T)Ug, )y —|—Zb )y, + fx,u). (1.13)

ij=1

It is assumed that the coefficients are smooth and 27-periodic in every component of x €
R"™. The matrix field (a;;)7,—, is assumed to be uniformly positive definite. Furthermore,
it is assumed to be a perturbation of the unit matrix: (ay ()72, = I + 6(ai;(x))7=1,
where (@;;)7;—; is smooth and 27-periodic in every component of z and § is small. The

13
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nonlinearity f is assumed to be a cubic bistable nonlinearity. For example, f(u) =
u(1 —u)(p — w) with g € (0,3). In the proofs, Xin assumes b; = 0 and that f does not
depend on .

In order to prove the existence of traveling wave solutions, he uses a perturbation
ansatz: The case 6 = 0 is the homogeneous case. For this case, the existence of a
traveling wave solution (¢, ¢g) is known. Xin’s ansatz for a traveling wave solution (U, ¢)
in moving frame coordinates is U = ¢ + dv and ¢ = ¢y + dc¢q. This leads to a problem
for (v, ¢;), which we call the perturbation problem for the moment. After imposing an
additional normalization condition, Xin obtains a unique solution v, if § is sufficiently
small. To obtain this solution, Xin uses methods of Fourier and spectral analysis.

More precisely, the result is as follows. Let & € R™ be a unit vector, m € N and
m — [m/2] > (n+1)/2. Consider the space

Xp={ve H"' R xT") : (V, +k0,)*v € H"(R x T")}.

Then there exists dg = do(co, n, m) > 0, such that for § < g, there exist unique v € X,
and ¢; € R, which solve the perturbation problem. Moreover, (U, c) = (¢ + v, co + dcq)
is a traveling wave solution of (1.13). If (V, (') is another traveling wave solution of
(1.13), then ¢ = C and U(s — sq,y) = V (s, y) for some sy € R and (s,y) € R x T".

In [20], Xin also proves a stability result in space dimension one: Consider the equation

up = (a(2)uz)e + f(u).

Xin assumes a(x) = 14 da(x), where a is a smooth and 27-periodic function. Moreover,
it is assumed that f(u) = u(1—u)(u—pu). For § sufficiently small, there exists a traveling
wave solution U of the equation, as Xin has proved in the existence part. Consider now
the initial value problem
up = (a(x)us)e + f(u),
u(0,z) = U(x, ) + eup(x).

The initial values are the perturbation of the traveling wave solution for ¢ = 0. Xin’s
stability result is as follows. Assume ug € H'(R) and let u be the solution of the initial
value problem. Assume further U € C3(RxT™) and U, € H3*(R xT"). If € is sufficiently
small, there is a function v = y(¢) and a constant K = K (py) for some py € (0,1) such
that

ult, - +ct) = U(- + (), + )l g) < Kp}, for all t > 0.

Moreover, v(g) = eh(e), with a C! function h. Xin also gives a characterization of h(0)
with an adjoint problem. For more details, we refer to [20].

In a two paper series [5] and [6], Berestycki, Hamel and Roques investigate a biolog-

ical model for the persistence of species and propagation phenomena in a periodically
fragmented environment model. The underlying equation is

u =V - (A(z)Vu) + f(x,u).

14



1. Introduction

The function f(x,u) = u(u(x) —v(z)u) with a saturation coefficient v and a growth rate
i is a prototypical example for the class of nonlinearities treated in [5].

In the first paper, the authors are concerned with the existence of a positive periodic
stationary state p of the equation. Under appropriate assumptions on A and f, the
existence of p is decided by the periodic principle eigenvalue of the linearized elliptic
operator. The periodic principle eigenvalue is the unique A\; € R, such that there exists
a periodic solution ¢ with ¢ > 0 of the equation

If \; < 0, the stationary state 0 is called unstable; in this case a stationary state p
exists. If A\; > 0, then 0 is the only bounded stationary state. Under slightly different
assumptions on f, it is shown that in the case A\; < 0, there exists at most one bounded
positive stationary state.

The authors also consider solutions u to the initial value problem with certain non-
trivial initial values. Under appropriate conditions, the authors show that in the case
A1 < 0, the solution u(t, z) converges to p in C?_(R") as t — oo and in the case A\; > 0,
u(t, ) converges to 0 as t — oo.

In the second paper, the existence of traveling wave solutions is shown in the case
that the stationary solution p exists. The proof uses an elliptic regularization method.
There are traveling wave solutions for a continuum of wave speeds ¢ > c¢*.

One can also study a domain €2 with Q # R™ which is periodic in some of the variables,
namely in z = (x1,...,x4), and bounded in the rest of the variables y = (2411, ..., Ty).
Such a case is treated in the work [3]. In this article, the notion of a pulsating traveling
wave solution has been carried over to the equation

U — vl“,y : (A(l’, y)vﬂmyu) +4q- vx,yu = f(x> Y, U)

Periodicity conditions are only imposed in x. Two types of nonlinearities f are treated.
We want to mention the first type, which is a combustion type with ignition temperature
0 and a monotonicity condition in the vicinity of w = 1. This monotonicity condition
is similar to ¢’(1) < 0 in [18], but less restrictive. For the precise results, we refer the
reader to [3].

In [19], Xin is concerned with the asymptotic behavior of the initial value problem

n

“t:Z(% T) Uy, )z +Zb Jua, + f(u),

ij=1
uw(0,z) = up(x), r € R"™.

It is assumed that (a;)};—; is a smooth, positive definite matrix field on 7". Moreover,
(b;)_, is a smooth vector field on 7™, which is divergence free and has zero mean over 7.
Two types of nonlinearities are treated, namely combustion nonlinearities and bistable

15
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nonlinearities. The initial values uq are either frontlike or pulselike. What the terms
frontlike and pulselike mean, depends on the nonlinearity. The asymptotic stability of
pulsating traveling wave solutions are unclear. However, it can be shown in the case of
frontlike data, that the solution to the initial value problem propagates with the speed of
the traveling wave solution, if one exists. As an example, we sketch Xin’s result for the
case of a bistable nonlinearity f(u) = u(1—u)(u—w) and frontlike data. Consider initial
data 0 < wy < 1. For a unit vector k e R*, let S={y e R":y =2 — (k- 2)k,x € R"}.
The data ug are frontlike, if

limsup up(z) < p and limsup ug(z) > p

k-x——00 k-x—+400

uniformly in S. Assume that a traveling wave solution (U, ¢(k)) exists. Then there exist
smooth function & = &;(t) and ¢; = ¢;(t), i = 1,2, such that

Ulk-z—clk)t—£&(),z) — q(t) <u(t,x) KUk -z —c(k)t+ &(t), x) + qo(t)
for (t,z) € R""!. The functions & and ¢; satisfy for i = 1, 2:

>

g >0, q. <0, q(t) < Ce ™

for some v > 0. The results for pulselike data are similar but with a pair of traveling
wave solutions U_ and U, going in opposite directions. The results for combustion non-
linearities are also similar. For the precise results, we refer to the article [19].

We want to mention a homogenization result by Heinze [13]. For € > 0 he considers
the equation

O = V- (A%(2) V) + %ba(x)Vu b f(u) for (£ 7) € R™. (1.14)

It is assumed that A°(z) = A(%) with a matrix field A € C'(R"; R"™"), which is sym-
metric, elliptic and 1-periodic in every component of x. Furthermore, it is assumed that
b*(x) = b(2) with a vector field b € C'(R™; R"), which is 1-periodic in every component,
divergence free and has zero mean over T". The nonlinearity f is supposed to be a
combustion nonlinearity as used in Xin [18|. The existence of a traveling wave solution
in this setting has been established by Xin in [18] as described above. Heinze reasons
that by the assumptions on b, there exists a skewsymmetric 1-periodic matrix B, such
that with B(y) = B(Y), there holds V - (B°Vu) = 16°Vu. He defines Af = A® + B,
such that (1.14) becomes

dyu =V - (A5(x)Vu) + f(u). (1.15)

The traveling wave solution (U, ¢®) is given in moving frame coordinates s = k - x + ¢°t,
z =%, where ¢ > 0 is the wavespeed of the traveling wave solution. The function U® =

16



1. Introduction

U¢(s, z) is 1-periodic in every component of z and normalized by max,cr» U(0, 2) = 6.
Note that with these moving frame coordinates, the sign of the wavespeed is reversed
in comparison to the moving frame ansatz (1.10). With V¢ := 1V, + kd, and Az) =
A?(£2), the equation for U® reads

Ve - (AVEU®) — EA,U° + f(UF) = 0. (1.16)

Heinze proves that ¢ converges to some ¢ > 0 and that u® converges weakly in H'(RxT™)
and strongly in L*(R x T™) to a function U € H'(R x T™) with U(0) = §. With the
homogenized matrix A", the pair (U, ¢) solves the traveling wave problem

kKT AMkU, — cug + f(U) =0,
U(—o0) =0, U(oo) = 1.

Organization of this thesis

We are interested in generalizing the results of [21] (see the description regarding (1.12))
to the case of an z-dependent combustion type nonlinearity. That is, we consider the

equation
n

up = Z ij (T)Ug,e; + f 2, 0). (1.17)
ij=1
Under appropriate assumptions, which include the case that f is a combustion nonlinear-
ity as used in [21], we find the existence of a traveling wave solution in (¢, z)-coordinates
with 0 < u < 1, u; > 0 and ¢ < 0. For additional regularity assumptions, the solution
can be transformed into a solution in moving frame coordinates. That is, the function
U(s,y) =U(k -z — ct,x) = u(t,x) satisfies the equation
> aii(y) (kids + 9y,) (k05 + 0,))U + Uy + f(y,U) = 0.

ij=1

Under a monotonicity assumption on f = f(z, z) near z = 1, we obtain the monotonicity
for any traveling wave solution in ¢ and the uniqueness of the traveling wave solution
(u,c) up to a constant shift of u in t. We remark, that the condition ¢ < 0 will be
part of our definition of a traveling wave solution as opposed to Xin’s definition. In
order to obtain monotonicity and uniqueness of the traveling wave solution to (1.12),
Xin assumes ¢'(1) < 0. Our assumptions on f for the monotonicity and uniqueness are
similar, but slightly weaker even in the case that f does not depend on x. This will be
achieved by a more precise use of a two-sided maximum principle.

We obtain the existence of a traveling wave solution for a class of nonlinearities f,
that may depend explicitly on z. The case of a combustion nonlinearity as used in [21]
is included in this class. In [21], Xin claims the existence of a traveling wave solution of
(1.12) in moving frame coordinates, which is a classical solution of

Z aij(y) (ks + 0y,) (k05 + 0y, )U + Uy + g(U) = 0, (1.18)

ij=1

17
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where g is a C'[0, 1]-combustion nonlinearity. In this form of the equation, a higher
regularity is required for a classical solution. This is because the equation in moving
frame coordinates includes second order s-derivatives. Since u; = —cU; and uy = c?U,s,
this involves second order time derivatives. However, we believe that the existence of
second order time derivatives cannot be expected for g € C*'. We think that slightly more
regularity for f is needed in order to prove Xin’s existence result. Unfortunately, Xin
does not give a proof of the regularity of his solution. We will provide a rigorous proof of
the regularity of our traveling wave solution in (¢, z)-coordinates in the regularity case
f € CYT™x [0,1]). Under slightly better regularity assumptions on f we will also prove
the required regularity for the solution in moving frame coordinates.

We provide precise regularity assumptions on the matrix field (a;;);';—;. For the ex-
istence of a traveling wave solution, we require (a;)7,—; to be CHT",R™™). For the
monotonicity and uniqueness, the regularity (a;);i;—, € C°(T" R**") is sufficient. In
[21], Xin gives no precise regularity assumptions on the matrix field (a;;);7;—;. The ar-
gumentation in his existence proof for traveling wave solutions of (1.12) involves second
order derivatives of a;;. Therefore, more regularity for the matrix field is needed in Xin’s
argumentation than for our result.

In [21], Xin uses an elliptic regularization method to prove the existence of a traveling
wave solution. The same method will also be used in this thesis. After solving the
regularized problem, a priori estimates are needed to pass from the regularized equation
to the original equation. Xin uses a priori estimates, which he did not prove and which
we consider unlikely to hold. We were unable to prove the estimates that Xin uses.
Instead, we prove weaker estimates which are still sufficient to pass to the limit. These
estimates are proved with the help of a theorem for elliptic regularization of Berestycki
and Hamel [4]. This theorem requires higher regularity assumptions than we have. We
solve this problem with an approximation of the coefficients and the nonlinearity f.

In [21], there arises a situation, where for a solution U of (1.18) the inequality Us > 0
is known and U; > 0 has to be proved. The analogous situation also arises for the
regularized problem. Xin differentiates (1.18) with respect to s and similarly for the
regularized equation. He then applies the maximum principle to obtain U; > 0. However,
it is not completely clear which maximum principle is meant, since the differentiated
equation is not necessarily solved in the classical sense. The same situations also arise
in our work for the function u. We developed a new use of Harnack’s inequality, which
is applied to a sequence of difference quotients, in order to obtain u; > 0.

In both [21] and this thesis, the Leray-Schauder degree is used to solve the regularized
problem. Some of the relevant properties of the mappings that it is applied to are used
without proof in [21]. In this thesis, we will rigorously prove the precise setting for the
Leray-Schauder argument in order to obtain the regularized solution.

Perhaps the main idea of this thesis is the following: Consider the regularized equation

ea(y)Uss + Y aij(y)(ki0s + 0,,)(k;0s + 0,)U + Uy + f(y,U) = 0.

ij=1
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The regularized problem for a pair (U, ¢) consists of this equation, boundary conditions
at O((—b,b) x T™) and further conditions. After solving this problem, one has to pass
to the limit ¢ — 0 and b — oo. This requires a priori estimates not only for U, but
also for c¢. The estimates are of the form ¢; < ¢ = ¢ < ¢y < 0 for small ¢ and large
b. In order to obtain the estimates ¢ < ¢y, it is not sufficient to solve the regularized
problem for the nonlinearity f, but one has to solve also for a different nonlinearity g.
Then the regularized solution for g can be used as a comparison. This helps to weaken
the necessary assumptions on f for the existence of the traveling wave solution.

This thesis is organized as follows: In chapter 2, we give the basic definitions and
present our main results. Furthermore, we will discuss the work [21] in more detail
and continue to work out some of the differences of our work and [21]. In chapter 3,
we describe the plan of the proof. Chapter 4 contains the treatment of the regularized
problem. This is the first half of the existence proof for the traveling wave solution. In
chapter 5, we continue the existence proof with the analysis of the limits ¢ — 0, b — oc.
Chapter 6 contains our proof of monotonicity and uniqueness.
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2.1. Setting of the problem and basic definitions

General assumptions and notation

Unless stated otherwise, we will always use the definitions and impose the assumptions
that are described in this section.

When we speak of a domain, we always mean an open and connected set. The n-
dimensional torus will be denoted by T™. The set R, is the cylinder

Ry = [~b,b] x T™.

We say that a function is 1-periodic in y, if it is 1-periodic in every component of y.
Oftentimes we will just express the 1-periodicity of a function in all or parts of its
variables by giving it a domain of definition involving T™.

By A = A(z) = (ai;(x))};—, we will denote a C*(T™)-matrix field. It is assumed to be
symmetric and uniformly elliptic, i.e. there exists p > 0 such that

pllEl? < ag(@)&&; < p[E]] for all € € R™ and @ € T"

4,j=1

By k € R™ we will always denote a given unit vector (indicating a direction) and by r(y)
we will denote the scalar function

n

r(y) = Z ai;(y)kik; = kT A(y)k.

1,j=1

We remark that we neglect the dependence of r(y) on k in the notation, since k will be
given for the problem. Moreover, let

T'min = ;2%& T(y), Tmax = ilé%}ér(y)

The W '-spaces: Let 1 < p < oo and Q be a domain in R*™, u : © — R be
a function depending on (t,z) = (t,x1,...,x,). We say u € W>PH(Q), if u € LP(Q),
uy € LP(Q), up, € LP(Q) fori = 1,...,n and ug,; € LP(Q2) for i, j = 1,...,n. Furthermore,
we say u € W2 (Q), if for any domain ' € Q we have u € WHHY). We always use

p,loc
Du = (uacla ceny U/a:n) and D?u = (uxli)Zj:I
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The space WpQ’l(Q) becomes a reflexive Banach space with the norm

[Jull;,

. P
w2l T HUHZEP(Q) + HutHip(Q) + HDUHZ(Q) + HDZuHLP(Q) :

Anisotropic Holder spaces: The definition of the following spaces and norms are
equivalent (but not identical) to those used in [16]. We use different symbols to represent
them, so as to distinguish them more clearly from the corresponding isotropic spaces
and norms. For (¢,7), (£,7) € R x R", we write

d((t,z),(t,2)) = max{||x—j|| 7 |t—ﬂ%}

for the parabolic distance of X = (t,z) and X = (t, ). Let a € (0,1), Q be a domain in
R™! and f: Q@ — R a function. We write f € C* /2(9), if the following Holder seminorm

is finite:
" [F) = 7(X)|
o (@ =  Ssup . .
RO | reaxpx  d(X X)e

Now we define a norm on 7, (Q) by

Hchg/Q(ﬁ) = [f]cg/Q(ﬁ) + [ lleom)

Moreover, we define C?(Q) as the set of functions f : @ — R, such that f is uniformly
continuous on €} and the derivatives fi, f,, and f;,., exist fori,j =1,...,n on {2 and are
uniformly continuous in €). Furthermore, we define

C’122[/2 Q - {f € 02 ) f> ft7fxl7fxlrj (ﬁ) for Z,] = 1,...,71} .

A norm on C’1 /2 (Q) is given by

Flleze @

1/2

= flles @ + Milles @ + D Melles @ +2Wmmmm
=1

2,7=1

Isotropic Hoélder spaces: Let a € (0,1) be a real number, {2 be a domain in R"
and f : Q — R be a continuous function. We say f € C*(f), if the following Holder

semi-norm is finite: ) — £
x)— f(Z

a@ = Sup .
mc Q) a;,gzeagﬁ z — x’a

A norm on C%(Q) is defined by
flca@ = [flea@ + 1 fllcom -

For k € Ny we say f € C’k’a(ﬁ),_if for all multiindices 5 with length |8| < k, we have
Dff € C*(Q). A norm on C*(Q) is given by

1 llera@ = 2 1D fl] e

18I<k
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Definition of traveling wave solutions

Let f:T" x [0,1] — R be an arbitrary function which satisfies f(z,0) = f(x,1) =0 for
every x € T™. We consider the equation

n

w(t, x) — Z i (T) Uy, (t, ) = f(z,u(t,z)) for (¢,x) € R™. (2.1)

i,j=1

It has stationary states 0 and 1 by the assumptions on f, i.e. v = 0 and u = 1 are
solutions.

For a given unit vector £ € R" and an unknown ¢ € R, we introduce the moving frame
coordinates s = k-x —ct, y = x. The vector k is indicating a direction. The real number
¢ € R takes the role of an unknown constant, which we call the wavespeed. In these
coordinates, we search for a solution u : R x R” — R of (2.1) that can be written as
u(t,x) = U(s,y), where Uf(s,-) is 1-periodic and satisfies the assumptions U(—o0,+) = 0
and U(+o00,:) =1and 0 < U < 1. If ¢ = 0, then u is a stationary solution. Otherwise,
the periodicity of U in y can also be expressed by u(t,z) = u (t + kfi,x + ei) for the
unit vectors e;, 1 =1, ..., n.

Suppose for a moment, a solution u of this form is twice continuously differentiable in
all variables. Then U will be C? as well and satisfy the equation

> aij(y) (kids + 0y,) (k05 + 0, )U + cUs + f(y.U) = 0. (2.2)

ij=1

However, solutions of parabolic equations usually have anisotropic regularity properties.
In particular, u does not need to have a second time-derivative to be a classical solution
of (2.1), but U needs to have a second s-derivative to be a classical solution of (2.2).
Since Us = uy, it requires more regularity for U to be a solution of (2.2) than for u to
be a solution of (2.1). We arrive at two possible definitions for traveling wave solutions.

Definition 2.1 (Traveling wave solution in original coordinates, "type I")
A pair (u, ¢) with a function u : RxR" — R and a real number ¢ < 0 is called a traveling
wave solution with wavespeed ¢ of the equation (2.1), if u is a classical solution of

—up + Z aij(x)uﬂciﬂcj + f($a U) =0 (23)
i =1

lim wu(t,z) =0 and lim u(t,z) =1 locally uniformly in x € R,

t——o0 t—o00

ult, z) :u<t+

€;

, T+ e,-) for the unit vectors e;, 1 =1,...,n (2.4)

and 0 < u <1.
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Definition 2.2 (Traveling wave solution in transformed variables, "type II")
A pair (U, c) with a function U : R x R" — R and a number ¢ < 0 is called traveling
wave solution with wavespeed ¢ of the equation (2.1), if U is a classical solution of

n

Z a;j(y) (kiOs + 0y,) (k05 + 0y, )U + Uy + f(y, U) = 0, (2.5)

ij=1

S——00

lim U(s,y) =0 and lim U(s,y) = 1 uniformly in y € R,

Ul(s,-) is 1-periodic and 0 < U < 1.

Remark 2.3 Because of the periodicity of a traveling wave solution U of type II in vy,
we can also regard U as a function U : R x T™ — [0,1]. This has the advantage that
T" is compact and yet has no boundary. We shall use whatever interpretation seems
fit at the appropriate moment without mentioning. Also note that every traveling wave
solution of type II with a negative wavespeed ¢ can be transformed to a traveling wave
solution of type I by reversing the initial transformation, that is by putting t = % and
x = y. However a traveling wave solution of type I does not necessarily have enough
reqularity to be transformed in a traveling wave solution of type II.

On our way to the final result, we will have to consider a different type of problem, a
regularization of our original problem. We will call it the elliptic regularization problem
or the (g, b)-problem.

Definition 2.4 (Elliptic regularization problem or (g, b)-problem) Let f : R" x
[0,1] = R be a function. We assume that f(-,2) is 1-periodic in every component for
every z € [0,1] and that f(-,0) = f(-,1) = 0. Moreover, let « € CY(T"), a > 0 and
6 € (0,1). Let b > 0 and € > 0. Consider the following problem for a pair (U, c) with a
function U : [=b,b] x R® — R and a real number ¢ € R:

ea(y)Uss + 3 ai(y)(ki0s + 0,,) (k;0s + 0,)U + cUs + f(y,U) =0, (2.7)
ij=1
0<U<1, U(s,-) is 1 — periodic,
U(=b,y) =0,  Ulby)=1foralyeT, (2.8)
max U(0,y) = 6.

yerm

This problem is an elliptic reqularization of the problem (2.5), (2.6). We refer to it as
the (g,b)-problem or regularized problem. A pair (Us°, ¢*%) = (U, c¢), which is a classical
solution of the (,b)-problem, is called the (e,b)-solution or reqularized solution. We call
c = & the wavespeed of the (g,b)-solution. The constant 0 is called the normalization
constant. A solution to the problem is said to be normalized at 6.
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Remark 2.5 (Ellipticity of the (&, b)-problem) As the name suggests, the elliptic
reqularization problem or (e,b)-problem is indeed an elliptic problem. We will demon-
strate this in what follows. Consider the second order part of the operator on the left
hand side of (2.7). It can be written as

LU = ea(y)Uss + Y ¥ ay@kils, + Y > ay@)kUyps + Y aij(y)Uyu,.
j=1 i=1 =1 j=1 ij=1
We define the (n + 1) x (n + 1)-matriv B = B(y) = (bi;)7 ;=0 by boo = e and by; = ay;

fori,j=1,...n, as well as by; = Y 7 aij(y)ki for j =1,..,n and by = Y 7_, a;j(y)k;
fori=1,...,n. With A= (ai;);;—,, this reads in matriz notation:

5 (Eat KTAR[ KA
- Ak | A )

With (zq, 21, .., 2n) == (8, Y1, ---, Yn), the operator can be written as

LU = bj(2)U.,.,.
i,j=0

We show that the matrix B is elliptic: Let & = (&,€) = (&, &1, -+, &) € R™ and p be

the uniform ellipticity constant of A = (a;;)7;—;. Due to Young’s inequality, there holds
2

(a —b)? = a* — 2ab + b* > a® — % —40* +b* = & — 3b*. Using this and |k| = 1, we
calculate
§'BE = & (ca + kT Ak) + &kT AL + & Ak + T AL

= 208} + 6ok + T A6k +8) > a8 + ok + €]
1 . 2
> minea, 168 + ¢ minfea, 1} ||€] — 6ok
> min{eo, j}6 + ¢ minfea, 1} (% e -5 |§0|2>
]_ . 2
> — minfea, 1} €[

Since min{ea, p} = min{ea(y), 1} is bounded away from 0, the ellipticity of the operator
L follows.

Nonlinearities

We want to generalize the results about Xin for existence and uniqueness of traveling
wave solutions in the case of periodic coefficients and a combustion nonlinearity to a
more general type of nonlinearities. To this end, we now introduce several types of non-
linearities. We will comment on why we introduced these different types of nonlinearities
after our plan of proof.
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Definition 2.6 (Nonlinearity of basic type) A function f € C%'(R"xR,R) is called
a nonlinearity of basic type, if:

(7) f(x,2) =0 forall z¢& (0,1), x € R

(17) f(-, z) is 1-periodic in every component of x for every z € [0, 1].

(1ii) There is 0 € (0,1) such that f(-,2) <0 for z <0 and f(-,2) >0 for z > 0.
We define

O(f) =sup{d € (0,1) : f(-,2) <0 for z <0 and f(-,2) >0 for z >0} € (0,1].

f(2)

Figure 2.1.: An z-independent nonlinearity of basic type.

We will introduce several properties that nonlinearities of basic types can additionally
have. Some of them refer to the (g, b)-problem.

Definition 2.7 (Properties of nonlinearities) Let f be a nonlinearity of basic type.

Covering Property. We say that f has the covering property, if
(1) 0(f) €(0,1),
(2) for every z € (0(f),1), there is x € T", such that f(x,z) > 0.
Strong Covering Property. We say that f has the strong covering property if f has

the covering property and there exists zo € (0(f),1) with f(x,z0) > 0 for all
relm.

Negative Wavespeed Property. We say f has the negative wavespeed property (with
respect to the matriv field (a;;); ;- and the unit vector k), if there exist constants
bp > 0, g9 > 0 and cg < 0, such that for b > by, 0 < ¢ < gy, every solution
(U=P, =) of (2.7), (2.8) satisfies ¢ < cq.

Combustion Type. We say that f is of combustion type, if f > 0.
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In all the existence results, f is supposed to have the covering property. Nevertheless, it
will be important to consider the (e, b)-problem for nonlinearities without this property.
The reason is that the (e,b)-solutions in case of the nonlinearities without covering
property are needed as comparison solutions. With these comparison solutions, we
can then estimate the wavespeed in the case of nonlinearities with the strong covering

property.

e

Figure 2.2.: A nonlinearity of combustion type with the strong covering property.

2.2. Main results

Our first result is an existence result under an abstract assumption on f.

Theorem 2.8 (An abstract existence result) Let (a;);;—; be a matriz field and k
be a unit vector as in the general assumptions. Furthermore, let f be a nonlinearity of
combustion type with flraxpi € CHT™ x [0,1]), which has the covering property and
the negative wavespeed property (with respect to the matrix field and the vector k). Then
there is a traveling wave solution (u,c) of type I as defined in definition 2.1 with ¢ < 0.
Moreover, the strict inequalities 0 < u < 1 and u; > 0 hold. Additionally, the reqularity

u, € WAL (R holds for any 2 < p < oo.

p,loc

As a corollary, we will get the following result. We conclude it by showing that
nonlinearities of combustion type with the strong covering property have the negative
wavespeed property.

Theorem 2.9 (Existence of traveling wave solutions of type I) Let (a;;)7;—; be
a matriz field and k be a unit vector as in the general assumptions. Furthermore, let f
be a nonlinearity of combustion type with f|pnyp1 € CH(T™ %[0, 1]), which has the strong
covering property. Then there is a traveling wave solution (u,c) of type I as defined in
definition 2.1 with ¢ < 0. Moreover, the strict inequalities 0 < u < 1 and u; > 0 hold.

Additionally, we have u; € W;’lic(R”“) for any 2 < p < occ.
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Under additional regularity assumptions on f, we can prove that the solution of type
I has enough regularity to be transformed into a solution of type II. See remark 2.20.

Theorem 2.10 (Existence of traveling wave solutions of type II) Let (a;)7;—,
be a matriz field and k be a unit vector as in the general assumptions. Furthermore,
let f be a nonlinearity of combustion type with f|raxp1 € CH(T™ x[0,1]), which has the
negative wavespeed property (for example because it has the strong covering property).
If moreover f, € C*(T" x [0,1]) for some oy € (0,1), then there is a traveling wave

solution (U, c) of type II as defined in 2.2 with ¢ < 0. Moreover, the strict inequalities
0<U<1andU; >0 hold.

Theorems 2.8, 2.9 and 2.10 should be compared to theorem 0.1 of [21]. For the compar-
ison, see the comments in remark 2.20 below.

For the monotonicity and uniqueness results, we require less regularity for the matrix
field than in the general assumptions:

Theorem 2.11 (Monotonicity) Let (a;;)};—, be a C°(T")-matriz field, which is sym-
metric and uniformly elliptic. Furthermore, let f be a nonlinearity of combustion type
with flraxp € CHT™ % [0,1]). Suppose that there is € > 0 such that

fo(z,2) <0 for all (x,z) € T" x [1 —¢g,1].

Let (u,c) with ¢ < 0 be a traveling wave solution of (2.3), (2.4) as in definition 2.1.
Then u s increasing in t and the strict inequalities 0 < u < 1 and u; > 0 hold.

Theorem 2.12 (Uniqueness) Let (a;;)7,—, and f be as in theorem 2.11. Furthermore
let (u,c) and (u',c) with ¢,d < 0 be two traveling wave solutions of (2.3), (2.4) as in
definition 2.1. Then ¢ = ¢’ and there is some ty € R such that u(t + to,z) = u'(t,x) for
all (t,x) € R x R™.

Theorems 2.11 and 2.12 should be compared to theorems 0.2 and 0.3 of [21]. For com-
ments, see remark 2.23.

2.3. A critical discussion of the results of Xin

In this section we will describe the work of Xin [21]|. Xin considers the reaction-diffusion
equation in nondivergence form:

n

Uy = Z i (T Uy, + g(u) on R™T, (2.9)

1,j=1

He assumes that (a;;(7))7,—, is a positive definite matrix, smooth and 1-periodic in each
component. Moreover, ¢ is a combustion nonlinearity. By his definition, that means
g € C*([0,1],R) with ¢ = 0 in [0, 0] for some 6 = 6(g) € (0,1) and g > 0 in (0,1), as
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well as ¢g(1) = 0. For a given unit vector k and an unknown constant ¢, Xin is looking
for a solution of the form U(s,y) = U(k -z — ct,x), which satisfies U(—o0,y) = 0,
U(+o0,y) = 1 and U(s,-) is 1-periodic in every component of y. In (s, y)-coordinates,
the equation for U becomes

> aij(y) (ks + 9y,) (KOs + 0,,)U + U, + g(U) = 0 on R™, (2.10)

ij=1

0< U<, U(—o0,y) =0, U(+oo,y) =1, U(s,-) 1-periodic. (2.11)

2.3.1. Xin’s main results

The main results of Xin can be collected in the following three theorems:

Theorem 2.13 (Existence) The problem (2.10), (2.11) with a combustion nonlinear-
ity g has a classical solution (U, c), which additionally satisfies

0<U<1 for all (s,y) e R x T"
Us(s,y) >0 for all (s,y) e R xT"
c<0.

Theorem 2.14 (Monotonicity) If the combustion nonlinearity g satisfies ¢'(1) < 0
and (U, c) is a classical solution of the problem (2.10), (2.11), then Uy(s,y) > 0 for all
(s,y) e R x T™.

Theorem 2.15 (Uniqueness) If the combustion nonlinearity g satisfies ¢'(1) < 0 and
(U,c), (U, ) are two classical solutions of the problem (2.10), (2.11), then ¢ = ¢ and
there is so € R, such that U(s,y) = U'(s + so,y) for all (s,y) € R x T™.

2.3.2. Xin’s proof of existence

In order to prove theorem 2.13, Xin begins with an elliptic regularization. Consider the
weight factor

n

r(y) =Y ai;(y)kik; (2.12)

ij=1

and the linear elliptic operator
LU =er(y)Us + > aij(y) (ks + 0y,) (k;0s + 0,,)U.
ij=1

Then the elliptic regularization problem for (U, c) (we like to call it the (e, b)-problem)
is the following problem:

L.U + cU, + g(U) = 0 on (—b,b) x R", (2.13)
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0<U<1, U(s,-) is 1 — periodic

U(=by) =0, Uby)=1forallyeT” (2.14)
max U(0,y) = 6(g).
yeTm

The condition maxyer» U(0,y) = 6(g) is called a normalization condition. The weight
r(y) in the e-term makes some of the calculations easier.

Monotonicity for the (¢, b)-problem

Xin’s treatment of the regularized problem begins with a monotonicity result: Any clas-
sical solution (U, ¢) of (2.13), (2.14) satisfies Us > 0 on (—b,b) x T™.

Xin’s proof can be summarized as follows:

(1) Xin’s first step is to state that the strict inequality 0 < U < 1 holds on (—b,b) x T"
by direct application of the maximum and minimum principle.

(2) He shows Us; > 0 with the help of the sliding domain method, which can be
described as follows: For A > 0, he considers the function w(s,y,A\) = U(s +
\y)—U(s—\y) for (s,y) € Ty, where ) = (—=b+\,b— ) x T™. Tt can be seen
from (1), that w(s,y,A) > 0 for (s,y) € 0%,. Then, the method proceeds in two
steps.

(2a) In the first step, Xin shows that for A close to b, there holds w(s,y, A) > 0 for any
(s,y) € 3. This can be shown using only the boundary conditions for U.

(2b) Xin defines
Ao = inf{\ > 0Jw(s,y, \) > 0 for all (s,y) € X, }.

Then he proves Ay = 0 by a contradiction argument using the minimum principle
and the fact that w(s,y,\) > 0 on 90X, if A > 0. From )y = 0, the assertion Uy > 0
follows.

(3) The strict inequality Us > 0 is then shown by differentiating (2.13) with respect
to s and applying the minimum principle to Us.

Remark 2.16 In order to show U < 1 in step (1), one has to be a little bit more precise
than in the proof of Xin. The reason is the following: If U assumes its maximum 1 at
a point (So,%o), then the term g(U) in (2.13) does not have the correct sign to apply
the mazimum principle in a neighborhood of (so,v0). But a simple linearization does
the trick: g(U) = g(U) — g(1) = B(s,y)(U — 1) with a continuous and bounded 3. The
mazimum principle can be applied to the function U — 1 irrespectively of the sign of (3,
since the value of the attained maximum of U — 1 is 0.

Furthermore, in step (3) it cannot be expected, that Uy is still a classical solution of the
differentiated equation. Therefore, the minimum principle for classical solutions cannot
be applied here. One of multiple ways around this would be to apply a Harnack inequality

to the sequence of difference quotients w, h > 0. See proposition 4.1.
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Uniqueness of the (¢, b)-problem

Xin’s work continues with a uniqueness result for classical solutions of (2.13), (2.14).
Precisely, the result is the following: If there are two classical solution (Uy,c;) and
(Us, ¢o) of the problem, then Uy = U, and ¢; = cs.

In his proof, Xin uses a slight variant of the sliding domain method, which he used
in step (2) of the proof of the monotonicity result for the (e, b)-problem. He applies the
sliding domain method to the function

w(s,y, \) =Ui(s + A\, y) — Us(s — A\, y).

Xin assumes that ¢; > ¢,. By showing with the method that U; = U,, he obtains a
contradiction to ¢; > ¢3. Consequently, there holds ¢; < ¢y. The same argument shows
ca < ¢q. In the argumentation, the monotonicity U; ; > 0 and U s > 0 is used. After
c1 = ¢9 has been established, the argumentation is repeated to show U; = U, directly.

A priori estimates for the existence of the (¢, b)-problem

In order to prove the existence of the (g,b)-solution, Xin derives the following a priori
estimates for the (e, b)-problem.
Denote by Ry the cylinder R, = [—b,b] x T". Let
M= sup 9(w) and R := sup r(y). (2.15)
yeT™ uel0,1] r(y) yeTm

Then there is a constant K = K(e,b, M, R), such that any solution (U,c) of (2.13),
(2.14) satisfies
| < K, ||U||C’1(Rb) < K. (2.16)

In the proof, Xin distinguishes two cases. In case ¢ > 0, he compares U to the solution
z of the problem

c
l4+¢e)zge + =2, — M =0,
(L+e)zt g (2.17)
z(—=b) =0, z(b) = 1.
Using Uy > 0, Xin calculates —L.(U — 2)ss — 7(y)(U — 2)s > 0. From this, he deduces
with the maximum principle U > z. In particular, there holds 6(f) = maxye U(0,y) >
z(0). Xin calculates z explicitly. He obtains the formula

M wm
2(0) = . (1 =M1 +e)R) eb(1+e)R—eb(1+¢e)R

From this formula, he deduces lim._,, 2(0) = 1. Due to u(0) < 6(f) < 1, there has to
be an upper bound for ¢. The case ¢ < 0 is treated analogously to find a lower bound
for c.

Without proof, Xin claims that 0 < U < 1 implies ||U HCl(Rb) < K by elliptic esti-
mates.
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Remark 2.17 (i) The factor r(y) in the operator L. in (2.13) is helpful in the calcu-
lation for —L.(U — z)ss — 7(y)(U — 2)s > 0. The reason is that, when L. is applied
to the y-independent function z, r(y) factors out: L.z = (¢ + 1)r(y)zss. Otherwise the
situation s slightly more complicated. See lemma 4.4

(i) Instead of (2.15),

M > sup g(u) and R > sup r(y)
yeT™ uel0,1] (y) yeTn

1s sufficient in order for the a priori estimates to hold, which follows from the proof
of Xin. We think, it is actually necessary to have the a priori estimates in this form,
because they are later applied to an entire family of problems with varying coefficients
and nonlinearities. We follow up on this in remark 2.18 (iii).

(111) The constant K is used in the estimate ||U||qi g, < K. In our opinion, the
constant K must therefore depend on the moduli of continuity of the second order co-
efficients and the ellipticity constant of L.. When applying the estimate to a family of
problems, one then has to make sure that the family of second order coefficients admit
a common modulus of continuity and ellipticity constant. See lemma 4.4. We follow up
on this in remark 2.18 (iii).

Existence for the (¢, b)-problem

Xin’s existence result for the (e, b)-problem is the following: For every € > 0 and b > 0,
there exists a unique classical solution of (2.13), (2.14) on R, = [—=b,b] x T™.

Xin proves the existence with the Leray-Schauder degree: For (v, c¢) € C'(R;) x R and
T € [0, 1], let ¢, (v,c) denote the unique solution U of the linear problem

elrr(y) + (1—7) USS+Z Tai(y) + 05 (1 — 7)) (kiDs + 8y, ) (k;05 + 0y, )U + Uy = —7g(v),
7,7=1

(2.18)
U(=b,y) =0, U(s,-) 1-periodic, Ub,y) = 1. (2.19)

Xin defines
h-(v,c) = max ¢.(v,c)(s,y)

s=0,yeT™

and the mapping
FT(”? C) = (qu(U, C), c— hT(Uv C) + 0(9))

A solution (u,c) of (2.13), (2.14) satisfies u = ¢1(u, ¢) and hy(u,c) = 0(g). Vice versa,
a pair (u,c) satisfying u = ¢;(u, c) and hy(u,c) = 6(g) is a solution of (2.13), (2.14).
Hence, for (u,c) € CY(Ry) x R, it is equivalent to be a solution of (2.13), (2.14) and to
satisfy Fi(u,c) = (u,c). Thus, the problem can be solved by finding a fixed point of Fj.
The plan is now to find a domain D, such that for every 7 € [0, 1] the Leray-Schauder
degree d(id — F., D,0) is well defined and d(id — Fy, D,0) = d(id — Fy, D,0) = 1 holds.
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Without proof, Xin uses the continuity and compactness of the mapping
(1, (v,¢)) = Fr(v,c), 0,1] x CY(Ry) x R — C*(R,) x R.
He uses the a priori estimates (2.16) for the definition of the domain D:
D ={(v,¢) € C'(Ry) X R : [[v]|co ) < K. le] < K.

The constant K is chosen larger than in the a priori estimates (2.16). According to Xin,
there holds F; (v, c) # (v, c) for all (v,c¢) € 9D and 7 € [0, 1]. The reason he gives is that
the a priori estimates only depend on

9(2)
R, =sup[rr(y) + (1 —7)] and M. = sup ;
yET"[ ( ) ( )] yeT™,z€(0,1] Tr(y) + (1 - T)

(2.20)

which have 7-independent bounds. Xin deduces that the Leray-Schauder degree is well-
defined and by homotopy invariance

d(id — Fy, D,0) = d(id — Fy, D, 0).

It therefore remains to calculate d(id — Fy, D, 0).
Xin continues by demonstrating that for 7 = 0, the mapping F, (v, c) = Fy(v, ¢) takes
a simpler form: Let z. = z.(s) be the solution of

(14 ¢€)zess + 205 = 0,

z.(—=b) =0, 2.(b) = 1.

If z. is regarded as a function of (s, y), then z. solves the linear problem (2.18), (2.19) fo
2 h(

r
7 = 0 and arbitrary v € C'(R;). Therefore, z. = ¢o(v,c). Then hy(v,c) = z.(0) = h(c)
for any v € C*(Rp). Consequently, Fy takes the simpler form

Fo(v,¢) = (2, ¢ = h(c) +0(g)).
The value h(c) = z.(0) can be explicitly calculated as

1 — eca/(l—l—s)
e—ca/(l4+e) _ pea/(1+e)’

h(c) =

It can be seen that there is a unique ¢y € R with h(cy) = 0(g). Xin now argues that
due to h(K) > 0(g) and h(—K) < 6(g), it follows that d(h(-) — 0(g), (— K, K),0) = 1.
(Actually Xin wrote h(K) > 0 and h(—K) < 0, but this must be a typing error.) The
reason for h(K) > 0(g) and h(—K) < 6(g) is not given. However, it can be seen from
the a priori estimates: In the situation 7 = 0, the constants in (2.15) in the proof of the
a priori estimates are M = 0 and R = 1. Then the problem (2.17) is the same problem
as the problem for z.. Therefore h(K) > 6(g) and h(—K) < 6(g) follow from the proof
of the a priori estimates.
Xin concludes that by the product property of the degree

d(id — Fy, D,0) = d(id — zey, |[ullga ) < K, 0) - d(A() = 0(g), (~ K, K),0) = 1-1=1.

This finishes Xin’s proof of existence of the (g, b)-solution.
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Remark 2.18 (i) Xin is not specific as to how he wants to apply the product property
of the degree at the end of the proof or which one of the product properties. There is a
product property for cartesian products and one for the composition of functions, but we
do not see how to apply either of them to get Xin’s result directly. At least the mapping
Fy does not have the necessary structure for the product property for cartesian products,
namely Fy is not of the form Fy(v,c) = (F1(v), Fa(c)). In our situation, we will prove
d(id — Fy, D,0) = 1 differently, see proposition 4.8.
(17) We prove the compactness of the mapping

(1, (v,¢)) = Fr(v,c), [0,1] x CY(Ry) xR — C*(R,) xR

mn lemma 4.7.

(i13) We follow up on remark 2.17 (ii) and (iit): As stated in remark 2.17 (iii), we
believe that the constant K in the a priori estimates (2.16) has to depend on the moduli
of continuity of the second order coefficients and the ellipticity constant of the operator.
In the situation of the existence proof for the (,b)-problem, the operator on the left
hand side of 2.18 has coefficients, that depend on 7. The a priori estimates are applied
to the entire family of operators with T € [0,1]. Therefore, one has to make sure, that
the family of operators admits a T-independent ellipticity constant and T-independent
moduli of continuity for the second order coefficients. This is possible, therefore there is
no magor problem in Xin’s argumentation, only an inaccuracy.

In the existence proof, Xin also reasoned that the estimates (2.16) as applied in the
proof, only depend on R, and M, as given in (2.20) and R, and M, can be bounded
independently of 7. This argument s tnaccurate as well, since it is unknown if the
constant K in the a priori estimates depends continuously on R, and M,. The precise
argument is to give the a priori estimates in the sense of remark 2.17 (ii). Then it can
be seen that in the situation of the existence proof for the (g,b)-problem, the a priori
estimates do not depend on the individual R, and M., but only on the T-independent

bounds for R, and M.,.
A priori estimates for (U®? ¢*)

Before passing to the limit, Xin derives a priori estimates for the wavespeed of the
(¢, b)-solution.

The exact result is as follows: Let (U, c) = (U%?, ¢?) be the solution of (2.13), (2.14).
There exist constants ci,co < 0 and &g, by > 0, such that

1 < <eyg<0 for 0<e<egandb> b (2.21)
Xin also gives estimates for U*?. The result is:

HU&bHC}M <C (2.22)

for 0 < e <gpand b > by. According to Xin, the result (2.22) is obtained from parabolic
estimates, but he does not give a proof.
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Xin’s proof of the estimates (2.21) for the wavespeed is as follows: Xin uses a com-
parison principle for wavespeeds. He proves this principle with the sliding domain
method similarly as in the proof of the uniqueness of the (g,b)-solution. The com-
parison principle is applied as follows: With 7(y) as in (2.12), let rp. = maxyern 7(y)
and 7, = mingepn r(y). Furthermore, let (u,,¢,) with u, : R — R be the solution of

(1 &)ttymn = ttys + —

T'min T'max

g(u,) =0,

ur(_b) = 07 UT’(O) = e(g)a ur(b) =1

Since u, is y-independent, it also solves

L.ou, + mum + T(y)g(ur) =0.

T'min max

There holds :(?’) > 1 and 2% g(u) < g(u). For comparison, we recall that U satisfies
the equation

L.U + cU, + g(U) = 0.

The weight % in the c,u, s term is therefore larger then the weight 1 in the cUs term.
With the nonlinearities %g and ¢, the inequality is the opposite. In this situation,
Xin’s comparison principle implies ¢©* < ¢, under the condition, that there holds ¢, < 0.

According to Xin, it is known by a 1-D traveling wave result, that there exist constants
g9 > 0, bp > 0 and ¢y < 0, such that ¢, < ¢o < 0 holds for 0 < ¢ < g9 and b > by.
However, he does not give a source for that. Since ¢, is negative, the above comparison

holds. The other bound is proved analogously.

Remark 2.19 We believe that none of the standard parabolic or elliptic estimates gives
the result (2.22), when e does not stay away from 0. We are not sure how Xin obtains
these estimates. In our situation, we will derive weaker a priori estimates, which are still
sufficient to pass to the limit, see lemma 5.4. For these estimates, we will use theorem
A.2, which is taken from [4]. This makes it necessary to replace r(y) in L. from (2.13)
by a constant. Unfortunately, this results in slightly more complicated proofs of lemma
4.4, lemma 4.10 and lemma 4.13.

Passing to the Limit

Using (2.21) and (2.22), Xin chooses a sequence ¢, — 0, b, — 00, such that

Cn = — ¢ < 0 for n — oo and U, = U’ — U locally uniformly in R x 7™.
(2.23)
From the estimate (2.22), Xin concludes that U is locally Lipschitz. Without proof, he
claims that parabolic regularity implies that U is locally a classical solution of

Z aij(y) (ks + 0y,) (k05 + 0y, )U + Uy + g(U) = 0, (2.24)

ij=1
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max U (0,y) = 0(f) and U(s,-) 1-periodic. (2.25)

yeTn

The inequalities Uy > 0 and 0 < U < 1 for U follow from the respective inequalities
Uns>0and 0 < U, <1 for U,.

Possibilities for the limit behavior of U for s — £

Let U be the limit function from (2.23). From the monotonicity and boundedness of
U, Xin deduces that the limits U~ (y) = limy, o U(s,y) and UT (y) = lim,_, 1o, U(s,y)
exist.

According to Xin, it is obvious that there is a sequence s,, — 0o, such that

lim Us(Sm,y) =0, lim Uss(Sm,y) =0 for all y € T™. (2.26)
m— 00

m—00

By multiplying (2.24) with a smooth test function ¢(y) and integrating over y € T™ and
integrating by parts, one obtains

n

>, /(Wij)kiijss — 2(¢aij)y, kiUs + (Vaij)y,y, U +C/¢Us+/ Pg(U) = 0. (2.27)

ij=1 \}

Inserting s = s,,, into (2.27), one concludes from (2.26) and m — oo:

Z / Ve )y, U™ +/¢g U") = (2.28)

7,]1

According to Xin, U™ (y) is therefore a weak solution of

Z az] yly] + g U+) 0 (229)

2,0=1

In (2.28) Xin then uses as ¢ a function m(y) with the properties

Z (m(y)aij<y>>y¢yj =0,
(2.30)
m(y) > 0, /m(y) =1, m(y) 1-periodic.

The existence of such a function is proved in [2]. This yields [ m(y)g(Ut) = 0. Fur-
Tn
thermore, by g(U*) > 0 and m > 0 it follows that g(U") = 0. Using this in (2.29), one

finds

n

Z al]( )Ugj:y] = O

ij=1
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According to Xin, elliptic regularity implies that U™ is a classical solution of this equa-
tion. If this is shown, it follows from the maximum principle that U™ is constant. In
the same way it follows that U~ is constant.

By the normalization in (2.25) and Us > 0, the inequalities U~ < 6(f) and U > 6(f)
follow. Since ¢g(U") = 0 and g > 0 in (0(f), 1), there only remain the two possibilities
Ut =1and Ut =60(f). For U™, there still remain all possible values in [0, 0(g)].

Remark 2.20 (i) Under the assumptions of Xin, we could not verify that U is a classical
solution of (2.24), since this includes the existence of Uss in the classical sense. We could
only verify Uss € LY . We think that slightly more regularity assumptions on g are needed
for the existence of Ugg in the classical sense. See theorems 2.8, 2.9 and 2.10, as well as
lemma 5.6.

(i1) The derivative Uss is not only used in Xin’s main result, but also in the further
proof, for example in the part that we described in (2.26). It is not clear why (2.26)
holds. Furthermore, it is left unclear by Xin, in what sense (2.26) is supposed to hold
and if this is sufficient to deduce (2.28).

(1it) Xin does not specify how smooth the matriz field a;; has to be in his existence
theorem. In his formula, which we repeated in (2.27), he uses second derivatives of
a;j. Therefore, at least the existence of the second derivatives of a;; is needed for Xin’s
argumentation. In our situation, after passing to the limit, we proceed differently to show
that the limits u™ are constant (see lemma 5.5, proposition 5.7, lemma 5.8). That way,
we will only need a;; € CH(T™) to prove our results.

Reducing the possibilities for the limit behavior of U for s — oo

The next step in the existence proof of Xin is the following: If Ut = 60(g), then U = 6(g).

A consequence of this result is that either UT = 1 or U = 6(g), since there are only
the possibilities UT = 1 and Ut = 6(g) as described above. Since U = 6(g) would
furthermore imply U~ = 6(g), it would be sufficient to prove U~ # 6(g), in order to
obtain Ut = 1 automatically.

The result is proved by Xin with a two-sided strong parabolic maximum principle.
He derives this maximum principle from the usual one sided strong parabolic maximum
principle and the periodicity of U.

An exponential solution

In order to finish the investigation of the limit behavior of U for ¢ — 400, Xin needs a
certain solution of the homogeneous equation to compare it with U. Xin’s result is the
following: Consider the equation

er(y)®5, + > aij(y) (ki + y,) (k05 + 0,,)° + 0 = 0,

=1
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where ¢; < ¢ < ¢y <0 for € € [0,g9) with the constants ¢;, ¢; and €y from the a priori
estimates (2.21). Then there is a solution of the form ®° = e**W¥(y, &) with A\, > 0 and
a function ¥ > 0, which is 1-periodic in y. Moreover, there holds

lim A\, = X\ >0 and lim ¥(y,e) = ¥(y,0) > 0. (2.31)
e—0 e—0

Xin shows this by plugging in the ansatz for ®° into the equation. This leads to the

equation
n

Qi - aijk
> U, 20 Y v, 4+
=) =)
Finding \. and ®(y, ) then comes down to finding A = A, such that p(A\) = —(1 +¢)A2,
where p()\) is the periodic principal eigenvalue of the operator given by

A
— U = —(1+4¢)\2V.
Y

e

)

LI " oaiks
LY = W, + 2, =,
2 i) " T 2

ij=1 ij=1

(For the properties of the periodic principal eigenvalue, see lemma 5.13.) Using the
monotonicity of p(A) in the zeroth order coefficient, one can see

A A
"<y <

T'min T'max

Using this inequality and making use of the continuous dependence of p(\) on A, one
can find A = A\, with p(\) = —(1 + €)A\? with the intermediate value theorem. Without
further proof, Xin states that A. depends continuously on £ and deduces (2.31).

Remark 2.21 Xin seems to neglect entirely in both the result for the exponential solu-
tion and the proof, that the wavespeed c from the solution (U, c) = (Us* ¢=%) of (2.13),
(2.14) also depends on b. We are not sure why he denotes it only by ¢¢. Moreover, it is
not completely clear to us from Xin’s proof why \. and ®(y,e) are continuous in & (and
in b). Especially since he has not proved, that ¢*° depends continuously on ¢ and b. It
is also not clear, what he means by ¢ (or rather ¢=°) in the case e =0 (and b= ). A
priori, ¢&® might have more than one limit point for e — 0, b — 0o, when f is such that
Xin’s uniqueness result theorem 2.15 does not apply. It is essential that one can assure
both ¥ (y,e,b) > 0(f) and ®(y,e,b) < C. In lemma 5.14, we use the Harnack inequality
to show this instead of Xin’s continuity argument.

Conclusion of the existence proof

Xin continues by showing ®° > U=® on [—b, 0] x T" with the maximum principle. Letting
¢ — 0 and b — oo, this yields the following inequality for the limit function U:

U(s,y) < e**U(y,0) for (s,y) € (—o0,0) x T

This allows to conclude U~ = lim,, o U(s,y) = 0. As discussed earlier, this also
implies UT = 1. This finishes the investigation of the limit behavior of U for s — +o0.
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At this point, only the strict inequalities 0 < U < 1 and Uy > 0 are left to show, in
order to establish that U is the solution from theorem 2.13. Xin does not discuss the
inequality 0 < U < 1 at all. He shows the other inequality U, > 0 by differentiating
(2.24) with respect to s and applying the maximum principle.

Remark 2.22 We are not sure if there is enough regularity to differentiate (2.24) with
respect to s in the classical sense and to apply the classical maximum principle, since
we think, that Uy does not have to exist in the classical sense. In lemma 5.17 we will
instead use the Harnack inequality to show u; > 0.

2.3.3. Xin’s proof of monotonicity and uniqueness
A minimum principle and the sign of the wavespeed

The first step in order to show the monotonicity and uniqueness of traveling wave so-
lutions under the assumptions of the theorems 2.14 and 2.15, is to prove a two-sided
minimum principle. By that we mean the following. If a function wu is the solution of
a parabolic equation and achieves its minimum at a point (to, zo), then under the right
assumptions, the minimum principle implies that u is constant in ¢t < ¢5. We call this a
one-sided minimum principle, since u only has to be constant in the past, but not in the
future. In some situations however, a two-sided minimum principle is required, which
implies that u has to be constant in the past and the future.

Xin’s two-sided minimum principle is as follows: Consider the operator L, which is
given by

Lv = (V, + k0,)(a(y)(V, + kd,)v) + b(y)" - (V, + kO)v + cvs + B(s,y)v.

Assume that the coefficients are smooth and 1-periodic in y and that ¢ < 0. Let
v = v(s,y) be 1-periodic in y and a classical solution of Lv < 0 in R x T™. Suppose
further that v assumes its minimum. If now either § < 0 and the attained minimum is
nonpositive or the attained minimum has the value 0 (then the sign of 3 is not relevant),
it follows that v is constant.

The next step is to consider the sign of the wavespeed c of the traveling wave solution
(U, c¢). Xin finds that any solution (U, ¢) of (2.10), (2.11) satisfies ¢ < 0. He proves this
by testing (2.10) with the function from (2.30).

Monotonicity and Uniqueness

Xin’s proof of theorem 2.14 can be summarized as follows:

(1) Xin’s first step is to state that the strict inequality 0 < U < 1 holds by direct
application of the maximum and minimum principle.

(2) He shows Us; > 0 with a variant of the sliding domain method: For A > 0, he
considers the function w(s,y, A\) = U(s+ A, y) — U(s,y) for (s,y) € R xT". Then
the method proceeds in two steps.
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(2a) Xin shows that for sufficiently large A, there holds w(s,y,\) > 0 for all (s,y) €
R x T™ as follows: Given N > 0, there is Ay = Ao(V), such that w(s,y,A) > 0
for A > A\ and (s,y) € [-N,N]| x T"™. This is a consequence of the boundary
conditions at infinity for U. The constant N can be chosen sufficiently large, such
that outside of [-N, N] x T™, w cannot have a nonpositive minimum. Xin shows
this by using the two sided minimum principle and the fact that w(s,y, A\) — 0 for
s — +oo. Hence, w(s,y,\) > 0 for A > A\g and (s,y) € R x T™.

(2b) Xin defines
pwi=AA>0:w(s,y,A\) >0 for (s,y) € R xT"}.

The set in the definition of x is not empty due to (2a). Xin shows p = 0 with the
help of the two-sided minimum principle. This implies Uy > 0.

(3) The strict inequality Us > 0 is shown by differentiating (2.10) with respect to s
and applying the minimum principle to Us.

Remark 2.23 (i) As in the proof of the monotonicity for the (e, b)-problem, a lineariza-
tion is necessary to prove U < 1. Compare remark 2.16.

(i7) In the proof of the monotonicity, Xin uses the two-sided minimum principle, to
show that w cannot have a negative minimum in (—oo, N) x T™. However, in order to
show that w cannot have a negative minimum in (N,o00) x T™, he writes the equation
for w as

Z aij(y)(kiOs + 0y,) (k;0s 4 0y )w + cwg + B(s, y)w = 0.

ij=1
As a consequence of ¢'(1) < 0 and the choice of N, the strict inequality 5 < 0 holds
in (N,00) x T"™. If w had a negative minimum in (N,o0) x T™, Xin would obtain an
immediate contradiction to the equation. The condition ¢'(1) < 0 in his monotonicity
theorem and in the uniqueness theorem is only necessary to make sure that 5 < 0 holds
here. However, by better usage of the two sided minimum principle, 5 < 0 would be
sufficient. Therefore the condition g’'(1) < 0 can be relaxed a bit. See theorems 2.11 and
2.12.

(13i) In step (3) it cannot be expected that Us is still a classical solution of the dif-

ferentiated equation. Therefore, the minimum principle for classical solutions cannot be
applied here. One possible way around this would be to apply a Harnack inequality to

the sequence of difference quotients w, h > 0. Compare our proof of lemma

5.17.

Theorem 2.15 is proved with a similar variant of the sliding domain method.
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3. Plan of proof

3.1. Existence

In the existence part we always assume the matrix field (a;;)};_; to be as in the general
assumptions, i.e. (a;)7;_, is a C*(T™)-matrix field, which is symmetric and uniformly
elliptic. The assumptions for the nonlinearity f may vary and will therefore be given
locally.

The general plan of the proof of existence is mostly as in [21]|. Very roughly, it can be
described as follows: We consider the (e,b)-problem (2.7), (2.8) from definition 2.4. It
serves as an elliptic regularization of the original problem in moving frame coordinates.
For € > 0 and b > 0, we obtain a unique solution (U*?, ¢=*) of the problem. We proceed
by proving estimates for the wavespeed ¢ of the form ¢; < ¢ < ¢y < 0 for 0 < e < g
and b > by. By a transformation (s,y) = T°%t,z) = (k-2 — ¢, x), we obtain a
function u*? = u*(t, ) in the original coordinates. We derive local estimates of the

form Hvxu57b|‘Lw < C and ’ < C. Then, we pass to the limit ¢ — 0, b — oo
loc

&b
Uy

(for a subsequence) and show that the limit function has all the properties of the desired
traveling wave solution.

The (e, b)-problem

The results concerning monotonicity, uniqueness and existence for the (e,b)-problem
hold for any nonlinearity f of basic type as defined in definition 2.6.

Monotonicity and Uniqueness

The investigation of the (e, b)-problem begins with a monotonicity result. This mono-
tonicity result holds for a slightly more general class of problems, which includes the
(e,b)-problem. It is only more general in so far as the term €U can be replaced by
the more general term ¢f(y)Us with a weight 5. The monotonicity result for the more
general problem is later used in the proof of a comparison principle for wavespeeds.
Let U = U(s,y), defined in [—b, b] x T™, be a solution of the problem. The proof of the
monotonicity result starts with the strict inequality 0 < U < 1 in (=b,b) x T™. This is
proved by applying minimum and maximum principles. From there, we will continue by
proving Uy > 0 with the sliding domain method. The method can be briefly described
as follows: For A € (0,b), the function Wy(s,y) :==U(s+ \,y) —U(s — A, y) is considered
in [—b+ X\, b— A x T™. For X close to b, the function W, is shown to be positive. Based
on this, we will see with the help of minimum principle that W, > 0 is still positive
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3. Plan of proof

for arbitrarily small A > 0. This implies Uy > 0. The strict inequality Us > 0 is then
obtained by application of the Harnack inequality to the sequence of difference quotients.

Subsequently, the uniqueness of (U, c) is proved. (Uniqueness only holds with the
normalization.) The method of the proof is a different variation of the sliding domain
method. Assume the existence of two solutions (Ui, ¢1) and (Us, ¢3). Then, the function
Wi(s,y) == Ui(s+ A, y) — Ua(s — A, y) is investigated with the sliding domain method.
It is applied three times consecutively. With the first application, the assumption that
c1 > ¢o is led to a contradiction, then this is repeated with the assumption ¢ > ¢;. Once
it is known that ¢; = ¢y, the method is repeated to show U; = Us.

Existence

In order to show the existence of the (g, b)-solutions, we start by deriving a priori esti-
mates for a family of problems. For fixed (g,b), but varying coefficients and f, we derive
estimates for [c[ and [|U||;1(g,) (Where R, denotes the cylinder [—b, b x T™). The a priori
estimates for ¢ are obtained by finding comparison solutions z that lie strictly above U
or strictly below in R,. (This depends on whether we are in the case ¢ > 0 or in the
case ¢ < 0.) Using the normalization condition max,er» U(0,y) = 0, we obtain either
2(0) > 6 or z(0) < #. The comparison is achieved with the help of the maximum and
minimum principle and the monotonicity result for the (e, b)-solution. The comparison
functions z will be given as solutions of ordinary differential equations. Hence, we will be
able to calculate them explicitly in terms of ¢ etc. From this, we will obtain inequalities
for ¢ and from that the estimate for |c|.

Based on the estimate for |c|, the norm [|U|[¢1(g,) will then be estimated using L”-
estimates. These have the advantage that the LP-norm of f(y,U) can be estimated
independently of U, since f is always bounded.

Using these estimates, the existence of the (g, b)-solutions can be proved with the help
of the Leray-Schauder degree as follows. For given v € C'([—b,b] x T") and ¢ € R,
consider the linear problem

ea(y)uss + Z aij(y)(kiOs + 0y, ) (k;0s + 0y, )u + cus = —f(y,v),

ij=1
u(—=b,-) =0, u(s,-) l-periodic, u(+b, ) = 1.

We will formulate the (g,b)-problem in terms of a fixed point problem involving this
linear problem. This fixed point problem can be investigated with the Leray-Schauder
degree.

First, however, we have to solve the linear problem. We will do that by solving the
equation on bounded domains €2,,, where €2, is an exhaustion of [—b,b] x R". After
finding suitable estimates, we can pass to the limit m — oco. We arrive at a bounded
solution of the equation. Then we use the maximum principle lemma A.1 on unbounded
domains from Berestycki, Hamel and Rossi (see [7]). It implies the uniqueness of the
bounded solutions. From this, we can derive the periodicity.
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3. Plan of proof

Afterwards, we consider the linear problem with a homotopy of coefficients «., and
(af;)i ;=1 and nonlinearities f-. Denote by ¢,(v,c) the solution of the linear problem.
We prove continuity and compactness properties of the mapping (7,v,¢) — ¢.(v,¢) in
appropriate spaces. Using this and the estimates for the (e, b)-problem, we can create
an adequate setting for the Leray-Schauder degree. We will choose the homotopy of
coefficients such that we have our original coefficients for 7 = 1 and an easy situation
for 7 = 0. Then we obtain the existence result for the (e, b)-problem from the Leray-

Schauder degree.

Estimates for ¢?

After the (g, b)-problem is solved, we have to derive bounds for the wavespeed ¢ of the
form ¢; < ¢®® < ¢y < 0 for 0 < e < g, b > by. The lower bound ¢; can be found for all
nonlinearities of basic type. This can be done by finding suitable comparison solutions
z = z(s) and w = w(s) on the left half [—b, 0] x T™ and right half [0, b] x T™ of Ry, which
both lie above U and satisfy z(0) = w(0) = 6. That means that they touch U at a point
(0,y0) with U(0,yo) = 6. This implies the inequality z5(0) < Us(0,y0) < ws(0). From
this, we obtain an inequality for ¢, because z and w can be calculated explicitly in terms
of c.

The upper bound ¢y can be found for a nonlinearity of basic type f under an additional
assumption: The nonlinearity f lies above an y-independent nonlinearity g = g(z) of
basic type, which satisfies a certain integral condition. This integral condition depends
on the oscillations of r(y) = >, a;j(y)kik;. In particular, the assumption is satisfied
for f,if f is a nonlinearity of combustion type with the strong covering property. Under
the above assumptions, the bound is obtained with the help of a comparison principle
for wavespeeds. This comparison principle will be proved with the help of the sliding
domain method.

Estimates for v

From here on we will assume the following definition for u*?. Consider the (&, b)-problem
with the weight & = 1 in (2.7). Let f be a nonlinearity of combustion type with the
covering property and the negative wavespeed property (with respect to the matrix
field (a;;);';—; and the unit vector k). Furthermore, let ¢ := 0(f) be the normalization
constant. We emphasize that it possible to normalize the (¢, b)-solution at any 6 € (0, 1).
However, when passing to the limit, we really want the (e, b)-solution to be normalized
at 6(f). In this situation, let (U®?, ¢*%) be the (g, b)-solution.

Before passing to the limit, we return to (¢, z)-coordinates. We consider the transfor-
mation s = k- x — ¢, y = x and define u°(t, z) :== U=(s,y).

We will then derive a priori estimates for u*°(t, ). We obtain local L>-estimates for
V.u®® by using the theorem A.2 from Berestycki and Hamel (see [4]). It is designed for
elliptic regularization, this theorem was also used for example in [6]). The requirements
in the theorem involve the C3-regularity of u**, which we do not have. Therefore, we have
to solve this problem with an approximation of the coefficients. We furthermore derive
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3. Plan of proof

local L?-bounds for uf’b by testing. The uniform estimates for the x-gradient enable us
to carry over information from the normalization condition of the (e, b)-solution to the
limit function.

Passing to the limit

The estimates allow us to choose a subsequence, such that ¢=* converges to a real number
¢ < 0 and the function u®" converges weakly in H. (R"*1), strongly in L2 (R"™) and
almost everywhere in R""!. After passing to the limit, some properties for the limit
function u follow naturally from corresponding properties of us*. These are 0 < u < 1
and u; > 0, as well as the periodicity condition u(t, z) = u(t+%5%, z+e;) for the standard
unit vectors e;, i = 1,...,n. With the help of the estimates for the z-gradient of u** and
the normalization max,ecr» U*(0,y) = 6(f) and possibly choosing another subsequence,
we obtain a weak form of the normalization condition for u: There exists d > 0 with
max u(—d,z) < 0(f), 0(f) < max u(d,z).

z€[0,1]™  zelo, 1
It also follows easily that u is a weak solution of (2.1), rewritten in divergence form.

The regularity for the limit function is more difficult. First, we use an interior reg-
ularity result for weak solutions to see that D?u € L7 and that u is a strong solution
of (2.1). From there, C’fs /210 Tegularity is derived with an approximation and interior
estimates (both LP-estimates and Schauder estimates). More regularity for u;, including
the additional regularity which is needed for a solution of type II, is derived by the
technique of difference quotients.

Due to u; > 0 and 0 < u < 1, we obtain the existence of the limits lim; 4., u(t, x) =
u*(x). From the periodicity condition for u, it is easily seen that u® are periodic
functions. After deriving suitable estimates for the derivatives of u, we can show that u*
are stationary states of (2.1). Therefore, u® satisfy the corresponding elliptic equation
(2.1) with u; = 0 to (2.1) classically. Together with the minimum principle this implies,
that u* have to be constants. In case of u*, we have to make use of the fact, that f is of
combustion type. The reason is, if f had both signs, then there might be non-constant
stationary states. This is the only point, where we cannot avoid using the combustion
property of f.

We want to further reduce the amount of possible values for v and u~. Since u™ is
constant, it has to be in [0(f), 1] due to the normalization and monotonicity of u. By
the covering property, the only possibilities for u* are therefore u™ = 0 and ut = 1.
With the maximum principle, one can further show that either ut = 1 or u = 0(f),
which would imply v~ = 0(f). Consequently, it only remains to prove u~. Then u™ = 1
will follow automatically.

The proof of v~ = 0 uses a certain exponential solution of the homogeneous equa-
tion, which can be compared to U%?. From this comparison, we obtain v~ = 0. The
exponential solution can be found with the help of the periodic principle eigenvalue.

It remains to prove the strict inequalities 0 < u < 1 and u; > 0. The inequality 0 <
u < 1 follows similarly as the corresponding inequality in the proof of the monotonicity
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of the (e, b)-problem. However, there is a slight difference. For the inequality 0 < u, we
have to make use of a two-sided minimum principle, because the usual parabolic left-
sided minimum principle is not sufficient. Afterwards, the inequality u; > 0 is proved
as in the case of the (e, b)-problem by applying the Harnack inequality to a sequence of
difference quotients. The existence result is then completely proved.

3.2. Monotonicity and uniqueness

In this section, we always consider a matrix field (a;;)
assumptions of the theorems 2.11 and 2.12.

For the proofs of the monotonicity and uniqueness, the underlying method is the same
as in [21]: the sliding domain method.

ij—1 and a nonlinearity f with the

A minimum principle

Before starting with the monotonicity, we have to derive a two-sided minimum prin-
ciple. The reason is that in some situations the usual left-sided parabolic minimum
principle is not sufficient. The two-sided minimum principle can be obtained from the
usual parabolic minimum principle and the periodicity condition u(t, z) = u(t + kTe, T+
e;) for the standard unit vectors e;, i = 1, ..., n.

Monotonicity

In the proof of the monotonicity result, we start with the inequality 0 < u < 1. It can be
proved exactly in the same way as the corresponding inequality in the existence result.

Now u; > 0 can be proved by a variation of the sliding domain method. It is best
described in moving frame coordinates, given by (s,y) = (k -z — ct,y). Consider the
function Wy (s,y) = U(s+ A, y) —U(s,y). We will show that for large A > 0, the function
W) is positive. This can be proved by making use of the strict inequality 0 < U < 1, the
boundary conditions at infinity and our two-sided minimum principle. Subsequently, we
will prove, that W, > 0 even holds for arbitrarily small A > 0. This can be seen using
the two-sided minimum principle. From this, the inequality U; > 0 and therefore u; > 0
follows.

The strict inequality u; > 0 follows as the respective property in the existence proof.

Uniqueness

The uniqueness is proved with a slight variation of the sliding domain method, which
was used for the monotonicity. Let (uj,c¢;) and (ugz,c3) be two solutions. We will
shortly describe the method in moving frame coordinates. (These are given by (s,y) =
(k-z—cit,y) and (s,y) == (k-x — cot, y), respectively). Let U; and U, be the functions
uy and uy expressed in moving frame coordinates.
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3. Plan of proof

The method will be applied three times consecutively. In the first application, assume
ca < ¢1. For A € R, consider the function W)(s,y) = Ui(s + A\, y) — Us(s,y). We will
show, that for large A > 0, the function W) is positive. This can be proved by making
use of the strict inequality 0 < U < 1, the boundary conditions at infinity and our
two-sided minimum principle. Let p denote the infimum of all A € R, such that W, > 0.
With the two-sided minimum principle, we will derive W, = 0. This means, that U, is
a shift of Uy in s by p. From this, we will obtain a contradiction to ¢; < ¢y.

The second application is performed with ¢; and ¢, interchanged. This yields ¢; = 5.
From the third application of the method we will see W, = 0 directly. Hence, that U;
is only a shift of U, and likewise for u; and us. This finishes the proof.
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4. Existence of traveling wave
solutions: the (¢,b)-problem

4.1. Elliptic regularization or the (¢, b)-problem

We begin with the elliptic regularization of the problem.

4.1.1. Monotonicity and uniqueness of the (¢, b)-solution

We examine the monotonicity of the regularized solution and receive the following result.
We show a more general result than Xin, since we need more than the monotonicity of
the regularized solution in the proof of a comparison principle later on.

Proposition 4.1 Let f be a nonlinearity of basic type and o, 3 € CH(T™) with a > 0.
Moreover, let (U,c) with U : [—=b,b] x R" — R be a classical solution, that is

U € C2((=b,b) x R") N C°(|=b, b] x R™),

of the following problem:

ca(y)Uss + ) aij(y)(kids + 9,,) (k;05 + 9, )U + cB(y)Us + f(y,U) =0, (4.1)

ij=1

0<U<1, U(s,-) is 1 — periodic,

U(=b,y) =0,  Ulby) =1 foralyeT, (4.2)
max U(0,y) =6 € (0,1).
yeTn

Then the strict inequalities 0 < U(s,y) < 1 and Ugs(s,y) > 0 hold for all (s,y) €
(—b,b) x T™.

PROOF Step 1: The strict inequality 0 < U < 1. The first step is to show that we have
the strict inequality 0 < U < 1 in (=b,b) x T™. We want to be very precise in the first
step, due to our observation in remark 2.16. By assumption there holds 0 < U < 1.
Suppose that U achieves the value 1 at a point (sg, ) € (—b,b) x T™. We have

LU =ea(y)Us + Z aij (y)(ki0s + 0y,) (k05 + 9,,)U + cB(y)Us = — f(y, U),

3,j=1
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4. Existence of traveling wave solutions: the (g,b)-problem

and, at this point, no knowledge about the sign of f. In a neighborhood of (s, o),
there holds —f(y,U) < 0. But this is the wrong sign to apply the maximum principle
(and f(yo,U(s0,%0)) = 0 is not sufficient to apply it either). To solve this problem, we
linearize the term f(y,U). We put

f(yaU(Svy)) _f(y’l) .
ds.y) = o1 if U(s,y) #1

0 otherwise.

For the second case of the definition, we note that f is not necessarily differentiable.
Because of L.U = L.(U — 1) and f(y,1) =0, we have L.(U — 1) + d(s,y)(U — 1) = 0.
Clearly, we have |d| < L, where L is the Lipschitz constant of f. Hence, |d| is bounded,
and this allows us to apply the maximum principle. Note that in this case the sign of
d does not matter, because the attained maximum of U — 1 has the value 0. We see
that U — 1 = 0, which is a contradiction to U(—b,-) = 0. This contradiction implies
U(s,y) <1 for (s,y) € (—=b,b) x T™.

Showing that U(s,y) > 0 for (s,y) € (—b,b) x T™ can be done in the same fashion.
In conclusion

0<U(s,y) <1for(s,y) € (=bb) xT".

Step 2: The inequality Us > 0. For A € (0,b), we consider the function
wa(s,y) =U(s + A y) = Uls — A\y)

with (s,7) € ¥y, where ¥y = (=b+ A\, b — A) x T™. Equation (4.1) for U implies that
w), satisfies

ea(y)wrss + > aij(y) (kiDs + 0,,) (k0 + 0y, Jwy

ij=1
+eBywrs + [y, Uls + A w) — f(y, U(s = A, y)) = 0 on Xy,
At the boundary of ¥), the function w, is always positive: Setting s = —b+ A we find

wA(=b+ X y) = U(2A = b,y) = U(=b,y) = U(2A = b,y) >0,

(4.3)

and setting s = +b — X we find

since we obtained 0 < U(s,y) < 1 for (s,y) € (—b,b) x T™ in step 1.

Step 2a: Large \. Loosely speaking, the idea of the subsequent argument is as follows:
If A is close to b, because of s € (=b+ A\, b — \), we find s is close to 0 and therefore
s+ Ais close to b and s — A is close to —b. Then U(s + A, y) — U(s — A, y) is close to
1 — 0= 1. In particular w, is positive.

Let us now start with the rigorous proof. By uniform continuity of U up to the
boundary, for every % > ¢ > 0 there is a § > 0, such that for s; € (b — 9,b) and
Sy € (—b, —b+ &) we have

\U(s1,y) — 1| < e and |U(sq,y)| < e.
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4. Existence of traveling wave solutions: the (g,b)-problem

Consequently 0 < b — \ < g yields for (s,y) € 3,:
s+AE(=b+2\b) C(b—0,b) and s — A € (—b,b—2X) C (=b,—b+ )

and thus o
[U(s+ \y)—1| <eand |[U(s — \,y)| < e for (s,y) € Xy.

Therefore, by 0 < € < %,
wy(s,y) =U(s+ N\ y) —U(s — \,y) >0 for all (s,y) € Ty.

This finishes the calculation for A close to b.
Step 2b: Arbitrary A. We set

Ao = inf{\ € (0,b) : wx(s,y) > 0 for (s,y) € Ly}

We have just proved in step 2a that the set on the right hand side is not empty. If we
can show Ao = 0, this implies Us > 0 in (—b, b) x T™. Suppose for a contradiction Ay # 0.
We therefore have A\ € (0,b). By definition of )y and continuity, there holds w,, > 0.
Since wy, is strictly positive on 0%, (see start of step 2), there are two possibilities:

(i) There is (so,yo) With wy,(so,y0) = 0 for some (sg, o) € X»,. We define

fw,Uls+Ay) — fy. Uls — A\ y))
d>\<37 y) = U(S + )‘7 y) - U(S - /\7 y)
0 otherwise.

if U(s+ M\, y) # Ul(s — \y)

For the second case of the definition, we note that f is not necessarily differentiable
everywhere. With this definition of dy, equation (4.3) for w), reads

€Oé<y)w)\0,$5 + Z i (y)<kzas +8yi>(kj8$ +ayj)w>\0 +Cﬁ(y)w)\o,8 +dx, (87 y>w)\0 = 0.

1,7=1

Similarly as in step 1, |dy,| < L, where L is the Lipschitz constant of f. Since
the value of the minimum is 0, the strong elliptic minimum principle can be ap-
plied regardless of the sign of d),. Therefore, we can infer that w,, = 0, which
contradicts wy, (b — Mg, y) > 0.

(1) There holds wy,(s,y) > 0 for all (s,y) € ¥),. The minimality of )\, implies the
existence of sequences 0 < A, ' Ao and (s,,y,) € Xy, such that wy, (s,, y,) < 0.
If we are able to find a convergent subsequence (s,,y,) — (So0,%) € 2, We
obtain wy, (S0, yo) < 0 by continuity of the mapping (), s,y) — w\(s,y), which is
a contradiction to the setting of (i7). Finding a convergent subsequence is possibly
due to the 1-periodicity of w in y (y, can be chosen bounded) and the fact that
Sp € [—b, b] is bounded.
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4. Existence of traveling wave solutions: the (g,b)-problem

In both cases (i) and (i7), we obtain a contradiction. This yields A\g = 0 and hence
Us > 0.
Step 3: The strict inequality U; > 0. Let us now show the strict inequality U, > 0. We
suppose for a contradiction that there is a point (sg, yo) € (—b, b) xT™ with Uy(sg, yo) = 0.
Let us once more start with a formal argument: Differentiating (2.7) with respect to
s, we obtain the following equation for Us,:

ea(y)(Us)ss + Y ai(y)(kids + 8,,) (k0 + 8,,)Us + cBy) (Us)s + f(y, U)Us = 0.

1,j=1

The strong maximum principle yields for the solution U; the strict inequality Us; > 0 in
(=b,b) x T™. The argument is not applicable directly, since we cannot differentiate in a
classical sense, we do not have enough regularity for that (see remark 2.16).

We provide now the rigorous proof using the Harnack inequality, applied to the dif-
ference quotients of U is s. We choose R > 0 such that Bsg(so, o) C (—b,b) x T™. For
0 < h < R we know that v" = w > 0 in Bag(so,yo) by what we proved in
step 2. Moreover, in Byg(sg, %) we have for v" the equation

ca(y)vl + D ay(y) (kids + 0,,) (k05 + 0, )0" + eB(y)ol + d"v" =0,

ij=1
where

f(yv U<5 + h7 y)) B f(ya U(87 y))
d"(s,y) = U(s+h,y)—U(s,y)
0 otherwise.

if U(s +h,y) # U(s,y)

(As above, we note for the second case of the definition, that f needs not be differentiable
everywhere.) The Harnack inequality (see for example Corollary 9.25 in [12]) yields

sup <O inf oM (4.4)
Br(so,y0) Br(s0,y0)

The constant C' > 0 in the Harnack inequality depends on certain bounds on the coef-
ficients, but not on the individual coefficients. Since {dh‘ < L, where L is the Lipschitz
constant of f, the constant C' depends on L and on the other coefficients (which do not
depend on h). Therefore, C' does not depend on h. For h — 0, the right hand side of
(4.4) tends to 0 due to the assumption Ug(sg,yo) = 0. Consequently, the left hand side
tends to 0 as well, which implies Us = 0 on Bg(so, o). We thus have proved, that the
set of zeros of Us is open in (—b,b) x T™. Since it is also closed in (—b,b) x T, we
have Us = 0 in (—b,b) x T". By the boundary conditions on U, this is impossible. This
contradiction implies Ug > 0 in (—b,b) x T™. =

As a corollary we obtain the monotonicity for the regularized solution.
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4. Existence of traveling wave solutions: the (g,b)-problem

Corollary 4.2 (Monotonicity of the regularized solution) Let f be a nonlinear-
ity of basic type and (U, c) be a classical solution of the (g,b)-problem (2.7), (2.8). Then
0<U(s,y) <1 and Us(s,y) > 0 for all (s,y) € (—b,b) x T".

PROOF Apply proposition 4.1 with § = 1. n

Based on corollary 4.2 we can prove the uniqueness of the regularized solution. The
method of the proof will be very similar to step 2 of the proof of proposition 4.1, the
sliding domain method. The previously proved monotonicity will also be used in the
proof.

Proposition 4.3 (Uniqueness of the regularized solution) Let f be a nonlinear-
ity of basic type and let (U;,¢;), i = 1,2, be two classical solutions of the (,b)-problem
(2.7), (2.8). Then ¢; = co and Uy = Us.

PROOF Step 1: ¢; < c¢o. The first step is to prove ¢; < ¢y, and we suppose for a
contradiction that ¢; > ¢o. We proceed similarly as in step 2 of the proof of proposition
4.1: For X\ € (0,b), we consider the function

w/\(svy) = Ul(s + Aay) - UQ(S - )\7y)

with (s,y) € Xy, where ¥y = (=b+ X\, b— \) x T™.
Since equation (2.7) is shift invariant in s, the functions U;(s+ A, y) and Us(s — A, y)
satisfy on Y, the equations

ca(y)Upss(s + A y) + Zaw )(kis + 0,) (kj0s + 0y, Ui (s + A\, y) + cUps(s + A\, y)

4,7=1

+f<y7 Ul(s + )\>y)) =0

and

ca(y)Usss(s — A, y) + Z aij(y)(kiOs + 0y, ) (k;0s 4+ 0y, )Us(s — A, y) + c2Uss(5s — A, y)

2,j=1

+f(y,Ua(s — A, y)) = 0.

Subtracting these two equations, we obtain for (s,y) € 3, the equation

w,\ss—l—Za” ) (ki 4 0y, ) (k; Oy + By, Jwy

i,7=1

+ Ui — Uss + f(y, Ur) — f(y,U2) = 0,
where wy = wy(s,y), Uy = Ui(s + \,y) and Us = Us(s — A\, y). We define

f(yv UI(S + )‘>y)) _ f(y7 UQ(S B )\7y))
"}/)\(S,y) = U1(3+)\,y) —UQ(S—/\,y)
0 otherwise.

if Ui(s+ A\ y) # Us(s — N\ y)
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4. Existence of traveling wave solutions: the (g,b)-problem

For the second case of the definition, we note that f is not necessarily differentiable
everywhere. With this definition of +,, the equation can be rewritten as:

ca(y)wn s+ Z aij(y) (kiOs 4 0y, ) (k;0s + 0y, ) 4 c1wp s + A (8, y)wy = (c2 —¢1)Uss < 0.
ij=1
(4.5)
The inequality holds due to the assumption ¢; > ¢y and the inequality Us s > 0 from
lemma 4.2. Note that v, is bounded by the Lipschitz constant of f, which we need in
order to apply the maximum principle later on.
The strict inequalities 0 < U; < 1 and 0 < Uy < 1 hold in (—b,b) x T™ by corollary
4.2. Using this, we can see as in the proof of proposition 4.1, that wy > 0 on 0X,:
Setting s = —b + A\ we see

and setting s = +b — A we see
wx(b— A, y) =Ui(b,y) = Uz(b—2X,y) =1 —=Usz(b—2X,y) > 0.

Step 1a: Large X. In the same fashion as in step 2a of the proof of proposition 4.1,
we can see wy(s,y) > 0 on X, for A close enough to b: By uniform continuity of U; and
U, up to the boundary, for every % > ¢ > 0 there is a § > 0, such that for s; € (b—6,b)
and sy € (—b, —b+ ) we have

|U1(s1,y) — 1| < € and |Us(s9,y)| < €.
Consequently 0 < b— \ < g yields for (s,y) € 3j:
s+ A€ (=b+2\0b) C (b—0,b) and s — A € (=b,b—2)\) C (—=b,—b+ )

and thus
\Ui(s + N\, y) — 1] < e and |Uy(s — \,y)| < € for (s,y) € Iy,

Therefore, by 0 < € < %,
wy(s,y) = Ui(s + X\, y) — Us(s — A, y) > 0 for all (s,y) € 3y.

This finishes the calculation for A close to b.
Step 1b: Arbitrary A. We define

Ao == 1inf{\ € (0,b) : wx(s,y) >0 for all (s,) € Xx}.

By step la, the set on the right hand side of the definition is nonempty. We want to
show Ay = 0. We suppose that on the contrary Ag > 0. The definition of )y implies
Wy, (S,y) > 0 due to continuity reasons. Since wy, > 0 on 9%, (see right before step
la), two cases are possible:
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4. Existence of traveling wave solutions: the (g,b)-problem

(1) There is a point (so,yo) € Xy, With wy, (S0, %) = 0. Because of equation (4.5), the
elliptic minimum principle implies wy, = 0. This holds irrespectively of the sign
of 7,,, because the value of the minimum is 0. However, this is a contradiction to
w(b — /\[),y7 )\0) > 0.

(1) There holds wy, > 0 on X,. Because of the minimality of Ay, there are sequences
A Ao and (Sp, yn) € Xy, such that wy, (s,,y,) < 0. The sequence s,, € [—b, D]
is bounded. Moreover, the sequence ¥, can be chosen so that it is bounded due
to the 1-periodicity of w in y. This allows us to choose a convergent subsequence
(Sny Yns An) — (S0, Yo, Ao). Hence, we obtain w),(so,v0) < 0, which is a contradic-
tion to the setting of (7).

In both cases (i) and (iz), we obtain a contradiction. This yields Ag = 0.

Step 1c: The equality Uy = U,. From )y = 0, which was proved in step 1b, we obtain
wp > 0. This is equivalent to U; > Uy. For s = £b, we have wy(s,y) = 0 due to the
boundary conditions for U; and Us. Consequently, the strong minimum principle implies
that either wy > 0 in ¥g or wg = 0 (by the 1-periodicity in y, wy has to take its minimum
in ¥y). The normalization of the regularized solutions makes wy > 0 in ¥y impossible.
We can see this as follows: Let us suppose wy(s,y) > 0 for all (s,y) € ¥y. This implies
in particular U;(0,y) > Uz(0,y) for all y € T™. Thus

0 = max Us(0,y) = Uz(0, Ymaz) < U1(0, Ymaz) < max Uy (0,y) = 6.
yerm yeT™
Since this is a contradiction, wy = 0 must hold, and hence also U; = Us.

Step 1d: Conclusion of ¢; < c¢o. By the previous step, we have wy = 0. This is
contradiction to the strict inequality in (4.5). Therefore, the original assumption ¢; > ¢,
at the beginning of step 1 must have been false. Hence, ¢; < cs.

Step 2a: ¢1 = c3. The argument from step 1 can be repeated with ¢; and ¢y inter-
changed to show ¢y < ¢; as well. Consequently ¢; = ¢ holds.

Step 2b: Proof of Uy = U,. The arguments of step 1 to step 1c) can be repeated with
a minor modification to prove U; = U, directly. The modification is the following: Since
now ¢; = ¢y is known, the strict inequality (4.5) is replaced by

6a(y)w>\,ss + Z azg(y)(kzas + ayl)(k;]as + ayj)w)\ + Clw)\,s + ’VA(Sa y)w)\ = 0.
ij=1

We note, that the strict inequality in (4.5) has only been used in step 1d, but not in the
steps 1 to 1c). The repetition of steps 1 to 1c¢ with the mentioned modification concludes
the proof of Uy = Us. n

4.1.2. Existence of the (¢, b)-solution
A priori estimates for (U®?, ¢*t)

To show the existence of a solution (U%?, ¢*?) of the regularized problems (2.7), (2.8),
we require a priori estimates for (U%?, ¢*%). The estimates in the following lemma are
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4. Existence of traveling wave solutions: the (g,b)-problem

a slight variation of Xin’s a priori estimates (lemma 2.1 in [21], see remarks 2.17 and
2.19):

Lemma 4.4 (A priori estimates) Let f be a nonlinearity of basic type and (U, c) be
a classical solution of (2.7), (2.8). Moreover, we suppose U € C?*((—b,b) x T™) N
CH[=b,b] x T™). Let ji be an ellipticity constant of the occurring operator L given by

LU = ea(y)Uss + Z aij(y) (kiOs + 0y, ) (k;0s + 9, )U + cUs

ij=1
and let M, R,7 > 0 be such that
f(y, 2)]

M> sup —F=, R > sup r(y), T > max a(y)
yeT™ z€(0,1] 7(y) yeTn veT™ 7(y)

where r(y) = 37, aij(y)kik;. Furthermore let A >0 be such that

ai|| ., <A fori,j=1,...,n and |lca(y)||, <A

and let w;;,w be moduli of continuity for the coefficients a;; and ea(y). Then there is
a constant K = K(0,¢,b,7, R, M, ji, A\, {w;;|i,j = 1,...,n},w), such that every solution
(U, c) of the above problem (2.7), (2.8) satisfies the estimates |c| < K and [|U|[1(g,) <
K, where Ry, = [—b,b] x T™.

PROOF Step 1: The estimates for the wavespeed c. We want to compare U to a solution
of an ordinary differential equation, which can be calculated explicitly. Doing so, we
have to distinguish between the two possible signs of c.

Case 1: Consider first the case ¢ > 0. Let z = z(s) be the solution of

(14 7€)zss + %zs — M =0,

z(—b) =0, z(b) = 1.

Before we compare it to the function U, we have to calculate z explicitly, because we
need information about the sign of z,,. The general solution of the ODE is given by

MRs —cs
z(s) = . + D+ Cexp (m) :

The boundary conditions give

MRb cb
—(—h)=-—"214D @
0= z(-b) . + D+ Cexp (R(1+f€))

and

MRb —cb
1=2(b) = D _=9 )
2(0) c D+ Cexp (R(l —I-TE))
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4. Existence of traveling wave solutions: the (g,b)-problem

From this we can calculate

2MRb 1
¢= b \ b
eXp <R(lc+fe)) — &Xp (R(lifa))
and
5o MRb 2MAb ( cb )
= - eEXp\ 57—/ —= |-
cb —cb R(1
‘ exp <m> - &Xp (R(1+Fe)> (1+7¢)

We observe sign(z,) = sign(C) = sign(*2£2—1) and therefore z,, < 0 for ¢ > 2M Rb.
Since we are looking for an upper bound for ¢, it is sufficient to consider the case
¢ > 2M Rb only. Since we want to apply the minimum principle, we calculate

n

—2a(Y)(U = 2)os = I ag(y)(kids + 8,) (ks + 0y, ) (U = 2) = Zr(y)(U = 2),

L 7
= [y, U) + (r(y) + ea(y))zss + “_;%?/)ZS n (C _ C?“}(%y)) U,
a(y) e, fwU)
2 1) |1+ g T
> r(y) [(1 + 7€) zgs + R M} -0

In the calculation we have used that Us; > 0 of corollary 4.2 and ¢ > 0 at the first
inequality sign. At the second inequality sign we used zs < 0.

Due to the 1-periodicity in y, the function U — z achieves its minimum in [—b, b] x T™.
Therefore and because of the preceding calculation, we can apply the strong minimum
principle to the function U — z. We obtain that it achieves its minimum at the boundary.
Because of

U— Z|s:7b =U — Z’s:b = 07

it follows that we have U > z in [—b,b] x T™. In particular

0 =maxU(0,y) > z(0).

yem

From the formula for z we can see

MRb b MEb
2(00)=D+C = o —i—(l—exp( < >> S :
c R(1 4+ 7e) exp (—R(fji%» — exp <—R(I—§c—lz’s)>

One can see z(0) — 1 for ¢ — oo. On the other hand we obtained z(0) < § < 1 by
comparison with U. Therefore thereisa K.»g = K.~o(0,¢,b,7, R, M) with 0 < ¢ < K.~¢.
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4. Existence of traveling wave solutions: the (g,b)-problem

Case 2: We now consider the case ¢ < 0. Let z = z(s) be the solution of

(14 7e)zss + %zs + M =0,

z(—b) =0, z(b) = 1.

The general solution of the ODE is given by

MRs —cs
=— D — .
z(s) . +D + Cexp (R(1+F£))
The boundary conditions read
Rb cb
0=2z(-0b) = D+C
(=) c TPt Cexp (R(l + 7"6))
and
1—Z<b)——@+D+CeX —cb
T P\R1+7) )
This leads to o
—2240 ]
C’ _ C
cb —cb
exp <R(1+FE)> — &Xp (R(H—Fs))
and
Do _MRb MR 4 ep( cb )
= — X .
cb —cb R(1 r
¢ exp <R(1+f€)> —eXp (R(l-l—Fe)) (1+ 7¢)

Similarly as in the first case, we have sign(zss) = sign(C). It is sufficient to consider
the case ¢ < —2M Rb, for which we have C' > 0 (both numerator and denominator
are negative) and hence zz > 0. In order to use the maximum principle, we calculate
analogously to the first case:

n

—2a(Y)(U = 2)os = 3 aig(y)(kids + ) (ks + 0y, ) (U = 2) = Zr(y)(U = 2),

S 7
= [y, U) + (r(y) + ca(y))zss + W—;f)zs n (C _ C?“éy)) Ul
o), ¢ fwU)
=1 [(1 ") Jous e b r(y) }
< 1(y) [(1+72)20 + 152+ M| =0

In the calculation, we have used Uy > 0 and ¢ < 0 at the first inequality sign. At the
second inequality sign we used z,s > 0 for ¢ < —2M Rb.
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4. Existence of traveling wave solutions: the (g,b)-problem

We apply the strong maximum principle to the function U — z. Due to
U — Z|5:_b =U— Z|s=b = O,
we obtain U < z. In particular

0<6=max U(0,y) < z(0),

yG[O,l]

where

MRb b —2MRb
Z(O):D+C:——+(1—exp< ¢ — )) : :
c R(1+7¢)/) ) oxp (R cb ) — exp (R(—cb )

(1+7¢) 1+7¢)

We read off that for ¢ — —oo, there holds z(0) — 0. From this and z(0) > 6 we deduce
that there is a constant K..q = K.-o(0,¢,b,7, R, M), such that 0 > ¢ > — K ..

Both cases ¢ > 0 and ¢ < 0 combined yield |c| < K(0,¢,b,7, R, M) with K =
K(0,e,b,7, R, M) = max{K.co, Kc>0}.

Step 2: Estimates for U. It remains to show the estimates for |[U|q1(p,). To obtain
these estimates, we will use LP-estimates.

Clearly we have ||U|[c1(g,) = [IUllc1(_ppx(oyn) Y Periodicity. For some § > 0, we
choose the bounded Lipschitz-domain

Q= (=b,b) x (6,1 + &)

Let furthermore
b b
0 = —6,5 x (0,1)" and Qs = —5,5 x (0,1)",

as well as
P = {=b} x[-4,1+6]" and P, = {b} x [—0,1+ d]".

Then P, P, are C*' boundary portions of Q with U = 0 on P, and U — 1 = 0 on P.
Furthermore ; €@ QU P, and Q9 € QU Ps.

In this situation, LP-estimates for some arbitrary 1 < p < oo yield (see for example
[12], Theorem 9.13)

1010y < Cr (101l + 1@ D)l oy ) < Cr (19207 + MR
and
1 1
1T = Uy < Co (110 = Ulgagey + 1@ Dlll oy ) < Ca (1007 + MR

We have used here that |[f||;.c < MR. The two constants C;, i = 1,2 depend on
¢, but ¢ is already bounded by K(0,¢,b,7, R, M'). Altogether, the two constants Cj,
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4. Existence of traveling wave solutions: the (g,b)-problem

1+0

9 Qs

e e I ©)

i = 1,2 depend on i, max{A, K(0,¢,b,7, R, M)}, P;,$;, €, the moduli of continuity of
the coefficients a;; and ea(y) and the already established bounds for ¢ from step 1,
namely K (0,e,b,7, R, M). Since ||U||Lp((_b7b)x(07l)n) < (Qb)% and

Ul w2o(—bpyx 0,00 < WUlwe2o@y T 11U = Ulwzo@,) + U zobp) < 0,1)7) »
we obtain

||U||W2'p((—b,b)><(0,1)”) S K(H,E,b, 77, R, M, ﬂ,A, {WZ]|Z,] = 1, ...,TL},W).

We have omitted the non-relevant dependencies on €2 and so forth. We choose p such
that 1 <2 — % and Sobolev-Imbeddings give us the desired estimate

WUllcr (g, < K(0,6,b,7, R, M, i, A, {wysli, j = 1,...,n} w).
Choosing the larger one of the two bounds (for |c| of step 1 and for [|U|[51g,, of step 2)
finishes the proof. n
The linear problem

The regularized solution we are looking for will be constructed as a fixed point of a
certain linear elliptical boundary value problem with periodicity conditions in y. We
treat the solvability of this linear problem in the next lemma.

Lemma 4.5 (Solvability of the linear problem) Let f be a nonlinearity of basic
type as in definition 2.6. Furthermore, let 3 € CHT™), > 0 and (ay(x))};—, as
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4. Existence of traveling wave solutions: the (g,b)-problem

in the general assumptions. Moreover, let v € C'(R,), where Ry, = [—b,b] x T™. Then
the problem

LU := B(y)Uss + Z aij(y) (kiOs + 0y,) (k05 + 0y,)U + cUs = — f(y, v) on [=b,b] X R",
ij=1

U(—b,-) =0, U(s,-) 1-periodic, U,-) =1,

has a unique classical solution U. Moreover, we even have U € C**(Ry) for any o €

(0,1).

PROOF Let us initially informally discuss the idea of the proof. We will begin by showing
that there is a unique bounded solution of LU = — f(y,v) on [—b,b] x R™. This can be
done by solving the equation on a sequence of increasing domains €2, with appropriate
boundary values. With the help of the maximum principle and a supersolution one
can then show that such a sequence of solutions stays bounded. We derive local C?°-
estimates. This allows us to choose a subsequence, which converges locally in C?. Hence,
we obtain a bounded solution on the entire domain. With a maximum principle for
unbounded domains one can show the uniqueness of this bounded solution and deduce
from that the periodicity of this solution.

Step 1: Construction of a sequence of solutions on bounded domains. For m € N we
choose ,, to be a bounded domain with C** boundary, such that Q,, C Q,,4; and
(=b,b) x (—m,m)™ C Q,, for all m € N. Furthermore, we choose boundary values: Let

b
om(s,y) = p(s,y) = S;b for all m € N. (4.6)

Then ¢, € C?%(Q,,).
In this situation, we know from Schauder-theory (see for example [12] theorem 6.14),
that there is a solution u,, € C**(Q,,) of

Lu,, = —f(y,v) on Q,, Uy = P ON O,

Step 2: Uniform bounds for u,,. We show now that the sequence of solutions stays
bounded. By this, we mean that there exists Cy > 0, which is independent of m, such
that [[un||cogy < Co. For this purpose we define

w(s,y) = —exp(l-s).

Here, [ is a constant, which we choose sufficiently large, such that for some v > 0 we
have (with r(y) = >0 ,_ aii(y)kik;)

—Lw = ((B(y) +r(y))*> + cl)w > v > 0 on [—b,b] x R™.
Hence, for K = % and all m € N we have

_f(y7v) +’YK Z 07
—f(y,v) —vK <0.
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4. Existence of traveling wave solutions: the (g,b)-problem

Therefore (and because w is negative and bounded on [—b,b] x R") we get from the
maximum principle

Sup Uy, < S(lzlp(um — Kw) < Sgp(um — Kw) <14 K [[w]| oo (_p g cmny) = Co-

Similarly, we get from the minimum principle

inf u,, > iﬂnf(um + Kw) > aigf (Upy + Kw) >0— K ||w||Lm([_b7b}an) > —(C).
Together, this implies
[l oy < Co-

This concludes the second step.

Step 8: C**-estimates. Now we derive local C%%([—b,b] x R") estimates in order to
pass to the limit m — oo in the step 4.

Step 3a: Domains, that do not touch the boundary. First, we consider domains that
do not touch the boundary of [—b,b] x R™. Let €' and Q be domains that satisfy
e Q e (—b,b) x R". There exists my = mo(2) € N, such that for m > mg, there
holds © C Q,,. Interior Schauder estimates for w,, give (see for example [12] corollary
6.3) for m > my:

o) < € (lumllcog + 175 long) < € (Cot+ 1@ )lla) ) = C-

Therefore [|up||co.n@m < C. The constant C' depends on € and €, but not on m.

That is, we have C*%-estimates on bounded domains that do not touch the boundary
of (—b,b) x R™.

Step 3b: Domains that touch the boundary. Let xy be a boundary point of [—b, b] x R™,
i.e. either g = (—b,%g) or zy = (b, Tp) with Ty € R™. For p > 0, let {2’ be a domain of
the form

= ((—b, b) X R”) N B,(zo).

Additionally, we take a larger domain
Q= (=b,b) x (To + (—2p,2p)").

Moreover, we take a C** boundary portion P of €
P = |{=b} x (To + (—2p, 2p)”)} U {{b} x (To + (=2p,2p)") |-

Clearly, there holds p < dist(xo, 092\ P) (which is necessary to apply the following
Schauder estimates). There exists my = mg(£2), such that for m > mg, we have Q C Q,,.
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2p< -~

With the affine function ¢ = £ as in (4.6) we have p € C*™(Q) and u,,, = ¢ on P for
m > mg. For this situation Schauder estimates yield (see for example [12] corollary 6.7)

el @y < € (Ilumllooy + llcna + 1@ 0l lom))

Q
< O (Co+ liellcan@ + £ @) lloam ) -
The right hand side of this inequality is independent of m, which concludes step 3b.

Step 4: m — oo. From step 3 we now have estimates |[um/|cze(_ppxrny < C and
loc ’

|tml|cogy < Co- By the Arzela-Ascoli theorem and a diagonal argument we can
therefore choose a subsequence (which will again be named w,,) such that u,, — U in
C? ([-b,b] x R™), where

loc
U € C? ([~b,b] x R") N L>®([~b,b] x R™).

This is sufficient to pass to the limit in the equation and we get LU = — f(y,v). We also
obtain the boundary conditions U(—b,-) = 0 and U(b,-) = 1. Elliptic regularity says in
this situation that (see for example [12] lemma 6.18)

U c CH([~b,b] x R™). (4.7)

loc
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4. Existence of traveling wave solutions: the (g,b)-problem

Step 5: Periodicity and U € C**(Ry). In this step we show that Ul(s, ) is 1-periodic.
To this end let 1 < m < n be arbitrary and U(s,y) := U(s, y + e,,) where e,, is the m-th
unit vector. Let Q = (—b,b) x R™. We calculate

LU(s,y)

= By USS+Z% (kiDs + 8y,) (k;05 + 0,,)U + U,

i,7=1

= By + em)Uss(8,y + em) + Z aij(y + em)(kiOs + 0y, ) (k;05 + 0, )U (8,4 + em)

+é&s(s,y+em)
= (LU)(s,y +em) = f(y +em,v(s,y+em)) = [(y,v(s,y) = LU (s, y).

Therefore L(U —U) = 0 and U — U = 0 on Q. Since Q is unbounded we need a
maximum principle for unbounded domains. We use lemma A.1 from Berestycki, Hamel
and Rossi. Let w(s,y) = —exp(l - s) as in step 2, such that —Lw > v > 0. Then
w(s,y) = w(s,y) + 2exp(l - b) still satisfies Lw > v > 0 and also w > 4 > 0 for some
% > 0. Since U — U is bounded, we can apply Lemma A.1 (7) to the function U — U
and get U — U < 0. The same can be done for U — U. Consequently U = U. Since
m € {1,...,n} was arbitrary, we conclude that U is 1-periodic. This, together with (4.7),
implies U € C**(R,).

Step 6: Uniqueness. In the argumentation of step 5, we have already seen that there
exists at most one classical solution of the problem (without the periodicity condition)
which is bounded (Lemma A.l is only applicable to bounded functions). However,
a solution of the problem (with the periodicity condition) is necessarily bounded and
therefore unique. n

In order to apply the Leray-Schauder degree, we have to study how the solution of
the linear problem behaves under homotopy of the coefficients and f. In doing so, we
will use the following Schauder type estimates in a half-periodic setting. The estimates
will also be applied in another proof.

Lemma 4.6 (Schauder type estimates) Denote by Ry, the cylinder R, = [—b, b] x T™
and by © = (xg, X1, ..., T,) its points with xog € [—b,b], (z1,...,x,) € T". We consider the
operator L given by

Lu:iaw uxlx]%—Zb )y, + c(x)u on Ry.

i,j=0
For the coefficients of the operator we assume a;j,b;,c € C*(Ry) fori,j =1,...,n and
the matriz field (a;;); ;o is supposed to satisfy

n

> ai(@)&& = M[EIP for all x € Ry, & € R

i.j=0
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4. Existence of traveling wave solutions: the (g,b)-problem

for some A > 0. Let A > 0 be such that
Hainca(Rb) <A, HbiHca(Rb) <A, ||CHCC¥(Rb) <A
Let f € CY(Ry) and ¢ € C**(Ry). Moreover, let u € C**(Ry) be a solution of
Lu= f in Ry, u =@ on OR,.
Then there is a constant C = C'(n,a, A\, A\, b), such that

el gnery < € (oo + Pllcaaqry + 1 llcan, ) - (43)

PRrROOF First of all we note that for functions on R,, due to the 1-periodicity in y,
the following holds. If @ C R"*! is a domain with with [—b,b] x [0,1]" C Q and if
g € Ck’a(Rb) with k € N, then Hchk,a(Rb) = Hchk,a(Q)

We take the boundary point & = (—b,07+) € R, and a sufficiently large p > 0,
such that [—b,b] x [0,1]" C B,(z). Furthermore, we consider the larger domain 2 =
(=b,b) X (=2p,2p)"™ and a boundary portion P = {—b} x [—2p, 2p]" U {b} x [—2p, 2p|".
Clearly, P is a C*® boundary portion of Q. There holds p < dist(z,00 \ P). In this
situation, Schauder estimates yield (see for example [12] Corollary 6.7)

||U||C2,a(Rb) = ||u||C2va(Bp(j)ﬁQ) <C (”u”CO(Q) + ||‘:0||o2,a((2) + ||f||ca(s'2)>
= C (Ilullcogry) + Iellcangay + 1 llcaca, ) -

At the last equality sign, we have used the inclusion [—b,b] x [0,1]" C B,(z) N . The
constant C' depends on n, a, A, A and B,(Z) N Q. The choice of p in the definition of
B,(z) and € can be given in terms of b. This finishes the proof. -

With these estimates we can study the behavior of the linear problem under a change
of the coefficients and f:

Lemma 4.7 (Behavior of the linear problem under a homotopy)Let f be a non-
linearity of basic type. Furthermore, let Ry = [—b,b]xT", E; = CY(R}) and Ey = E; xR.
For (v,c) € Ey and T € [0,1], let u = @, (v,c) be the unique solution from lemma 4.5 of
the problem

LU+ cU,

=elra(y) + (1 = 7)]Uss + zn: [7ai;(y) + 0i(1 = 7)) (ki0s + 0y, ) (k05 + 8y, )U + cUs

ij=1
- —Tf<y,1)),
U(=b,-) =0, U(s,-) 1-periodic, U(b,-) = 1.

Then the mapping
G :[0,1] x Ey — Ej, (1, (v, ) — @ (v,c)

18 continuous and compact.
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4. Existence of traveling wave solutions: the (g,b)-problem

PROOF We will show the continuity of the mapping at a point (7, (v,¢)) € [0,1] X Ey.
So let (7, (v,¢)), (7, (0,¢)) € [0,1] X Ey and U = @, (v,¢), U = pz(0,¢).
Step 1: The first step is to show a weaker result. We claim that the mapping

G- [0,1] x By = C°(Ry), (1, (v,¢)) = ¢r(v,¢)

is continuous (G coincides with G, but the image F) is replaced by C°(Ry)). This will be
shown with the maximum principle and the minimum principle. These can be applied
due to the periodicity of U and U in y. We calculate

L:(U~U)+&U - U),
= (LT - L?)U + (C - E)US - %f(ya 6) + Tf(y,’l})
— (Le = LU + (e = U, — (F = ) (3. 0) = 7/ (5. 5) — F(3. ).
(4.9)

Using U € C?(R,) by lemma 4.5, we see that all of the four terms on the right hand
side become small in the L>(R;) norm, when (7, (9, ¢)) is close to (7, (v,c)). In the last
term, one has to use the Lipschitz-continuity of f to see this. Hence, for every n > 0,
there is 1 > 0 > 0, such that

Step 1a): Finding a comparison function. Let w(s,y) = —exp(l - s), where [ € N is
still to be chosen. We define

L:(U = U) +&U - U),

Loy = 100 (7,(9,€)) € By(7, (v, 0)). (4.10)

n

r-(y) = Z [Ta;;(y) + 0;(1 — 7)|k;k; and o, (y) == Ta(y) + (1 — 7).

ij=1
With this notation we have

—Lzw — éw, = [eaz(y) + 3 (y)|? exp(l - s) + ¢lexp(l - s)
> ([e min{a(y), 1} +min{r,(y), 1312 + ¢1) exp(l - s).

We can see that there is some possibly small v > 0, such that for some large enough [,
there holds

—Lz;w — ¢ws >y >0 for all 7 € [0,1] and ¢ with |¢ — ¢| < 1. (4.11)

Step 1b): Carrying out the comparison. Let n and § be as in inequality (4.10) and w
and 7 be as in step 1a). Moreover, let K' = 1 and (7, (?,¢)) € Bs(, (v,¢)). Then we
have by (4.11) and (4.10):

L:(U—-U—Kuw)+&U-U - Kw), > —n+ Ky=0.

By the maximum principle and the negativity of w, we obtain

sup (U— U) < sup (ﬁ—U—Kw) = sup (0— U—Kw> = sup(—Kw) < n—HwH"o.
Ry Ry ORy, ORy, Y
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4. Existence of traveling wave solutions: the (g,b)-problem

Analogously, we have
L:(U~U+Kw)+&U—-U+Kuw), <n—Ky=0
and by the minimum principle
inf (ﬁ—U) > inf (U—U—l—Kw) = inf (U—U—l—Kw) = inf Kw > —n%
Ry Ry ORy, ORy v

In conclusion, we have the following: For every n > 0, there exists ¢ > 0, such that
5 Nl ¢ o2 o~ =
U-U|| <n—=for (7,(0,¢)) € Bs(t, (v,c)).
o0 ot
This is the continuity of the mapping G.

Step 2: The second step is to show the continuity of the mapping
G:0,1] x By — C2(Ry), (7, (v,6)) v or(v, ).

This is a stronger result than the continuity of the mapping GG. To prove it, we want
to apply the Schauder type estimates from lemma 4.6 to the family of elliptic operators
(7 and ¢ are not fixed) Lz — ¢Js on the left hand side of equation (4.9). However,
these estimates involve a constant that depends on the ellipticity constants and some
bounds on the coefficients. It is, however, easy to see that the family operators admits a
common ellipticity constant i and also a common upper bound A on the C%(Q2)-Norm
of the second-order coefficients. Furthermore we only have to consider ¢ in the vicinity
of ¢, therefore by further increasing A, it is sufficient to consider é with ||¢[|a @ < A

(of course ¢ is constant). On the boundary we have U—U = 0 =: . The Schauder type
estimates (4.8) from lemma 4.6 yield

%(U - U) + 6(U - U)s

o]

<C (HU U’ ) . (4.12)
Ce(Ry)
Here, C = C(n,, i, A, b). In particular, C' does not depend on 7, ¢ or .
We have already proven the continuity of the mapping G in step 1. Therefore, we
have

C2(Ry) CO(Ry)

CO(Ry) — 0 as (7,(0,¢) = (7, (v,¢)) in [0,1] X Ey

on the right hand side of (4.12). To estimate the second term on the right hand side of
(4.12), we take a look at our calculation (4.9) again. From it, we can even deduce more,
namely

|

Therefore, it follows from (4.12) that

lo-v

L:(U=U) +&U - U), — 0 as (7,(0,8) = (7, (v,¢)) in [0,1] x Es.

C*(Ry)

l7=2ll.

iy 038 (7 (0,9) > (7, (v,0) in [0, 1] x By,
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4. Existence of traveling wave solutions: the (g,b)-problem

This is the continuity of the mapping G.
Step 3: The continuity and compactness of the mapping G. The continuity of the

mapping G (as shown in step 2) directly implies the continuity of the mapping G. Fur-
thermore, it yields the compactness of the mapping G. This follows from the compactness
of inclusion mapping

1:C*(Ry) — By = CHRy), U u

andG:LOé. -

Proof of existence for the (¢, b)-Problem

Now that we studied the linear problem, we are ready to show the existence of the
(¢,b)-solution. For the following proposition, compare with proposition 2.1 in [21]:

Proposition 4.8 We denote by R, the cylinder [—b,b] x T™. Let f be a nonlinearity
of basic type. Then for every e > 0, b > 0 and § € (0,1), there is a unique classical
solution (U,c) of the (g,b)-problem (2.7), (2.8) on Ry. This solution has the regularity
U € C*%(Ry) for any a € (0,1).

PROOF Let us briefly discuss the structure of the proof. The first step will be to define
a family of mappings F, with 7 € [0,1] with a common domain of definition E. The
mappings will be defined using a corresponding elliptic boundary value problem involving
the parameter 7. Moreover, it is shown that (id — Fy)(u,c) = 0 if and only if (u,c) is
the desired solution (U, ¢) of the (e, b)-problem.

The second step will be to find a suitable subdomain D of E, such that the following
holds: Firstly, for all 7 € [0, 1] the Leray-Schauder degree d(id — F, D, 0) is well-defined.
Secondly, for all 7 € [0,1] we have id — F. # 0 in £\ D. We then deduce from the
homotopy invariance, that d(id — Fy, D,0) = d(id — Fy, D,0). The last step is to show
d(id — Fy, D, 0) # 0.

Step 0: Notation. We introduce some notation. We consider the spaces E; = C'(R;)
and Ey = E; xR. For a parameter 7 € [0, 1], we define the coefficients o, = Ta+(1—7) €
C'(Ry) and the C*(R,) matrix fields (af;)7,—; = (Tas; +06;;(1 —7))7;—,. Furthermore, we
consider the nonlinearities f, := 7f. Since f is a nonlinearity of basic type, all f, are of
basic type as well. Using this notation, we define the linear operators L., given by

Lou = e, (y)uss + Z af;(y)(kiOs + 9y,) (k;0s + Oy, Ju.

1,7=1

We will also use the notation r-(y) = Y7, af;(y)kik;.
Step 1a: The mappings F,. With (v,c) € Ey and 7 € [0, 1], we consider the elliptic

boundary value problem

Lou+ cus = —fr(y,v),

4.13
u(=b,-) =0, u(s, ) l-periodic, u(+b,) = 1. (4.13)
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4. Existence of traveling wave solutions: the (g,b)-problem

As proved in lemma 4.5, this problem has a unique classical solution in C*%(R,) C E.
We denote it by ¢, (v, ¢). Furthermore, we set

h-(v,c) = Jnax or(v,0)(s,y).

Now, we are ready to define the mappings F,:
FT . E2 — EQ
(u,c) — (- (u,c), ¢ — hy(u,c) +0).

Step 1b: Let us make a simple observation: For given (v,¢) € Ey and 7 € [0, 1],
it is possible that the function ¢.(v,c) has values that are not contained in [0, 1]. If]
however, v = ¢, (v, ¢), it follows easily from the maximum and minimum principles, that
0 < ¢,(v,¢) < 1. This is because of the fact that the nonlinearities f; all vanish outside
of [0,1].

Due to this observation, for every (u.,c,) € Fy with (id — F;)(u,, ¢;) = 0, there holds
0 < u, < 1. We note, that any (u,c) € Ey with (id — Fy)(u,c) = 0 also satisfies all
other properties of the (e, b)-problem (2.7), (2.8) and therefore is the (e, b)-solution. The
converse is also true: If (u,c) is the (g, b)-solution, then (id — Fy)(u,c) = 0. Therefore
(u,c) is the desired solution of the (g, b)-problem if and only if (id — Fy)(u,c) = 0.

If we have (u,,c;) € Ey with (id — F;)(ur,c;) = 0, then 0 < u, < 1, as we have
just observed. Therefore, such (u,,c.), is an (g, b)-solution in its own right: If in (2.7),
(2.8), the coefficients a, and the matrix field (af;)7';—; take the place of a and (aj;)7;_,
and f, takes the place of f, then (u,,c;) solves (2.7), (2.8). Consequently, we can say,
that there is at most one such (u,,c,;) for every 7 € [0,1] by proposition 4.3. More
importantly, it follows that the a priori estimates from lemma 4.4 can be applied.

Step 2: Applying the Leray-Schauder degree. We claim that the mapping (7, (v, ¢)) —
F.(v,c) from [0,1] X E5 to Ej is continuous and compact. This can be seen as follows:
The mapping has two components. We note that it was proved in lemma 4.7, that the
mapping (7, (v,¢)) — ¢,(v,c) is a continuous and compact mapping from [0, 1] X Es
to E;. This also implies the continuity and compactness of the mapping (7, (v,¢)) —
h-(v,c) from [0,1] x Ey to R. (See the definition of k. in step la.) Consequently, the
continuity and compactness for the second component is proved. Therefore the mapping
(1, (v,¢)) = Fr(v,c) from [0,1] x E5 to Es is continuous and compact, as we claimed.

Step 2a: Finding a suitable domain of definition D. To use the Leray-Schauder degree
for the family of functions id — F;, we have to restrict the functions F,; to a bounded set
D C E,, such that F.(v,c) # (v, ¢) for all (v,¢) € 0D. This is necessary for the Leray-
Schauder degree d(id — F,, D,0) to be well defined. More strongly, we want a possible
zero of id — F to be contained in D. That means F,(v,c) # (v, c) for all (v,c) € Ey\ D.

To find such a set D we will use the a priori estimates from lemma 4.4. We already
observed in step 1b that this lemma can be applied to all pairs (u,,c;) € FE, with
(td — F;)(ur,c;) = 0. The family of operators {L, : 7 € [0,1]} admits a common
ellipticity constant ji. Also there is a A > 0, such that

T

Hainoo < A and |lea,||, < Aforall 7 € [0, 1].
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4. Existence of traveling wave solutions: the (g,b)-problem

There are 7 > 0, R > 0 and M > 0 such that

M‘ for all 7 € [0, 1].

()

o

T

<7|lr:ll < Rand M >  sup
00 yeT™ uel0,1]

Moreover the families of coefficients {a]; : 7 € [0,1]} and {ea, : 7 € [0,1]} are clearly
equicontinuous and therefore admit common moduli of continuity w;; and w indepen-
dently of 7. Now lemma 4.4 yields the existence of a constant

K= K(9,€,b, T, R, M,[IJ,A, {wij\z’,j = 1, ...,n},w),

which is independent of 7, such that every fixed point (u,,c;) of F; satisfies |¢;| < K
and |[ur||c1(p,) < K. Hence we choose

D = {(u,¢) € By : |[ullyyy < K +1Je] < K +1}.

Step 2b: Since the mapping (7, (v,¢)) = Fy(v, ¢) from [0, 1] x D to Ej is also continuous
and compact, for every 7 € [0, 1] the mapping F, : D — Ej is continuous and compact.
By our choice of D we have (id — F,)(v,c) # 0 for all (v,¢) € 9D. Hence the Leray-
Schauder degree d(id — F,, D, 0) is well defined. Because of the homotopy invariance, it
is independent of 7. We have, in particular,

d(id — Fy, D,0) = d(id — Fy, D,0). (4.14)

Step 3: Computing d(id — Fy, D,0). It remains to show d(id — Fy, D,0) # 0. We will
do so slightly differently as Xin in [21], see remark 2.18 for the reason. First, we will
show that the mapping Fjy takes a simpler form than the other F,. To this end, let z.(s)
be the unique solution of

(14 ¢€)zess + 205 =0,
z.(=b) =0, 2.(+b)

1.

If we regard z. as a function of (s, y), then z. also solves (4.13) with 7 = 0. By uniqueness
ze = ¢o(v, ¢). Actually, ¢g(v, ¢) is independent of v because of fy = 0. Therefore hy(v, ¢)
and Fy(v,c) are also independent of v. We set h(c) := ho(v,c). As we have seen, Fj is
then given by

Fo(v,¢) = (ze,c — h(c) + 0) = (F" (v, c), F? (v, c)).

We are therefore in a position to calculate Fj explicitly. An easy calculation yields

b
zc(s,y):S;) ifc=0 and zc(s,y):C’-eXp(—lj_gs)+Difc7é0,
where “ e
o o () u po_ o)
Texp(22)-1 ¢ T exp (22) —1°
P {13e P {1+
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4. Existence of traveling wave solutions: the (g,b)-problem

Because z. is independent of y, we see

2cb) _ b b
h(C) _ ZC(O> _ C + D = exp (1+€) 2CbeXp <1+5) — exp C(bl—l—s) 7
exp (752) = 1 exp (555) + 1

where the last form is also valid for ¢ = 0.

Step 3a: Finding a zero (ug,cq) of id — Fy. The function h is strictly increasing.
Moreover, h(c) — 1 for ¢ — oo, as well as h(c) — 0 for ¢ — —oo. Consequently, there
is a unique ¢g € R such that h(cy) = 0. Therefore, there is a unique zero (ug,co) of
(id — Fp) given by ug = 2., and h(co) = 6. We know from step 2 that |¢y] < K and
||u0||cl(Rb) < K.

Step 8b: Using the index of the zero (ug,cp). Since (ug,co) is unique, the excision
property of the Leray Schauder degree yields d(id — Fy, D,0) = d(id — Fy, Bs(ug, ¢o), 0)
for some small § > 0. By the subsequent lemma 4.9 we know Fy € C'(Es, Ey). The
differential can be written in matrix-like form:

(1) V0, Co v
D%@WM%@:C; ﬁﬁé& o<g'

Therefore

dp, — cél) Vo, Co v
mm—%mwmm@=<dl Deky"( ><>.

0 — h/(Co) C

Since ' > 0 we see from the upper diagonal structure that D(id — Fp) is invertible
regardless of DCFél)(vo, ¢p). Consequently

d(ld — Fo, D, 0) = d(ld - Fo, Bg(UO, Co), 0) = Index(id — F(), (Uo, C())) §£ 0.

By homotopy invariance we conclude d(id — Fy, D,0) # 0, which yields the existence of
the desired solution. Its C*%(R;)-regularity follows from the regularity of the solution
of the linear problem in lemma 4.5. n

Lemma 4.9 The mapping Fy from the proof of proposition 4.8 satisfies Fy € C(Es, Ey).

PROOF Because Fy(v,c) is constant in v it is enough to prove that the mapping is

continuously differentiable in ¢. The second component Féz) was given by ¢ — h(c) + 6,

where
cb

hle) = 22(0) = 2L

Cexp (i) +1

Clearly, FO(2) is continuously differentiable. The first component FO(I) was given by z.,
where z. is the solution of

(1 + g)Zc,ss + CZc,s = 07
z.(=b) =0, 2.(+b) = 1.
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4. Existence of traveling wave solutions: the (g,b)-problem

We will use the implicit function theorem in Banach spaces to show that
(c+ z.) € CHR, C*([-b,b])) € CH(R,C*([—b,b])).

Let w(s) := 222, then Z.(s) := z:(s) — w(s) satisfies

_ ~ c
(14€)Zss + CZes + 5= 0,

Z(=b) =0,  Z(+b) =0.

Consider the space A := {z € C%*([-b,b]) : z2(—b) = z(b) = 0} and the mapping

G:RxA—CU=bb]),  (c,2) > (1+ )z +czy + 2%
For arbitrary ¢ € R, we know G(c,2.) = 0. Hence, ¢ — Z. is the implicit function
that will be delivered by the implicit function theorem. We only need it to verify the
smoothness of this mapping.

Clearly G € C'(R x A, C°([—b,b])) with the differential
DG(,2) : R x A — C°([~b,b]), (c,2) = (14 €)zss + 25 + CZs.
Moreover, the partial differential
D.G(¢, z) : A — C°([—b,b]), z > (14 €)zss + Czs
is an Isomorphism. This is true since for every fixed ¢ and f € C°([—b,b]), the equation
(1+¢)zss +Czs = f,
2.(=b) = 0, Ze(+b) =0

has a unique solution z € A.

Now, the implicit function theorem in Banach spaces yields the local existence of
a function ¢ = g(c), which (as we already mentioned) must coincide with ¢ — 2.
Furthermore, the implicit function theorem implies g € C*(R, A) (since we know that g
exists globally). This implies the weaker statement

(c+ 2, = Z.+w) € CYR, C*([~b, b])).

When we interpret z. as a function of s and y, which is constant in y, we also get
(¢ z.) € CHR,CY(Ry)). .

4.2. Bounds on the wavespeed ¢’

4.2.1. Lower bounds on the wavespeed

Finding bounds for the wavespeed ¢* away from —oo is possible for any nonlinearity
of basic type, as long as the (g,b)-solution is normalized by a constant 6 that satisfies
property (#ii) of definition 2.6. It is furthermore possible to find these bounds directly,
without comparing the wavespeed to the wavespeed of an (g,b)-solution for another
nonlinearity, as opposed to the situation for the upper bounds of the wavespeed.
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4. Existence of traveling wave solutions: the (g,b)-problem

Lemma 4.10 (Lower bounds for the wavespeed) Let f be a nonlinearity of basic
type and 0 be as in property (iii) of definition 2.6. Then there are g > 0 and by > 0
and a constant ¢; < 0, such that for every 0 < ¢ < eq and b > by the unique classical
solution (U, c) = (U, c>¥) of (2.7), (2.8) satisfies c; < cP*.

PROOF The basic idea of the proof is to find two comparison functions z and w on
[—b,0] x T™ and [0,b] x T™ for U that are actually independent of y and that touch U at
a point (0,yp). This will result in an inequality z5(0) < Us(0,y0) < ws(0), which gives
an inequality for ¢ from which the desired estimate can be deduced. These comparison
functions will be found as solutions of ordinary differential boundary value problems.

Of course, it is sufficient to assume that ¢ < 0, since we are interested in bounds for
¢ away from —oo.

Step 1: A comparison function on [=b,0] x T". Let r(y) = Y /', aij(y)kik;, T =
<] ’oo and R = ||r||. Consider the problem

}%zs —0in [~b,0],

z(—b) =0, 2(0) = 0.

(14 7€)zss +

The general solution of the ODE is given by

2(s) =D + Cexp (m;—ig» .

The boundary conditions give

cb

Therefore

exp
C = i and D=0—-C = -0 <

cb ’
I —exp (m) I —exp R(HFE))

From ¢ < 0 we see C' > 0 and consequently z,, > 0.
This helps us to compare U and z:

—ca(y)(U = 2)ss = D ay(y)(kids + 8y,) (ks + 0y, ) (U = 2) = Zr(y)(U = 2),

Z R
_ cr(y) _ )
= F,U) + (r{y) + cay))zes + 2+ (= DU,
a(y) c
< ’I“(y)[(l +e T(y) )ZSS + EZS]
< r(y)[(1 + 7e)zgs + %zs] — 0.
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4. Existence of traveling wave solutions: the (g,b)-problem

In the calculation, we have used f(y,U) < 0 for s < 0 (by monotonicity of U in s) and
Us > 0 and ¢ < 0 at the first inequality sign and z,, > 0 at the second one. At the
boundary, we have

U—2zls=p=0 and U — z|s— < 0.

Consequently, we have by the maximum principle U < z in [—b,0] x T™.

Step 2: A first inequality for Ug(0,yo). With the help of the comparison function z
from step 1, we derive an inequality for U,(0, 1) for a specific yo: There exists yo € T™
such that U(0,y9) = 6 = 2(0). We obtain Us(0,y) > 25(0). Therefore for 0 < € < g,
b > by > 0 for some &, by

—c )
Us(()?yO) 2 25(0) =
R(1+7e) 4 exp (R(lc-',b-FE)) (4.15)
—c
0 =: (=
~ R(1+ 7eg) Ci-(=0)

Step 3: A comparison function on [0,b] x T™. On the interval [0,b] we will have
to distinguish two cases to find a comparison function for U. Let r; = 7 and r, =

f;(ygj) . For | = 1,2 consider the

infycqn %, R be as above and M = supycrn .cjo1]
problem
(14 re)w s + }%whs + M =0 on [0, b)],
wl(O) == 9, wl(b) =1.
Then the general solution of the ODE is

MRs —cs
= _ D =
wy(s) . + D+ Cexp (R(l—i—?“le))

and the boundary conditions yield

0=D+C, 1:—MRb+D+CeXp<_—Cb).

c R(1 + me)
Therefore
1— 04 MR 1— 64 M
C = . < and D=0- ; < .
exp (W) -1 exp (m) -1

For w 55, we obtain
( - )2 : _—6 . MCRb ( - >
Wy g5 = exp| =——— | .
R(L+1e)) exp <R(1—+c713l6)> 1 R(1 + re)

Hence w; 55 > 0 for ¢ < —% and w; ss < 0 for ¢ > —% (for both I =1 and [ = 2).
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4. Existence of traveling wave solutions: the (g,b)-problem

In the proof of lemma 4.4 we had a similar situation, however, there we only wanted
an estimate for fixed b with a b-dependent bound and could therefore assume the case
¢ < —2MRb in the corresponding situation. Here, b is not fixed and we want a b-
independent bound, so we have to take both cases into consideration.

For the first case that [ = 1 and ¢ < —2£ o for the second case that [ = 2 and

1-6
c> MRb

—1_g W€ have

—ca(y)(U —wi)ss — Y aij(y)(kids + 9y,) (k;0s + 0, ) (U — w)) — }%T(y)(U — wy)s

1,7=1

= 1.0) + () + 20w + Ty, 4 - T,
) w1 W0

<r(y) {(1 + ) Jwiss + 7L+ ) }

<r(y) [(1 + 71E)Wiss + }%wl,s + M] =0.

In the calculation, we have used at the last inequality sign that in the first case wy 45 > 0

and ;’)) < 7 and in the second case w; 5s < 0 and ) > ry. Furthermore we have used
Us > "0 and ¢ < 0 at the first inequality sign. Since

U—ws=0 <0 and U — wy|s=p = 0,

we have U < w; for ¢ < — M Rb and U < wy for ¢ > — M Rb due to the maximum principle.

Step 4: A second mequalzty for Ug(0,yo). With yo fmm step 2 and w; from step 3,
we have U(0,y9) = 0 = w;(0) for I = 1,2. We obtain Ug(0,yy) < w;s(0) for I = 1 and
c < ﬂorlzZanch—M—Rb. In both cases and for 0 < ¢ < gy and b > by,

0(f) 1-0(f)
there holds

Us(0,y0) < max{w; 4(0),ws(0)}

e 1— 6 MEE MR
= max R+ 118) e (et _1:l:1,2 e
p(R(lJrnE))
iy 1—6 MR
< max R(l‘l‘”g) —cb :ZZLQ _T
exp (R(lJrrlE)) —1
P 1-6 _MR<—_C 1-9 MR
- R exp <R(1_+Cvl~715)) -1 c R R(l_-&-cfw) ¢
_(4ne =0 MR _(+ne)(i-0) MR _ . MR
b c = bo ¢
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4. Existence of traveling wave solutions: the (g,b)-problem

Step 3: Combining the inequalities for ¢. Combining the inequality from step 4 with
(4.15), we obtain

MR
Ci-(—c) < Cy— —.
c
Clearly, this inequality can only hold for ¢ > —K with some constant K > 0. This
concludes the proof. Note that the distinction between the two cases would not have
been necessary in the case a(y) = r(y) (see remark 2.19). However, in order to obtain a
priori estimates later, we need « to be constant (see lemma 5.4). n

4.2.2. Upper bounds on the wavespeed

To find upper bounds for the wavespeed, or more precisely bounds for ¢** away from 0,
we need further properties of the involved nonlinearity. We can find these upper bounds
for nonlinearities of basic type which lie above an z-independent nonlinearity g with
a certain integral property. This includes nonlinearities of combustion type with the
strong covering property.

As opposed to the lower bounds, we cannot find the upper bounds for the wavespeed
directly. Instead, we have to compare the wavespeed to the wavespeed of a more simple
one dimensional problem. To do so, we need a comparison principle for the wavespeeds.
The following proposition is a modification of proposition 1.3 from [21], where we basi-
cally merged two parts into one.

Proposition 4.11 (Comparison principle) We consider functions 0 < $; < B2 and
a > 0 with By, By, € CHT™) and nonlinearities of basic type fo < f1. Moreover, let
(U, ) (I =1,2) be classical solutions of

ca(y)Usss + 3 iy (y) (kids + 0,,) (k0. + 8,,)U)

,j=1

+abi(y)Us + fily, Ur) = 0,

0<U, <1, Ui(s,-) 1-periodic ,
U(=b,y) =0,  Ulby) =1 forally € T", (4.17)
max Uy(0,) = 0.

(4.16)

If now either co < 0 or 1 = Pa, then ¢; < ¢y follows.

PROOF As in step 2 of the proof of proposition 4.1, we use the sliding domain method.
Assume for a contradiction ¢y < ¢;. The goal is to prove U; = Uy and derive a contra-
diction from that.

Step 1: For A € (0,b), we define the function

U),\(S,y) = U1<S + Aay) - UQ(S - )\>y)
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4. Existence of traveling wave solutions: the (g,b)-problem

on Xy = (=b+ A\ b— X)) xT". It follows from equation (4.16) that w, satisfies the
following equation (where Uy = Uy (s + A, y) and Uy = Us(s — A, y)):

wm+zaw )(kis + 0,) (k305 + 0y, )wy

i,7=1

+ a1 B1(y)Urs — c2B2(y)Usys + fi(y, Ur) — fa(y,Us) = 0.

This implies

w>\ ,88 + Z azg k a + ayz)(k: a + 8%)10)\ + 0252( )w)\,s + fl(ya Ul) - fl(ya UQ)
i,j=1
= —c101(Y)Urs + cafa(y)Urs + faly, Ua) — fi(y, Ua)

< (c2 = c1)B1(y)Uss + c2(Ba(y) — B1(y))Uss <O0.
(4.18)
In this calculation, the first inequality holds due to f; < f;. The second inequality holds
because of ¢y — ¢; < 0 (by assumption), 51 > 0 and U; s > 0 (because of proposition
4.1), as well as either ¢y < 0 and f; < 55 or f; = B2. We define

fl(ya U1<S + )‘7 y)) B fl(yv U2(S B Avy))
’YA(Say) = U1<S+)‘7y) _UZ(S_)‘7y)
0 otherwise.

if Ul(S —+ )\,y) 7& UZ(S - Aay)

We note that 7, is bounded by the Lipschitz constant of f;. Using the definition of v,
n (4.18), we obtain

Y)Wy.ss + Z aij(y) (kiOs + 0y, ) (k05 4 Oy, )wy + 22 (y)was +7a(s, y)wr < 0. (4.19)

7,7=1

Step 2: The function wy at the boundary. At the boundary of ¥, the function w, is
always positive. This can be seen as follows: We recall that 0 < U; < 1and 0 < Us < 1
n (—b,b) x T™ by proposition 4.1. Therefore, setting s = —b + A we find

wr(=b+ A, y) = U1(2A = b,y) — Us(=b,y) = U1(2\ — b,y) > 0,
and setting s = +b — X\ we find
wA(b = A y) =Ui(b,y) = Ua(b—2X,y) =1 = Us(b—2X,y) > 0.

Step 3: Large A. By uniform continuity of U; and Us up to the boundary, for every
2 >e> 0 thereis a 0 > 0, such that for s; € (b—6,b) and sy € (—b, —b + §) we have

|Ui(s1,y) — 1| < e and |Us(s2,y)| < €.
Consequently 0 < b — \ < g yields for (s,y) € 3:
s+AE(=b+2\0) C(b—0,b) and s — A € (—b,b—2X) C (=b,—b+ )
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4. Existence of traveling wave solutions: the (g,b)-problem

and thus o
|Ui(s+ N\, y) — 1| < e and |Us(s — \,y)| < e for (s,y) € Xy.

Therefore, by 0 < € < %,
wy(s,y) = U(s + N, y) — Us(s — A\, y) > 0 for all (s,y) € Xy,

This finishes the calculation for A close to b.

Step 4: Arbitrary X. We set
Ao = inf{\ € (0,b) : wx(s,y) > 0 for (s,y) € Ty}

In step 3 we have seen that the set on the right hand side of the definition is not empty.
We want to show Ay = 0. Suppose for a contradiction Ay € (0,b). The definition of Ay
implies wy,(s,y) > 0 due to continuity reasons. Since w,, > 0 on 0%,,, there are two
possibilities:

(1) There is (so,y0) € X, such that wy,(so,%0) = 0. The function w,, satisfies the
inequality (4.19) with A = Ag. Therefore, the strong elliptic minimum principle
implies wy, (s, y) = 0. This holds irrespectively of the sign of v, since the minimum
has the value 0. However, that is a contradiction to wy,(b — Ao, y) > 0.

(2) There holds wy, > 0 in 3y,. The minimality of Ay implies the existence of a sequence
0 < A\ 7 Ao, along with a sequence (s,,y,) € Xy,, such that wy, (s,,y,) < 0.
After chosing a convergent subsequence (sp, ¥n) — (S0, %0), we find wy,(so, yo) < 0,
a contradiction to the assumption of (2). Chosing this convergent subsequence
is possible, because y, can be chosen so that it is bounded (because of the 1-
periodicity of w in y) and the boundedness of s,, € [—b,].

We have therefore obtained \q = 0.

Step 5: Deducing Uy = Uy and deriwing a contradiction. From Ay = 0, it follows that
wp > 0. This is equivalent to Uy (s,y) > Us(s,y) for (s,y) € [—b,b] x T™. By the normal-
ization assumption, there holds max,ern U;(0,y) = 6 for [ = 1,2. Consequently, there
exists yo with Uy(0,y0) = 6. From this, we obtain w(0,yy) < 0 and thus wy(0, yo) = 0.
The minimum principle yields wy = 0 and hence U; = Us.

Subtracting the respective equations (4.16) for U; and U, from one another, we obtain
from U; = Us:

abri(y)Uis + fiy, Ur) = c2B2(y)Ur s + foly, Un).

This implies ¢151(y) < ¢262(y). In the case that ¢y < 0, it follows that ¢; < 0 and
c1 < ¢o. This contradicts the assumption ¢, < ¢;. In the case that 5, = [, it follows
that ¢; < ¢y as well. Again, this contradicts the assumption. This finishes the proof. g
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4. Existence of traveling wave solutions: the (g,b)-problem

The existence of the comparison solution in the one dimensional situation is given in
the next lemma. It is a consequence of the more general proposition 4.8. Moreover we
derive estimates for the wavespeed of the comparison solution.

Lemma 4.12 (Existence and wavespeed of the comparison solution) (i) Let ¢,
b, 7, R > 0 and let g = g(z) be an x-independent nonlinearity of basic type and 0 < 6 < 1.
Then the problem

%us + g(u) =0 on [—b,b], (4.20)

u(—b) =0, u(0) =0, u(b) =1

(14 7e)uss +

has a unique classical solution (u,c).
(1) In addition to the assumptions of (i), let 6 € (0,1) be such that g(z) <0 for z <6
(such 0 does exist by property (iii) of definition 2.6) and

1
/g )dz > 0.
0

Then there exist eg > 0, by > 0 and cog < 0 such that ¢ < co holds for 0 < e < ey, b > by.

PROOF (i) We choose coefficients a(y) = 7 and a;;(y) = d;; for 4, j = 1,...,n. (Note that
223:1 a;;(y)kik; = 1.) With these coefficients o and a;;, we apply proposition 4.8 to
obtain a unique solution (U, ¢) of problem (2.7), (2.8). The coefficients are independent
of y. Hence, for arbitrary L € R and the ¢ — th unit vector e;, i = 1, ..., n, the function
given by U(s,y) = U(s,y+ Le;) solves (2.7) and (2.8). By uniqueness, which was proved
in proposition 4.3, U = U follows. Since L was arbitrary, it follows that v = U is
independent of y and solves

on [—b, ],

(1 + 7e)ugs + cus + g(u) =
=0, u(b) = 1.

u(=b) =0,  u(0)
By putting ¢ = Ré¢, we see that (u, c) is the desired solution.

(1) Step 1: Obtaining an inequality involving c. We multiply (4.20) by us and integrate
from some ¢ty < 0 to b. We obtain

b

b
1 2 _1 2 _ —C / 2 3. 1 /
pu0) = 5ullo) = g7 | wds = gy [ 9(wusds

to to
b 1
—c 9 1
- _ d
R(1+rs)/us 1+ 7e¢) /9@ N
to u(to)
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4. Existence of traveling wave solutions: the (g,b)-problem

At the inequality, we have used ¢y < 0, which implies u(ty) < 6 and therefore g(z) <0
for z < u(ty) < 0 by the assumption on 6.

Step 1a): Estimating the term —3u2(to). For arbitrary ¢, < 0, it does not seem
possible to obtain good enough estimates for the term —%ug(to) on the left hand side
of the calculation. However, it is sufficient to find a single ¢y < 0, for which we can
get a good estimate of the term. The existence of such #; can be seen with an abstract
argument: We know u(—b) = 0 and u(0) = #. We claim that there exists t, € [—b, 0],
such that

us(to) = min{us(t) : =b <t <0} < %

Indeed, from the contrary statement we could easily conclude u(0) > 6, which is not
true.

By the existence of such to, we further have —1u2(ty) > —%g—; > —g—;. (Keep in mind
us > 0 by corally 4.2.) Using this and $u?(b) > 0 in the above inequality, we obtain

2 e ’ /
_z_z < (ML [ﬁ ds — (143775) O/g(z) dz. (4.21)

Step 2: Ruling out ¢ > 0 for large b and small €. We consider first the case ¢ > 0. Let
g9 > 0 be arbitrary. Then, for 0 < € < &g, the inequality (4.21) simplifies to

1 1

62 1 1
R < NS /g(z) dz < —m/g(Z)dZ.

0 0

We observe that the right hand side of this inequality does not depend on b and is nega-
tive. However, the left hand side tends to 0 as b — co. Consequently, for sufficiently large
b1 > 0, the inequality fails to hold if b > b;. This implies ¢ < 0 for 0 < € < eg and b > b;.

Step 3: Bounds away from 0. Now we turn to the case ¢ < 0. We choose some fixed
K < 0 and distinguish the cases ¢ < K and ¢ > K. If ¢ < K, because as we wanted, ¢
is away from 0.

Step 3a): A priori estimates for the case ¢ € [K,0]. For the case ¢ € [K,0] we will
need an estimate for [[us|[co(_yy). Without loss of generality let b > 1. We derive
estimates for ||us||co(yy for intervals I of length [/ = 1, which do not depend on . Then
we achieve the estimate for |[us|[qo(_y ) by covering [—b, b] with intervals of length of 1.

Let I C [—b,b] be an arbitrary interval with length |I| = 1. We already know uy > 0

b

and [ usds = u(b) — u(—b) = 1. Therefore, we have ||us|[;1 ;) = 1. In particular,
b
this implies ||us|[;.;y < 1. From (4.20), we obtain

K] 1

.l <
[tas] < R(1+775)USJr 1+ 7e

9] -
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4. Existence of traveling wave solutions: the (g,b)-problem

Hence, we have

K]

K]
||Uss||L1([) SR<1—_|_7—,€>||u5||L1(I)+ oo 1 < =+ 19l

R

The right hand side of this inequality does not depend on b or €. Therefore we have
||Us“cO(1) <C HusHWLl(I) <C.

The constant C' only depends on |I| = 1, but not on [ itself. (Note that for intervals
of smaller length, the constant C' does become larger, therefore we chose to only use
intervals I of the exact length 1.) Consequently, C is independent of b, ¢ and I. By
covering [—b, b] with intervals of length 1, we obtain

HUSHCO([—I;,I;}) <C. (4.22)

Step 3b): Applying the estimates for ||us||co(_yy)- Let €9 be as in step 2 and 0 < e <
0. Moreover, let by > 0 and b > by. Using the estimates (4.22) in (4.21), we obtain

1

b
02 —C 1
R ) B
b2 — (R(1+778))+ /usds HusHCO([fb,bD (1+77€) /9(2) dZ
b 0

1

— T jul] 1 / (2)d
— Ug _ — — z VA
R(1 + 7¢) =) T Ty 7e) f Y

0
1

—cC 1
SR (1+feo)/g(z)dz'

0

For b > by and 0 < ¢ < ¢q, this implies

ol

<If- / izt
& - z 79 =
e 1+r50 g\#

0

The right hand side of the inequality is independent of b and €. Moreover, it is negative
for by sufficiently large. Putting ¢y := max{K, ¢} and by := max{by,bs} with b; from
step 2 finishes the proof. n

In the next lemma, we show that nonlinearities lying above appropriate z-independent
nonlinearities with certain integral properties have the negative wavespeed property.

Lemma 4.13 (Negative wavespeed property in the general case) Let f be a
nonlinearity of basic type. Moreover, let the matriz field (ai;)},—,, the vector k and
the (k-dependent) numbers Tmax, Tmin b€ as in the general assumptions. Furthermore,
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4. Existence of traveling wave solutions: the (g,b)-problem

1
let there exist an x-independent nonlinearity g = g(z) of basic type with [ g (z)dz >
0

Tmin

1
max (g (2)dz and f(x,z) > g(z) for all (z,z) € T x [0,1]. Then f has the negative
0

wavespeed property with respect to the matriv field (a;;);;—, and direction k.

PROOF Step 1: A modification of the nonlinearity g. We claim that there is a factor
1

¢ > 1 and an z-independent nonlinearity g = g(z) of basic type with [ g(z)dz > 0 and
0

f(z,2) > qg(z) for all g € [1,¢™>=] and (x,z) € T" x [0, 1]. This can be seen as follows:
Define g by

O fe g <0
g(z) = qin;:xg(z), if g(2) > 0.

1
Clearly, we can choose ¢ > 1, but close enough to 1 such that still [ g(z)dz > 0. It is
0

easy to see that g is still a nonlinearity of basic type. Moreover, for any ¢ € [1, g™==x],

we have gg < g < f. o
Step 2: The negative wavespeed property of f. We show that f has the negative

wavespeed property with the help of g from step 1. Let (U,c) = (U%%, ) be the

solution of problem (2.7), (2.8) (with f as nonlinearity). Moreover, let 7 = min,ezm %

By lemma 4.12 (i), there is a unique solution (@, ¢) = (a*?, &*) of the problem
~E7b — )~
(14 )ity + iy + 2 g on (=4,
Tmin Tmin

a(=b) =0, a0 =0(f), a)=1.

First, we have to estimate ¢=*. We note, that 0(f) € (0,1). Otherwise, 6(f) = 1
would imply f < 0, which clearly cannot be the case here. This is important, since it is
an assumption of part (ii) of lemma 4.12. Secondly, we note that g(z) < 0 for z < (f)
is satisfied because of g < f. Therefore, the assumptions lemma 4.12 (i7) are met. The
lemma yields the existence of constants by > 0, € > 0 and ¢y < 0, such that for b > b
and 0 < € < & there holds & < ¢,.

We want to compare ¢ to ¢ with the help of the comparison principle proposition
4.11. This requires &°* < 0. Therefore we assume 0 < € < gy and b > by. We define

rly)(1+ £52)

Tmin(1 + 7:(;)) and ¢*(y, 2) = B°(y)g(2).

B (y) =
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4. Existence of traveling wave solutions: the (g,b)-problem

Since g is a nonlinearity of basic type, the same holds for ¢° for every £ > 0. Because u
is independent of y, we see that @ satisfies

a(y)ites + Y aij(y) (ks + 0,,) (k; 05 + 0y, )it + &6 (y)its + g7 (y, 1)
ij=1
= (r(y) +ea(y))iss + B (y)us + g°(y, @)
o(y) - .
r(y)(1+e75)
_ WL (1 4 Fe) ity + —— ity + 9@y .
(1+7¢)
For some small £y < € and 0 < ¢ < g, the inequality 1 < ¢ < g2 holds. Therefore

min T'min

g°(2) = B%g(2) < f(x,2) by step 1. This and ¢ = &* < 0 let us apply proposition 4.11,
which yields ¢® = ¢ < &= < ¢y for 0 < e < &. =

Remark 4.14 If the modification process in step 1 of the previous proof is applied to a
Cl-nonlinearity g, its modification g will in general only be Lipschitz continuous. This
is actually the reason, why we solved the (g,b)-problem for nonlinearities that are only
Lipschitz continuous.

As a corollary, we obtain the negative wavespeed property for nonlinearities of com-
bustion type and the strong covering property. This is actually the most important case
for us.

Lemma 4.15 (Negative wavespeed property in the combustion case) Let f be
a nonlinearity of combustion type that satisfies the strong covering property. Then f has
the negative wavespeed property for all matrix fields that satisfy the general assumptions
and for all directions k.

PROOF By the strong covering property of f, there exists ug > 0(f) such that f(z,ug) >
0 for all x € T™. By continuity reasons, it is easy to conclude that there is an z-
independent nonlinearity g of combustion type, such that 0 < g(z) < f(z,z) for all

(x,z) € T™ x [0,1] and which is nontrivial. Since g_ = 0, the assumptions of lemma
4.13 hold for any matrix field (a;;)7,—; that satisfies the general assumptions and any
direction k. Applying the lemma concludes the proof. n

The following proposition is a synopsis of the results on upper bounds and lower
bounds for the wavespeed. It combines the results as we need them.

Proposition 4.16 (Upper bounds and lower bounds) Let f be a nonlinearity of
basic type which has the negative wavespeed property with respect to the matriz field
(aij)ij=1 and direction k. (For example f as in lemma 4.13 or lemma 4.15.) Let (U, c) =
(U4, =) be the solutions of problem (2.7), (2.8). Then there are constants c;,co < 0
and by, > 0, s0 that c; < P < cy <0 forb>by, 0 < e <ep.

PROOF By lemma 4.10 there are constants ey > 0, by > 0 and ¢; < 0, such that ¢
satisfies ¢; < ¢ for 0 < ¢ < g, and b > b;. Moreover, by definition of the negative
wavespeed property, there are constants €5 > 0, by > 0 and ¢, < 0, such that ¢ satisfies
P <y <0for0<e<eyandb > by, With by := max{by, by} and gy := min{e;, e}
the assertion follows. -
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5. Analysis of limits ¢ — 0, b —» o©

5.1. Preparations for passing to the limit

Consider the weight factor « in the e-term of (2.7). In order to solve the (g, b)-problem
and to estimate the wavespeed ¢*° of the (e,b)-problem, choosing an arbitrary a €
CH(T™) with o > 0 was sufficient. However, for the task of deriving a priori estimates,
we will use theorem A.2 from Berestycki and Hamel. This theorem requires that o does
not depend on y. Therefore, we will use @ = 1 as a weight factor in the following.

5.1.1. Returning to (¢,z) coordinates

The (e, b)-problem is the regularization of a transformed problem in (s, y)-coordinates.
Before we pass to the limit ¢ — 0, b — oo, we want to return to (¢, z)-coordinates
(which is possible for ¢** < 0). There are multiple reasons: First of all, we want to
apply the aforementioned theorem A.2 of Berestycki and Hamel to derive suitable a
priori estimates. Furthermore, by returning to (¢, z)-coordinates, we will have the usual
parabolic theory at our disposal after passing to the limit. Moreover, we do so for
regularity reasons, see remark 2.20.

Definition 5.1 (The (e, b)-solution in (¢, x)-coordinates) Assume that the non-
linearity f is of combustion type and has the covering property and the negative wavespeed
property with respect to the matrix field (ay;)7,—,. (For evample, due to lemma 4.15, this
is the case if f has the strong covering property.) Moreover, let flrny1 € CH(T™ x
0,1]). Let (U*,c*%) be the solution of (2.7), (2.8) with the weight factor a = 1 in
(2.7) and normalization constant 0 = 0(f) in (2.8). This solution exists by proposition
4.8. Let g, by and c1, co be the constants from proposition 4.16. Assuming b > by and
0 < ¢ < gy, we have the estimates ¢c; < ¢ < ¢y < 0 for the wavespeed . We consider
the transformation

(s,y) = (k-2 — 't x) = T"(t, ).

With the transformation, we define the function

ut(t, ) = U (T (t,2)) = U(s,v). (5.1)
Since the inverse transformation is given by x = y and t = s:cf;?, the function u®? is
defined on Db, where
—-b—k-x b—Fk-x
Db = {(t,x) eER™ . — — — <t< —}
_Cs,b _Cz-:,b
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5. Analysis of limits e — 0, b — o0

\\ D&,b \\

According to the chain rule, there hold
w(t, z) = —c"U(s,v), uy(t, ) = (¢°)2U(s,y)
and
Uy, (t, ) = (k;0s + 0,,)U (s, y), Ugo; (T, 1) = (KOs + 0y,) (KOs + 0y, )U (5, y).

By (2.7), the function u® satisfies

b n

7 D (@, = —fl,u). (5.2)

ij=1

g,
EUyj

()

&b
_ut +

Furthermore, by (2.8) the function u®® satisfies
: k- e :
u®? (t+ﬁ,x+ei) = v (¢, z) (5.3)

for the unit vectors e;, i = 1, ...,n. Due to corollary 4.2, there holds U$® > 0 and thus
us? >0 (5.4)
(since =¥ < 0).

5.1.2. A priori estimates for u*"

In order to obtain estimates for the z-gradient of the function u®* from definition 5.1,
we want to use theorem A.2 from Berestycki and Hamel. However this theorem requires
more regularity on u*® than we have, namely u&® € C®. Therefore, the theorem will not
be applied to u® directly, but to an approximation. In the following lemma, we will
study the behavior (in (s, y)-coordinates) of the (e,b)-problem under an approximation
of the coefficients and the nonlinearity.
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Lemma 5.2 (Behavior of the (e, b)-problem under approximation) We denote
by Ry the cylinder [—b,b] x T™. Let o = 1, f be a nonlinearity of basic type with
flrnxio € CHT™ x [0,1]) and (ai;)};—; be as in the general assumptions. Let (U,c) =
(U=, =) be the corresponding solution of problem (2.7), (2.8) with normalization con-
stant 0 = 0(f), whose existence is guaranteed by proposition 4.8. That means the fol-
lowing: Given the operator

LU =¢eU, + Z aij(y)(kiOs + 0y,) (K50, + ayj)U> (5.5)

1,j=1

the pair (U, c) satisfies

and
0<UK<LI1, U(s, ) is 1 — periodic

U(=by)=0, Ulby)=1  forallyeT, (5.7)
max U(0,) = 6(f)-

For small § > 0, let (a;;)° be a CY(T™)-matriz field which is symmetric and uniformly
elliptic. Fori,j =1,...,n, we assume

Hafj — azj] ‘Cl(T”) — 0 for 6 — 0. (5.8)

Moreover, let f° be a nonlinearity of basic type with f°|rnyp1 € CH(T™ x [0,1]) such
that
Hf(s_fHCl(T"X[O,l}) — 0 for 6 = 0. (5.9)

Furthermore, let (U°,c°) = (U%° c¢>P) be the corresponding solutions of the problem
(2.7), (2.8), also with normalization constant O(f) (not 0(f?)). This means the following:
Given the operator

LU = eUS + ) ali(y)(kids + 0,,) (k;0, + 0,,)U°, (5.10)

i,7=1

the pair (U°, %) satisfies
LU’ 4 U = —fo(y,U?) (5.11)

and
0< U’ <1, U(s,-) is 1 — periodic

U(=by) =0, U’by)=1  foralyeT", (5.12)
max U’(0,y) = 0(f).
yeT™

Then }c‘s—c’ — 0 and HUé_UHc%Rb) — 0 for o — 0.
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5. Analysis of limits e — 0, b — o0

PrROOF We will show that any subsequence of § — 0 has another subsequence, again
denoted by 9, such that ‘05 —c} — 0 and HU5 — UHCQ(Rb) — 0 for 6 — 0. Then the

assertion ‘c‘s — c} — 0 and HU‘S — U} ‘CQ(Rb) — 0 for 6 — 0 follows. To this end, consider
an arbitrary subsequence of § — 0, again denoted by 9.
Step 1: Estimates for !c‘s‘ and HU5| ‘Cl(Rb)' In the first step, we will acquire estimates

for ¢ with the help of the a priori estimates in lemma 4.4, which we have used to prove the

existence of the (g, b)-solution. By 7%, we denote the function 7°(y) = > oot al;(y)kik;.
Let 0y, M, R, 7 be such that
5
, 2
M > sup M’ R > sup T‘S(y), r>max6—
yET”,zE[O,l] r <y) yeTn yeT™ r (y)

for all 0 < § < dy. These constants exist due to (5.8) and (5.9). Furthermore, let A > 0

such that HawH A, llell, < A. The assumption (5.8) implies the equicontinuity
of the family {a 0 < 0 < 6o} for every i,j = 1,...,n. Therefore, the family admits
a common modulus of continuity w;; for every 4,57 = 1,...,n. Clearly, the constant

¢ has a modulus of continuity w. Also the family of operators L% admits a common
ellipticity constant [ for its second order part. Hence, by lemma 4.4 there is a constant
K =K((f),e,b,7, R, M, fi, A, {w;;|i,7 = 1,...,n},w), such that

‘c‘$| < K and HU‘S o S K (5.13)

llorn

Step 2: Estimates for HU‘SHcm . The C'(Ry)-estimates from step 1 will help us

to obtain better estimates, which We need to pass to the limit in the equation. Let
a € (0,1) be an arbitrary Hélder exponent and 0 < 6 < §p with dy from step 1. Because

of the estimates (5.13) and because Hf‘s‘ |01 T (0.1) is bounded by (5.9), we obtain

£ U] cor,) < C- (5.14)

Since aj; is bounded in C*(Ry) due to (5.8), it is also bounded in C*(R,). Hence, there is
A>K Wlth K from step 1, such that Ha”HCa (R S A and |°| < A. Let ¢(s,y) = s,

Then U? = ¢ on OR;,. By lemma 4.6, there is a constant C' = C(n, a, [i, A, b) such that
HU(SHCQvO‘(Rb) < C(HU(SHCO(R;,) + ||SO||CQ’Q(R1)) + Hf(s(?/a U(s)Hoa(Rb)) = C. (5.15)

The second inequality holds due to (5.14) and 0 < U° < 1 independently of §. Therefore,
we have proved that the sequence U° is bounded in C?%(Ry).

Step 3: Passing to a subsequence. By the estimates (5.13) and (5.15), there is a
subsequence of (U?,¢%), a ¢ € R and some U € C*(R,), such that

— 0 for § — 0.

’c —c‘ — 0 and HU5 U’
C2Rb
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5. Analysis of limits e — 0, b — o0

This convergence is sufficient to pass to the limit in the equation (5.11) and its conditions
(5.12). We obtain

eU,s + Z aij(y) (ks + 0y,) (k05 + 0,,)U + U, = — f(y, U),

i,j=1

0<U<1, U(s, 1) is 1 — periodic,
U(=by)=0, Uy =1 for all y € T™,
max U(0,y) = 6(f).

However, by uniqueness of the (g, b)-solution (see proposition 4.3), we have ¢ = ¢ and
U = U. Hence, the lemma is proved. =

Remark 5.3 (Modification of the nonlinearity f) As we already mentioned, we
want to apply theorem A.2 to obtain a certain a priori estimate for the function u®®
from definition 5.1. Let f be a nonlinearity with properties as in the definition of us®
Formally, the regularity f|rnx1 € CHT™ x [0,1]) is not sufficient to apply the theorem.
However, the function u®® only takes values in [0,1]. We can therefore modify f outside
of T" x [0,1] to a function f € CH(T™ x R). Then, the function u® remains a solution
of (5.2) with f instead of f. We will define f by a point reflection of f at = = 1: For
x e€T™ and z € R, we define

P ._ f(,2), if 2 <1,
f@2) '_{—f(%Q—Z), if 2z > 1.

Since f > 0 by the combustion property and f(x,z) < 0 for z € [0,0] with 8 € (0,1)
by property (iii) from definition 2.6, we actually have f(x,z) = 0 for z € (0,0). Be-
cause also f(x,z) = 0 for z ¢ [0,1], the nonlinearity f actually has the regularity
f e Cy(T™ x (—o0,1]). Then for f, the regularity f e CHT™ x R) follows from con-
struction. Furthermore, by this construction, f = f(:c z) is a function that is still
periodic in x and compactly supported in z. Therefore, the modified f and all its first
order deriwatives are even uniformly continuous on T™ x R.

Lemma 5.4 (A priori estimates for u®?) Consider u*® : D>* — [0,1] and ¢** as
defined in definition 5.1 for 0 < e < g9, b > by. For every bounded Lipschitz domain
Q C R™ there are constants C' = C(9), b= b(Q) > by > 0 and 0 < & = (Q) < &,
such that the following holds: For 0 < ¢ < & and b > b, there holds Q € D%* and

furthermore
Vo] o) < C(), (5.16)
&b < C(Q 1
1] 1y < O, (5.17)
and
&b < C(Q). 1
1]y < O (5.18)
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5. Analysis of limits e — 0, b — o0

PROOF Step 0: The inclusion for €). Let €2 be a bounded Lipschitz domain. We recall

. " —b—k-x b—Fk-x
DY = {(t,x) e R : e <t<— }

and the estimates ¢; < b <y <0forb> by, 0<e<eyfrom proposition 4.16. Hence,
there exists b = b(€)) > by such that the following holds: For b > b and 0 < ¢ < ¢, we
have 2 € D**. Moreover, for some constant K, there holds

dist(Q,0D*") > K, > 0. (5.19)

Step 1: Estimating the x-gradient. In order to obtain the estimates (5.16), we want
to apply theorem A.2. By remark 5.3, we can assume f € C}(T" x R) and that f and
all of its first order derivatives are uniformly continuous on 7" x R.

However, as already mentioned, directly applying the theorem to u®® would require
that u>* € C*. We usually do not have such a regularity, since (a;;)};_, is only a C'(T™)
matrix field and we only have f € C}(T™ x R) as well. In order to be sure that u € C?,
we would at least require (a;)};_; to be a C*(T™) matrix field and f to be such that
the function f(y,u®%) is C1* for some o € (0,1). Since the estimates in theorem A.2
only involve the C'-Norms of the matrix field and the nonlinearity, we can solve this
problem by an approximation.

Step 1a: Defining the approximative coefficients. We define n € C*°(R™) by

1
Cexp (W—_l) fO’f‘ ’I’| S ]_,

0 otherwise

n(w) =

and choose C' such that fR” n = 1. Then, we take the standard mollifier on R" given by
ns(z) = %n(%) and define afj = 15 * a;;. Consequently, we have afj € C°(T™). Since
a;j and its first order derivatives are uniformly continuous, there holds

)

[|a5; = ais || oy = 0 for 6 — 0. (5.20)

Analogously, let 75 be the standard mollifier on R™! and define f° = 75 * f. Then
f° € O®(T™ x R). Since f and its first order derivatives are uniformly continuous (see
the assumption at the beginning of step 1), there holds

5
| —fHC;(Tan)%Ofor(S%O. (5.21)
In particular, this implies

170 = Fllegrmwgo,yy = 0 for 6 — 0. (5.22)

Let us show that for § < 6(f), the relevant part of f°, namely f°|7ny[o1] coincides with
the relevant part of a nonlinearity of basic type as in definition 2.6. This means that
the trivial continuation of f(s‘TnX[O’l] is a nonlinearity of basic type. This is necessary
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5. Analysis of limits e — 0, b — o0

in order to apply lemma 5.2. We can see it as follows: Due to the way the modified f
has been constructed in remark 5.3 and because 75 is supported in Bs(0), there holds
f°(z,2) = 0for z € (—00,0(f)—J). By symmetry of 77 and the way the modification was
constructed by mirroring, there holds fo(x,1) = 0. Lastly, we have to show f(x,z) >0
for z < 1: For any (g, 20) with zg < 1, we have

f (0, %) = / f(, 2)is((, 2) — (20, %)) d(z 2)

Rn+1

= / @, 2){7s((20, 20) = (2, 2)) = 71s((w0, 20) — (2,2 = 2)) } d(x, 2).

R” X (—o00,1)

The expression in the curly bracket is nonnegative, since |z — zo| < |2 — z| for z < 1 and
also f(z,z) > 0 for z < 1. Therefore f(xzg,z2p) > 0.

Step 1b: Carrying out the approvimation. We now have that fo|T™ x [0, 1] coincides
the relevant part of a nonlinearity of basic type. Moreover, we have the necessary
convergences (5.20) and (5.22) of a?; and f°. Altogether, the assumptions of lemma 5.2
hold. We take (U°, %) = (U, 0‘5’6’67) from lemma 5.2. With consider the transformation

(5,y) = (k- o — &b, x) = T°(t, ).
(We emphasize that the transformation is not s = k -  — ¢>*¢.) Then we define
Wt 1) = U3 (s, ) = UP(TN(t, ).

The function u®*? is defined on D=. In definition 5.1, the function u®® was defined
using the same transformation 7% by u®®(t,z) = U=*(T=b(t,x)). Consequently, we
have u%® = U o T and u®® = U’ o T**. Furthermore, by lemma 5.2 we also have
HU‘s’E’b — Us’b} ‘CQ(Rb) — 0 for 6 — 0. Therefore

||ub=? — — 0 for § =0 (5.23)

| ’c?(ﬁ)
as well. L
Showing the regularity u®>** € C°°(D=t) is not difficult (and much more than we
actually need). Let R, denote as usual the cylinder [—b,b] x T™. The function U%¢* has
the regularity U%** € C?*(R;) by proposition 4.8. We will apply theorem 6.19 of [12].
By what is said right after the proof of this theorem in [12], it can be applied locally
in the following way: Let Q = (—b,b) x (—1,2)". There holds LIU%** = — fo(y, U%<?)
on Q with L from (5.11). The domain Q has a C* boundary portion P = {—b} x
(—1,2)" U {b} x (—1,2)". Boundary values of U%¢® on this boundary portion are given
by the function ¢(s,y) = %2, We have p € C**(Q) and ¢ = U on P. Since

foec=(Tr X_R), we have f°(y,U°) € C'*(Q). Since af; € C(T™), the coefficients of

L% are in C*(Q). The local version of the theorem 6.19 in [12] yields U € C3*(QUP).
By periodicity U € C3*(R;) follows. Because f?, afj and ¢ are actually arbitrarily
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5. Analysis of limits e — 0, b — o0

smooth, the argument can be iterated to obtain U*** € C(R;). Therefore, u*** =
U5’6’b o Ta,b c Coo(Ds,b»

Step 1c: Estimating the x-gradient of the approximative (e,b)-solution. From equation
(5.11), we can see that the approximative (e, b)-solution u®** satisfies the equation

C(s,gb 6sb n
§5b Js,b _ d d,e,b
b Uy C‘Eb + E : 1] CCrLCCj __f (:C7U’ )
1,j=1

— =

If § > 0 is sufficiently small, such that ¢*** < 0, this is equivalent to

d,e,b n b b
bt 4 Elyy + Z c 0 (x)ua@b _ c f5($ u&,@b) (5.24)
t ce:bdieb Oeb i TiTi o beb ’ : ‘
ij=1

Because of the estimates for ¢, we can (if necessary) decrease £ > 0 and increase b > 0,

suchthatfor()<5§§andbzbwehave0< (sb)Q <1. Nowlet 0 <e <é€, b>bw1th
¢ and b fixed. There is g = do(b,e) > 0 such that for 0 < 0 < dg we have 0 < —55=5 < 1.
Using the convergences (5.20) and (5.21), by possibly decreasing dy > 0 further, we can
achieve

Ca,b £,b

C b
Cé,s,b

Do f?

i

<2 Haincl(Tn) +2 HaufHLOO(T”XR) = I

b i
Lo (DsbxR)

Cl(DE,b)

for 0 < § < dp. (We have regarded af; = af;(z) as a function that depends on ¢ in
the expression with the C'(D%b)-norm.) Using the convergence (5.21) again, we can
furthermore achieve

Cs,b

1)
Cé,a,b f

e,b

< 2[f ] oo (g xy = Ko
Lo° (T xR)

2
Cc

C§,s,b

V. f?

2
< 2{|Va fllpeo nsry = Ks
Lo (T xR)

for 0 < § < & with a possibly even smaller dg. The factor —5= € (0,1) in front of

ul#? in equation (5.24) now takes the role of the factor ¢ in front of uy in equation (A.1),

and we can apply theorem A.2 to u>**. We obtain for (¢,z) € Q

8,8, 2 - 1 1 < 1 L
Va2t 2) —C( *d((t,m,aD&w)—C txz)

with K from (5.19). The constant C' in the theorem is given by an expression that can

be estimated by
2
_|_
Lo°(T" xR) Lo° (T xR)

e,b
¢ s

C6,e,b

Ca,b

C S Cl C6,€

5,5,b| ‘ d,e,b
|| Lo (D=b) (gscb(u )+

< Ci[1(1 + Ks) + K3
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for 0 < 0 < do(e,b). The constant C; depends only on n, i, K, where i is a common
ellipticity constant for the family of matrix fields {(;;—;l?,,afj)?’j:l 10 <0 < dp}. Clearly,
this family admits a common ellipticity constant for a possible even smaller dy because

of Hafj - aincl(Tn) — 0 for 6 — 0 and (f;—eb,, — 1 for § — 0. Therefore

1 ~
Hvxud’a’bHiW(ﬂ) < Cy[1(1 + K») + K3 (1 + ﬁ) — (2.
0

The constant C' is independent of £ and b. By (5.23) it follows that
e,b ~ ~ T
Hvxu HLOO(Q) <CforO0<e<éb>0.
This is (5.16).

Step 2: Deriving the L' and L*-bounds. For the rest of the proof we will more shortly
write u for u®?. To see the L'-bounds of u;, we remember u; > 0 and 0 < u < 1.
Therefore [,uydt < 1 for any interval I. Now the L'-bounds (5.17) follow from the
fubini theorem.

To obtain the L?-bounds for u;, we choose a function n € C*°(D*%) with 0 < n < 1
and = 1 on . First we test equation (5.2) with un and obtain

U
/ —uun + tt 77 + Z ij (T)Ugo;un + f(z, u)undL = 0.

7 1
supp(n) J=

This can be rewritten by integration by parts as

2 n
/ L — / g — e D (0ry i (%) uz,un

(c=b)? (=02~ £
supp(n) supp(n) wI=t
— Z i (T ) U, Uy ;1) — Z aij (T)ug,un., + f(x, u)undL.
3,j=1 i,5=1

The integrals of all of the six terms on the right hand side are bounded independently
of ¢ and b. For the first term, this is due to the L'-bounds el 11 (suppyyy < C by
(5.17), 0 < u < 1 and n € L. For the second term, the reasons are 0 < e < g,
(5.17), 0 < u < 1, n; € L* and because of ¢** < ¢, < 0. For the third, fourth and
fiftth term, we use the already derived L°°-bounds for the z-gradient of v, 0 < u <1
and a;j, 0y, a;5,n € L. For the sixth term, we use f € L*, 0 <u < 1 and n € L*™.
Altogether we obtain

2
/ U g < e (5.25)
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Now we test (5.2) with w;n?. We have

/ufdﬁg / uln?dL

Q supp(n)
n

= / % aL + / Z az’j<$>uxixjut772 ac + / f(z, u)uﬂ]z dL
supp(n) supp(n) L=l

= T1 + TQ + Tg.
ClearlY7 ’T3| < ||fn2Hoo ||ut‘ |L1 (supp(n)) < C'. Moreover

supp(n)

e20;(u?)n? eulnn euln
T = 22t 4L = / I gr| < / I Re
| 1| / (CE’b)Q (057(,)2 = ||77t||oo (CE b)
upp(n) upp(n) upp(n)

by (5.25). It remains to consider the term T5:

|T2‘ < / Za OJU u:p utn d‘c =+ / Z(a’ﬂjaij(‘r))uﬂﬂiutHQ dC
o1

upp(n) * upp(n)
= |Ty| + |Ts| .
Clearly, |T5] < C, because of n*0,,a;; € L™, (5.16) and el 1 (suppyy < € Let us

consider the term 74 now. After an integration by parts in z;, Ty can by symmetry of
a;; and a subsequent integration by parts in ¢ be rewritten as

/ Zaw L) U, Ut 1) 2dL — / Zaw L) U U 2107, AL
"

supp(n supp(n
supp(n) =1 supp(n) 77
1 n
=+ / 5(21 i (%) g U, )10 AL — Z )t U 201 AL
supp(n) T supp(n) *

On the right hand side the first integral can be estimated using (5.16) for u,, and u,,
because all the other factors are bounded and the integrand has support in supp(n). For
the second integral we can use (5.16) for u,, and the L'(supp(n))-bounds for u;. All the
other factors are bounded. Therefore |Ty| < C. Together we have proved

/u?dﬁSC
Q

for 0 < e <& and b > b. Here it might be necessary to increase b and decrease g, since
we used the estimates (5.16) and (5.17) not on €2, but on the larger set supp(n). On the
larger set, the estimates hold for a possible smaller € and b. n
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5.2. Passage to the limit

In this section, we start from u® as defined in definition 5.1. We prove the existence of
the limit function for ¢ — 0 and b — oo. Afterwards, we show that the limit function
u is a traveling wave solution of type I and furthermore has the properties claimed in
theorems 2.8 and 2.9.

Under the additional regularity assumptions on f in theorem 2.10, we will show in
lemma 5.6, that uy exists in the classical sense and that consequently u can be trans-
formed into a solution of type II.

5.2.1. Existence of the limit function u and its regularity

Under the assumptions of either of the theorems 2.8, 2.9 or 2.10, the assumptions of the
following lemma are met.

Lemma 5.5 Let the assumptions of definition 5.1 hold. Consider the function u®® :

Db — [0,1] and the corresponding wavespeed c=°, which where given in definition 5.1.
Then there are sequences b, — 0o and €, — 0 such that ™ = cmbm — ¢ < 0, and
Uy, := usmbm converges weakly in HL (R™™1) to a function u : R"™ — R. The function
u satisfies 0 < u < 1, it is nondecreasing in t and a classical solution of:

—up + Z i (2 )tg,z, + fz,u) =0 on R (5.26)
ij=1

Moreover, it has the regularity u & 012’2‘/2 1o R™TY) for any a € (0,1). It satisfies the
"pulsating wave" condition

k-e
u (t SRR ei> = u(t, ) (5.27)
c

for the unit vectors e;, 1 = 1,...,n. Additionally, there is some time-like number d > 0
such that
max u(—d,x) < 0(f), 0(f) < max u(d,x). (5.28)

z€[0,1]™ T z€fo,1)n

PROOF Step 1: FEumistence of the limit function and some properties. Let g, by and
c1, ¢ be the constants from definition 5.1. We choose sequences ¢,, and b,,, such that
0 < éen < e and b,, > by, as well as ,, — 0 and b,, — oo for m — oo. Then
1 < ™ < ¢y < 0. Therefore there is a subsequence (which will be denoted with the
same name) such that ¢™ — ¢ for some ¢ < 0. The bounds for u** given in lemma 5.4
together with 0 < u®® < 1 clearly imply H} -bounds. Consequently, there is another

loc
subsequence and a function v € H} (R™™), such that u,, — u weakly in H. (R"*1),
strongly in L?

loc
2 (R™1) and pointwise almost everywhere. From 0 < u,, < 1, we obtain
0 < u < 1. The monotonicity of u in ¢ follows from the monotonicity of u,, in ¢, which

holds by (5.4).
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Step 2: Weak solution. In the second step, we show that u is a weak solution of the
equation in divergence form. We test the equation (5.2) for w,, with some test function
¢ € C®°(R™1). For m large enough we have supp(¢) € D™ by lemma 5.4 and

Emlm -
0= / —Um P + ’t;cp + Z i (T) Uz, 0 + (2, Um) 0 dL

(m)
Rt (m) ™ 5=
5mumt = =
= / —Um P — ( (m))2 TN Pt Z a’ij(x>um7$igpxj - Z (a’ﬂjaij (x))um,wz@ + f(.%, Um)g0d£
- ij=1 ij=1

In the last term we will use u,, — w almost everywhere and therefore f(x,u,,) — f(z,u)
almost everywhere, which together with f € L> implies f(z,u,,) — f(z,u) in L? . In

loc*
all the other term we will use u,, — u weakly in H}. . Moreover, we will use — 0

@y
by the bounds on ¢™. Therefore, letting m — oo yields for all ¢ € C°(R™1):

n

/ —Utp — Z &lj ufliz(pfl?] Z (a’ﬁjaij (w))ungo + f(ma u)(PdE = 0.

Rn+1 7.] 1 J:l

Hence, u € H} (R™) is a weak solution of

Lu = —u; + Z O, (@i (7)Ug;) — Z(Z O, 045() )ug; = —f(x,u) on R™. (5.29)

ij=1 j=1 i=1

Step 3: The W;lloC(R"“) reqularity of w. In this step, we prove u,,,, € Lj (R")
for 2,7 = 1,...,n. We will use interior regularity of weak solutions. To this end, let
Q,Q C R"“ be bounded domains with Q" € Q. We begin to check the necessary
assumptions for the interior regularity: We have u € H'(Q) and (5.29) holds on Q.
The matrix field (a;);;-, is a C* (Q)-matrix field, which is symmetric and uniformly
elliptic. The coefficients > " (9,,a;;(x)) are in L®(Q) for i = 1,..,n. Under these
assumptions, interior regularity of weak solutions (see for example theorem 6.6 of [16])
implies Uy,z, € LP(Q') for every i,j = 1,...,n. Since Q" was arbitrary, it follows that
u € VV2 o (R™1) and w is locally a strong solution of

u= —uy + Z @i (2) gz, = — f(z,u) on R*

ij=1

Step 4: Cutting off in time. For arbitrary real numbers t; < t5 consider a function
n € CX(R) with n = 1 on [t1,t3] and 0 < i < 1. The function @ given by u(t,z) =
n(t)u(t, z) satisties a € W, ZOC(R”H) and is a strong solution of the equation

Li = L(nu) = nLu — nu = —nf(z,u) — nu = f on R,

Step 5: Obtaining a strong and classical approximative solution. In this step, we prove
the existence of an approximative solution v® for the truncated u that is both strong and
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classical. Afterwards, we deduce u € W; }}JC(R”“) for every 2 < p < co. For ¢ > 0, let
e € CX(B:(0)) (where B.(0) denotes the ball in the euclidean metric) be the standard
mollifier on R™*! (for its definition check the proof of lemma 5.4). With @, f and 7
from step 4, we define 1. = @ * . (1. will take the role of boundary conditions) and
f. = f =« ¢.. Let Q C R" be a bounded domain with smooth boundary (say C%%).
Consider the bounded cylinder Q = I x  with an open interval I = (T}, 7T3), such that
supp(n) € I. Let PQ denote its parabolic boundary and CQ = {71} x 0% its corners.
For ¢ sufficiently small, there holds ©. = 0 and f. = 0 in the vicinity of C'Q). Therefore,

the following compatibility condition holds:
Ly, =0= f. on CQ. (5.30)

With that in mind, we consider the parabolic problem

n
—Vep + Z ij(T)Ve pia; = fe o0 Q,

ij=1
v, = 1. on PQ.

We check the assumptions which guarantee the existence of a smooth solution v. to
the problem: The boundary conditions . and the right hand side f. are smooth (even
Ve € C®(Q) and f. € C*(Q), which is more than needed). The matrix field (a;;)7;_,
is symmetric, uniformly elliptic and a;; € C*(T™) (which is more than needed). Fur-
thermore, the compatibility conditions (5.30) for the boundary conditions are satisfied.
Lastly, the domain €2 in the definition of () has a sufficiently smooth boundary. There-
fore, there exists a unique solution v. € C’fz /2(@) of (5.31) (see theorem 5.14 in [16]).

Furthermore, for arbitrary 2 < p < co we have ¢. € W>2'(Q) and f. € LP(Q).
Therefore, there also exists a unique strong solution in W>*(Q) of (5.31) by theorem
7.32 in [16]. But since v, € 0127’2/2(6) C W2H(Q) for any p > 2, the strong solution for
any p > 2 has to coincide with v.. Define w. == u — v.. Due to steps 3 and 4, we have
we € W2H(Q) for p = 2. By the estimate given in the mentioned theorem (used with
the boundary values w. = 4 — v¢. on PQ and p = 2), we obtain

(5.31)

el 2y + 11D gy + || D] 2 gy + 1000l 2

SC(Hf—fE

Q) 1@ = Ve[l o) + 11D(@ = ¥e)l| 12

+ HD2(ﬂ - we)H]}(Q) + ||at(a - ¢€)||L2(Q) ) :
The right hand side tends to 0 as € — 0, which implies
l|la — UE|\W22,1(Q) —0ase—0. (5.32)

Step 6: Deriving W2'(Q')-estimates for v. and deducing u € WAl (R, Let 2 <

p,loc
p < oo. In order to derive WpQ’l(Q’ )-estimates for v., we first want to estimate supg [v.|.
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5. Analysis of limits e — 0, b — o0

To do so, we will use the following well known maximum estimates. We have v. €
c? o/2(@) (where v, € C? 106(@Q) N C°(Q) would be sufficient). The operator in (5.31) has
no zeroth order term, therefore we have j = 0 as an upper bound for the coefficient of
the zeroth order term. Then we have (see for example theorem 2.10 of [16])

Rn+1

Sgp |U€| < U+ D(T2=T1) (S;ICI; |77/}€| +Sgp |f€|) < el2=Th <1 + sup f‘) = K. (533)

Here, we have used: sup |1).| = sup |t * ¢.| < sup || < 1 and likewise for f..

Now let Q' = [T3,Ty] x ' C @ be a subcylinder of @, such that d(Q’, PQ) > 0 and
has smooth boundary and furthermore [t;,t5] C [T3,7y]. Interior LP-estimates (see for
example theorem 7.22 in [16]) imply

HDQUE‘ |Lp(Q/) + ||8tU6HLp(Q/) <C (HLUeHLp(Q) + ||Us||LP(Q))

Rn+1

<C (1l + K1) < € (sup [7] + 51 ) 101 = R

From this, we estimate || Dv:|[}, o by interpolation. We have v.(t,-) € C%(Y) for any
fixed t € [Tg, T,] and by an interpolation inequality (see lemma 7.20 in [16])

HLP ) +C(n, Q) [[ve(t, )HLp Q-

Taking the LP([T3,Ty])-norm on both sides and using Minkowski’s inequality, we obtain
from this

1D (t, | oy < || D02,

1DV | oy < || D?0e )+ O, D) [l oy < Ko+ C(n, QK |Q B

@

Altogether, we have \|UEHW§,1(Q,) <C.

Hence, for a subsequence and some u € Wﬁ’l(Q’ ), we have v. — @ weakly in WpQ’I(Q’ )
for ¢ — 0. By p > 2, this implies v. — @ strongly in L?(Q’). Since (5.32) also implies
v, — @ strongly in L*(Q'), we can deduce % = 4 on Q" almost everywhere. Therefore,
i€ WPHQ'). Dueton = 1on [ty,to] C (T3, Ty], we have u € W2 ((t1,t5) x ) for every
2 < p < o0. Since 1y, ty and ', Q were essentially arbitrary, we deduce u € Wp lOC(R”“)
for every 2 < p < oc.

Step 7: Using interior Schauder estimates for v.. Knowing u € W;lic(R"H) for every

2 < p < oo, we take another look at the sequence v. by using interior Schauder estimates.
_ . We can do that,

2(Q)

since we now know u € W, lOC(R"“) for every p > 2. Indeed, for sufficiently large p, we

have by Sobolev 1mbedd1ng

To do so, we have to find an estimate for ||f5||Ca/ @ = Hf * O,
a/2

w e W2L(R™) € Wi (R™1) € CRE(R™) € Ol oo (R,

p,loc loc loc

Therefore, f(z,u) € %, (R™) and thus f = —nf(z,u) — nu € C 10 R™H).
Let Q. = {z € R"" : dist(2,Q) < €} (where we mean the usual euclidean distance).
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5. Analysis of limits e — 0, b — o0

he parabolic distance of two points as defined

Furthermore, we denote by d((t, ), (t,%
(t,7) € Q, we calculate

in the general assumptions. For (¢, ),
|f€(t7x) o fe(ia j)‘
< [ etsw|ft-sa -y~ fi- sz dew)

)t
{7

supp(ee)
< / st(svy)’ f — d((t_sax_y)7<£_Suj_y))ad(s’y)
o (@2)
supp(e)
d((t,z), (t,2))".
oy Ut G
Similarly,
sup |f.| < sup|f| for 0 <e < 1.
Q Q1
Together, this implies
. f<H~’ for 0 <e<1. 5.34
Iilez,@ =[]l o < (5.34)

Now interior Schauder estimates yield (in this form, the estimates follow easily from the
estimates in theorem 4.9 [16]):

oellcza @ < € (lvellongg + 1 £ellcs, (Q)<O(K1+HfH (Q> (5.35)
21

by (5.33) and (5.34). Consequently, for a subsequence and some © € C?(Q’), we have
l|ve — f’“cf(@) — 0 for ¢ — 0. By the estimate on v., we even have 0 € 012’3/2(@’).
But by (5.32), © = @ follows. Therefore, we obtain @ € 01 a/Q(@). Due ton =1 on
[t1,ts] C [T3,Ty], we have u € C’ig/2((tl, ty) x §¥). Since t1, to and €', Q were essentially
arbitrary, we deduce u € C’1 /2, 1oo(R™T1). This finishes the proof of the regularity.

Step 8: Further properties of w. From (5.3) we immediately see (5.27). From (5.16)
we see that for some d > 0 by taking another subsequence we can achieve u,,(d, ) — @
in C°([0, 1)) and likewise for —d instead of d. Since u,, — u almost everywhere in R"*!
it follows from the Fubini theorem, that for t € R\ N, where N is a set of measure 0,
there holds w,,(t,+) — u(t,-) almost everywhere in [0, 1]". If we choose d € R\ N, we
obtain @ = u(d, -) and likewise for —d. Therefore we have:

max Uy, (—d,z) - max u(—d, ) and max u,(d,x) — max u(d,z) (5.36)
z€[0,1]" z€[0,1]" z€[0,1]" z€[0,1]"
for m — oo.
We now discuss the appropriate choice of d. There holds

U (—d, ) = U™ (k- 2+ ™d, ) and up,(d, z) = U™t (k-2 — ™d, z).
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5. Analysis of limits e — 0, b — o0

Since ¢™ < ¢y < 0, we can choose d large enough, such that k- z + ¢™d < 0 and
k-2 —c™d>0for x € [0,1]" and all m. By the monotonicity of Us*" in s, we thus
have

U (—d, 2) < U™ (0, 2) < Uy (d, ).

Taking the maximum over [0, 1]”, we obtain

m(—d,z) <O0(f) < m(d, ).
hax (—d,z) < (f)_xrer[lgﬁnu (d,x)

From this, (5.28) follows with the help of (5.36). -

In the next lemma, we derive further regularity properties of u. These include uy €
LP (R™™1) for any 2 < p < oo. Under the regularity assumptions of theorem 2.10, we

loc
prove a stronger regularity result. This implies that u, exists classically.

Lemma 5.6 (Additional regularity) (i) In the situation of lemma 5.5, the function
u has the additional reqularity u; € W;’lic(R”“) for any 2 < p < co. Moreover, v = u;
1s locally a strong solution of

—0r Y () g0, + fo(2, u)v = 0. (5.37)

i,j=1

(12) In addition to the assumptions of (i), we suppose that f has the additional reqularity
f. € CYOR™ ) for some ag € (0,1). Then u; € C’i’g/uoc(R”“) for any a € (0, o).
In particular, in this case, uy exists classically. With the transformation s =k - x — ct,

y=x and U(s,y) = u(t,x) satisfies (2.5) classically.

PROOF For both regularity statements (i) and (ii), we use the technique of difference
quotients. (i) We prove first that u; € W; o (R™1) for any 2 < p < co. Consider the
difference quotients of u in t:

u(t,x) —u(t,x)  u(t+h,x)—u(t,z)

h o h '
Let Q,Q C R" be domains with smooth boundaries and Q € Q. By Q, we denote the
cylinder Q := (t1,t3) x Q in R"". For e > 0, let Q. := (t; — &,t5 + &) x Q. Then we
have ) € ().. By the mean value theorem, we obtain

V" (t,z) = Dlu(t,z) =

The difference quotient v" satisfies the equation

Y aglent, = _f<:c,uh>h— f@w) _ iy ), (5.39)

ij=1

Applying the mean value theorem twice yields

1oy < I lesrmstoy el looggy =2 Ca for 0 < b <. (5.40)
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5. Analysis of limits e — 0, b — o0

By (5.38), (5.40), interior LP-estimates yield (see theorem 7.22 in [16]):

1% ey + 1o Ly < € (115"l * 1 100)
< O(Cy + O |Qu?

for 0 < |h| < e. Here, we have used @) € Q., which implies d(Q,PQ.) > 0, where PQ.
denotes the parabolic boundary of ().. The constant C' does depend on ¢, but not on h.
As in the proof of 5.5, we conclude from this by interpolation:

thHWg*l(Q) < C for 0 < |h’ <e
and some constant C, which does not depend on h.

Hence, for a subsequence and some v € Wg*l(Q), we have v" — ¥ weakly in sz’l(Q).
By Sobolev embedding also v" — @ strongly in LP(Q). But we have v" — u; pointwise
as well and therefore u; = v almost everywhere in ). Consequently, u; € me(Q). Since
() was essentially arbitrary, we conclude u; € W; o (R**1). Differentiating (5.26) with
respect to ¢ yields (5.37).

(i7) Now we prove u; € Ciﬁ/z,lm(RnH) for any a € (0,a0) under the additional
regularity assumption on f. Let o € (0, ap) be arbitrary and some ¢ > 0 be fixed. We
consider the difference quotients v and f* and the domains @ and Q. as in the proof
of (i). Some of the estimates from (i) will also be used. We can show, that there is a
constant C'5 > 0, such that

Hfh”cg/z(@) < Cgfor 0 < |h] <e. (5.41)

However, for the sake of clarity, we postpone this estimate to the end of the proof. With
the help of interior Schauder estimates (in this form, they follow easily from theorem
4.9 in [16]), we conclude from (5.39), (5.38) and (5.41):

1 let s = € (1l + 117l ) < €01+ ) for 0.< i <

The constant C depends on ¢, but not on h.
Hence, for a subsequence and some o € C?(Q), we have ‘ ‘vh — "ZJ| ‘ cx@) 0. Moreover,
1

the estimates on v" imply _17 € Cfg 1
Consequently, u; € Clzz 12(Q).
[t remains to verify the estimate (5.41) to finish the proof. Suppose & € (0,1). We

calculate for (¢,z), (f,%) € Q. (where the constant C' may change from line to line):
|fo(@,ult,2)) = fo(, ult, 7))
<C ((Hx — #| + |u(t, x) — u(f, :z)|2> )
< C(lle =2l +d((t, @), (£,2)%)"™

<Cd((t,2), (7).

(Q). But since v* — u; pointwise, we have u, = 9.

N|=
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5. Analysis of limits e — 0, b — o0

For the last inequality, we used that ||z — Z||""® is bounded for (¢,z),(f,%) € Qs-.
Therefore, the function (t,z) — f.(z,u(t,z)) is a C@ﬂ@)—function for any o € (0, ayp).
Now let g(t,x) = f(z,u(t,x)). We obtain g,(t,z) = f.(x,u(t,z))u(t,z). Conse-
quently, g, € C2 /Q(Qgg), since the product of two C¢ /Q(Qgg) functions is again a C'¢ /2(6225)
function.
Assume 0 < |h| < ¢ and (t,2), (t,7) € Q.. We calculate for a € (0, ap):

|fh(tvw) - fh(ﬂ j)‘

) t+h . t+h
= E/gt(s,a:)ds—g/gt(s,f)ds
¢ P
t+h t+h t+h
1 1 1 5
= —/gt(s,x)ds——/gt(s,a:)ds+—/gt(s,:v)—gt(s,x)ds
h h h
t i t
t+h t+h

1 - 1 -
S%/‘gt(s,:c)—gt(s—l—t—t,x)‘ ds—i—ﬁ/\gt(s,x)—gt(s,a:)\ ds
t t

t+h t+h
1 ~a/2 1
<1 [ ol s =17 ds+ 5 [ Nalley,
t t

<Cd((t,2),(t7)".

x — x| ds

Together with || /”| ’00(@) < | fellcorn o) |14el| oo gar) by mean value theorem, we have
proved (5.41). n

Note that lemma 5.6 resolves the problem that was mentioned in remark 2.20 (7).

5.2.2. Possibilities for the values at infinity

In this subsection, we prove that for ¢ — +oo, the limit function u(¢,x) from lemma
5.5 converges locally uniformly in x to functions u*(z) and v~ (z). We will prove that
these functions have to be constant. We will show that there are only two possibilities
for u™, namely u™ = 1 and u* = 0(f). Furthermore, we will show that the possibility
ut = 0(f) implies that u is constant and therefore u~ = 6(f). Hence, by proving u~ = 0,
one automatically obtains u* = 1.

In order to prove that u* and u~ are constant, we have to derive a differential equation
for these functions. For this task, we have to obtain estimates for the derivatives of u.
The first step to these estimates will be the following lemma.

Proposition 5.7 (Global estimates) In the situation of lemma 5.5, the function u

is globally Lipschitz continuous. Furthermore, the derivatives u;, Du and D*u are uni-
formly bounded on R x R™.
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5. Analysis of limits e — 0, b — o0

PROOF Let Q, = Q.(20) = @ (to, o) C R xR" be the cube with edge length r centered
around zg = (to,zp). We want to have an estimate on ||u|coqry, [|Dullcogr and
|| D?u| |CO(@)7 which does not depend on zy. Once we have such a local estimate, we can
conclude that these derivatives are globally bounded and therefore w is globally Lipschitz

as well. This can be done by estimating the 6’12 o /2(@) norm:

[luelleogn + 1Pl oogry + [P0l | oy < Cllullcze @) - (5.42)

Step 1: An estimate for ||ul[c2e o-y. By interior Schauder estimates, |[u[|o2e ar)
l,a/2\%T 1,a/2\V%T
can be estimated by an expressing not involving values of v on the parabolic boundary of
@y, only depending on [[u||xo g, and || f(z, u)||02/2(@). The following estimates follow
easily for example from [16] theorem 4.9:

< K (llull oo + 117 0l len o))

lulleze ar) < K (
<K (14117 w)lles, @) - (5.43)
The constant K only depends on n, «, ||a;||a () the ellipticity constants of matrix

field (a;;);;—, and the parabolic distance of @, (z0) and Q2,(z) (which does not depend
on zg). In particular, the estimate does not depend on z.

Step 2: An estimate for || f(z, u)||cg/2(®). It remains to estimate Hf(x,u)HCg/Q(@).

This involves estimating the Holder seminorm of u on Q,,, for which we introduced
the notation [u]ca/g(@). With the help of a theorem from Krylov and Safonov, we

can estimate [u}ca/z(@) for a specific Holder-exponent @ = o, which depends on the

dimension n and the ellipticity constant p of (a;;)7;—;-

(see [15] theorem 4.3) state for (t1,z1), (t2,22) € Q2

The Krylov-Safonov estimates

fults, 1) = ultz, @) < N ([full gy + 1@ 0l gy ) d (), (t2,2))°

<N (1 + (3r) =+t HfHCO(T"x[O,l])) d((ty, 1), (t2, 72))"

Consequently, we have [U]Cg/Q(@) <N <1 + (37")#1 ||f||(]0(T"><[0,1])> =: C'. Here, the

constant N depends on the parabolic distance between 0Q3, and (9, (which does not
depend on the center z), the ellipticity constants of (a;;);';—; and the dimension n.
Consequently, C' does not depend on zj.

Using [U]Cg/z(ﬁ) < C, it is easy to see that ||f (a:,u)||cg/2(®) is bounded indepen-

dently of z;. We want to mention that, alternatively, the estimates for [u]ca/ (@) Can
a/2 T

be obtained with interior LP-estimates (see theorem 7.22 in [16]). We have already used
these estimates in the proofs of the lemmas 5.5 and 5.6. In this case, the estimates for
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5. Analysis of limits e — 0, b — o0

[u] Ca (@) Can be obtained for any «a € (0,1) by choosing appropriate p.

Step 3: Combining the estimates. Combining the estimates for || f(z, u)Hca (@) With

the estimates (5.43), we obtain that ||u||c2a N is bounded 1ndependently of zp.

QQT(
Therefore, we see from (5.42) that |[w|cog ) + HDuHCO )+ || D? ull oo @z 18
bounded independently of z. Consequently all these derlvatlves are bounded globally
and wu is globally Lipschitz-continuous. n

In the following lemma we show the existence of the limit functions ™ and w~. The
estimates of the previous proposition will be used to derive equations for u™ and u~.
With the help of these equations, it is proved that u* and «~ are constant.

Lemma 5.8 (Boundary values at infinity are constant) In the situation of lemma
5.5, the limits

ut(z) = tli+m u(t, z) and
—+00
u (z) = tg_moo u(t, )

exist locally uniformly in v € R™. The functions ut and u~ are constant. Furthermore,
there are only two possibilities for ut. We either have ut =1 or ™ = 0(f). For u~,
we have the inequality 0 < u~ < 6(f).

PROOF Step 1: Existence and periodicity of the limits. w(t,z) is monotone in ¢ and
bounded, so clearly the pointwise limits exist. From (5.27), it follows immediately that
ut(z) =ut(z+e¢) and v (x) = u™ (x + ¢;) for the unit vectors ¢;, i = 1,...,n. In other
words, uT and v~ are 1-periodic functions.

Step 2: Deriving a differential equation for ut and u~. We will now derive an equation
for u™ and u~ using the Lipschitz estimates from proposition 5.7. To this end, let Q and
Y be bounded domains in R™ with [0, 1]* C © € §'. Furthermore, let D and D" be the
cylindrical domains D = (0,7) x Q and D" = (—1,7T) x €. Consider the operator

n

L= at — Z aij(x)(?mj

ij=1

and the sequence of functions u,, (t, z) = u(t+m, x), as well as f,,,(t, z) = f(z, un(t, x)).
Then Lu,, = f, in D'. By proposition 5.7 we have || fm||Ca/ @) < C independently
a/2

of m. Interior Schauder estimates yield (as mentioned above, in this form they follow
easily from thereom 4.9 in [16])

lumlicze @) < K (Iltmllco + [ fnlley @) S KA+C)=C. (5.4
On the one hand, u,,(t, ) — u*(z) uniformly on D for m — 400, on the other hand

the estimate (5.44) implies by the Arzela-Ascoli theorem the existence of a subsequence,
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5. Analysis of limits e — 0, b — o0

such that dyu,,, Du,, and D?u,, converge uniformly on D. Due to (5.44), the limit

function is even a 012 - /2(D)—function, even though the convergence does not take place
in C? ’3/2(ﬁ). Therefore, we have u* € C? ’S/Q(E) (if considered as a function of ¢ and

r) and Lu,, — Lu* uniformly on D for m — oco. Moreover, fn(t,2) — f(z,u*(z))
uniformly on D for m — oo. Consequently, we can pass to the limit in the equation.
We obtain that u™ is a classical solution of Lut = f(x,u™) on Q. The t-derivative of
u™ vanishes, because ut does not depend on ¢. Since (2 was arbitrary, it follows that u™
is a classical solution of

Z aij(x)u;:_zj = —f(z,u") <0 on R™

1,j=1

By the same reasoning, u~ is a classical solution of

n

S ay(@)ug,,, = —f(z,u") <0 on R,

3,j=1

Step 3: Conclusion. Since u™ is 1-periodic, it must assume its minimum. Hence,
the minimum principle implies that u™ is constant. That in turn means Lu®™ = 0 and
therefore f(z,u™) =0 for all x € T™. Due to the same reasoning, u~ must be constant
(and satisfy f(x,u”) =0 for all x € T™).

By (5.28), there is 2y € [0, 1]™, such that u(d, o) > 6(f). Since u(t, z) is nondecreasing
in ¢, there holds u(t,x¢) > 0(f) for t > d. Since u(t,x) — u*(z) for t — oo and u™ is
constant, we obtain u™ > 6(f). Moreover, by (5.28), there holds u(—d, z) < 6(f) for all
x € [0,1]™. Therefore, we can deduce u~ < §(f) in the same fashion.

If now ut € (6(f),1), there exists x € T™ with f(x,u™) > 0 by the covering property
of f. This is a contradiction to f(x,u™) = 0 for all x € T™. Therefore, only the
possibilities u™ = 6(f) or u™ = 1 remain.

Lastly, we have to prove that the convergence for ¢ — +oo takes place locally uni-
formly. This can be deduced by Dini’s theorem, since u(t,z) is monotone in ¢ and we
already know that the limit functions «™ and u~ are continuous. n

Remark 5.9 The possibilities for u~ and u™ are slightly asymmetrical at this point.
Due to lemma 5.8, both uw~ and u™ are constant. However, for u™ there remain only two
possibilities u™ = 0(f) and u™ = 1, while there remains a continuum of possibilities for
u~, namely u~ € [0,0(f)]. The reason is that the covering property only concerns f(-, z)
for z € (0(f),1). Therefore, the information f(z,u~) =0 for all x € T™ does not help
to say anything about u~ here. Thus, for u~ any value in [0,0(f)] is still a possibility at
this point.

The possibilities for the combination of possible values of u™ and u~ will be reduced
further in the following lemma, which is the analogue of lemma 3.2 of |21].

Lemma 5.10 In the situation of lemma 5.5, consider the constants ut and u~ from
lemma 5.8. If u™ satisfies ut = 0(f), then u = 0(f) on R™ and consequently u~ =

0(f)-
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PROOF In this proof, we will use the maximum principle in a slightly different way than
Xin does in the proof of lemma 3.2 in [21]. We do so, to avoid the use of lemma 6.1,
which corresponds to proposition 4.1 in [21]. We will use the fact that u is nondecreasing
to turn the usual one-side parabolic maximum principle into a two-sided one.

Let us begin with the proof. We know wu(t,z) — u® as t — oo for all z € R™
Therefore, if u™ = 6(f), the monotonicity of u in ¢ (lemma 5.5) implies u(t,z) < 6(f)
for all (t,z) € R™". This has two consequences. Firstly, u achieves its maximum 6(f)
due to (5.28). Secondly, due to the combustion property of f, we have f(z,u(t,z)) =0
for all (¢,z) € R"*!. Therefore, u is a classical solution of

—u+ Y () tg,e, = 0.
ij=1
Therefore, the strong parabolic maximum principle is available. Denote by (¢, zo) the
point, where u achieves its maximum wu(to, o) = 0(f). Due to the monotonicity of u in
t and u < 0(f), the maximum is also achieved in any point (£, zo) with # > #,. By the
maximum principle, u has to be equal to 6(f) in {(t,7) € R"* : ¢ < {} for any # > t,.
Hence, we obtain u = 6(f) on R™*. -

We want to remark that instead of using the combustion property of f in the previous
proof to infer f(z,u(t,x)) = 0 for all (¢, z) € R™ it would have sufficed to use property
(ii7) from definition 2.6 and obtain f(z,u(t,z)) <0 for all (¢,z) € R**.

Remark 5.11 Assume that in the situation of lemmas 5.5, 5.8, we can show u~ = 0.
Then it follows from lemma 5.10 together with lemma 5.8 that u™ = 1. In order to show
u~ =0, we need a special exponential solution of the equation that we can compare with
the solution of the (g, b)-problem as we pass to the limit.

5.2.3. The periodic principle eigenvalue and an exponential
solution

It is known that for elliptic operators L in nondivergence form with smooth and peri-
odic coefficients, there exists a unique real number A\, = \,(L) and a periodic positive
eigenfunction ¢ such that L¢ = A\,¢. This is mentioned, for example, in [7]. In [21],
Xin also makes use of it. However, we were unable to find a proof in literature for the
existence and uniqueness of \,(L) and a source for its further properties. In particular,
we need to know how \,(L) depends on the coefficients of L. Therefore we want to give
a proof for the results that we need. First, however, we have to solve the linear problem
in the periodic setting. After that we show the existence of )\, and its properties. We
then apply this result to obtain a special exponential solution, which we can use as a
comparision function to show u~ = 0.

Lemma 5.12 (Solvability of the linear periodic problem) Consider the elliptic
operator L given by

n

Lu = Z i (2)Uga; + Z bi(z)uy, + c(x)u.
i=1

ij=1
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5. Analysis of limits e — 0, b — o0

We assume that L has C%*(T™) coefficients and that c(x) < ¢y < 0 for all z € T". For
some > 0, the matriz field is assumed to satisfy

wll€l)? < Z ay(2)6& < p €] for all € €R™ and x € T™.

i,j=1

Then for every f € C%*(T™), there is a unique solution u € C*(T™) of Lu = f. More-
over, u has the reqularity u € C**(T™) and satisfies the estimate

1 llgogrny

<
|col

||U||CO(Tn) = (5.45)

PROOF Step 1: Choosing an approximating sequence for the solution. We choose a
sequence of C*“domains ,,, C R", m € N, such that

Qp € Qgy and | J Q =R™.

m=1

Clearly, under the given assumptions, there is a unique solution u,, € C%%(€,,) of the

problem
Lu,, = fin Q,,, Uy, = 0 on 0€,,.

Step 2: A maximum estimate for u,,. There holds

L(wammwvzf@—Hmme@ZO

|co |col

It follows from the weak maximum principle that

.f n f n
sup [, — oo 0 oo ) _ (5.46)
o |col o |col .

for every m € N. Similarly,

L(WAJ”%“”)zfumﬂmbW“amso

|col |col

and by the weak minimum principle

inf | w,, + WHC& > inf | u,, + WHC& =0. (5.47)
Qi |col O |col B

Together, (5.46) and (5.47) imply

/ n
| oy < ch# for every m € N. (5.48)
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5. Analysis of limits e — 0, b — o0

Step 3: Local C*“-estimates for u,,. Let Q and Q' be bounded domains in R" with
Q2 € . There exists myg = mo(Y') € N, such that ' € Q,, holds for m > my. For
m > my, interior Schauder estimates yield together with (5.48):

umllza@ < € ([ltmlloogp, + 1 llcoe))

1/llgogz
<C (T” 1 fllcoey | (5.49)

The constant C' depends on n, «, the coefficients of L, on Q and ', but not on m.
Therefore, the right hand side of (5.49) does not depend on m. Hence, we obtained
C’foc -estimates for u,,.

Step 4: Passing to the limit. By the Arzela-Ascoli theorem and a diagonal argument,
we can therefore choose a subsequence, such that u,, — uin C?_(R™). From the estimate
(5.49), we even obtain u € Cr.%(R"), even though the convergence only takes place in

CE.(R™). By the C?_.(R™) convergence of u,,, we can pass to the limit in the equation
and obtain Lu = f on R™. Moreover, by (5.48) we deduce

1 1lgogrny

o (5.50)

||u||L°°(]R") =
In particular, v is bounded.

Step 5: Periodicity and Uniqueness of the solution. With the help of theorem A.1, we
can conclude that u is periodic: The assumptions of the theorem are satisfied because
for the constant function v = 1 we have —Lv = —c¢(z) > —c¢p > 0 and v is clearly
nonnegative. Let e; be the ¢ — th unit vector and define u(z) = u(x + ¢;). By the
periodicity of the coefficients of L and the periodicity of f, we obtain Lu = f. Therefore,
there holds L(u—1u) = 0 and v — @ is bounded. Theorem A.1 (ii) implies (note OR™ = (),
therefore no boundary values have to be checked) that w — @ = 0. Since i = 1, ...,n was
arbitrary, we conclude the periodicity of u. Due to the same reasoning, we also obtain
the uniqueness of the solution. From u € CQO‘(R") and the periodicity, we deduce

loc

u € C**(T"). The claimed estimate for ||ul|co¢rny follows from (5.50). n
The solution of the linear problem will now be used to obtain the existence of the

periodic principle eigenvalue. The proof uses the Krein-Rutman theorem.

Lemma 5.13 (The periodic principle eigenvalue) Consider the elliptic operators
L and Ly, which are given by

n

Lu = Lou + c(z)u = Z ij (T)Ug; + Z bi(x)uy, + c(x)u.
ij=1
We assume, that they have CO“(T™) coefficients and for some ju > 0, the matriz fields
satisfies

p gl <Z% (2)&&; < IE]]° for all § € R™ and x € T™.

i,j=1
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5. Analysis of limits e — 0, b — o0

(a) There is a unique N\, = A\,(L) € R, such that there exists a I1-periodic function
¢ € C*(T™) with ¢ > 0 and Lo = \,¢. Moreover, ¢ € C**(T") and ¢ is unique
up to multiplication with a positive constant. A, is called the periodic principal
eigenvalue and ¢ the periodic principal eigenfunction of L.

(b) Assume c1,co € CO(T™) with ¢1(x) < co(x) for all x € R™ and define the operators
Lju = Lou + ¢j(x)u for j = 1,2. Then there holds \,(L1) < A\,(Ls). Moreover,
for the operator L, there holds

inf c(z) < A\, (L) < sup c(x). (5.51)

zeT™ xeTn

(¢) For m € N, consider the elliptic operators L™ which are given by
LMy = Z al(-;n) (2)Ugye; + Z bgm)(x)ux + ™ (z)u.
ij=1 i=1

We assume that each L™ satisfies the same assumptions as L. Furthermore, for
1 <1i,7 <n, we assume the following convergences of the coefficients:

(m)

a;; — Q; — 0 for m — o0,

’ 4 Teo.a(rny f

Hbgm)—bi — 0 for m — oo and
CO,a(Tn)

Hc(m) — CHC&Q(TM — 0 for m — oo.

Then A, (L'™) — X, (L) for m — oc.

PROOF (a) Step 1: Existence. We show the assertion with the Krein-Rutman theorem
as it is given in [8] theorem 1.2. For { € R, we define the operator Leu = Lu — Eu.
We choose ¢ sufficiently large, such that c¢(x) — & < ¢y < 0. Then by lemma 5.12, for
every [ € C%%(T™) and in particular for every f € C'(T™), there is a unique solution
u € C**(T") of the problem —L¢u = f. Therefore with X := C*(T™), the operator
T:X =X, f— (=L¢)*(f) is well defined.

We show that the operator 7" is compact: Set u := T'f, which is equivalent to —L¢u =
f. By (5.45) we have
[l cogrm)

o

We choose a bounded domain 2 with [0, 1]™ C €. Then interior Schauder estimates yield

HUHCO(Tn) <

L e ([ e [ ey

1o .
<C <T) + [ llcoa@ | < Cllfllern) -
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5. Analysis of limits e — 0, b — o0

Hence, we have HTfHCQ,a(Tn) <C Hchl(Tn). Consequently, 7' is a compact linear oper-
ator from X to X.

Let K = {u € CY(T") : uw > 0} be the cone of nonnegative functions. Clearly, this
cone has a nonempty interior. In other words, it is a solid cone. The interior is given by
K°={uelCYT"):u >0}

We have to show that 7" is a strongly positive operator. (Every cone induces a partial
ordering on a Banach space. See [8] chapter 1.) By definition, this means that we have to
show T'(K'\{0}) C K°. To this end, let f € K\ {0}, thatis f > 0, but f # 0. As above,
set u := T'f, which is equivalent to —L¢u = f. The function u does achieve its minimum
due to periodicity. There are two possibilities. Either u is strictly positive or u assumes
a nonpositive minimum. Assume the latter is the case. Then, by the minimum principle,
u has to be constant and u < 0 holds. This implies f = —Leu = —(c(z) — §u <0, in
contradiction to f > 0, f # 0. There remains the only possibility v > 0, that is u € K°.
Hence, T is a strongly positive operator.

Altogether we know that T : X — X is a compact linear operator and strongly
positive. We can therefore apply the Krein-Rutman theorem (theorem 1.2 in [8]). We
obtain that the spectral radius r(7") is positive and 7(7’) is a simple eigenvalue of 7" with
an eigenvector ¢ € K°. Moreover, there is no other eigenvalue with an eigenvector in
Ke.

Hence, we have (—L¢) ' (¢) = T = r(T)¢. This implies ¢ € C**(T™) and due to

r(T) > 0 also —= gb = —L¢¢p. We can write thisas Lo = (f—ﬁ)qﬁ Hence, \ = (f—ﬁ)
is an elgenvalue of L with positive eigenfunction ¢ € C%*(T™).

Step 2: Uniqueness. Suppose there is a function gb € C*(T") with ¢ > 0 and a
real number A, such that Lqﬁ )\QS With L¢ as in step 1, we can rewrite this as

—ngb (& — /N\)(b This implies £ # ), because otherw1se —ngb = 0 and thus ¢ = 0.
However, we assumed gb > 0. Therefor

Since gb € K°, = /\)

A from the end of step 1. This finishes the proof of (a).

(b) Denote by ¢; and ¢y the periodic principle eigenfunctions of L; and L. Since
they can be chosen up to multiplication with positive constants, it is possible to choose
them in such a way that

— 7(T). Hence, A = \ with the

ma}:‘: ¢1 - qbg = ¢1([L’0) - qbg(xo) =0. (552)

zeT

We have

Ligr — Lao = Lo(¢1 — ¢2) + c1(@)dr — c2(w)d2 = Ap(L1)dr — Ap(L2)p2.  (5.53)
Due to (5.52), we have Ly(¢1 — ¢2)(z9) < 0 and ¢y(z9) = ¢a(xp). Using this in (5.53),

we obtain
(c1(zo) — c2(wo))d1(x0) = (Ap(L1) — Ap(La)) @1 (o).

Since ¢; < ¢g and ¢; > 0, we deduce 0 > (c1(xg) — ca(z0))p1(x9) and consequently
)‘p(Ll) < )‘p(L2)-
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5. Analysis of limits e — 0, b — o0

_ In order to prove (5.51), we observe that for a constant ¢, the operator given by
L¢ = Lop + ¢¢ satisfies \,(L) = ¢ with a positive constant as eigenfunction. There-
fore, (5.51) follows from the just proved monotonicity of A, in the zeroth order coefficient.

(c) Step 1: Estimates for the periodic principal eigenvalue and eigenfunction. Let ¢(™
denote the periodic principal eigenfunction of L(™. This means

n

L™ g(m) — Z mﬂj + Zb(m ¢(m + ™ ()™ = )\, (L(m)) ™.

3,j=1

Equivalently, by defining a new operator M (™, this can be written as

MM =3 7 ai? ()l +Zb oL + (e () = &y (L)) ™) = 0.

ij=1

Since ¢(™ is only unique up to multiplication with a positive constant, we can choose

#™ such that quﬁ(m)HCo(Tn) = 1. Due to the inequality from (b), we have |/\p (L(m))| <

Hc(m)H co(my” From this inequality and the assumed convergences for the coefficients,
we deduce that there exists mg € N, such that for m > mg the following estimates for

the coefficients hold:

Hc(m) — A (L(m)) | ‘COvO‘(T”) =2 ‘ ’C(m)HCOva(T") <2 ||C||001“(T") +1, (5.54)
m) (m)
‘ COa ") < HbiHCO’a(Tn) + 1’ ‘ aij ‘ C0,0{(T”) S HainCO’a(Tn) + 1’ (555)
as well as
-1
||g|| < Z a (2)g; < (g) l1€][? for all € € R" and o € T" (5.56)

1,7=1

By M™¢(m) =0, (5.54), (5.55) and (5.55), one can see from interior Schauder estimates
and the periodicity of ¢(™ that

167 caamy < C 16" llgogry = - (5.57)

The constant C' depends on the bounds obtained in (5.54), (5.55) and (5.55), on « and
on n, but not on m.

Step 2: Passing to the limit. As we have seen above, )\, (L(m)) is a bounded sequence
due to ‘)\p (L(m))’ < Hc(m)HCo(Tn) and (5.54). Moreover, due to (5.57), qﬁ(m)HCQ’a(Tn) <
C'. Therefore, for any subsequence, we can choose another subsequence, such that the
following holds: There is a function ¢ € C%(T") with ¢ > 0 and H(b‘

=1, as
co(rm)

well as real number ), such that ¢(™ — ¢ in C2(T™) and ), (L) — A for m — oco.
Passing to the limit, we see Lo = M\o.
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5. Analysis of limits e — 0, b — o0

We want to use the uniqueness of the principle eigenvalue to conclude A = . In order
to do so, we still have to show the strict inequality gb > (0. Only then it will be clear,
that (b is a periodic principle eigenfunction of L. The weaker inequality qb > 0 is already
known. Assume that there exists 2o with ¢(20) = 0. We write Lo = A as

Z az] gbzlzj + Z b ) ~>Q~5 -

i,7=1

Hence, the strong minimum principle implies ¢ = 0 irrespectively of the sign of c(x) — A

gb‘ I — 1. Consequently, the strict inequality ¢ > 0
co(Tn

holds. Therefore, we know that ¢ is a periodic principle eigenfunction of L. By the

uniqueness of the periodic principle eigenvalue, this implies A = \,(L). We have shown

that any subsequence has another subsequence with A, (L(m)) — A\p(L). But this means
the convergence of the original sequence as claimed. n

But this is a contradiction to ‘

Lemma 5.14 (Exponential solution) Let ¢ be the wavespeed from definition 5.1.
We recall the estimates ¢; < & < ¢y < 0 for 0 < € < gy and b > by. Consider the
equation

LU = Uy, + Z aij (y) (ks + 9y, (k05 + 0,,)U + =*U, = 0. (5.58)

1,j=1

Then there are a real number w.y, > 0 and a function W=* € C?(T™) with V=*(y) > 0,
such that (5.58) has the solution

O0(s,y) = e T (y).
For w.y and V&P, the following estimates hold:

inf  w.p > wy >0 inf Vb (y) =1 su Ueb(y) < C < o0.
0<e<ep,b>bo wb =0 " 0<e<eo,b>bo,yeT™ (y) 70<5§50,b21?70,y€T" (y) o
(5.59)

PROOF The proof is a variation of the proof of lemma 3.3 in [21], see remark 2.21.
Step 1: Reformulating the problem with the periodic principle eigenvalue. Consider

the ansatz
D70 (s,y) = e T=0(y).

Writing more shortly w for w., and ¥ for ¥** the ansatz yields the equation

0= Lz—:,bq)s,b
= (e +7(y))w?e* U + v Z aij(y)Wy,y, + 2we™” Z a;j(y) k¥, + wc'e U,
i,j=1 i,j=1
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5. Analysis of limits e — 0, b — o0

This is equivalent to

W= Z&T—i-T

i,j=1

>a”( YiYj + 2w Z a@] )ki\pyj + w—ce’b\If.

,Jl

(y

We define the coeflicients

1 1
eg,b,w e,bw
A = , bf’ =9 ——Qy; kl
az; () Hr(y)a](y) 2 (Y) w;:l HT(y)aJ(y)
and ]

e,b,w — a,b‘

" (y) w—g—i—r(y)c

With these coefficients we define the elliptic operator M, = MS* by

n

e . &,bw &,bw e,bw
MDY = Z ai; (Y)W, + ij (y)¥,, +¢ M2

ij=1 j=1

Then the equation can be written more shortly as M, ¥ = —w?¥.

Step 2: The existence of w*? and its estimate. By step 1, we have to find w = w.
such that the periodic principal eigenvalue of M,, equals —w?. Due to lemma 5.13 (c),
Ap(M,,) depends continuously on w. Hence, we can use the intermediate value theorem
to find w. From the inequality (5.51) and the negativity of ¢, we obtain

eb e,b
YoM < S Y <o (5.60)

5"i_rmin o o 6_{'Tmax

C

This implies —w? > A\, (M,,) if 0 < w < — +: — and —w? < \p(M,,) f w > — +:m. By

the intermediate value theorem, there is w = w.p with A\, (M5’ ) = —w?,. From (5.60),
we obtain furthermore

Co Cz—:,b Cs,b - ¢

—— < <w,<———— < -

€0 + T'max €+ T'max €+ T'min o T'min

(5.61)

Therefore, the existence of the exponential solution is proved, as well as the estimate

c
inf wsbz——Q = wy > 0.
0<e<eg,b>by €0 + Tmax
Step 3: The estimates for ¥5*. The corresponding eigenfunction ¥ to )\p(Mjfb) is
only unique up to multiplication with a positive constant. Hence, the function ¥&? can
be chosen such that

1n7f Wb (y) =1 for every 0 < £ < 9,0 > bo.
yerm
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5. Analysis of limits e — 0, b — o0

Then, the second property of (5.59) is satisfied by this normalization.

The last of the properties will follow from the Harnack inequality. Let us check the
assumptions for the inequality. We have Mgb W=t = —w? ¥, By putting Mg =
MSP 4 w?, we can write this as Mj;bb U=t = 0. With the help of (5.61), it is clear that

the coefficients of Mj;bb have L*°-bounds that do not depend on € or b. The matrix field

(a5
is on €. One can see that the family of matrix fields {(a;b,ws,b)szI 10 <e<egp,b>b}
admits an ellipticity constant that only depends on ;. We choose a ball Br(0) with
[0,1]" C Bgr(0). Then we apply the Harnack inequality (see for example Corollary 9.25

in [12]), which by Mg® ¥=* = 0 and =" > 0 gives us

actually does not depend on w, ; and not on b either. The only dependence

sup \Ife’b(y) = sup \If‘g’b(y) <C inf \IJS’b(y) =C.
yeT™ y€BR(0) yEBR(0)

The constant C' depends on n and the bounds for the coefficients and the ellipticity
constant. Therefore, C' is independent of ¢ and b. The third property in (5.59) is
proved. n

5.2.4. Behavior of u at infinity

We are now ready to show that our limit function u from lemma 5.5 shows the correct
behavior at s = 400.

Lemma 5.15 Consider the situation of lemma 5.5. Then the constants u™ and u~ from
lemma 5.8 satisfy u= =0 and u™ = 1.

PROOF The proof of the lemma is essentially as in the proof of theorem 0.1 in [21]. It
only remains to show that v~ = 0. Then u™ = 1 follows automatically as explained in
remark 5.11.

We recall that u(t, z) is the limit function of a sequence u**" from lemma 5.5, where
u=® was defined in definition 5.1 via the coordinate transformation (s,y) = (k-z—c*, )
of the function U*(s,y). In order to show u~ = 0, we compare U*® with the exponential
solution ®=t(s,y) = e“=+*W=t(y) from lemma 5.14. Due to the estimate (5.59) we have
U=l > G(f). Moreover, 0(f) > U=’(s,y) for s < 0 holds by normalization of U** and
the monotonicity of U%® in s. Consequently, we have f(y, U%%(s,y)) = 0 for (s,y) €
[—b,0] x T™ due to the combustion property of f. Hence, U’ satisfies

eUSP + Z a;;(y)(kiOs + 0y, ) (k;05 + 8yj)U€’b + U = 0in [—b,0] x T™.

ij=1

Therefore, W&t := Usb — $=P satisfies

eWEP + Z a;j(y) (k05 + 0,) (k;0s + ayj)Wa’b 4+ EPWEb =0 in [—b, 0] x T™.

ij=1
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5. Analysis of limits e — 0, b — o0

At the boundary, we have
(0, y) > 0(f) > U(0,y) for all y € T"

and
O (—b,y) > 0 = U (—=b,y) for all y € T™.

We thus have W=? < 0 on 9((—b,0) x T"). Due to the 1-periodicity in y we can apply
the strong maximum principle to W?. We obtain W= < 0 on [—b,0] x T™. Applying
the estimates (5.59), we obtain

Ut (s,y) < (s, y) = =2 U (y) < Ce*0* for all (s,y) € [—b,0] x T™.
In (¢, x) coordinates, this means

ut(t,z) < Cexp(wo(k - v — %))

{ —b—k-x O—k-x}
on §(t,r): ——— <t < ———— 0.

_CE,b _CE,b

If we now take ¢ = ¢,, and b = b,, from lemma 5.5 and let n — oo, we obtain

u(t,z) < Cexplwy(k -z — ct))

on {(t,x) < m}

—C

This implies u(t,z) — 0 for ¢ — —oo locally uniformly (we recall ¢ < 0) in x and
therefore u~ = 0. This implies that both boundary values u~ and u* are as claimed. g

We want to remark that, as in the proof of lemma 5.10, instead of using the combustion
property of f to infer f(z,u(t,z)) = 0 for all (¢,z) € R"", it would have sufficed to use
property (ii7) from definition 2.6 and obtain f(z,u(t,z)) < 0 for all (¢,z) € R**1.

5.2.5. The strict inequalities 0 < u <1 and u; > 0

Lemma 5.16 In the situation of lemma 5.5, the function u satisfies the strict inequality
0<u<l.

PROOF Step 1: The inequality u < 1. Suppose there is (o, xo) such that u(tg, z¢) = 1.
From f(z,1) = 0, we obtain:

0=—u + Z ij (T)Ug; + f(2,0)

ij=1

= _(u - 1>t + Z a’ij(x)(u - 1):B¢:ch + f<x7u) - f(&?, 1)'

4,j=1
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5. Analysis of limits e — 0, b — o0

We define Flou) — fla1)
z,u) — f(z, .
d(t,z) = u—1 ifuzl
fo(x,1) ifu=1

The function d is continuous and bounded. We obtain the equation

0=—(u—1)+ Y ay(@)(u—1)a0, +d(t,z)(u—1).

i.j=1

Since (u —1)(to, xo) = 0, the function u — 1 obtains its maximum with the value 0. Due
to the parabolic maximum principle we obtain u = 1 for ¢ < t; irrespectively of the
sign of d(t,z). However, this contradicts u(t,z) — 0 for ¢ — —oo. The strict inequality
u < 1 is proved.

Step 2: The inequality 0 < u. To show 0 < u, we have to work differently. The reason
is that we could use the usual left-sided parabolic maximum principle to show v < 1,
but we need a right-sided minimum principle (or a two-sided one) to show 0 < u. We
have

n
—up + Z ij () Uge; = — f(z,u) < 0.
ij=1

The inequality for f holds due to the combustion property. If u(to, z¢) = 0, the parabolic
minimum principle implies © = 0 for t < t;. However, as opposed to the situation in
the proof of lemma 5.10, this does not help. Moreover, the monotonicity does not help
to turn the one-sided parabolic minimum principle into a two-sided one. Instead, the
condition (5.27) helps us to do so. We refer forward to lemma 6.1 (), which implies
u =0 on R"". This contradicts u(t,z) — 1 for t — oco. Hence, 0 < u.

Again, we remark that it is possible to avoid to use the combustion property of f in
step 2 by using a linearization as in step 1. n

Lemma 5.17 In the situation of lemma 5.5, the following holds for the function u: The
time derivative u; satisfies the strict inequality u; > 0 .

PROOF From lemma 5.5 we already know u; > 0. We could use the additional regularity
from lemma 5.6, reformulate (5.37) into a weak form and use a strong maximum principle
for weak solutions. Instead we are going to give an argument with a Harnack inequality,
that does not involve the additional regularity. See remark 2.22.

Suppose there is (o, x¢) such that u(tg, o) = 0. For h > 0, we consider the difference
quotient of w in ¢:

t,x) —u(t,r)  u(t+h,z)—u(t,x)
h o h ‘
Due to the equation (5.26), the difference quotient v" classically satisfies the equation

—ol 4 i aij(m)v;fixj + f(a:,uh)h— f(z,u) = 0.

ij=1

v"(t,x) = Dlu(t,z) = u
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5. Analysis of limits e — 0, b — o0

We define the coefficient d" by

f($7 uh(t7x)) — f(l‘, u(tv I))
d"(t,z) = uh(t,x) —u(t, x)
fo(z,u(t, z)) if u"(t, ) = u(t,z).

if u(t, ) # ult, )

Clearly, d" is continuous for every h > 0 and bounded by ||f.||,0 (70,1 1ndependently

of h. By the regularity of the matrix field (aij)zjzl, we see that v” is also a weak solution
of

_U{L + Z axj (aw($)’021) - Z(Z axj (a,](a:))vgl) + dh(if7 gj)vh. (562)

i,j=1 =1 j=1

Since v" is nonnegative on R"*! due to the monotonicity of u in ¢, we can apply the

Harnack inequality from theorem 6.27 in [16]. With slight change of the notation in [16]
we set

Q((t,z), R) = {(t,7) e R"* 1 d(({, %), (t,2)) < R, T < t}
and O((¢,x), R) := Q((t — 4R? ), R). Then the Harnack inequality reads:

sup V"= sup "< C  inf oM (5.63)
Q((to—R2,20),R/2) O((to,x0),R/2) Q((to,@o),R)

The constant C depends on R, an ellipticity constant for the matrix field (a;;);;—;, on
L*>-bounds for the coefficients in (5.62), but not on the specific coefficients. This is
important, since d" depends on h. As stated above, d" is bounded by || f.I|co¢m o1
independently of h. The other coefficients are independent of h altogether. Hence, C
does not depend on h.

For every fixed R, the right hand side of (5.63) converges to 0 as h — 0. This is due to
the assumption that (¢, o) = 0 and because of v"(ty, 10) — us(to, 7g). It follows that
" — 01in Q((to — R?, x9), R/2). Consequently, we have u; = 0 in Q((to — R?, o), R/2).
Since R > 0 was arbitrary, we can deduce from this that w;(¢,z9) = 0 for every t < t,.
From lemma 5.8 and lemma 5.15, we know u(¢, z9) — 0 for t — —o0. Therefore, it follows
that u(tg, o) = 0. But by lemma 5.16, there holds the strict inequality 0 < u < 1, which
is a contradiction. Hence, u; > 0 € R"*! is proved. =

5.2.6. Conclusion of the existence proofs

Under the assumptions of either of the theorems 2.8, 2.9 or 2.10, the assumptions of
lemma 5.5 are met. The limit function u from this lemma is a classical solution of
(5.26), that is of (2.3). Moreover, u satisfies the periodicity condition from (2.4) and
0 < u < 1. The functions u has the desired behavior at infinity due to the lemmas 5.8
and 5.15. Therefore (2.4) is satisfied and consequently u is a traveling wave solution of
type I. Moreover, by the lemmas 5.16 and 5.17, the strict inequalities 0 < u < 1 and
u; > 0 hold. This finishes the proofs of theorems 2.8 and 2.9. To finish the proof of
theorem 2.10, it remains to apply lemma 5.6 (i7).
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6. Monotonicity and uniqueness of
traveling wave solutions

6.1. Minimum principles

In some situations, the usual left-sided parabolic minimum principle is not sufficient. By
the periodicity condition of traveling wave solutions, it is possible to deduce two-sided
minimum principles from the usual one-sided one. As opposed to proposition 4.1 in [21],
we state the following minimum principle in nondivergence form, which makes it possible
to lower the regularity assumptions for the monotonicity and uniqueness. Also, we think

that our proof of the minimum principles is simpler than the proof of proposition 4.1 in
[21].

Lemma 6.1 (Two-sided minimum principle) Consider the domain D, where either
D =R x R" or for some q € R either

k.
D:{(t,x)eRxR”:t<u}
—C
or

—C

D:{(t,x)ERxR”:t>w}.

On D, let the operator L be given by

Lu = —u; + Z ij () Ugye; + B(t, x)u on D.

ij=1

For the coefficients of L, we assume: The matriz field (ai;)};—, is uniformly elliptic,
continuous and 1-periodic. The coefficient (8 is continuous. Moreover, for a real number
¢ < 0 and a unit vector k, there holds 5(t,x) = (8 (t + kTe, x4+ ei) for the standard unit
vectors e;, 1 = 1,....n. Let u be a classical solution of the differential inequality Lu < 0
on D with u(t,x) = u (t + k—f’,x + ei) fore;,, 1 =1,...,n. We suppose that u achieves
its minimum at a point (ty,zo) € D. Assume that one of the following three conditions

holds:

(i) B=0in D,

(17) B <0 in D and u(ty, zo) < 0,
(i7) uw >0 in D and u(to, zo) = 0.

Then w is constant on D.

114



6. Monotonicity and uniqueness of traveling wave solutions

PROOF Let m = u(ty,x0). If one of the conditions (i), (i7) or (iii) holds, we can
apply the usual strong parabolic minimum principle (see for example [11] chapter 2
section 2 theorems 4’ and 5). We obtain v = m on D N {t < tp}. Since k is a unit
vector, there is a j such that k; # 0. In every case, the domain D has the property

that (to —i—l%,xo - lej> € D if and only if (t9,z9) € D. Because for any | € Z, u
also achieves its minimum m at (to +1 %,xo + lej>, we can conclude that © = m on

Dﬂ{tﬁto—kl%} for any [ € Z and therefore u = m on D. -

6.2. Proof of the monotonicity theorem 2.11

We recall that in theorem 2.11, (ay;)7;—; only needs to be a C°(T™)-matrix field, which
is symmetric and uniformly elliptic.

PROOF (OF THEOREM 2.11) Step 1: The strict inequality 0 < u < 1. The first step is
to show 0 < u < 1 in R x R™. However, this can be deduced from (2.3) exactly in the
way as in the proof of lemma 5.16.

Step 2: The inequality v, > 0. Some things are easier described in (s, y)-coordinates
than in (¢, z)-coordinates and vice versa. Therefore, we will use both coordinate systems
in the proof. We define the coordinate transformation (s,y) := (k-x —ct,y). The inverse
transformation is given by

(00 =T(s) = (2.

—C

With the help of the transformation 7', we define the function U by

U(s,y) =u(T(s,y)) = u(t,z).

Let us remark that the function U is not necessarily a classical solution of (2.5), because
this might require additional regularity. We refer to lemma 5.6. However, the function
U does satisfy (2.6). The uniformity of the boundary conditions comes from the fact
that u assumes its boundary values locally uniformly in z and the transformed function
U is 1-periodic in y.

We define the shifts Uy(s,y) := U(s+ A, y) in (s, y)-coordinates and the corresponding
shifts ux(t,2) == u (t+ 2,z) in (¢,z)-coordinates. Then we have Uy = uy o T. For
A > 0, we consider a function W) in (s, y)-coordinates, which is given by

W,\(S,@/) = U(S + >‘7y) - U(Svy) - U)\(S7y) - U(Say)'

Furthermore, we consider the corresponding function wy in (¢, x)-coordinates, which is
given by

wi(t,z) = u (t + _ic :v) —u(t,z) = un(t, x) — ult, 2).
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6. Monotonicity and uniqueness of traveling wave solutions

Again, we have W) = wy o T.
Let 0 be as in property (iii) of definition 2.6. There exists € < 6, such that

f2(y,2z) <0 forall (y,2) € T" x [1 —¢,1], (6.1)

as assumed in the theorem. Due to the combustion property of f and 0 < € < 6, there
also holds

fly,z) =0 for (y,z) € T" x [0, ¢]. (6.2)
Since U satisfies the uniform boundary conditions in (2.6), there exists some N = N(g) >

0, such that
|U(s,y) — 1| <eif s > N,

6.3
|U(s,y)| <eif s <—N. (6:3)

Step 2a): Three assertions concerning minima. We formulate three assertions:
Assertion 1: There holds either wy > 0 on R x R™ or w), has a global minimum.
Assertion 2: If w, has a global minimum and minw, = 0, then wy = 0.

Assertion 3: If wy has a global minimum and wy(to, zo) = wx(T (S0, yo)) = minw, < 0,
then sy € [-N, N].

Assertion 1 follows from the fact that wy(7T'(s,y)) — 0 for s — oo uniformly in y
and that wy(7T'(s,y)) is 1-periodic in y, as well as the continuity of w,. Assertion 2 can
be seen as follows: By shift-invariance of (2.3), we obtain for w), the equation

—wy + Z Aij (D)W e, + f(T,un) — f(2,u) = 0. (6.4)
ij=1
We define the coefficient
1
Ba(t,x) = /fz (:mfu (t + _ic,x) + (1 = &ult, :17)) d¢

0
1

- / £ (2, €U(s + A y) + (1 — O)U(s,y)) de. (6.5)

Using this coefficient, (6.4) can be written as

—Wy ¢ + Z aij(x)w)\%xj + /3)\<t,$)w)\ = 0. (66)

ij=1
Now Assertion 2 follows from (6.6) and lemma 6.1 ().

To prove Assertion 3 suppose first that sy € (—oo, —N). We have U(s,y) < ¢ for
s < —N, which is equivalent to u(t,z) < & < 6 for t < =22 Therefore, by (6.2), there
holds f(x,u(t,z)) = 0 on the domain

—C

N— k.
D:{(t,x)eRxR”:Kﬂ}.
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6. Monotonicity and uniqueness of traveling wave solutions
Hence, equation (6.4) implies

—wyy + Z 55 (2) Wy 4y, = — f(@,u5) <0 on D.

i,j=1

The usual parabolic minimum principle implies (we do not need lemma 6.1 here) that
wy is constant on D N {t < to}. However, this is a contradiction to w(t, o) — 0 for
t — —o00.

Now suppose sy € (IV,00). For s > N or equivalently for ¢ > , we see from (6.5)
and (6.1), that 8,(¢,2) < 0. Therefore, by (6.6) and lemma 6.1 (zz) we obtain wy =
wy(to,z0) <Oon {(t,z) ER X R": ¢ > N N=bxl  This is a contradiction to wy (¢, zg) — 0
for t — oo. The only remaining possibility is so € [—NN, N] as claimed. Hence, Assertion
3 is proved.

Step 2b): Large A. In this step, we prove that there exists A\g > 0, such that wy > 0
for A > X\g. (Actually wy > 0 would be sufficient, but the proof is practically the same.)
Due to the inequality 0 < u < 1 (and likewise for U) from step 1, we have

N—k-x

ma; U(s,y) =M < 1.
sE[fN,N]),(yET” ( y)

Since U satisfies (2.6), we can choose Ay sufficiently large, such that A > A implies
U(s+ A y) > M for s € [-N, N],y € R". Then we have

wx(T'(s,y)) > 0 for (s,y) € [N, N] x T™ and X > \o.

We continue by showing that we even have wy > 0 on R x R” for A > \q. For fixed
A > Ag either wy > 0 on R x R" or w), has a global nonpositive minimum by assertion 1.
In the latter case, we either have w) = 0 by assertion 2, if the minimum has the value 0.
But this is a contradiction to wy > 0 in T'([—N, N] x T™). Or, when we have a negative
minimum, we obtain a contradiction from assertion 3. Therefore, the only remaining
possibility is wy > 0 on R x R™.

Step 2c): Arbitrary X\. We define

= inf{\ > 0:wy > 0}.

The set on the right hand side is not empty due to step 2b). If u = 0, it follows that
u; > 0, since 5 — u; pointwise for A — 0. In order to show p = 0, we assume for a
contradiction that u > 0. The inequality w, > 0 holds by definition of y and continuity
of wy(t,x) in A. By assertion 2, there either holds w, > 0 or w, = 0. Suppose for
a contradiction, that w, > 0. Due to the minimality of y and Assertion 1, there is a
sequence 0 < p, ' p and (s,,y,) with

Wian (T'(80yn)) = min wy, (T(s,y)) < 0.

Then s, € [N, N] by Assertion 3. Also, by 1-periodicity in y, the sequence y, can
be chosen such that y, € [0,1]". Consequently, we can find a convergent subsequence
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6. Monotonicity and uniqueness of traveling wave solutions

of (Sn,Yn, tn) and obtain a point (s,y) with w,(T(s,y)) < 0. This contradicts our
assumption w, > 0. Therefore, we find w, = 0.
That means w, —u = 0 or, in the (s, y)-coordinates,

U(s+p,y) —U(s,y) =0 for (s,y) e R x T".

In other words, U is periodic in s with u as period. However, U(s,y) — 0 for s = —o0
and U(s,y) — 1 for s — oo. This can only hold if p = 0. Accordingly, we have u = 0.
This is a contradiction to our assumption p > 0. Therefore p = 0 and thus u; > 0.

Step 3: The inequality u; > 0. Now that we know that u; > 0, we can see the strict
inequality u; > 0 by exactly the same argumentation as in lemma 5.17. n

6.3. Proof of uniqueness theorem 2.12

PROOF (OF THEOREM 2.12) Step 1: Rescaling. Suppose for a contradiction ¢ < ¢ < 0.
We recall the situation for v and «’. For u, we have

—us + Z aij(x)uxixj + f(ilf,U) = 07
ij=1

lim u(t,z) =0, lim u(t,z) =1 locally uniformly in = € R,
t——o0 t—ro0

ult, z) :u(t—i—

€;

T+ ei) for the unit vectors e;, 1 =1,....n

and 0 <wu <1.
For u/, we have

—u) + Z aij(x)ul,, + fz,u') =0,
ij=1
lim «/(t,2) =0, lim «'(¢,2) =1 locally uniformly in = € R,
t——00 t—o00

€;

u'(t,x) = (t + T+ ei> for the unit vectors e;, i = 1,....n

C/
and 0 < o/ < 1.
We want to rescale v/, so that it matches the periodicity condition of u. We define
c
a(t,x) = <gt,x> : (6.7)

Then

~ k-e; , [ c k-e; , [ c k-e;
ult+ , T+e | =u | =T+ ,T+e | =u | =t+ , T+ e
c c c c c
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6. Monotonicity and uniqueness of traveling wave solutions

Hence, the periodicity conditions for u and @ match. We have @,(t,z) = Suj (5t,z).

Due to u; > 0 by theorem 2.11 and ¢’ < ¢ < 0 by assumption, this leads to

@+ i i (2)ily, e, + f(,0) = (1 - CE) > 0. (6.8)

ij=1
The arguments in the equation are @ = @(¢, ) and u, = u, (C—C,t, :1:)

Step 2: Applying the sliding domain method. In analogy to the proof of theorem 2.11
we define

A
up(t,z) =u (t + _—C,:r;) and wy(t,z) = uy — u for A € R.

In contrast to the proof of theorem 2.11, we allow here any A € R instead of only A > 0.
By shift invariance of the equation for u in ¢, we have

—Uxt + Z az‘j(x)ux,xixj + f(@,uy) = 0.
i,j=1

Subtracting (6.8) from this equation, we obtain an inequality for wy:

—wri+ Y (@), + Faun) = flad) == (1= S)u <0, (69)

2,j=1

As in the proof of theorem 2.11, we will use both (¢, z)-coordinates and (s, y)-coordinates:
Define (s,y) :== (k- x — ct,x) and the inverse transformation

s—k-
<t7$) = T<Svy) = (_—cyay> .
With the help of the transformation 7', we define
U=uoTand U =1o0T. (6.10)

Moreover, we define the shift U, by Uy (s,y) := U(s+ A, y). Then also Uy = u,oT holds.
As in the proof of theorem 2.11, we note that U is not necessarily a classical solution
of (2.5) and neither has U to be a classical solution of the corresponding differential
inequality, because this requires additional regularity. However, U and U do satisfy
(2.6), in particular the uniform boundary conditions.

Let 6 be as in property (iii) of definition 2.6. By assumption on f in theorem 2.11,
there exists 0 < € < #, such that

f:(y,2) <O0for (y,2) € T" x [1 —¢g,1]. (6.11)
Due to the combustion property of f and 0 < & < 6, there also holds

fly,z) =0 for (y,z) € T" x [0, ¢]. (6.12)
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6. Monotonicity and uniqueness of traveling wave solutions

Because of the uniform boundary conditions for U and U, we can choose N = N (),
such that
U(s,y) — 1| <e and |U'(s,y) — 1| <e for s > N,

6.13
|U(s,y)| <e and |U'(s,y)] < e for s < —N. (6.13)

Step 2a): Three assertions concerning minima. As in the proof of 2.11, we will formulate
three assertions:

Assertion 1: There holds either wy > 0 or wy has a global minimum.

Assertion 2: If wy has a global minimum and minw, = 0, then wy = 0.

Assertion 3: If wy has a global minimum and wy(to, zo) = wx(T (S0, yo)) = minw, < 0,
then sp € [-N, N + A_], where A\_ = max{—A\, 0}.

Assertion 1 follows from the fact that wy(7'(s,y)) — 0 uniformly in y and that wy(7'(s, y))
is 1-periodic in y, as well as the continuity of w,. Assertion 2 can be seen as follows:
We define the coefficient

Bi(t,x) = /lfz <x,£u <t + _ic,:c) + (1 — 5)&(t,x)> d§

1
— [ £ (e A0+ 1= 00 de (614
0
Then, inequality (6.9) can be written as
—wys + Z ij (D)W gz, + Ba(t, v)wy < 0. (6.15)
ij=1

Now Assertion 2 follows from (6.15) and lemma 6.1 (i77). We remark that we did not
use the strict inequality in (6.15).

To prove Assertion 3 suppose first that sy € (—oo, —N). We have U(s,y) < ¢ for
s < —N or equivalently u(t,z) < € for t < N:—’C” Therefore, by (6.12), there holds
f(z,u(t,z)) = 0 on the domain

D:{(t,x)e]Rx]R”:t<w}.
—C

Then the equation (6.9) implies

—Wy¢ + Z Aij (T)W piz; = —f(7,ux) <0 on D.

2,7=1

The usual parabolic minimum principle implies (we do not need lemma 6.1 here) that
wy is constant on D N {t < to} with (¢y,x9) = T(s0,¥0). This is a contradiction to
wy(t, xg) — 0 for t - —o0.

Now suppose sp € (N+A_,00). For s > N+\_, which is equivalent to ¢ > M
we see from (6.11), (6.13) and (6.14), that §,(¢,z) < 0. Therefore, we obtain from (6 15)
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6. Monotonicity and uniqueness of traveling wave solutions

and lemma 6.1 (i7) that wy = wy(to,z0) < 0 on {(t,x) ERXR":t> w}

This is a contradiction to wy(t,z9) — 0 for ¢ — 0o. The only remaining possibility is
sp € [-N, N + A_] as claimed. Hence, Assertion 3 is proved.

Step 2b): Large \. In this step, we show that there exists Ay > 0, such that wy > 0 for
A > Ag. (Actually wy > 0 would be sufficient.) We have the inequality 0 < v’ < 1 from
theorem 2.11. The rescaled function @ from (6.7) and the transformed U from (6.10)
inherit this inequality. Hence, we have

max  U(s,y) =M < 1.

s€[—N,N],yeT"

Since U satisfies (2.6), we can choose \g > 0 sufficiently large, such that A > A\ implies
U(s+ A, y) > M for all (s,y) € [-N, N] x T". Then there holds

wx(T'(s,y)) > 0 for (s,y) € [-N,N] x T™ and A > \. (6.16)

Now for fixed A > A either wy) > 0 on R xR" or w), has a global nonpositive minimum by
assertion 1. In the latter case, we either have w, = 0 by assertion 2, if the minimum has
the value 0. But this is a contradiction to wy > 01in T'([-N, N]xT™). Or, when w), has a
negative minimum, we obtain from assertion 3 that is is taken in 7([—N, N+ A_| xT") =
T([-N,N] x T™) (since A > XAg > 0). This contradicts (6.16). Therefore, the only
remaining possibility is wy > 0 on R x R".

Step 2c): Arbitrary A. We define

pw=inf{A\ e R:wy>0onR xR"}.

The set on the right hand side is not empty due to step 2b). There holds —oco < pu < Ao
(0 = —oo is not possible due to the boundary conditions for v and ). From the
definition of 1 and the continuity of wy(¢,2) in A, we obtain w, > 0. By assertion 2
there either holds w, > 0 or w, = 0. Suppose for a contradiction that w, > 0 holds. By
minimality of 4 and assertion 1, there is a sequence p — 1 < u,, / p and (s, y,) with

W (T (50, 9)) = in w,, (T(5,)) < 0.

Then s,, € [-N, N+pu_+1] by Assertion 3. Due to the 1-periodicity in y, the sequence y,,
can be chosen such that y,, € [0, 1]". Consequently, we can find a convergent subsequence
of (Sn,Yn, pn) and obtain a point (s,y) with w,(T(s,y)) < 0. This contradicts the
assumption w, > 0. Therefore, we obtain w, = 0.

Step 2d): Obtaining a contradiction. From w, = 0, we obtain a contradiction to the
strict inequality in (6.15). Therefore, the assumption ¢ < ¢ must have been false and
we obtain ¢ > c.

Step 3: Ruling out ¢ < ¢’. By repeating steps 1 - 2d) with ¢ and ¢’ interchanged, we
obtain ¢ > ¢ and together ¢ = ¢.
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6. Monotonicity and uniqueness of traveling wave solutions

Step 4: Conclusion of the proof. In step 3 we have found ¢ = ¢’. The entire procedure
can be repeated with minor modifications to show u, = ' for some p directly. The
rescaling in step 1 is now unnecessary. Therefore, we can skip step 1. Then steps 2-
2¢) can be performed with a slight modification. The modification is that the strict
inequality sign in (6.15) is replaced with an equality sign. Note that the strict inequality
was never used in steps 2-2c¢), it was only used in step 2d). Therefore steps 2-2c) can be
repeated to obtain w, = 0 for some p € R. With ¢, := p, the ¢y of the theorem is found
and the proof is finished. -
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A. Appendix

Lemma A.1 (Berestycki, Hamel, Rossi [7]) Consider the operator given by
—Lu(x) = — Z a;;(x)0;u(zx Z bi(z — c(z)u(z)
ij=1

with ai;,bi,c € L>(Q) and (ai;)} =y uniformly elliptic. Let Q be a general unbounded
domain. Assume that there exist a positive constant € and a nonnegative function v €
C2Q) N C(Q) such that: —Lv > e >0 in Q and, if Q # R, infaqv > 0. Then we have
the following:

(Z) infqv > 0,

(i1) if u € C*(Q) N C(Q) is such that supgu < oo, —Lu < 0 and, in case 0 # R,
u <0 on dQ, then u <0 in Q.

PROOF See |7] lemma 2.1. -

Theorem A.2 (Berestycki and Hamel [4]) Let Q be an open subset of R x RN Let
(a)1<ij<n be a CHQ) symmetric matriz field such that there exists o > 0 with

(X, € A xRY, > ai(X)gg = algf

1<ij<N

Let (8")1<i<n be a CY(Q) vector field and f = f(X,u) be a CL.(Q x R) function such

that O, f is bounded in 2 x R. Let b > 0 be such that, for all1 <i,j7 < N,
HO‘”Hcl(ﬁ) + Hbchl(ﬁ) + ||a“fHL°°(QxR) <b
Let 0 < e <1 and let u be a solution of class C*(Q) N L2.(Q) of the equation
ety — up + o (X)uy; + B(X)u; + fF(X,u) = 0 in Q. (A.1)
Then, for all X € Q,
1
LX) <O (14—
Vf < (14 )

where

C = Culllull g () (O3¢5 () + 11Fl] 1o (1 pmenr) + IV [z (5, xmarap)

Bx = Byx,a0)/2(X), mx = infp, u, and Mx = supg, u. The constant Cy = C1(N,0,b)
depends only on N, o, and b.

PROOF See [4] theorem 1.2. -
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