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Fig. 1. Saw-toothed cylinder §2 and the curve y;.

1. Introduction

In this paper we study traveling waves for a curvature-driven motion of plane curves in a two-
dimensional cylinder §2 with spatially undulating boundary. The law of motion of the curve is given
by

V=k+A4, (1.1)

where V denotes the normal velocity of the curve, x denotes the curvature and A is a positive
constant representing a constant driving force. The domain £2 is given in the form

Q:={(xy)eR*|-H—-g_(y) <x<H+gy(y)fory e R},

where H > 0 is a given constant (see Fig. 1), and g, are bounded nonnegative C3*V functions for
some v € (0, 1) satisfying the following conditions:

(G1) infycgr g+ (y) = infyer g—(¥) =0;

(G2) supyer g4 <1, infycr gy > —1;

(G3) ligelicztv ) < o0;

(G4) g:=(g_, g4):R— R? is recurrent in the sense to be defined in Definition 2.3.

Here and in what follows, the space C31tV(R) denotes, as in [3], the set of all functions g = g(y)
whose derivatives gt (y) := ajj,g(y) (0 < j < 3) are bounded, continuous and uniformly Hélder con-
tinuous with exponent v in R. Furthermore the symbol |-||¢3+v (g, denotes the following norm:

3

gl c3r @y = Z“g(j) ||L°°(R) + sup
iz0 Y1#Y2

lg”(y1) — g"(y2)l
ly1 —yal¥

In this paper, by a solution of (1.1) we mean a time-dependent simple curve y; in §2 which sat-
isfies (1.1) and whose endpoints contact d+£2 perpendicularly, where 9, £2 (resp. d_£2) denotes the
right (resp. left) boundary of £2. Eq. (1.1) appears as a certain singular limit of an Allen-Cahn type
nonlinear diffusion equation under the Neumann boundary conditions. The curve y; represents the
interface between two different phases. See, for example, [11,1] for details.

To avoid sign confusion, the normal to the curve y; will always be chosen toward the upper region,
and the sign of the normal velocity V and the curvature « will be understood in accordance with this
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choice of the normal direction. Consequently, x is negative at those points where the curve is concave
while it is positive where the curve is convex (see Fig. 1).

We will consider the case where y; is expressed as a graph of a certain function y = u(x, t) at each
time t. Let ¢_(t), ¢+(t) be the x-coordinates of the endpoints of y; lying on d_£2, 342, respectively.
In other words, (¢4 (t), u(¢+(t),t)) € 9+£2. Then (1.1) is equivalent to

Uxx

utzw—uﬁA,/Hu;, L () <x<g4(0), t>0, (12)
X

under the boundary conditions

ux(¢- (), t) =g (u@=(®), 1), ux(Z4),t) =—g, (u@+ ), 1),

(1.3)
(¢£(®), u(zL(0), 1) € 0+82.
We define the angles a+, B+ €[0,7/2) by
sup g/, (y) = tanay, inf g/, (y) = —tan By. (1.4)
yeR yeR

Roughly speaking, o+ can be interpreted as the maximal opening angles of the channel £, and S+
as the maximal closing angles. Then condition (G2) implies that o4, B+ satisfy

T
0<ay, Bt < 2 (slope condition)

or, equivalently,

P / /
G :=max{| g/ ”LOO(]R)’ & ”LOQ(]R)} <1 (1.5)
We impose the above condition in order to prevent y; from developing singularities near the bound-
ary 9£2. As we will show in Section 4 (Proposition 4.16), under the condition (1.5), the problem
(1.2)-(1.3) has a time-global classical solution for any smooth data ug satisfying

lugx)| < % (or +00if G=0). (1.6)

Here the term “classical solution” is understood in the following sense:

Definition 1.1. A function u(x, t) is called a classical solution of (1.2)-(1.3) in the time interval [0, T) if

() u(x,t) is defined for ¢_(t) <x < ¢4 (t), 0<t < T, where ¢4 (t) are some continuous functions on
0 <t < T that depend on each solution;

(b) u, uy are continuous for ¢_(t) < x < ¢4+ (t), 0 <t < T, and uyy, u; are continuous for ¢_(t) < x <
(), 0<t<T;

(c) u satisfies (1.2)-(1.3) for ¢_(t) <x < ¢4+(t), 0 <t <T.

It is called a time-global classical solution if T = +o00, and a stationary solution if it is independent
of t. One can easily see that v(x) is a stationary solution of (1.2)-(1.3) if and only if its graph is a
(concave) circular arc of radius 1/A whose endpoints contact 9+ 2 perpendicularly.
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Any time global classical solution u(x, t) of (1.2)-(1.3) satisfies

1
lux(x, )] < e (1.7)

for all large t (see Proposition 4.17 for more details). Thus, imposing the condition (1.6) — as we do
later in this paper — does not restrict the class of solutions so much.

If g+(y) =0, then 20 = {(x, y) € R | —H < x < H} is a straight cylinder. In this case (1.1) has a
traveling wave whose profile moves at a constant speed A. On the other hand, if g4 (y) 0, traveling
waves in the usual sense cannot exist. In fact, as the front y; propagates, its shape and speed fluc-
tuate due to undulation of the boundaries d1 2. Therefore we have to adopt a generalized notion of
traveling waves.

In our earlier paper [9], we have studied the special case where g4 (y) are periodic and g, =g_.
In this case the notion of traveling waves is well-established. More precisely, a solution U(x,t) of
(1.2)-(1.3) is called a traveling wave (or a periodic traveling wave) if

U, t+T)=Ux,t)+1L (1.8)

for some T # 0, where L is the period of g.. We have proved the existence, uniqueness and stability
of such a traveling wave, and estimated the average speed ¢ = L/T near the homogenization limit.

In this paper we consider a much wider class of boundary undulations. Namely we simply assume
that g = (g_, g+) is a recurrent function (see Definition 2.3) and define the notion of traveling waves
in such a domain (Definition 2.14). This class contains quasi-periodic and almost periodic functions as
special cases. Note that the nature of traveling waves in a spatially non-periodic environment is far
from being well understood compared with the periodic case.

The first aim of the present paper is to prove the existence and uniqueness of a traveling wave —
or, so to say, a recurrent traveling wave — and discuss its stability. The second aim is to study the
propagation speed of the recurrent traveling waves. We will show that a regular traveling wave has
a well-defined average speed if the boundary shape is strictly ergodic. We also give, among other
things, an example of a traveling wave with zero average speed for a special choice of g.

This paper is organized as follows. In Section 2, we recall basic notions of recurrence and almost
periodicity and introduce an extended notion of traveling waves in a recurrent environment. The
definition of a traveling wave which we adopt in this paper is basically the same as introduced in [7],
which deals with the Allen-Cahn equation on R!. See Definition 2.14 and the subsequent remark.

In Section 3, we state our main results, Theorems 3.1, 3.2, 3.4, 3.5, 3.8, Remark 3.3, Proposition 3.6,
Corollary 3.7. Theorems 3.1 and 3.2 give a sharp criterion for the existence of traveling waves. More
precisely, a regular (recurrent) traveling wave exists if

2AH >sinay +sino_. (1.9)

On the other hand, if

2AH <sinoy + sino— (1.10)

and if we consider (1.2)-(1.3) in the domain

Q°F={(xy) | -H—-g"(y) <x<H+gi(y)}, where gl (y):=eg+(y/e) (111)

for sufficiently small ¢ > 0, then no traveling wave exists. Theorem 3.4 asserts that the traveling wave
is asymptotically stable if it exists. Theorem 3.5 asserts that a regular traveling wave has an average
speed if g is “strictly ergodic” in the sense to be specified in Definition 2.6. The classification of the
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behavior of solutions for the general non-periodic case is given in Theorem 3.8. More precisely, their
behavior is classified into: (a) convergence to a regular traveling wave; (b) virtual pinning; (c) pinning.

In Section 4, we present basic results on the local and global existence of solutions of the initial-
boundary value problem for (1.2)-(1.3). In doing so, we introduce a new coordinate system (iso-
thermal coordinates) that converts (1.2)-(1.3) into a problem on a straight cylinder while preserving
the contact angles. This section also contains other basic results including the comparison principle,
which will play an important role throughout the paper.

In Section 5 we construct an entire solution — namely a solution that is defined for —oco <t < 00
and prove its uniqueness up to the time shift. Our strategy is first to construct a monotone increasing
solution u of (1.2)-(1.3) that is defined for all t >> 0, then to construct an entire solution by considering
the w-limit point of the u in a certain sense that will be specified later. The assumption that £ is
recurrent plays a key role in this argument.

In Section 6, we first show that the entire solution U(x,t) constructed in Section 5 is actually a
traveling wave in the sense of Definition 2.14, thus completing the proof of Theorem 3.1. In order
to prove this result one has to show that the profile of the curve U(x,t) at each time moment t
(“current profile”) depends on the nearby boundary shape (“current landscape”) continuously, but we
will see that this continuous dependence is an immediate consequence of the uniqueness of the entire
solution.

In the latter half of Section 6, we show that the traveling wave U (x, t) has an average speed if g is
strictly ergodic, thus establishing Theorem 3.5. We also prove the asymptotic stability of the recurrent
traveling wave, thus establishing Theorem 3.4.

In Section 7, we consider the case where (1.10) holds and prove that every global solution of
(1.2)-(1.3) converges to a stationary solution. The proof is based on the comparison principle, the
energy functional and the uniqueness results on the w-limit points for one-dimensional parabolic
equations.

In Section 8, we discuss the above-mentioned “virtual pinning”. This is the case where the front
propagates at 0 average speed. As we will see, such a peculiar situation occurs only in a non-periodic
environment.

2. Basic notations
2.1. Recurrence and almost periodicity

A set A C R is called relatively dense in R if there exists M > 0 such that any interval of the form
[b, b+ M] contains a point in A.

Definition 2.1. A bounded continuous function g: R — R™ is called almost periodic in the sense of
Bohr if, for any € > 0, the following set is relatively dense in R:

Ae:={aeR| |oag — gllre@rm) <&}

Here o, denotes the shift operator:

0q:8(x) > g(x+a). (2.1)

It is easily seen that any almost periodic function (in the sense of Bohr) is uniformly continuous
on R. It is also well known that the following conditions are equivalent (Bochner’s criterion):

(a) g is almost periodic in the sense of Bohr;
(b) Hg is compact in L% (R; R™).
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Here H denotes the hull of the function g(x), which is defined by
Hg = [0ag |0 € R}l ®ED), (22)

where Xoc stands for the closure of a set X in the L%

e topology. In other words, Hg consists of
functions g* that can be written as the limit

g(x +ay) 2225 g*(x) locally uniformly in R

for some sequence {a,} C R.
If Hg is compact in L°(R; R™), then the topology of L*°(R;R™) and that of Ljy(R;R™) are
equivalent on this set, hence the following holds if g is almost periodic:
Hg = [0ag [a e R} ®ED),
It is well known that any almost periodic function g has the mean value in the sense that the following
limit exists uniformly in o € R:

1 a+L
(g ::Llif;oi / g(y)dy. (2.3)

See, for example, [4] for further properties of almost periodic functions.

Remark 2.2. In general, if a bounded continuous function g has the limit (2.3) uniformly in « € R,
then the uniformity of the convergence implies that the limit is independent of «. It is also clear from
the uniformity that the following limit exists and is equal to (2.3):

o
1
lim - ) .
Jim / g(y)dy (2.4)
o—L

These general properties of the mean value will be useful when we discuss ergodicity later in this
section.

Definition 2.3. A bounded continuous function g: R — R™ is called recurrent if, for any M, & > 0, the
following set is relatively dense in R:

A =1{aeR| |0ag — gllL((—mmyrm) <€}

Clearly any almost periodic function is recurrent. From the point of view of dynamical systems, the
above definitions can be restated as follows: g is almost periodic (resp. recurrent) if it is a recurrent
point of the shift dynamics with respect to the L>(R; R™) (resp. Ly~ (R; R™)) topology. The following
lemma easily follows from the general theory of recurrent points, therefore we omit the proof.

Lemma 2.4. For a bounded uniformly continuous function g on R, the following conditions are equivalent:

(a) gisrecurrent;
(b) if 00,8 — g* in Ly (R; R™) as n — oo for some sequence {an}, then there exists a sequence {by} such

that op, g* — gin Ly, (R; R™) asn — oo.
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Corollary 2.5. If g is a recurrent function then ||h||;~ = |||l forany h € Hg.

From Lemma 2.4 we also see that any almost automorphic functions are recurrent. Here a
bqunded uniformly continuous function g(y) is called almost automorphic if o4,g — g* in Lp,. im-
plies 0_gq,8* — g (see [13]).

If g is a recurrent function, then from Definition 2.3 it is clear that there exists a sequence {a,}
such that

ap — 00, 00,8 — & inLp (R;R™) asn— oo. (2.5)

In this paper we call such a sequence a returning sequence. A returning sequence satisfying a, — —oo
also exists. Needless to say, if g is almost periodic, then the convergence 04,8 — g takes place in
L®(R; R™).

A recurrent function does not necessarily possess a mean value in the sense of (2.3). We now
introduce the notion of ergodic functions as a subclass of recurrent functions.

Definition 2.6. A bounded uniformly continuous function g: R — R™ is called uniquely ergodic if, for
any continuous map F : H; — R, the following limit exists uniformly in & € R:

1 a+L
lim — f F(oqg)da. (2.6)
L—»oo L
o

A function g is called strictly ergodic if it is recurrent and uniquely ergodic.

Let us show that the above definition is consistent with the usual notion of “unique ergodicity” in
dynamical systems. As mentioned in Remark 2.2, the uniformity of the convergence in (2.6) implies
that the limit is independent of «. It is also clear from the uniformity of the convergence that the
limit

LILngO L F(ogh)da

0

exists for every h € Hg and is independent of h. As one can easily see, this latter property is equiva-
lent to saying that the shift dynamics on Hg; — namely h — osh (s € R, h € Hg) — is uniquely ergodic
in the usual sense. In other words, there exists a unique shift-invariant measure @ on H, satisfying
ng du(z) = 1. The limit (2.6) then equals the integral

/F(z) du(z).

Hg

This is an interpretation of Definition 2.6 above.

Note that the limit (2.6) exists even if the range of F is R™ instead of R, since the convergence
takes place for each component of R™. In the special case where F is the R™-valued § function
F :h— h(0) € R™, the above integral (2.6) reduces to the integral (2.3).

Note that any almost periodic function g is uniquely ergodic. Indeed, as we have remarked after
Definition 2.3, g is recurrent. Furthermore, the almost periodicity of g(y) implies the almost period-
icity of F(o,g) in a; hence F(o,g) has uniform mean. Therefore g is uniquely ergodic; hence strictly
ergodic.

The following well-known lemma follows easily from the definition:
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Lemma 2.7. If {g,,} is a sequence of recurrent (resp. almost periodic) functions and if g, — g* in L*°(R; R™),
then g* is also recurrent (resp. almost periodic).

Applying the above lemma to the sequence gn(y) :=n(g(y + %) — g(y)), we immediately obtain
the following lemma:

Lemma 2.8. If g is a recurrent (resp. almost periodic) function and if g’ is uniformly continuous, then g’ is also
recurrent (resp. almost periodic).

Corollary 2.9. If g € C3tV(R) is recurrent, then Il v gy = &l c3+v (w) for any h € Hg.

Example 2.10. Let us give some examples of recurrent functions that are not almost periodic. For
simplicity we consider only R-valued functions.

(a) The following example due to Veech [15] is known to be almost automorphic (hence recurrent)
but not almost periodic:

sinry \™ <« sgn(cos(2mwno))
h(y) = ==,
v < 7 ) Z (y—mm

nez
where m is an even integer, 6 is an irrational number and sgn denotes the sign function. Further-
more, the function h is uniformly continuous on R.

(b) The second example is only a slight modification of example (a) above. It is a one-dimensional
analogue of Penrose tiling. Let

...ABAABABAA. .. (2.7)

be a sequence of letters A, B constructed by aligning the word elements

Lo X0 X 1 XXX,
where

X — { “A”  ifna —[na] €[0,1— ),
"7 1“BA" ifna —[nale[l—a,1).

Here « is an irrational number satisfying 0 < o < 1 and [z] denotes the largest integer not ex-
ceeding z. Obviously the letters A, B are “uniformly” (more precisely “ergodically”) distributed
over the sequence (2.7) with frequency ratio 1: . We partition the line R according to the se-
quence (2.7) by associating the letters A, B with intervals of length 1, «, respectively. We then
number the letters B in (2.7) as

...,B_2,B_1,Bg,B1,B;,...

and denote by x; the center point of the interval corresponding to B (j € Z). Finally we define a
smooth function h(x) by setting

=Y ¢x—x),

j=—o00
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where ¢ (x) is a compactly supported smooth nonnegative function with ¢ = 0, or more generally,
¢ is a uniformly continuous function satisfying >, _, ¢ (n) < oc. It is not difficult to see that the
function n — X, is almost automorphic on Z. Therefore, by a generalized version of Veech’s
theorem |15, Theorem 6.2.1], the function h is almost automorphic (hence recurrent) on R.

One can further show that both of the above examples (a), (b) are strictly ergodic functions. See [8]
for details.

2.2. Solution triples

Now we come back to the problem (1.2)-(1.3). The symbol g represents the pair (g_, g+), which
is an R2-valued recurrent function. In order to study the behavior of solutions in a recurrent environ-
ment, it is useful to compare a solution with its spatial shift. A shifted solution no longer satisfies the
equation in the same domain 2, but only in a shifted domain. Thus it is important to keep in mind
where the solution is defined. For this reason we introduce the notion of a solution triple.

Given an element h = (h_, hy) € Hg, we define a domain £, by

2n:={(xy)eR*| —H —h_(y) <x<H+hy(y) fory eR}. (2.8)
Clearly £2 = £2,. We denote by (1.2),—(1.3), the problem (1.2)-(1.3) with £2 replaced by £2.

Definition 2.11. Let h € H, and let Z be an interval in R. We call (u, 2, Z) a solution triple if u(x, t)
satisfies (1.2),-(1.3), on the time-interval Z.

If (U, 25, R) is a solution triple, we call U(x, t) an entire solution in 2. If 2, = £2, then we simply
call U an entire solution. We define the shift of §2;, by

0a$2p := 25,0 (= 2n — (0,0)).

The shift of a solution y = u(x, t) is defined by y +a = u(x, t), thus

oqu(x,t) =u(x,t) —a.
The following lemma is an obvious consequence of the definition.

Lemma 2.12. If (u, 24, Z) is a solution triple, then (oqu(-, - + T), 0482y, Z — T) is a solution triple for any
a,telR

Next we define the convergence of a solution triple. Denote by y (v) the graph of a function v(x)
defined on some interval, say, I C R, namely

y(v)={(x.vx)|xel}. (2.9)

Here I is always chosen to be the entire domain of definition of v, which should be clear from the
context. For example, in the case of the solution u(x,t) of (1.2)-(1.3), we have I = [¢_(t), ¢+ (b)].

Definition 2.13. By a locally uniform convergence of a sequence of solution triples (uy, £2p,,Zy) to a

triple (Uco, £2h, » Zoo), We mean that hp — heo in L (R; R?) as 1 — 00, Zoo = liMp_, 00 Zn and

lim dy(y (un(-, 1)), ¥ (uso(-,))) =0 locally uniformly in t € Z, (2.10)

n—oo

where d3; denotes the Hausdorff distance.
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2.3. Definition of traveling waves

In the classical notion, a solution is called a traveling wave if its spatial profile does not change in
time and moves at a constant speed. Such a traveling wave exists only if the environment is spatially
uniform at least in the direction of the propagation of the wave.

For problem (1.2)-(1.3), such a classical traveling wave exists only if g4 (y) are constants, and in
that case, a traveling wave is given in the form ¢(x) + ct, where ¢ represents the profile and c the
speed. However, if gi(y) are nonconstant, one needs an extended notion of traveling waves that
propagate in spatially inhomogeneous environment.

In the special case where g = (g_, g+) is periodic, the problem has been discussed in our earlier
paper [9]. In this case, an entire solution U is called a traveling wave (or a “periodic traveling wave”)
if there exists T such that

U, t+T)=Ux,t) +1L, (2.11)

where L denotes the period of g. The average speed of such a traveling wave is given by c:=L/T. If
g is non-periodic, the above definition does not work, and we need to introduce a more generalized
notion. Following [7], we define the traveling wave as follows:

Definition 2.14. Let g be a recurrent function. An entire solution U of (1.2)-(1.3) is called a travel-
ing wave if there exist a continuous map F:Hgz — K and a strictly monotone increasing function
p:R — R such that

p(t) — oo ast— +oo, (212)
Y(0p U, 1) = F(opng) forteR. (213)

Here K denotes the space of all continuous curves in R? endowed with the Hausdorff distance, and
y is as defined in (2.9). A traveling wave is called regular if there exists a constant § > 0 such that

M >48 forallt >s. (2.14)
t—s

Intuitively, the function p(t) in the above definition indicates the position of the front at time t.
(We will later set p(t) = U(0, t) in Section 6.) Thus o) U(x, t) := U(x,t) — p(t) represents the profile
of the solution observed from the current position p(t) (the current profile) and o) g represents the
spatial environment observed from the current position p(t) (the current landscape). Thus (2.13) means
that the current profile depends on the current profile continuously. The above definition of traveling
waves is due to [7]. Though [7] deals with the Allen-Cahn equation in spatially heterogeneous media,
the basic spirit is the same.

Note that further generalization of the notion of traveling waves that allow randomness of the
media is given in [12]. Note also that [2] gives another generalized notion of front propagation called
generalized transition waves. This notion applies not only to traveling waves in spatial and tempo-
ral heterogeneities but also to front propagation through an unbounded domain of arbitrary shape.
However this notion is too general for our problem (1.2)-(1.3), since a generalized transition wave in
this context simply means a solution u(x,t) for which maxy u(x, t) — miny u(x, t) remains bounded as
t — +o0. Thus the mildly more restrictive class of traveling waves as defined in Definition 2.14 is the
right concept for our purposes.

If g is periodic, then H, is homeomorphic to the circle, thus it is not difficult to see that Defi-
nition 2.14 is equivalent to the established definition (2.11) for periodic traveling waves. See [8] for
further details.
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2.4. Average speed

The average speed of a traveling wave U (x, t) is defined by

. U@,t+T)-U(@,¢t)
c:= lim

uniformly in t € R, (2.15)
T—o0 T

provided that this limit exists. As we will see later in Theorem 3.5, the traveling wave for (1.2)-(1.3)
has an average speed if g is strictly ergodic. However this is not necessarily the case if we do not
assume unique ergodicity.

In the general case, for an entire solution U of (1.2)-(1.3) we define the upper average speed c4 and
the lower average speed c_ of U by

Uu@,t+T)—-U(O,¢t)

cy = lim su , 216
+ T%mteﬂg T (2.16)
Uuwo,t+T)-U(,t
c_:= lim inf ©r+1) ( ). (2.17)
T—ooteR T

Lemma 2.15. For any entire solution U of (1.2)-(1.3) satisfying 0 < U; < C for some C > 0, both of the
limits (2.16), (2.17) exist. The limit (2.15) exists if and only if c;. = c_.

The proof of this lemma will be given in Section 6.2. Clearly one has

0<co <y

If U(x,t) is a regular traveling wave, then

0<c_ <oyt

For the convenience of later arguments we define c+ for any entire solution U(x,t) that is not
necessarily a traveling wave.

3. Main theorems

In this section we present our main results on the recurrent traveling wave and its average speed.
More basic questions such as the well-posedness of problem (1.2)-(1.3) will be discussed in Section 4.
In this section and in the rest of the paper, (G1)-(G4) will be the standing hypotheses, which we will
not repeat in each theorem. The symbol G denotes the constant in (1.5).

3.1. Existence and stability of recurrent traveling waves

Theorem 3.1 (Existence). If (1.9) holds, then there exists a regular traveling wave U (x,t) of (1.2)-(1.3)
(see Definition 2.14), and it is unique up to time shift. Furthermore, there exists a constant p > 0 such that
Us(x,t) > p and |Ux(x, t)| < G forevery t € R and x for which U (x, t) is defined.

Theorem 3.2 (Non-existence). Consider the problem (1.2)-(1.3) with g4 replaced by g& asin (1.11). If (1.10)
holds, then for any sufficiently small & > 0 there exist infinitely many stationary solutions in £2¢. Furthermore,
every classical solution of (1.2)-(1.3) that is defined globally for t > 0 converges to one of these stationary
solutions as t — +oo.
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The above existence criteria (1.9) and (1.10) can be interpreted that the front propagation occurs if
and only if the driving force A is bigger than a certain threshold value, and that this threshold value
depends only on the maximal opening angle o+ and the channel width H.

Remark 3.3. As we will see in Section 5, the condition (1.9) guarantees that the problem (1.2)-(1.3)
has no stationary solution in £2; for any h € Hg (Lemma 5.1 and Remark 5.2). In fact, as it is clear
from the arguments in Section 5, the assumption (1.9) in Theorem 3.1 can be replaced by this latter
condition. The same is true of the assumption (1.9) in Theorem 3.4 below. See also the assertion
(A1) < (A2) in Theorem 3.8.

Theorem 3.4 (Stability ). Assume that (1.9) holds, or simply that a regular traveling wave for (1.2)-(1.3) exists.
Then the traveling wave U (x, t) is stable in the following sense:

(i) [Stability] Let I} be the solution curve of (1.1) associated with U(x, t). Then for any o > O there ex-
ists 8 > 0 such that for any solution curve y; of (1.1) that is defined globally for t > 0 and satisfies
d3(yo, I't) < § for some T € R, it holds that dyy (¥, I[t+:) < o for all t > 0, where d; denotes the
Hausdorff distance.

(ii) [Asymptotic stability] Let u(x, t) be a classical solution of (1.2)-(1.3) defined globally for t > 0 and let y;
be the solution curve of (1.1) associated with u(x, t). Then there exists a constant T € R such that

lim dy (¥, It4:) =0.
t—+400

Furthermore, y; approaches I't;. in the C2 sense as t — —+oo.

The assertion (i) of the above theorem is an easy consequence of the comparison principle, which
we will state in Section 4.4. The assertion (ii), on the other hand, needs a more refined argument
based on the dynamical system theory and the strong maximum principle. We remark that no spectral
analysis nor energy estimates will be involved in the proof of (ii). Therefore, the convergence rate in
(ii) is so far unknown.

The proof of Theorems 3.1, 3.2 and 3.4 will be carried out in Section 6.1, Section 7 and Section 6.3,
respectively.

3.2. Existence of average speed

In general, a traveling wave may not have an average speed as defined in (2.15). However the
following theorem holds:

Theorem 3.5 (Average speed). If g is strictly ergodic (see Definition 2.6), then a regular recurrent traveling
wave has an average speed in the sense that the limit in (2.15) exists.

As a special case of the above theorem, regular traveling waves have an average speed if g is
periodic, quasi-periodic or almost periodic.
The proof of the above theorem will be given in Section 6.2.

3.3. Pinning and virtual pinning

In a spatially non-periodic environment, some traveling waves may have zero average speed under
certain special circumstances. Such a peculiar situation never occurs in periodic environments. Let us
first see what happens in the periodic case.

Proposition 3.6. Instead of (G4), assume that g is periodic. Then the following conditions are equivalent:

(a1) There exists a regular traveling wave in $2g;
(az) There exists no stationary solution in £2.
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Corollary 3.7. Instead of (G4), assume that g is periodic. Then either of the following occurs:

(a) There exists a regular traveling wave in §2¢. Any time-global solution approaches this traveling wave or its
time shift as t — +oo.

(b) There exists no traveling wave in $24. Any time-global solution converges to a stationary solution as
t — +4o0.

The situation differs if g is non-periodic. The following theorem classifies the behavior of solution
curves for the general non-periodic case.

Theorem 3.8. Let g be recurrent. Then one of the following holds:

(A1) There exists a regular traveling wave in §2¢ and any time-global solution approaches this traveling wave
or its time shift as t — —+o0.

(B1) There exists an entire solution U(x,t) in §2¢ such that U(x, t) — Fo00 as t — Foo and such that its
lower average speed c_ equals 0 (see (2.17)).

(C1) There exists no entire solution U (x, t) in §2¢ such that U(x, t) — o0 as t — =%o0.

Furthermore,

(A1) & (A2), (B1) & (B2), (C1) & (C2),
where

(A2) There exists no stationary solution in £2, forany h € Hg.

(B2) There exists no stationary solution in $2¢, but there exists a stationary solution in §2, for some h € Hg,
h#g.

(C2) There exists a stationary solution in §2g.

The case (B1) above can occur only in non-periodic environments. We call this situation virtual
pinning, while the case (C1) is called pinning. We note that the entire solution U(x,t) that appears
in statement (B1) above can be shown to be a traveling wave in the sense of Definition 2.14. It is
therefore an example of a non-regular traveling wave. See the forthcoming paper [10] for details.

The proof of the above results, along with some examples, will be given in Section 8.

4. Local and global existence

In this section we present basic existence results for solutions of (1.2)-(1.3) and derive uniform
bounds on the derivatives of solutions. The main existence results will be stated in Section 4.5. We
also prove the comparison principle in Section 4.4.
4.1. Change of variables

In studying the existence of solutions for problem (1.2)-(1.3), it is convenient to introduce new

coordinates that convert the domain into a flat cylinder. More precisely, we make a change of variables
(x,y) — (&, n), which gives a diffeomorphism §2 — D, where

D:={(E.meR’ | ~H <& <H, —00 <1 <oo}.

Here the functions &(x,y) and n(x,y) are to be specified later. With these new coordinates, the
function y = u(x, t) is expressed as n = v(&, t), where the new unknown v(&,t) is determined by the
relation
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n(x ux,0)=v(E(x ukx1),t) (41)

for (x,t) with (x,u(x,t)) € £ and t > 0. The function v (&, t) is well-defined by (4.1) provided that x —
&E(x,u(x, t)) is strictly monotone for each fixed t. We will see later that this monotonicity condition
always holds for the class of solutions which we consider. Indeed, there exists a positive constant §
such that

%S(x, U, 1)) =& +&ytx =8 > 0. (4.2)

Once v(&,t) is defined, then substituting it into the relation y = u(x, t) yields

Y(&, v D) =u(X(5, v(E D), t), (4.3)

where the map (£,7n) — (X(£,7),Y(£,n)) : D — £ is the inverse map of (x,y) — (£(x, ), n(x, y)).
The expression (4.3) gives a formula for recovering the original solution u(x,t) from v(&,t). In order
for u to be smoothly dependent on v, we need the map & — X(&, v(§,t)) to be one-to-one for each
fixed t. As we will see later, this is true since we have

%X(%‘,V(S,t)):Xg—{—Xnvé}& >0 (4.4)

for some constant §; > 0. See Lemma 4.8 for details.
4.2. Isothermal coordinates

Now we specify & and 1. We adopt the so-called isothermal coordinates. First, £(x, y) is given as
a solution of the following boundary value problem:

AE =0, ing£,
£=—H, ond_g, (4.5)
E=H, on 94 2.

It is easily seen that the problem (4.5) has a unique solution within the class of bounded functions,
and the maximum principle — more precisely, the Phragmén-Lindeldf principle — implies

—H<&X,y)<H for(x,y)es. (4.6)

Furthermore, the a priori estimates for Laplace’s equation yield

1€l sz < C (4.7)

where C is a positive constant depending on v, H and [|g+ |3+ g)-
Next, we define 7(x, y) to be the conjugate harmonic function of &. More precisely, 1 is character-
ized by the Cauchy-Riemann relation

{ =Ny o (48)

fy = —1Nx,
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Such a function 7 exists since £2 is a simply connected domain, and it is unique up to addition of a
constant. Thus, 1 is uniquely determined by (4.8) under the following normalization condition:

n(0,0) =0. (4.9)

Since we will consider the problem (1.2)-(1.3) with £2 replaced by £2, for h € H; where £2; is as
in (2.8), we study here the dependence of & and 1 on h. We denote by &, and 5, the solution of (4.5)
with §2 replaced by §2; and its conjugate harmonic function normalized by 1 (0, 0) = 0, respectively.
Then we easily see by the uniqueness that

§o,g(X, ) =&, y +0a), Noug (X, ¥) =n(x, ¥y +a) — n(0,a). (4.10)

Lemma 4.1. If a sequence hy € Hg converges to h* € Hg in L) (R; R?) then

?’-’hn — Sh*v T)hn —> M= in C?;C(.Qh*).
Furthermore, for any sequence of points (xp, yn) € .(_Zhn converging to (X, ¥«) € 082+, we have
Eny (Xn, Yn) = S (X, ¥5), Ny (Xn, Yn) = M (X, V)
in the C3 sense.

Proof. For h € Hg, we define a map Sy : (x, y) — (Xn, 1) by

X — 2 _hiy) —h-») N
= 2H+hy(y)+h_(y) (X 2 ) Y=Y (411)

By this map, the domain £2;, is converted to D1 := {(Xy, Jn) € R? | =1 <&, < 1}. Let &, be the expres-
sion of &, in the new coordinates (X, y5). Then &, solves

L€ =0, inDq,
(Ep): {Ah%‘ A1
E=4H, atx,==1.

Here £ is a uniformly elliptic linear operator of second order whose coefficients are determined by
ha (In), WL (n), hL(In) and Ry,

By Corollary 2.9, (4.7) implies ”Ehn”c””(ﬁhn) < C; hence ||§hnllc3+p(D_l) is bounded by a positive
constant independent of n. Note also that the convergence h, — h* in L7 (R; R?) and the bound on
lhnllc3+v gy imply that hy — h* in C?OC(R; R?); hence the coefficients of the operator Ly, converge to

those of L+ locally uniformly in D;. Combining these observations and considering that the solution
of (Ep+) is unique, we see that éh,, — &~ in Cﬁ)c(ﬁl). The statement of the lemma for &, immediately
follows from this.

The statement for 7, follows from the Cauchy-Riemann relation and the following formula:

Nhx,y) = / —(En)ydx + (Ep)xdy,
C

where C is any simple curve in £2; connecting (0,0) and (x,y). O
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By the Hopf boundary lemma and a reflection argument with respect to lines that are parallel to
the y-axis, we see that

£>0 ing. (4.12)

To prove this, let (xo, yo) € £2 be an arbitrary point and let £*(x, y) := &(2xo — x, y) be the reflec-
tion of & with respect to the line ¢ := {x = xg}. The portion of £ lying on the left-hand side of £g is
denoted by .Q(’)' and its reflection with respect to ¢g by (.Q(’)')*. Then we have

AE=0=A&* inDg:= (25" ne,
=& ondaDoNl, £>&* ondDp)\ Lo.

Hence by the maximum principle, we have & > £* in Dg. Furthermore, since (xg, yo) € dDg N £g, the

Hopf boundary lemma implies &x(xo, yo) > &; (X0, Yo) = —&x(x0, Yo). Thus we obtain & > 0 in £2. The

same inequality on 952 follows from (4.6) and the Hopf boundary lemma. This proves (4.12).
Furthermore, the following lemma holds:

Lemma 4.2. inf5 & > 0.

Proof. Suppose that infg&y = 0. Then there exists a sequence {(Xn, ¥n)lnen Iin 2 satisfying
&(Xn, yn) — 0 as n — oo. Let hy := 0y, g and &, := &, . Then (x,,0) € §hn and (&;)x(xp,0) — 0 as
n— oQ.

Taking a subsequence if necessary, we may assume that x, — Xp as n — oo and that h, — h*
in Lp (R; R?) as n — oo for some xg € R and h* € Hg. Clearly we have (xp,0) € 2p+. Therefore,
Lemma 4.1 implies (&p+)x(X0, 0) = 0. This, however, is impossible since (4.12) holds for &« and £2«.

This contradiction proves the lemma. O

Remark 4.3. By the above lemma, we obtain

dg == inf(5g)x(x, ¥) = %]f(gh)x(xs ¥)>0 (VheHy). (413)
h

2g

The latter equality follows from the fact that any h € H; can be given as a limit 04,2 — h (n — o0)
for some sequence {ay}, hence &, = limy_, o0 &g(X, y 4+ ap) in c3.

Next we apply a similar reflection argument to a line £y that is slightly tilted from the y-axis by
an angle 6 (see Fig. 2). More precisely, choose an arbitrary point (xp, yo) € 2 and consider a line £y
which passes through (xg, yo) and whose unit normal vector is ny := (cos#, sin6). Denote by .(2(5 the
portion of §2 lying on the left-hand side of ¢y, and let (QQL)* be its reflection with respect to £4. Also,
denote by £*(x, y) the reflection of £(x, y) with respect to ¢y.

If 6 is sufficiently small, namely, if || < 7 /2 — max{o+, B+}, then the reflection of the boundary
curves 9+ £2 with respect to £9 do not intersect with 912 themselves except on the line £4. So long
as 0 has this property, one can see by the maximum principle that

£* <& inDg:=(2f) N,

since £ —£* >0, 0 on the boundary of Dy. Furthermore, & = &* on £y N$2, which is a portion of the
boundary of Dy. Hence, by the Hopf boundary lemma, the normal derivative of & on the line segment
Lo N §2 does not vanish. Thus we have ng - V&(xg, yo) > 0 for |0| < 7 /2 — max{a+, B+}. Consequently,
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Ly

g

Fig. 2. Reflection with respect to line ¢y.

the angle between the vector V& and the x-axis lies in the interval [—max{a+, B+}, max{o+, B+}].
This implies the following estimate:

&y

22l <max{tanay,tanB+} =G in £2. (414)
X
This and (4.8) yield
Nx .
—| <G inf2. (4.15)
Ny

Before closing this subsection, let us list up basic properties and some useful identities con-
cerning the map (£(x,y),n(x,y)) and its inverse (X(&,1n),Y(£,7n)). First we note that the map
x,y) — (£(x,y),n(x,y)) : 2 — D is one-to-one, since infz & = infz 7y > 0 (see Lemma 4.2). It is
also easily seen that this map is onto, since the level curves of &£(x, y) and those of n(x, y) are smooth
curves stretching vertically and horizontally, respectively.

Next we recall that the Cauchy-Riemann relation (4.8) implies

& Ey\_ 2,2 .2, .2
det(n’; n§>_§x+sy—nx+ny.

This, together with (4.13), implies

det<‘§" 5Y>>a§ ing. (4.16)
Nx My

Therefore (£(x, y), n(x, ¥)) is a diffeomorphism from £ to D, so its inverse map (X (&, 1), Y (£, n)) is
well-defined and is of class C3. The same Cauchy-Riemann relation implies

VE.-Vn=0 inQ. (417)

This means that the level curves of £ and those of 7 intersect orthogonally everywhere. In particular,
the level curves of n meet the boundary curves 9_£2 and 9, £2 perpendicularly.
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As regards the derivatives of X, Y, clearly the following identity holds:

O -6
(Yg Yy N— 0 1) (4.18)

Consequently X and Y also satisfy the Cauchy-Riemann relation:

Xe =Yy,
{ T . (419)

Xp=—Ye,

Furthermore, by (4.7), (4.16), (4.18) and the boundedness of X, we see that

IXlesony <C IYellng <C I1Yyllcamn g, < C. (4.20)

where C > 0 is a constant depending on v, H, |gxllc3+v g and dg.
We also note that the following holds for the quantities in (4.2) and (4.4):

Ex +&yux) (Xe + Xpve) =1. (4.21)
To see this, let us differentiate (4.1) by x, and (4.3) by &:

Nx + Nyx = Ve (§x + Eylix),

Ye +Yyve = ux(Xe + Xyve).
Consequently

u X u X u
XE+X”V§:X§+Xnnx+ny X _ E($X+$y x) + TI(TIXJFT’]/ x).
Ex + Eyux Ex + Eyly

By (4.18), the numerator of the right-hand side is equal to 1.

Next we study the dependence of X and Y on h € Hg if we replace 2 by £y. Let (Xp, Yy) be
the inverse map of (&, 7). Then, if a sequence {h,} converges to h* € H, locally uniformly, then, by
Lemma 4.1, (¢4, Mh,) — (Ep+, M=) as n — oo. Consequently, by (4.16),

Xp, = Xps,  Yp, = Ype inC3 (D). (4.22)

loc

4.3. Equation in the new coordinates

Let us now rewrite Eq. (1.2) using the new coordinates &, n and the new unknown v(§, t). Differ-
entiating the expression

Y(&, v(E. D) =u(X(E vE D). t)

twice by & and once by t, and using (4.19), we obtain
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L — _X’7 —+ Xng

T Xe + Xpve
o 1 {(1+V§)(Jn—]$‘/s)+g}
T (Xe + Xpve)3 2)2 I

Ve
Up=———,
(Xe + Xyve) ]
where
1
JE )= (=&X. V)2 +E(X.V)?).

XS (Sv 77)2 + X?’](é’ 77)2

Therefore, we find that (1.2) is converted into the following equation:

ve=d(&,v,ve)vee + (&, v, ve), (4.23)
where

JE m)
1+p?’

1 1
fEn.p) i==3JeEmp+ 2 yEm+AVJE m(1+ p?).

In deriving Eq. (4.23), we need to assume condition (4.4), the validity of which will be verified later
in Lemma 4.8. Note also that, because of the orthogonality (4.17), the boundary condition (1.3) is
converted to

dé,n,p):=

ve(—H,t) = ve(H,t) =0. (4.24)

Since X (&, n) is in C3, Eq. (4.23) is a quasilinear parabolic equation whose coefficients are C! functions
of (&, v, v¢). Furthermore, the coefficients J(&,v), J:(&,v) and ], (&, v) are bounded thanks to (4.20).
In accordance with Definition 1.1, a classical solution of this reduced problem is defined as follows:

Definition 4.4. A function v(&,t) defined in [—H, H] x [0, T) is said to be a classical solution of
(4.23)-(4.24) in the time interval [0, T) if v, v¢ are continuous in [—H, H] x [0, T), vgg, v, are contin-
uous in (—H, H) x (0, T) and if v satisfies (4.23)-(4.24) in (—H, H) x (0, T). It is called a time-global
classical solution if T = +o0.

Remark 4.5. In what follows, when we say v is a classical solution in the closed time-interval [0, T],
we mean that v is a classical solution in [0, T) and that v, vg, vgg, V¢ are continuous up to t =T.

At the end of this subsection we derive useful gradient bounds which will be needed in the next

subsection to prove the existence of a time-global solution. As mentioned in the introduction, we will
assume (1.5) throughout the present paper. This condition is equivalent to

max{tanoy, tan By} < 1.

Hereafter we denote by Q1 the space-time region on which u is defined:

Qr=={&x [ ¢-(®) <x<¢p (), 0<t<T}



3376 B. Lou et al. / ]. Differential Equations 255 (2013) 3357-3411

Lemma 4.6 (A priori gradient bound for u). Let u be a classical solution of (1.2)-(1.3) in the interval [0, T].
Then

|ux(x. t)| <max{|ug .G} for(x.t) € Qr, (4.25)
where |ug || = sup{lug(x)| | {—(0) < x < £4.(0)}. Furthermore, if

1

Juoli~ < 2 (4.26)

then inequality (4.2) holds everywhere in Q 1. Here the right-hand side of (4.26) is understood to be +oc if
G=0.

Proof. The function w := ux(x, t) satisfies the following equation:

2

Wi — Wi 2wwy A wWWwy ino
Tarwr a+w2? T Atz r (4.27)
w(i+ (). t) =Fg (u(¢(®).t)), fort e (0, T).

This equation can be written in the form

We =a(X, )Wy + b(x, ) wy,

with a(x, t) > 0. By the maximum principle, the maximum of |w| on Q7 is attained on the parabolic
boundary of Qr. Thus (4.25) follows from (1.5). Next, combining this gradient estimate and (4.14), we
obtain

Ex +Eyuy 2&(1 -

&x

) 2 &1 =Gp),

where p = max{||up||r~, G}. Since infg & > 0, and since 1 — Gp > 0, the inequality (4.2) holds by
setting 6 := (1 — Gp)infgé&. O

Definition 4.7. By an admissible function for problem (1.2)-(1.3), we mean a C! function ug(x) defined
on some interval ¢_ < x < ¢4 such that

(@) (x,upx)) e 2 forall ¢ <x<?y;
(b) (¢4, u0(¢+)) € 9+£2; and the graph of ug intersects 012 perpendicularly;
(€) lug®)| < % for all ¢ <x< ¢y if G#0.

We denote by C;d the set of all admissible functions.

If ug e C;d, then, as we have seen in the proof of the above lemma, &(x, uo) + &y (x, ug)ug(x) > 0.
Consequently, a function vg(€), —H < & < H, is well-defined from the expression

n(x, uo(®) = vo(&(x, uo(x))).

We denote by E; 4 the set of all the functions vo(§) obtained this way.
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Lemma 4.8 (A priori gradient bound for v). Let v (&, t) be a classical solution of (4.23)-(4.24) in the time in-
terval [0, T] with initial data vq € C;d which corresponds to ug € C;d. Then inequality (4.4) holds everywhere

in[—H, H] x [0, T], hence v(-,t) € E;d forevery t € [0, T). Furthermore,

G+p

for (§,t) e [-H, H] x [0, T], (4.28)
1-Gp

lve (€. 0] <

where p = max{|ug| r=, G}.
Proof. Let us show that (4.4) holds with the following choice of §;:

1
8= —.
2supg éx

Suppose the conclusion does not hold. Then there exists tg € (0, T] such that

>0 for0<t<ty,

Xe + Xpv
d 7 S{<81 fort =tg.

Since X¢ + X;ve > 0 in the interval [0, to], a function u(x, t) is determined uniquely from (4.3), and
it is a classical solution of (1.2)-(1.3). Therefore, by Lemma 4.6, u satisfies (4.25). Combining this
and (4.14), we obtain

Ex +&yux =Sx<1 + S—yux> < 2supéy
";:x o

for 0 <t < tp. This and (4.21) yield

Xg —}—Xy]Vg >81 fort=ty,

contradicting our earlier assumption. This contradiction shows that (4.4) holds for all t € [0, T].
Therefore, the solution u(x,t) of (1.2)-(1.3) corresponding to v(§,t) is defined for all t € [0, T] and
satisfies (4.25). This means v(-,t) € C;d for all t € [0, T]. Furthermore,

3
el = | Mot | U= g |_ p+G
§x + Eyux 1+%ux S 1-Gp

The lemma is proved. O

The following is an immediate consequence of the above lemma and the definition of E;d.

Corollary 4.9. Let v be an element of E;d which corresponds to ug € C ;d. If there exists a classical solution v
for problem (4.23)-(4.24) with initial data vo on some time interval [0, T), then there exists a classical solution
u for problem (1.2)-(1.3) with initial data ug on the time interval [0, T). Furthermore, u(-,t) belongs to C;d
foreacht € [0, T). In particular, if v is a time-global classical solution of (4.23)-(4.24), then u is a time-global
solution of (1.2)-(1.3).
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4.4. Comparison principles

Definition 4.10. A function ¥ € C21([—H, H] x [0, T]) is called a lower solution of (4.23)-(4.24) on the
interval 0 <t < T if

{ Ot < d($7 07 oé)‘,}éé + f(sv ‘75 ‘75)7 (é:’ t) S (_Hs H) X (07 T)v
:t\A/g (£H,t) <0, te(0,T).

A function ¥ € C21([—H, H] x [0, T]) is called an upper solution of (4.23)-(4.24) if the reversed in-
equalities hold.

The following proposition follows easily from the maximum principle:

Proposition 4.11 (Comparison principle for v). Let v~ and v* be a lower and an upper solution of
(4.23)-(4.24) on the interval 0 < t < T, respectively. Suppose that v=(£,0) < vT(,0) for & e [-H, H].
Then

vIE D <vE ) for(€,t) e[—H,HI x [0, TI.

Furthermore, if v— # vt then

v, D) <vt(E, D) for (&, t)e[—H, H] x (0, T].

Corollary 4.12 (Growth bound on v ). There exists a constant Ky > 0, dependent only on A, v, H, || g+l c3+v ()
and 8 such that for any classical solution v of (4.23)-(4.24) with initial data vg € 5;(1,

[vC. )]0 <Kgt+[vollze. (4.29)

Proof. Since ] and J, are bounded by constants depending on v, H, ||g+llc3+v (g, and g, we have

Kf:= sup  |f(&,m,0)| < +oo.
(¢,mel—H,H]xR

Consequently, v*(t) = Kyt + ||vol> is an upper solution of (4.23)-(4.24), while v (t) = —Kyt —
lvollre is a lower solution of (4.23)-(4.24). Furthermore v~(0) < vo(£) < v (0) for £ € [-H, H].
Hence, by Proposition 4.11, we have

v () <vE n<vi) for (5. t) e[-H. H] x [0, T].
This proves the corollary. O
Next we state the comparison principle for solution curves of (1.1).

Definition 4.13. Let 4 be a C>' function defined for ¢ (f) < x < (), 0 <t < T such that
(¢ (b), U(z+(t), 1)) € 3+£2, respectively. Then i is called a lower solution of (1.2)-(1.3) on the inter-
val 0 <t < Tif
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A ﬁxx ~D A ~
U < = A1+ ug, () <x<¢y(@), 0<t<T,
1+ uy
ix (S0, 1) < —=g'(@(E+©,1)), 0<t<T,
i(l-©.1) > g'(@(6-®.1), 0<t<T.

+

A function 1 is called an upper solution of (1.2)-(1.3) if the reversed inequalities hold.

We easily see that i is a lower solution of (1.2)-(1.3) if and only if ¥, the expression of @i in the
coordinates (£, n, t), is a lower solution of (4.23)-(4.24), provided that v is well-defined by (4.1).

Notation. Let C denote the set of all simple (non-self-intersecting) C!-curves y in £ such that:

(a) The two endpoints of y lie on d_£2 and on 3. £2, respectively;
(b) Every point of y except the endpoints lies in £2.

Each y € C divides £2 into two open sets. We denote the one located above y by U (y). We then
define an order relation in C by

~ def ~
Y7 & UY)DUG).

We also write y « ¥ if y < ¥ and y Ny =0.

Let u be a C! function defined on some interval ¢_ < x < z; such that (x,u(x)) € 2 for ¢_ <
X < ¢4+ and that (¢4, u(¢+)) € 0+82. Then the graph of u, say G(u), belongs to C. For such functions
uq and uy, we define an order relation between them by

ur <tz L Gy < G,

<y <5 G < Guy).

Proposition 4.14 (Comparison principle for u). Let u1 and uy be a lower solution and an upper solution of
(1.2)-(1.3) on the interval 0 < t < T, respectively. Suppose that u1(-, 0) < ux(-, 0). Then

ur () sua(-, ) foro<e<T.

Furthermore, if uq % uy then

ur(, ) Lup(-,t) for0<t<T.

Proof. If u; and u; satisfy the condition (4.25), then they have expressions v{ and v, in the coordi-
nates (&, n, t), respectively. In this case, it is clear that uq(-,t) < uz(-, t) (resp. uy(-,t) K uz(-,t)) if and
only if vi(&,t) < va(&,t) (resp. vi(&,t) < vy(&,t)) for & € [—H, H]. Therefore the conclusion follows
from Proposition 4.11. The general case is basically the same: the conclusion follows from the strong
maximum principle except that the Hopf boundary lemma has to be applied after an appropriate local
change of coordinates near the boundary. We omit the details. O

The above proposition remains true even if the solution curve y; is not necessarily the graph of a
function u. More precisely, we have:
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Proposition 4.15 (Comparison principle for (1.1)). Let {yt}tefo.1 and {Jt}tefo.1) be solutions of (1.1) which
contact 34 §2 perpendicularly for 0 < t < T with initial data yy and ¥ € C, respectively. Suppose that Yo < Yo.
Then

Furthermore, if o # % then

Y LV for0<t<T.

The proof of this proposition is similar to that of Proposition 4.11. In fact, by using local coor-
dinates, one can express (1.1) locally as a quasilinear parabolic equation; one can then apply the
maximum principle. The details are omitted.

4.5. Uniform Hélder estimates and existence of time-global solutions

The goal of this subsection is to prove the following fundamental existence theorem:

Proposition 4.16 (Global existence). Let 0 < A < 1. For any ug € C;d N C2, there exists a time-global clas-
sical solution u € CIZOJCr“'lJr“/2 of (1.2)-(1.3) with initial data ug, where the constant w € (0, 1) depends on G,

V, |18£llc3+v(r) and Sg. Furthermore, if ug € C;d N C? then uyy and u; are continuous up to t = 0.

The assumption ug € C;d N C** in the above theorem does not restrict the class of solutions
significantly since any time-global solution eventually falls into this class as shown in the following
proposition:

Proposition 4.17 (Asymptotic gradient bound). Let u be a time-global classical solution of (1.2)-(1.3). Then

max{||ux(-, t)||re, G} is monotonically non-increasing in t and there exist positive constants C, T and 1, inde-
pendent of the choice of u, such that

JuxC.0)] e <G+ Ce™™ fort>T. (4.30)

In particular,
limsup||ux(-.t) |, <G, (4.31)
t——+00

and there exists t, > 0, independent of the choice of u, such that

u,t)eClync? foranyt>t,. (4.32)

In the special case where G =0 (that is, when £2 is a flat cylinder), the above proposition im-
plies that any global classical solution is asymptotically planar. We postpone the proof of the above
proposition until the end of this subsection.

In order to prove Proposition 4.16, we need a uniform Holder estimate as stated in the following
lemma:

Lemma 4.18. There exists a constant u € (0, 1) dependingon G, v, H, || g« || c3+v(r) and 8¢ such that if v (&, t)
is a classical solution of (4.23)-(4.24) on the time interval [0, T] with initial data v¢ € E;d satisfying v €
C2+m1+1/2(—H, H] x (0, T1), then for any T € (0, T) we have
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Ve, vee, Vellcwrz—u, Hix[z,m7) < Crs (4.33)
<C

WVilcwnzq—n Hixiz.T) < Cr + KgT + [[vollree, (4.34)

where K ¢ is the constant in Corollary 4.12 and Cy is a constant independent of v and T but dependent on t,
A G, v, H, [8xllc3+v ) and 3.

The above lemma can be shown by applying standard Hoélder estimates for quasilinear parabolic
equations [14] and the a priori estimates for linear parabolic equations [3] along with the uniform
gradient bound (4.28). We omit the proof of this lemma since it is identical to those of [9, Lem-
mas 3.15 and 3.17].

Combining the above lemma and Corollary 4.9, we obtain:

Corollary 4.19. Let u(x, t) be a classical solution of (1.2)-(1.3) in the time interval [0, T] with initial data
ug € C}, where w is the constant in Lemma 4.18. If, in addition, u € C*T#-1+1/2  then for any T € (0, T) we
have

llttx, Uxx, ut||cu,lb/2((j,j) < Co, (4.35)
||u||cﬂ,u/2((jz)T) < Cr(l +T+ ||u0||L°°)a (4.36)

where Q. 1 denotes the space-time region on which u is defined for t € (t, T) and the constant C. is inde-
pendent of u and T but dependenton T, A, G, v, H, |8+l c3+v(g) and 8.

Now we are ready to present a global existence result for v:
Lemma 4.20. Let 0 < A < 1. For any vg € E;d N CH*([—H, H)), there exists a time-global classical solution
V(E, t) of (4.23)-(4.24) with initial data vo. Furthermore, v € C2TH1+1/2([—H H] x [t, T]) for any 0 <

7 < T < +o0. If, in addition, vg € E;d N C2([—H, H)), then v¢¢, v¢ are continuous up to t = 0.

Proof. Using the uniform derivative bounds (4.28) and the estimates (4.29) and applying Lemma 4.18,
one can easily show the existence of global solutions of (4.23)-(4.24). Further regularity of v is derived
from standard regularity results for linear parabolic equations.

The continuity at t =0 follows from the local existence theorem in [5]. We omit the details of the
argument since it is basically identical to the proof of [9, Theorem 3.18]. O

Proof of Proposition 4.16. The theorem follows immediately from Lemma 4.20 and Corollary 4.9. O
Now we prove Proposition 4.17. We need the following lemma.

Lemma 4.21. There exist constants M > 0 and T > 0, depending only on H, g, A, such that, for any global
solution u of (1.2)-(1.3),

Ux(-, )| ,00 <M forallt >T. (4.37)
L

Proof. Let H=H + max{||g+ o), I8=lli~®} and o = max{ﬁAﬁ, 2}. Define

Y(x) = \/g forx > 0,
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where b = 30/(ﬁA) > 0. Then we easily see that
/ " " 3 2.4/
¥ <0, ¥ >0, I—%wl/f forx > 0.

Let u(x,t) be any global solution of (1.2)-(1.3) and let I(t) := [¢_(t), ¢+ (t)] be the x-interval on
which the solution u is defined at ¢t > 0. Then w := uy satisfies (4.27) for all T > 0, hence

W 2ww? Ao Wwx 0
T1rw2 a+w2?2 i1 w? o (4.38)
w(ze(®).t) =Fg (u(c®).t)), fort > 0,

where
Qoo = {(x, ) | o) <x < £4(1), 0 <t < +oo} C (—H, H) x (0, +00).
Now we define a function W by
Wx, t) =y x+ct—H)

on the region x € J(t) := (ﬁ —ct, 4H —ct], where c = (1 —G‘l)A/ﬁ > 0. Then, for x€ J(t) and t > 0,
we have

w>1 Wy =cw Wxx Wax 3 W w L
w s = , ~ =5 = s —
= t X 1 ¥ W2 X W2 2b X 1 i sz \/5
Consequently
‘TVxx ‘7\”7\’)2( ‘TVWX

Wi > forxe J(t), t > 0.

W Carwnr i
Furthermore, since w(¢+(t),t) <G <1 for t > 0, we have

wx, t) KW, t) forxea(I(t) N J©)),

so long as 4H — ct > H. Thus, by the comparison principle,

wx,t) <wk,t) forxel®)NJ), 0<t<T =

“"| gz

In particular,
wx, T) < W, T)=vx+2H) forxe(T)N J(T)=I(T).
Since ¥ < 0, we have v (x+2H) < y(H) in I(T), hence
w(x, T) <y (H) forxel(T).

Similarly, in view of the fact that —W(—x,t) is a subsolution of (4.38), we have w(x,T) > —w(ﬁ).
Therefore, by setting
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b

=]

M:=vy(H) =

)

we see that

lux(x, T)| <M forxe I(T).

Furthermore, since M > G, the maximum principle yields

lux(-.t) ], <M fort>T.
The lemma is proved. O

Lemma 4.22. Let T > 0 be as in Lemma 4.21. Then there exist constants C > 0 and X > 0, depending only on
H, g+ and A such that, for any global solution u of (1.2)-(1.3),

JuxC.0)| o <G +Ce™™ forallt >T. (4.39)

Proof. Let M, T > 0 be as in Lemma 4.21 and define
WK, t) =G + v2Me 1 cos(a(x + ITI)) forxe[—H,H], t>T,

where a = n/(8ﬁ) and A > 0 is a constant to be specified later. Then

" A N . ~ ~
Wtza_2WXX<O’ Wy <0, G<W<G++2M forxe[—H,H], t>T.

Now set

a2

Am——
14+ (V2M 4 G)?

Then, since Wyyx <0, Wy <0,

. Wi Wi 20 W2 AWy
We = 2 "3 VIR -
1+(W2M+6)2 - 14+4w?2 (1+w?)?2  JT+w?

Furthermore, w(x, T) > M for x € [—Fl, ﬁ].
Let u(x,t) be any global solution of (1.2)-(1.3) and let I(t) := [¢—(t), ¢+ (t)] be the x-interval on
which the solution u is defined at t > 0. Then, by Lemma 4.21 and the comparison theorem, we have

uy(x,t) <wx,t) forxel), t>T.
Similarly uy(x,t) > —W(—x, t), hence

|ux(x, )| S W(x, £) <G ++2Me ™D forxel(t), t>T.

The lemma is proved. O
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Proof of Proposition 4.17. Let I(t) := [¢_(t), ¢4+ (t)] be the x-interval on which the solution u is de-
fined at t > 0. We note that w := uy(x, t) satisfies (4.38). Since |g’(u(¢+(t),t))] < G, we see by the
maximum principle that

|wix,t)| < max{ max |ug(x)|, Gl
xel(0)

for all x € I(t) and t > 0. The same argument shows that

o(t) := max{ )?gla(i()|w(x, t)

.G}

is monotonically non-increasing in t. Furthermore, Lemma 4.22 implies

GC<pt)<G+Ce™ fort>T,

where the positive constants T, C and A are independent of u. Thus we obtain
lim p(t)=G. (4.40)
t—+00

The conclusion of the proposition immediately follows from (4.40) and the definition of C;d. a

4.6. Sequence of solution-triples

In this subsection we consider Eq. (1.2) on £2;, for each h € Hgz. More precisely, we consider solu-
tions of

Uxx 5
U = 7 +AYT+uy, () <x<i (1), t>0, (441y)
1+ ug

{ ux(Z- (). t) =h_(u(z- (). 1)), ux(t4(0).t) ==, (u(24(0). 1)),

(4.42)
(c£(®), u@L (), 1)) € 0£82p.
and prove the continuous dependence of the solution triple (up, £2, 1) on h.
We first note that all the existence results and the a priori estimates in the previous sections
remain valid for solutions on $2, provided that the symbols such as C2+#:1+1/2 or CH-1/2 3re under-
stood to denote the corresponding function spaces on £2;. The class of admissible functions C;d has
also to be replaced by C;d(h), which is defined as in Definition 4.7 by using 2, instead of £2. (The
constant G remains the same for any h € H,.)
For each h € H, we have introduced the coordinate transformation (x, y) — (&, ) in Section 4.2,
where &, is defined as the solution of

AE =0, in,
& =—H, onoa_$2, (4.43)
&h=H, on 04+ 82y,

and 7, is the conjugate harmonic function of &, satisfying the normalization condition 7,(0,0) = 0.
This coordinate transformation converts 2 into a flat cylinder £2o9 := (—H, H) x R, and curves in 2y
into those in £2q. If a curve in §2, is expressed as the graph of a function u(x), then the corresponding
curve in £2g is expressed as the graph of the function n, = v(&,), where the function v is given by



B. Lou et al. / . Differential Equations 255 (2013) 3357-3411 3385
(% u@0)) = v (& (x, u)).
We denote this function v by Vp[u]. In view of (4.10), we see that
Voehloau]l = Vi[ul — 1, (0, a). (4.44)

In what follows convergence of solutions u, on £2, will be understood in terms of the convergence
of Vp,[un] on £29.

Lemma 4.23. Let {h,} be a sequence in Hg converging to h* € Hg in L7°

® (R; R?), and let w, € C,(hy) bea
sequence of functions such that

lim Vy,[wpl=v* inC'([—H, H]) (4.45)
n—oo
for some C! function v* and that
sup||wy |, < l (4.46)
neN G

Then there exists a (unique) function w* € C;d (h*) such that v* = Vp«[W™*].

Proof. Since w, € C;d (hn), the graph of w, meets 0_ 2y, and 92, perpendicularly at its endpoints.
The same is true of the graph of the converted function Vj,[wy] and boundaries d+£29 since the
coordinate transformation (x, y) — (&, , n,) is conformal up to the boundary.

Next we denote by (¢, ) = (Xp,, Y,) the inverse transformation of (x, y) = (&, 1, ). Then, since
wy € Cl(hy), we see from (4.4) that

X + Xy (Vi [wnl) = 81 > 0,

where the constant §; is independent of n, since it is determined by sup,, [|(&p, )x|lL, which is equal
to ||(g)xllr. Letting n — oo in the above inequality and using (4.22), we obtain

Xn)e + X )y (v¥) = 81.

This implies that there exists a function w* such that v* = Vu«[w™*]. Since the graph of v* is per-
pendicular to 04£2p, the same is true of the graph of w* and 9.£2«. Furthermore, (4.46) yields
l(Ww*)xllLe < 1/G. Hence w* € C;d(h*). The proof of the lemma is complete. O

Lemma 4.24. Let u € C,zoj” A+u/2

be sequences in R such that

be a global classical solution of (4.41,,)-(4.42) and let a, and t, — 400

(i) 0g,h — h* in L2 (R; R?) as n — oo;
(ii) for any T > 0 there exists a constant Ct > 0 independent of n satisfying

sup ||og,u(-.t +tn) ;0 <Cr
te[~T,T]

forallnwitht, > T.
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Then the sequence of solution triples (uy, 2y, , In) defined by

Un(x,t) :=0g, u(x, t +tp), hy = Uanh, In := (—ty, +00)

240,14 1/2 -
loc in the sense of

topology in the sense that

has a subsequence which converges to some solution triple (u*, 2+, R) withu* € C
2,1

Definition 2.13. Furthermore the convergence un, — u* takes place in the ;.

Vi [un] = Vi [u*] in € (I—H. H] x R),

loc

where Vy, is as in Lemma 4.23.

Proof. By Proposition 4.17, there exists t, > 0 satisfying u(-,t) € C;d for t > t,. Then up(-,t) € C;d(hn)
for t > t, —t,. Therefore v, := Vy, [uy] can be defined for t > t, —t;; and solves the following problem:

ve=dp, (&, v,ve)vee + fn, (5, v, ve), Ee(=H,H), t>t,—ty,
Ve(—H,t) =ve(H,t) =0, t>t,—ty. (4.47)

Here for h € Hg; we define

1
M h) = ,
JEmW= 5076w+ e, m
& mh
dn(§. 1. p) = T2

1 1
fu€.m.p) = —515(‘5, n:hp+ 5];7(’5, nyh)+ A JE n; (1 +p?), (4.48)

where (Xj, Yp) denotes the inverse map of (&4, ny). By Corollary 2.9, we see that the uniform esti-
mates (Lemma 4.18) hold for solutions of (4.23)-(4.24) with d, f replaced by dj, fp,, respectively.

We fix T > 0 and take ng =no(T) €N satisfying t, > t, + T for all n > ng. By the assumption (ii),
there exists some constant Ct > 0 independent of n such that ||vy(-, t)|lroo—n,Hp < Cr for all n >ng
and t € [T, T]. Hence, applying the uniform estimates (Lemma 4.18) to v,, we obtain

IVallczmasnrzq—p, mx—1,1) < M1

for some constant Mt > 0 that depends on T but is independent of n. Therefore, by Cantor’s di-
agonal argument, one can find a subsequence of {v,};, (again denoted by {v,};) and a function
v e CZHCTTII2(1_H H] x R) such that

loc

lim |v

* —
ool vV =V | 21— H HIxR) = O- (4.49)

This, together with (4.47) and (4.22), implies that

vi=dp (5, v, VE)VEe + fae (€, v, V), (x,1) € (—H,H) xR,
Vi(—H,t)=Vi(H,t)=0, teR. (4.50)

For each t € R, we have
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1
H(un)x('st)”Loo = ”ux('5t+tl1)HLoo < maX{Gs ||uX('7t*)”Loo} < E

for all n with t + t, > t.. Hence, by Lemma 4.23, there exists u*(-,t) € C;d(h*) for each t € R.
Then (4.50) yields that (u*, £2p+, R) is a solution triple.
Next we show that

d (v (un( D), ¥ (*(, 1)) >0 asn— oo

locally uniformly in t € R. In what follows we write 3" =y (un(-, t)) and y;* =y (u*(-,t)) for brevity.
We fix T >0 and t € [T, T]. For any point (xo, yo) € ¥/, there exists a unique & € [—H, H] such
that

Xo = Xn, (€0. Va(60. 1)), Yo = Yn,(%0. Va0, 1)).

Using this &, we define a point (x*, y*) € ;* by

X = Xp+ (50, v¥(€0. 1)), ¥* =Yp (60, V¥ (0. 1)).
Then we have
d((x0, y0), (x*, ¥*)) < | Xn, (50, va(€0. 1)) — Xp= (50, v* (€0, 1))
+ | Yh, (80, va(€0. ) — Yie (50, v¥(50. 1)) ],

where d denotes the Euclidean metric in R2. This implies

d(ytn’ y[’*) g Sup d((XO’ YO), (X*7 y*))
(x0.y0) ¥

<[ X (s va o 0) = Xne (v G O) [+ Y (4 v 6 0) = Vi (v D) -

Here we define

d(A,B):= max min d((x1,y1), (x2,¥2))
(x1,¥1)€A (x2,y2)€B

for two compact sets A, B in R2. In a similar way, we obtain the same inequality for d(y, v; hence
we obtain

du (v v) = max{d(y", v). d(v )}
<% (v 0) = X (v G D) [+ [ Yy (5 va D) = Yae (v G D) -
By virtue of (4.22), (4.49) and the fact that Xp«, Yp+ are uniformly continuous, we see that

dH(ytnj, ¥{) — 0 as j — 0 uniformly in t € [T, T]. Furthermore, (4.49) implies that the above con-
vergence takes place in the C>! sense. O
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5. Existence and uniqueness of the entire solution

The aim of this section is to prove the existence and uniqueness of the entire solution (namely
the solution defined for all t € R) of (1.2)-(1.3), or more generally, that of (4.41})-(4.42;,). As we have
mentioned before in Section 1, our strategy is first to construct a monotone increasing solution u that
is defined for all t > 0, then to construct an entire solution U by considering the w-limit point of u
in a certain sense that will be specified later. The assumption that £2 (or §2;,) is recurrent plays a key
role in the proof of the existence and uniqueness.

Our standing hypothesis in this section is the following:

There exists no stationary solution in £2. (5.1)

For some of the results we need a stronger version of (5.1):

There exists no stationary solution in £2, for any h € H,. (5.2)

A sufficient condition for (5.2) is (1.9), namely A > 0 and 2AH > sino4 + sino—, as we will see in
Remark 5.2 below.

5.1. A geometrical condition

Here we give a sufficient condition that guarantees non-existence of a stationary solution.
Lemma5.1.If A > 0and 2AH > sinay + sino_, then problem (1.2)-(1.3) has no stationary solution.

Proof. Suppose that there exists a stationary solution v(x) of (1.2)-(1.3). Then the graph of v is a
circular arc of constant curvature —A whose endpoints meet the boundaries 9.2 perpendicularly.
Naturally the radius of this arc is 1/A. Let (x4, v(x+)) be the endpoints on 9.2, respectively. Since
A > 0, the tangential direction of the arc is not horizontal at least at one of the two endpoints. This
means that at least one of the two endpoints of the arc lies outside of the region {—H < x < H}.
Consequently, we have x; —x_ > 2H.

On the other hand, since

vVi(x2)<supgl (y)=tana_,  V'(x4)>—supg, (y) =—tanay,
a simple geometric observation shows that

sinay + sino—

< 2H.
A

Xy —X-

This contradiction proves the lemma. O

Remark 5.2. Take any h € Hg, and consider problem (1.1) in £2 instead of £2 under the same Neu-
mann boundary conditions. Then the conclusion of Lemma 5.1 holds for £2p, since hy satisfy

suph/, < tanoy, suph’ <tano_.
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5.2. Existence of entire solutions

In this subsection we prove the following proposition on the existence of an entire solution under
the assumption (5.1).

Proposition 5.3. Assume (5.1). Then (1.2)-(1.3) has an entire solution U (x, t) with the following properties:
(iYUe Cit“‘”wz(a),where
Q:={&x0|(x,Ux)eR, teR} (5.3)
(i) |Ux(x,6)| < Gand 0 < Ug(x,t) < C forall (x,t) € Q for some constant C > 0;
(iii) maxyU(x,t) > —oo ast — —oo, ming U (x,t) — 400 ast — +oo;

(iv) if, in addition, (5.2) holds, then there exists a constant p > 0 such that Uy (x,t) > p forall (x,t) € Q.

The above proposition follows immediately by combining the lemmas below. In fact, the asser-
tions (i), (ii) follow from Lemma 5.6, and the assertions (iii), (iv) from Lemma 5.7.

We start with constructing a solution t(x, t) that is defined for all t > 0 and monotone increasing
in t. We can take a linear function as the initial value u(x, 0) (that is, the graph of u(x,0) is a line
segment) due to the following lemma:

Lemma 5.4. Assume (G1)-(G4). Then there exists a relatively dense family of line segments in £2 whose end-
points contact 94 §2 perpendicularly.

Proof. For y € R we write

p+(y) = (£(H+g+(»)).y) € 0+

and
de(y) =d(p+£(y), 0s82) := Zien]gd(pi(y), p+(2).
where d denotes the Euclidean metric in R2. Since

2H <d(y) <2H + 18+ + g-llio®)

for y € R, there exists a positive constant mg independent of y such that

di(y)=_inf d(p+(y). p5(2). (5.4)
jz—yI<mo
Let
do := yfgefRd(p+(y), p-(2). (5.5)

We may assume that there exists some yo € R satisfying d (yo) > dp and d_(yo) > do; otherwise the
assertion of the lemma is obvious. Then

dy :=min{d(yo0),d—(yo)} —do > 0.



3390 B. Lou et al. / ]. Differential Equations 255 (2013) 3357-3411

By (5.5), there exist yq, z1 € R satisfying

d
d(p+(y1), p—(z1)) <do + Z]'

Let Yo > 0 be such that yq,z; € (—=Yo, Yo) and [yg — mg, Yo + mo] C (Yo, Yo), where mg is the
constant in (5.4). Then we can choose &g > 0 sufficiently small such that for any a € Ag, y, we have

d 3
d(p+(y1 +a), p—(z1 + @) <do + 31, ds(yo +0) > do+ dr. (5.6)

Here we used the notation in Definition 2.3, namely

Agg.vo i= {a eR ’ 008 — &llLoo((—vo.v0):R2) < 80}.

Since the functions d4(y) are continuous, the above inequalities (5.6) imply that for any a_,a,a, €
Agy v, With y14a,z14+a € (yo+a—, yo+ay) the function d(p,(y), p—(2)) attains its local minimum
over the interval [yo +a—, Yo +a+] X [yo +a—, Yo +a4] at an interior point (y*, z*). Therefore, the
line segment connecting p4 (y*) and p_(z*) intersects 912 perpendicularly.

By the recurrence of g, the set Ag y, is relatively dense in R. Thus the assertion of the lemma is
proved. O

Let | be one of the line segment in the previous lemma and let iip(x) be a linear function such
that [ is the graph of ilp. Then we have iip € C}; N C? and

ﬁOxx

IEOX(X)‘ <G, W =
X

0> —A. (5.7)

Let u(x, t) be the global solution of (1.2)-(1.3) with initial data ug(x). Then Lemma 4.6 implies that

lix(x, )| <G forallxe[¢_(t), 4+ ()], >0, (5.8)
where [Z_(t), 4 (t)] denotes the horizontal span of the solution curve ii(x, t) at each time t > 0.

Lemma 5.5. Assume (5.1) and let u be as above. Then:

(i) There exists C > 0 such that 0 < ii¢(x,t) < C forall x e [ _(t), Z+(t)], t > 0.
(ii) u(0,t) diverges to 400 ast — +oc.

Proof. (i) Since u;(x,0) > 0, the maximum principle yields that

Ur(x,0) >0 forallxe[z_(t),L4(D)], t>0. (5.9)

The upper bound on ; is derived from Corollary 4.19 and the continuity of u; up to t =0.

(ii) Suppose that u(0,t) is bounded. Then by (5.8), ||u(-,t)||1~ is also bounded in t. This and
Corollary 4.19 imply that for any § > 0, |[u(-,t)||c2+« is bounded for t > 8. Therefore, i converges to
some C? function as t — +o0, which is necessarily a stationary solution of (1.2)-(1.3). This contra-
dicts (5.1). O
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Lemma 5.6. Problem (1.2)-(1.3) has an entire solution U (x, t) with the following properties:

(i) UeCp"12(@), where Q :={(x,t) | (x, U, 1)) € 2, t € R};
(i) |Ux(x,t)| < G and 0 < Ug(x,t) < C for all (x,t) € Q, where C is the same constant as in Lemma 5.5. If,

in addition, U is not a stationary solution, then U (x, t) > 0 for all (x,t) € Q.

Proof. If (1.2)-(1.3) has a stationary solution V (x), then U(x,t) := V(x) is obviously an entire solu-
tion of (1.2)-(1.3) with U; = 0. Furthermore, Propositions 4.16 and 4.17 imply V € Clzot“‘w“/z and
VI~ <G.

Next we assume (5.1). We construct an entire solution U by using a standard renormalization
argument. Choose a sequence a; < az <as < ---— +o0o such that

00,8 — & Ly (R;R?)asn — oco.

Without loss of generality, we may assume that a; > ||ug|| ~. By Lemma 5.5(ii), we can take a se-
quence ty <ty <t3 <--- — 4o0 satisfying u(0, t,) = a,. Then for each n e N, (up, 2¢,, In) with

Up := Og, U(X, t +ty), 8n = 04q, 8, In :=[—ty, 00)

is a solution triple satisfying u,(0,0) = 0.
We fix T > 0. By (5.8) and Lemma 5.5(i), we have

||un('7t)||Loo < Mr

for all t e [T, T] and n € N with t, > T, where the constant Mt depends on T but is independent
of n. Hence, applying Lemma 4.24 to {(up, $2¢,, In)}n, we can find a subsequence (also denoted by

{(un, 2¢,, In)}n) and a solution triple (U, 2, R) with U € C,ZO“:“’HWZ such that

(un, £2¢,, In) 1= (U, 2,R).

Then the function U is an entire solution of (1.2)-(1.3) with U(0,0) =0.

Furthermore, since |(up)x(x,t)] < G, 0 < (up)¢(x,t) < C for all t > —t, and since the convergence
u, to U takes place in the C%! topology, we obtain the inequalities ||Ux||z~ < G and 0 < U; < C. The
strict inequality U; > 0 follows from the strong maximum principle. O

Lemma 5.7. Assume (5.1) and let U (x, t) be the entire solution of (1.2)-(1.3) in Lemma 5.6. Then

(i) maxyU(x,t) > —ooast — —oo, ming U(x, t) - +ooast — +o0; .
(ii) if, in addition, (5.2) holds, then there exists a constant p > 0 such that U¢(x,t) > p forall (x,t) € Q.

Proof. (i) Since U(x,t) is monotone increasing in t, the limit
Poo := lim U(0,t) €e RU {400}
t—+4o00

exists. If poo < 400, then by the boundedness of Uy, U(x,t) remains bounded, hence it converges to
some function V (x) in the C%>! sense as t — +o0. In this case, the limit function V is a stationary
solution, but this is impossible by the assumption (5.1). Thus we have po, = +o0. This and the bound-
edness of Uy implies miny U(x, t) — +00 as t — oo. The other assertion U(x,t) - —oo (as t —> —o0)
can be shown in the same way.
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(ii) Suppose that there exists a sequence (X;,t;) € Q with U;(xs,t:) — 0 as n — co. We may
assume that x;, — x* for some x* as n — oo. Set

ba:=U(0,ts),  Un(X.0):=0p, UK. t+tn),  hy:=0p,8.
Then (Up, £2,, R) (n € N) are solution triples with U, (0, 0) =0.

By an argument similar to the one in the proof of (i), taking a subsequence if necessary, we see
that

(Um th’R) )1—)—00) (U*,Qh*,R) (510)
for some h* € Hg and some entire solution U* of (1.2)-(1.3) in £2p+. Since (x,,ty) € Q, we have

(xn, Un(xq,0)) € 24,, neN. (5.11)

Furthermore, the facts that U, (0, 0) =0 and that |(U,)x| < G imply

|Un(xa.0)| < GH,

where H:=H + max{||g+lli<®), [I€—IlL~®)}. Combining this with (5.10) and (5.11), we see that
(x*, U*(x*,0)) € 2p+, in other words, (x*,0) e Q*, where Q * denotes the space-time region on which
U* is defined. Since U >0 in Q, we have U/ >0 in Q *. Furthermore,

U7 (x*,0) = lim (Un)e(xn, 0) = lim Ue(xn,tn) =0.

Suppose (x*,0) € Q*. Then the strong maximum principle yields Uy =0, in other words, U* is
a stationary solution of (4.41,)-(4.42,) with h = h*, but this is impossible by the assumption (5.2).
Next we assume (x*,0) € 9Q *. Then differentiating (4.42;,) with h =h* and u = U™ by t, we see that
(Uf)x(x*,0) = 0. This is again impossible by (5.2) and the Hopf boundary lemma. O

5.3. Uniqueness of entire solution

In this subsection, we prove that the entire solution U (x, t) of (1.2)-(1.3) is unique up to time shift.
Let U(x,t) be an entire solution having the properties of Proposition 5.3(i), (ii), (iii), and let W (x,t)
be any entire solution of (1.2)-(1.3). Then the following function Ay w is well-defined:

(512)

. there exists T € R such that
Ay.w (t) = inf A>0‘ ,

UG t+D)xWEHD UG E+T+A)
where the symbol < is defined in Section 4.4. The function Ay w (t) has the following properties:

Lemma 5.8. Assume (5.1).
(i) The function Ay,w (t) is monotone decreasing and is bounded in t € R.

(ii) If Ay w (to) = 0 for some to, then there exists T € R such that U(-,t + ) = W(.,t) for t > to. If
Ay, w (to) > 0 for some to, then Ay w (t) is positive and is strictly decreasing in t < to.

Before proving this lemma, we first show the following:
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Lemma 5.9. Assume (5.1) and let W (x, t) be any entire solution of (1.2)-(1.3). Denote by Q w the set of all
(x, t) for which W (x, t) is defined. Then

(i) [Wx(x. 0| <G forall (x.t) € Qi _
(ii) maxy W (x,t) — miny W (x, t) < 2GH fort € R, where

H:=H+max{lg+lio®. 18-l }; (5.13)

(iii) there exists a constant C > 0 such that |W,(x, )| < C forall (x,t) € Qw;
(iv) W(0,t) - +ooast — Foo.

Proof. (i) By Lemma 4.22 we have, for any t e R and 7 € (—oo,t — T],
Wi, £)] < G+ Ce ),
Letting T — —o0, we obtain |W(x,t)| < G for all (x,t) € Q.
(ii) The assertion follows immediately from (i).
(iii) The statement (i) implies W(-,t) € C;d for all t € R. In view of this and Corollary 4.19, we
obtain the boundedness of W;.

(iv) Let U(x, t) be the entire solution in Lemma 5.7. Then we can choose t1 < ty such that U(-, t1) <
W (-, 0) < U(., tp). Therefore, the assertion follows from Lemma 5.7 and the comparison theorem. O

Now we are ready to prove Lemma 5.8.
Proof of Lemma 5.8. (i) By the definition of Ay w, for each fixed t € R, there exist T € R such that
UCt+TD) KWED KU E+T + Agw (D). (5.14)
Therefore, it follows from the comparison principle (Proposition 4.14) that for any s > 0,
UG, t+s+T)SW(Et+)U(Lt+5s+T+ Agw (D).

This implies Ay w (t +5) < Ay,w (¢) for s> 0.
Next we prove the boundedness of Ay w (t). What we have to show is

lim Ay w() <+oo.
t——00

Choose a returning sequence a;, — —oo such that 04,8 — g as n — oo. Then Lemma 5.7(ii) implies
that there exists a sequence t, — —oo satisfying U (0, t,) = a, for all n € N. Without loss of generality
we may assume that

0, Ux, t +ty) —> U*(x,t) asn— oo

in the sense of Lemma 4.24. Then U*(x,t) is an entire solution on £2; satisfying U} > 0 since U; > 0.
By Lemma 5.9(iv), we can find T > 0 such that

U*,T)—U*@,0)=U*0,T) >4GH +1,

where H is the constant in (5.13). It follows that, for all sufficiently large n, we have
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U@, T +ty) —U(0,ty) > 4GH,
hence
minU(x, T + tn) — maxU(x. tn) > 2GH.
By Lemma 5.9, we can find s, € R such that
UG, th) S WC,sp) SUG T +tg).
This implies that

Ayw(sn) <T

for all sufficiently large n. Since t, - —o0 as n — oo and since W; is bounded, it is clear that
Sp — —oo as n — oo. In view of this and the monotonicity of Ay w (t), we obtain

lim Ayw®) <T.
t——00

(ii) The former statement is obvious. Suppose that Ay w(tp) > O for some tyg. Then by (i),
Ay,w(t) > 0 for any fixed t < to. Therefore (5.14) and the comparison principle (Proposition 4.14)
yield

UG t+s+T) KW t+5) KU t+5+T+ Ayw()
for s > 0. Consequently, by the continuity of U(x, t) in t, there exists § =§(t,s) > 0 such that
UG t+s+T+8) KW t+5) KU(Lt+5+T+ Ayw () —35).
From this it follows that Ay w (t +5) < Ay w (t) — 26. This proves statement (ii). O
The following is the main result of this subsection:

Proposition 5.10. Assume (5.1). Let U(x, t) be the entire solution of (1.2)-(1.3) in Proposition 5.3 and let
W (x, t) be any entire solution of (1.2)-(1.3). Then W (x, t) is a time shift of U (x, t).

Proof. We only need to show that Ay w(t) =0 for all t € R. Suppose that Ay w (o) > 0 for some
to € R. Then Lemma 5.8(i) implies that Ay, w (t) converges to some A >0 as t — —oo.

Choose a returning sequence {ap}nen for g with a; — —oo as n — oo and take a sequence {t;}nen
with W (0, t;) = a,. By (5.14), there exists a sequence {t,} such that

UGtn+ ) S W) < U('v th+ T + AU,W(tn))
for n € N. This implies that
0<W(,tn) —U@O,tq + )
< U(O, th + T + AU,W(tn)) — U@, ty +1y) <CA,

where C is the constant in Proposition 5.3(ii). Set
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Un(x,t) := 00, U(X, t + 1ty + Tn), Wh(x,t) := 0q, W(x, t + ty).
Then (Up, 0q,£2,R) and (Wy, 04,2, R) are solution triples, and W,(0,0) =0, U,(0,0) € [-C4, 0] for
each n € N. Furthermore, U, and W, satisfy all the properties of W in Lemma 5.9. Using a similar

discussion as that in the proof of Lemma 5.6, we can find subsequences of {U,}, {W;}, again denoted

by {Un}, {Wy}, and functions Uy, W € Cﬁi“’”wz such that

(Un, 04,82, R) =% (Uso, 2,R), (W, 04,2, R) 7= (Weo, 2, R).

Hence (Uyo, £2,R) and (W, £2, R) are also solution triples.
By the definition of Ay, w,(t), for any t € R, there exists T € R such that

Up(,t+T) x Wy(, D) = Un(',t‘i‘ T+ Ay, wy (t))

and that the graph of W, (-, t) has intersections with those of U, (-, t+ ) and Un(-, t+7 + Ay, w, (t)).
Writing the above inequalities in terms of U and W, we have

UG t+T+ta+T) SWCE+E) S U E+T 4+t + T + Ay, w, (O)

Hence

Ay,w, () = Ayw(+ty) > A asn— oo.

On the other hand, Ay, w,(t) = Ay, w. () (n — o00) locally uniformly in ¢t. Therefore Ay w, (t) =
A for all t € R. This, however, contradicts Lemma 5.8(ii) and the fact that A > 0.

Thus we have Ay w(t) =0 for all t € R, and hence there exists a constant 7 such that U(-,t+7) =
W(,t) forallteR. O

5.4. Further properties of the entire solution
Let us begin with the following lemma:

Lemma 5.11. Assume (5.1) and let U (x, t) be the (unique) entire solution of (1.2)-(1.3), and let c_ denote its
lower average speed (see (2.17)). Then the following conditions are equivalent:

@ c_>0; (b) (5.2) holds.

Proof. The assertion (b) = (a) is an immediate consequence of Proposition 5.3(iv). To prove the
assertion (a) = (b), choose h € Hg arbitrarily, and let {a,} C R be such that oq,g — h in L} (R; R?)
as n — oo. Since U(x,t) — +oo as t — 400, we can take a sequence {t,} C R such that U(0,t,) =ay
for all n € N. Replacing {t,} by its subsequence if necessary, we see, by Lemma 4.24, that there exists

an entire solution U*(x, t) in £, such that

0, U, t+ty) =U(x, t+t;) —an —> U*(x,t) asn— oo

locally uniformly in the region where U* is defined. Since c_ > 0, (2.17) implies that there exists a
constant T > 0 satisfying

U@O,t+T)—U(@,¢t) > %T forallt e R.
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Therefore, we obtain
c_
U*0,t+T)—U*0,t) > 7T forallt € R.

This implies that U*(0,t) — +o00 as t — +oo. Hence by the comparison principle, there exists no
stationary solution in £2,. O

Now let us assume (5.2). For each h € Hgz, we define U(x, t; h) to be the entire solution of (1.2) in
the domain £2;, which satisfies the following normalization condition

U(0,0;h)=0.

The existence of such an entire solution follows from Proposition 5.3. The uniqueness result (Proposi-
tion 5.10) clearly holds if £2 is replaced by £2;, and if U(x,t) is replaced by U(x,t; h). In view of this,
and considering that

o U, t+1;h)=UX,t+71;h)—a
is an entire solution in £, for any constant T € R, we see that the following identity holds:
U(x, t; ogh) = oqU (x, t + T(a); h), (5.15)
where 7(a) is a constant determined by the condition
U(0,7(a); h) =a. (5.16)

Lemma 5.12. Assume (5.2) and let {h,} be a sequence in Hg converging to h* € Hg in L7° (R; R?). Then the

loc
following hold:
U(x,t; hy) — U(x, t; h*)  (n— 00), (517)
Ue(x, t; hp) — Ue(x, £ %) (n — o0) (5.18)
locally uniformly in (x, t) in the sense of Lemma 4.24.

Proof. Suppose that the convergence in (5.17) does not hold. Then, by using the parabolic estimates
in Section 4.5, we can find a subsequence {hy,} of {h,} and a function U*(x, t) such that

Ux,t;hy) > U*(x,t) ZU(x,t;h*) (i — o00)
locally uniformly in the sense of Lemma 4.24. Clearly, (U*, £2p+,R) is a solution triple and
U*(0,0) = 0. Hence, by Proposition 5.10, U*(x,t) = U(x, t; h*), contradicting the above assumption.
This contradiction proves (5.17). The assertion (5.18) follows from (5.17) and parabolic estimates. The

lemma is proved. O

Corollary 5.13. Assume (5.2). Then, for any h € Hg, there exists a sequence {an}nen such that

U, t;h) = lim (U(x.t+7(an); ) — ). (5.19)
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Proof. By the definition of Hg, there exists a sequence {a,} C R such that o4,g — h as n — oo.
By (5.15),

U(X,t;06,8) =U(X,t +T(an): &) — an.
Combining this and Lemma 5.12, we obtain (5.19). O
Lemma 5.14. Assume (5.2). Then there exist positive constants §, C1 and C which depend on g+ such that
8<U(0,t;h) <Cy forallt eR, h e Hy; (5.20)
|Uit (0, t; 1) < C forallt € R, h e Hg. (5.21)

Proof. The assertion (5.20) is a direct consequence of Proposition 5.3 and Corollary 5.13. The asser-
tion (5.21) follows from Lemma 5.15 below and Corollary 5.13. O

Lemma 5.15 (Interior estimates for Uy ). Let U (x, t) be the entire solution of (1.2)—(1.3) and Q be the space-
time domain defined in (5.3). Then U is differentiable twice by t in Q and for any Hg € (0, H) there exists a
constant C > 0 such that

1U¢t oo (— Ho, Ho1xR) < C. (5.22)

Proof. That U is twice differentiable in ¢ follows from standard interior parabolic estimates. Differen-
tiating Eq. (1.2) by t, we see that w = U; satisfies

Wiy 2UxUxxwy UyxWy

Wr = —
1+U;  (+Up)? V1+ U}

inQ.

This equation can be regarded as a linear parabolic equation

we =a(x, t)Wyx + b(x, t)wy.

By (4.35), a, b and w are uniformly bounded and Hélder continuous in Q. The desired estimate (5.22)
then follows from standard interior parabolic estimates. O

6. Traveling waves

In this section we show the existence of recurrent traveling waves under the condition (5.2) and
study their average speed. We also prove the asymptotic stability of the recurrent traveling waves.

As in Section 5.4, for each h € Hg, we use the notation U(x,t;h) to denote the entire solution
of (1.2) in 2 satisfying the normalization condition U (0, O; h) = 0. In what follows, we put

pr() :=U(0,¢t; h). (6.1)

The function pj(t) represents the position where the curve y (U(-,t; h)) crosses the y-axis. We will
call it the current position of the entire solution U(x,t; h). For simplicity, in the case where h = g, we
also write U(x, t; g) and pg(t) as U(x, t) and p(t), respectively.
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6.1. Existence of a regular traveling wave
Proof of Theorem 3.1. We show that the above-mentioned entire solution U (x, t) is a regular traveling
wave.

First, p(t) := U(0, t) is a function from R to R. It satisfies p’(t) = U¢(0,t) > & > 0 by (5.20).
Secondly, substituting a = py(s) in (5.16), we obtain

U(0, T(pn(s)); h) = pa(s) =U(0,s;h) forseRR.

Hence

7(pn(s)) =s foranyseR.

Putting a = py(s) and h =g in (5.15) yield

U, t;0p8) =Ux, t+5;8) — p(s).

Setting t =0, we obtain U(x, 0; 0p5)8) = U(, s; g) — p(s) = U(x, s) — p(s). Hence

Y(0p U, 9) =y (U(, 0; 0ps)8)).
Notice that, by Lemma 5.12, F :h+ y(U(:,0; h)) is a continuous map from H; into K, where K
is as in Definition 2.14. The above identity is then written as y (opU(-, $)) = F(0p(5g). Thus, by
Definition 2.14, U(x,t) is a regular traveling wave. Its uniqueness is obvious from Proposition 5.10,
since any traveling wave is an entire solution. 0O
6.2. Average speed
In this subsection we prove that a regular traveling wave has an average speed if g is strictly

ergodic. Before proceeding further, we first prove Lemma 2.15, which has been stated under a more
general assumption that g is recurrent.

Proof of Lemma 2.15. We put p(t) =U(0,t) and define

pT(T) = suﬂg(p(t +T)—p(D).
te

Then by Proposition 5.3(ii), we have
0< pT(T) <400 forevery T > 0.
Furthermore, for any Tq, T, > 0,

pT(T1+T2) < p*(T1) + pH(T2).

This means that p*(T) is subadditive, hence, by Fekete's lemma, the limit

P p(t+T)—p()
lim ———~ = lim sup————~
T—ooo T T—0o0 teR T
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exists. This proves the convergence in (2.16). The convergence in (2.17) can be shown similarly. Finally
the last assertion of the lemma is obvious. The lemma is proved. O

Now, for any h € Hg, we define a function @, : R — R by

pR(®) = Dp(pa (D). (6.2)

Since pp(t) := U(O, t; h) is strictly monotone increasing in t and pp(t) — 400 as t — +o0, the func-
tion @, is well-defined. Eq. (6.2) gives the law of motion for the current position of U(x, t; h).

Lemma 6.1. Let §, C; and C; be the constants in Lemma 5.14. Then

< Pp(p) <C1 forpeR, heHg; (6.3)
|®p(p)| <C2/8 forpeR, heHg. (6.4)

Furthermore,
04Pp =Pg,n foraeR, heH,. (6.5)

Proof. The inequalities (6.3) follow from (5.20). By (5.21) we have |U(0,t; h)| < C,. Differentiat-
ing (6.2) in t yields

@1 (pn(®)) - pp(t) = pj(0).

Hence

Ma>_‘w4aam _G

|<I>h(pn(t))|=‘p;l(t) U0, t:hy | T8

This proves (6.4).
Next we note that (5.15) implies

Ph(t +T(@) = pon(t) +a.
Differentiating this identity yields pj (t + 7(a)) = p;ah(t). Consequently,
@n(pr(t+ T(@)) = Poyh (Pogh (D).
Combining this and the previous identity, we obtain
0Py (paﬂh (t)) = Qg1 (paah (t)) .
Since pg,n(t) varies over R as t varies, this implies (6.5). The lemma is proved. O
Lemma 6.2. Let {h,} be a sequence in Hg.

(i) If hy =25 h* in L2.(R; R?), then &y, "= &y» in LY (R);

(i) Ifhy 2225 h* in L®°(R; R?), then @p, 222 dys in L (R).
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Proof. Let us first prove (i). By Lemma 5.12,
Ph, (£) =25 pp«(t) locally uniformly int € R,
P, (P, (1)) =25 Py (pp=(t)) locally uniformly int € R.

By (6.4) we have

)

C
|@ﬂm4®—¢m@mmﬂsgwmm—pmm
hence

n— 00,

@p, (P () =25 Pp= (pp=(t)) locally uniformly int € R.
Since pp«(t) — £oo as t — £oo, the above convergence implies

n— 00,

Dy, (p) —= Pp=(p) locally uniformly in p € R.
This proves (i).

Next we prove (ii). Assume that h, — h* in L%°(R; R?) but Py, » Py« in L°(R). Replacing {hy}
by its subsequence if necessary, we may assume that

P, — PrxllLe®) > €0 forn=1,2,3,...,

for some gp > 0. Hence, there exists a sequence {ap} satisfying

|q)hn (an) — ¢h*(an)| = |Uan P, (0) — 0q, P+ (0)| > £€0.

This means

| P4, (0) = Py (0)] > €0 (6.6)

by (6.5). Since Hg is compact in Lp (R; R2), we can select a subsequence of {a,}, denoted again
by {an}, such that

Oaghn B2 hoo,  0g,h* =25 3, in Lo (R; R?).

Letting n — oo in (6.6) and using the assertion (i), we have

|1, (0) — Pps_ (0] > 0. (67)

On the other hand, since h, — h* in L,

|oashn — Oanh*||Loo(R;R2) = |hn —h* ||LOO(R;R2) — 0 asn— oo.

This implies ho = h%,, contradicting (6.7). The assertion (ii) is proved. O
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Lemma 6.3.

(i) If g is periodic, then @y is periodic;
ii) If g is almost periodic, then @ is almost periodic;
(iii) If g is recurrent, then @ is recurrent;

(iv) If g is strictly ergodic, then @ is strictly ergodic.

-

Proof. (i) Assume that g has period L. Then by (6.5), 0, ®g = @4, g = Pg, hence &, has period L.

(ii) Since g is almost periodic, by Bochner’s criterion, for any sequence {a}, there exists a subse-
quence of {a,}, denoted again by {an}, such that 04,8 — g* in L*(R; R?) for some g* € Hg. By (ii) of
Lemma 6.2

00, Pg = Do, g — Pg+  in L°(R).

This implies that @, is almost periodic.
(iii) By Lemma 6.1, @, is bounded and uniformly continuous on R. Suppose that

04, @g — @* inLy (R).
We can choose a subsequence of {a,}, denoted again by {a,}, such that

04,8 — g° inL2(R;R?)

loc

for some g* € Hg. Hence g, g = @q,, g — Pg+. Consequently, @g = O*.
Since g is recurrent, there exists a sequence {b,} such that

ob,8" — g inL2(R;R?).
Therefore

0p, @* = 0p, Pgr = Py, g+ — Pg i L (R).

By Lemma 2.4, this means that @, is recurrent.

(iv) We recall that a function is strictly ergodic if it is recurrent and uniquely ergodic. Let
F:He, — R be any continuous map. Since @ : h+— &, defines a continuous map from #Hg onto
Hao,, the composite map F o @ : Hy — R is continuous. Therefore, the unique ergodicity of g implies
that the limit

1 a+L
lim — /(Fo@)(aag)da
L—-oo L
o

exists uniformly in « € R. By (6.5), the above limit equals

1 a+L
lim — / F(oq®g)da.

L—soo L
o

Hence @ is uniquely ergodic. Since @, is recurrent by (iii) above, it is strictly ergodic. The lemma is
proved. O
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Lemma 6.4. For any h € Hg, the average speed ¢, of U (x, t; h) exists if and only if 1/ ®y, has the uniform mean
(1/®p) in the sense of (2.3). Furthermore, ¢, coincides with the harmonic mean of ®p,, namely,

Ch= AN
h = o .
Proof. Since p;(t) = @p(pr(t)) and since @,(p) =& > 0 we have

pn(t+T)
dp

dp(p)
pr(®

Therefore,

pnt+T)—pp(t)  prt+T)— pa(t)
T - fph(H-T) dp
pr(®) ®n(p)

The conclusion follows from this equality easily. O

Now we are ready to present the main result of this subsection, which is a restatement of Theo-
rem 3.5.

Proposition 6.5. A regular traveling wave of (1.2)-(1.3) has an average speed if g is strictly ergodic.

Proof. By Lemma 6.4, it suffices to show that 1/®; has an arithmetic mean. For the clarity of the
argument, let us begin with the special case where g is periodic. In this case, by Lemma 6.3, @, is
periodic. Hence, by (6.3), 1/®; is also periodic, therefore it has an arithmetic mean (1/®g).

In the general case, by Lemma 6.3, @, is uniquely ergodic. Furthermore, by (6.3), every element
@ € Hq, satisfies @ > §, hence the operation @ — 1/@(0) defines a continuous mapping from He,
to R. Therefore the limit

1 a+L 1
lim — / ———da
oL | ®g,g(0)
o

exists uniformly in o € R. Since @4,4(0) = @4 (a), this implies that 1/®,; has an arithmetic mean. The
proof of the proposition is complete. O

6.3. Asymptotic stability of the recurrent traveling wave

In this subsection we prove Theorem 3.4; namely we show that the recurrent traveling wave U is
stable and that any solution of (1.2)-(1.3) with ug € C;d N C** () > 0) converges to a time shift of U
as t — +oo. The stability (Theorem 3.4(i)) is an easy consequence of the comparison principle, but to
prove the asymptotic stability (Theorem 3.4(ii)) requires a more improved argument.

Proof of Theorem 3.4(i). Let C denote the set of C'-curves in £2 defined in Section 4.4. Since g is
uniformly continuous, there exists a constant ¢’ > 0 such that if I'!, I'> € C satisfy I'' « I'* and
dy (I, I'?) <o/, then dy(y',y?) <o forall yl,y2 eCwith ' xyi g% (j=1,2).

We may assume that T = 0 without loss of generality. By Proposition 5.3(ii), the normal velocity
of I is bounded in t. Therefore, we can choose sufficiently small s > 0 such that
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dy(Itys, I1—s) <o', teR. (6.8)
Fix such s > 0. Then
s LIt < Ttys, teR (6.9)
In particular I'_s <« I'p <« Is, hence there exists a constant § > 0 such that dy ()0, I5) < 8 implies
I sy =T
The comparison principle (Proposition 4.14) then yields
s < ye < Itys, t20.
Combining this with (6.8) and (6.9), we obtain
dy(ye, It) <o, t=0.
The assertion (i) is proved. O

Proof of Theorem 3.4(ii). By Proposition 4.17, there exists some t, > 0 such that u(-,t) € C;d for
t>t,. Let 7o € R and Ay > 0 be constants such that

UG, te +70) Sul, t) S UGt + 10 + Ao).

Then the comparison principle yields

UG, t+T1) suC,t) UG t+T10+ Ag), 2>t

These inequalities imply that the function

t(t):=sup{t eR|UC,t+ 1) gu(, 0}

is well-defined and satisfies T (t) € [T, To + Ao] for all t > t,. Furthermore, by the comparison princi-
ple, T(t) is nondecreasing in t. Thus 7(t) converges to some 7, € R as t — +oo.
Choose a sequence a; <ay <az < ---— 400 with a; > ||u(-, ty)| |~ such that

04,8 — & Ly (R;R?)asn — oco.

Since U(0,t) — +o00 as t — +o00, we can take a sequence {t,} satisfying u(0, t;) = a,. Then for each
neN, (up, 24,, In) with

Up :=0g, u(-, t +ty), hy == 04,8, In :=[—ty, +00)

is a solution triple satisfying u,(0,0) = 0. On the other hand, letting U, := 0, U(:, t +tn + T(t + tn))
and Wy, := 0, U(:, t +t; 4 T), we see that (Uy, £24,,R) and (Wp, £2p,,, R) are solution triples for each
neN.

Arguing as in the proof of Proposition 5.10, we can find a subsequence of {a,}, again denoted
by {an}, and functions u*, U*, W* such that
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(un’th,In)m)(U*,-Q,R), (Una-thyR)H—o%(U*,-Q,R),
(Wn, 2, R) 2% (W*, 2, R).
Furthermore, Proposition 5.10 implies that u* = U and that each of the functions U* and W* is a
time shift of U. Since U; > 0 and since the graph of un(-,t) has an intersection with that of U,(-,t)

for all t > 0, we obtain U* = U. On the other hand, since 7 (t;) — T, as n — oo and since the normal
velocity of I} is bounded in t, we see that

d3 (¥ (Un(-,0)), ¥ (Wn(-, 0))) = dp (It 1ty Ttntz,) = 0 asn— oo. (6.10)

In view of this and the fact that U; > 0, we have W* = U* = U. Therefore,

da (Vo Ttntr) = dae (¥ (U (-, 0)), ¥ (Wn(-,0))) > 0 asn— oo.

Combining this and Theorem 3.4(i), we obtain
lim dH(Vl's 1—‘['+T*) - 07
t—+00

which means that y; converges to the traveling wave (after an appropriate time shift) in the sense
of the Hausdorff distance. The C2 convergence follows from standard parabolic estimates similar to
those used in the proof of Lemma 4.24. O

7. The pinning case

In Sections 4-6, we have considered the case 2AH > sin«4 +sina_, where there are no stationary
solutions. If A is small such that 2AH < sinoy + sina_, then propagation may be blocked. In this
section, we explain that when 2AH < sino4 +sina— holds, and if we consider the problem (1.2)-(1.3)
with g replaced by g4 as in (1.11), then there is a family of stationary solutions in ¢ for sufficiently
small ¢ > 0.

Without loss of generality we may assume that 4 £2¢ and 9_£2°¢ are both non-flat. Indeed, if one
of them, say 9, 2%, is flat and the other is non-flat, then by reflecting the solution u and £2¢ with
respect to 94 §2¢, we can convert (1.2)-(1.3) into an equivalent problem on the extended domain Q¢
whose boundaries are 9_§2¢ and its reflection with respect to 9, £2¢, both of which are non-flat. Thus,
in what follows we assume that g, 0, g_ £ 0; hence

oy >0, a_ > 0.
Set §p := min{o_,ay}/2 > 0.

Lemma 7.1. For any § € (0, &p), there exists Ms > 0 such that for any b € R, the interval [b, b + Ms] contains
points y+ such that

g (yp)=tan(ey —98), g (y-)=tan(a_ —9). (71)

Proof. First we choose yq, y2 > 0 such that

g\ (y1) =tan(ay —8/2), g, (y2) =tan(ay —29).

Since g/, is recurrent,
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Asy={aeR||oeg} — g} HLOO((fY,Y);]R) <&}

is relatively dense in R, where Y :=y{ + y» and
81 :=min{tan(ay — §/2) — tan(ay — §), tan(ery. — §) — tan(ary. — 28)}.

In other words, there exists IW,; > 0 such that any interval of the form [b,b + M,;] C R contains a
point bg which belongs to As, y. This means that

||g3r — Oby 8 ”LOO((—Y,Y):]R) <o

Especially, g/, (y;) — g/, (¥i +bo)| < &1 for i=1,2, and hence

g (y1+bo) > tan(ay —8/2) — 81 > tan(ay — §),
g;(h + bp) < tan(o4 — 28) + 81 < tan(o4 — 98).

Therefore, letting M := Ms + Y, we can find y; € [b, b+ M| satisfying g/, (y;) = tan(ay — 8). In a
similar way, there exists My > 0 such that any interval of the form [b,b + My '] contains a point y,’
satisfying g’ (y,) =tan(a— — §). Finally, setting M; := max{M;, Mjy }, we obtain the assertion of the
lemma. O

Lemma 7.2. Assume that 2AH < sinoy 4 sino_. Then (1.2)-(1.3) has a relatively dense family of stationary
solutions in $2¢ for any small & > 0. More precisely, if {v,},ea denotes the set of all stationary solutions of
(1.2)-(1.3) in £2¢, then {v,(0)},.c is relatively dense in R.

See the beginning of Section 2.1 for the relatively dense set.
Proof of Lemma 7.2. As we have shown in Lemma 5.4, there exists a relatively dense family of line
segments in £2¢. Furthermore, all solutions of (1.2)-(1.3) starting from such linear initial functions
are monotone increasing in t. If these solutions are bounded, then each of them must converge to a
stationary solution. Therefore, in order to prove the theorem, it suffices to show that there exists a

relatively dense family of time-independent upper solutions of (1.2)—(1.3).
Let § € (0, §p) be such that

2AH < sin(o4 — 268) + sin(a— — 26). (7.2)

Then, by Lemma 7.1, the sets S; ={y e R | g/.(y) = tan(a+ — 3)} are relatively dense in R. We fix a
small ¢ > 0 such that

eA(llg+ Iem® + 18- llie@m) < sin(ay — &) — sin(ory. — 28) (7.3)
and that
eAMg < cos(a_ — 28) — cos(a— — &), (7.4)

where M;s > 0 is the constant in Lemma 7.1.
Let y_/e € S_. Then (g°)'(y_) =tan(a— — §). For s € [0, 1] we define 6° :=a_ — (s +1)§ and

cos 6%
A

1
Xs(X):i=y_ — +X\/1—{A(X+H+ﬂ)—sin95}2,
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where ¥ = g€ (y_). Since

Xs(H—-9)=y_,  x(—~H—¥)=tan6?,
we see that the graph of y; is a circular arc, say Cs, with curvature —A and that Cs intersects 9_£2¢ at
P_:=(—H—19, y_) with contact angle 7t /2+s§ > 7 /2. By (7.2) and (7.3), Cs has a unique intersection

point P3 :=(H + g% (¥%), y%.) with 8, £° for each s € [0, 1]. Obviously, y5 depends continuously on
s €[0,1]. Let 65 > 0 be such that

Xs(H + g5 (v})) = —tan63.

Then a simple geometric observation shows that

1 1
SN0 + sl =2H + g% (y-) +g5(v%).

5 = —Lcosos + Leosos
Yy —Yy-=—4cos ’+ZCOS L.
Combining these equalities with (7.2) and (7.3), we obtain

0<65 <ay—8 forallse[o,1], 6% <6l,

hence, by (7.4),

0o 1 1
yi—yy=> X(cos(a, —28) — cos(a— — 8)) > eMs.

Therefore, in view of Lemma 7.1 and the continuity of y% in s, we see that there exists o € [0, 1]
satisfying yJ /e € S, namely, (g%)'(y%) = tan(ay — 8). Thus the circular arc C, intersects 3, 2° at
P§ with contact angle /2 + (a4 —8) — 67 > /2 and hence x,(x) is a time-independent upper
solution of (1.2)-(1.3).

Since S_ is relatively dense in R, we can construct a relatively dense family of time-independent
upper solutions of (1.2)-(1.3). The lemma is proved. O

Proof of Theorem 3.2. Let u(x, t) be a time-global classical solution of (1.2)-(1.3) with initial data ug €
C;d and let I(t) = [¢—(t), ¢+ (t)] denote the horizontal span of the solution curve u(x,t) at each time
t > 0. By Lemma 7.2, we can find stationary solutions wy, wy of (1.2)-(1.3) such that wq < ug < wa.
Hence by the comparison principle,

wi u(,t) < wy. (7.5)

In view of this and (4.35), we see that |[u(:, t)[lcz+u () is bounded for t > T with some fixed t > 0.
Next we show that (1.2)-(1.3) has a Lyapunov functional. We define

&+ (0
E[u(-.t)]:= / E(ux, 0), ux(x, ) dx + By (u(t4(0), t)) + B (u(¢- (1), t)), (7.6)
-

where
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u

1
E,p) = Z\/l +p?—u, B+ (u) :/sg/i(s)ds. (7.7)

0

Then
d 1 4+ (0) 02
—E[u(~,t)]=—— dego.
dt A 1+ uy(x, t)?

(6

Since E[u(-,t)] is bounded in t € R, a standard dynamical systems theory shows that the w-limit
set of u is non-empty and is contained in the set of stationary solutions. The uniqueness of the
w-limit point can be shown by the same zero-number argument as in [6], or it also follows from the
result in [16]. (The result in [6] is given for semilinear equations, but the proof is virtually the same
for a quasilinear equation.) Consequently, u(x,t) converges to a stationary solution of (1.2)-(1.3) as
t — 400 in the C2 topology. O

8. Classification of the long-time behavior

In this section we prove the results in Section 3.3 concerning the classification of the long-time
behavior of solutions (Proposition 3.6, Corollary 3.7 and Theorem 3.8).

8.1. Proof of Theorem 3.8

Since the latter half of (A1) — the convergence — follows from the former half — the existence of
a regular traveling wave — by Theorem 3.4(ii) and Remark 3.3, what we have to show is that

(A1) & (A2), (B1) & (B2), (C1) & (C2),
where

(A1) There exists a regular traveling wave in £2;.

(A2) There exists no stationary solution in £2 for any h € Hs.

(B1) There exists an entire solution U(x, t) in £2g such that U(x,t) — £oo as t — £oo and such that
its lower average speed c_ equals 0 (see (2.17)).

(B2) There exists no stationary solution in §2,, but there exists a stationary solution in §2 for some
heHs, h#g.

(C1) There exists no entire solution U(x,t) in £ such that U(x, t) — Fo00 as t — Zoo.

(C2) There exists a stationary solution in £2g.

Proof of (C1) & (C2). The assertion (C2) = (C1) is obvious by the comparison theorem. To prove
(C1) = (C2), it suffices to prove the contraposition; namely that non-existence of a stationary solution
in 2, implies the existence of an entire solution U (x, t) satisfying U (x, t) — Fo00 as t — Zoo. This is
already shown in Proposition 5.3(iii). O

Proof of (A1') & (A2). We will prove (A1") = (A1”) = (A2) = (A1’), where

(A1”) There exists an entire solution U(x,t) in £2; such that U(x,t) — oo as t — oo and such
g
that its lower average speed c_ is positive.

The assertion (A1’) = (A1”) is obvious. The assertion (A2) = (A1’) follows from Proposition 5.3(iv)
and Section 6.1. The assertion (A1”) = (A2) has already been proved in Lemma 5.11. O
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Proof of (B1) < (B2). The statement (B1) is equivalent to:

neither (A1”) nor (C1) holds.

On the other hand, the statement (B2) is equivalent to:

neither (A2) nor (C2) holds.
Since we have (A1”) < (A2), (C1) & (C2), it follows that (B1) < (B2). O
The proof of Theorem 3.8 is complete. O
8.2. Proof of Proposition 3.6 and Corollary 3.7
If g is periodic, then the existence of a stationary solution in £2; is clearly equivalent to the
existence of a stationary solution in §2, for any h € Hg. This means that the cases (B1), (B2) in
Theorem 3.8 do not occur; hence Proposition 3.6 follows immediately from Theorem 3.8.

To prove Corollary 3.7, suppose that (a) does not hold. Then by Proposition 3.6, there exists a
stationary solution V in £2g. Then the functions

otV (neZ)

are all stationary solutions in §2, where L is the period of g. The assertion (b) then follows by using
the same argument as in the proof of Theorem 3.2. O

8.3. An example of virtual pinning

In this subsection we give an example of a non-periodic domain §2; in which virtual pinning oc-
curs. As we discussed before, “virtual pinning” refers to the situation where case (B1) in Theorem 3.8
holds.

To make the argument simpler, we consider the case where the domain £2 is flat on the left side,
namely g_ = 0. Thus £2 is expressed as

Q={(xy) eR*|-H<x<H+g ()}
Let us begin with the following general criterion for virtual pinning in the domain 2.

Lemma 8.1. Let g4 : R — [0, o) be a smooth recurrent function satisfying g+ # 0 and supyg g/, (¥) < 1.
Then virtual pinning occurs for (1.2)-(1.3) if and only if

supk(y)=A and k(y) <A foranyyeR, (8.1)
yeR

where

g

@H + g+ )1+ (& ()2

k(y) = (8.2)
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Proof. It suffices to show that the function g = (0, g+) satisfies (B2) in Theorem 3.8.

Let I" be a circular arc in §2; contacting 9452, perpendicularly. Then a simple geometric observa-
tion yields that the curvature of I" is equal to —k(y), where y is the y-coordinate of the endpoint of
I" on 3, £2;. In view of this and the latter part of (8.1), we see that there exists no stationary solution
in 2.

Ofl the other hand, let {a,}nen be a sequence satisfying k(a;,) — A as n — oo. Replacing {a,} by
its subsequence if necessary, we may assume that oq,g converges to some h = (0, hy) € Hg locally
uniformly in the C! sense. The same geometric observation as above implies that the curvature of
a circular arc contacting 9+ £2; perpendicularly is —kj(y), where y is the y-coordinate of the right
endpoint and

b, ()

@H +he () /1+H, (1?2

kn(y) =

Since
kn(0) = lim k(ap) = A,
n—oo

there exists a circular arc with curvature —A intersecting 0+ §2, perpendicularly. Clearly this circular
arc is a stationary solution of (1.1) in 2. O

Now we construct an example that meets the above criterion.

Example 8.2. Let gy : R — [0, 00) be a smooth periodic function satisfying
g0#0, gy +1) =g, r;le«'aﬂggé)(y) <1

We define

g

@H + g0y /1 + (g ()2

This is again a periodic function of period 1. We then set

ko(y) := (83)

A =supko(y) (: max ko(y)).
yeR yel0,1)

We assume that ko attains its maximum A at discrete values of y. This is always the case if, for
example, go is real analytic. Let 0 < aj,ay,...,a, <1 be such that

ko(y)=A <« yelay,a,...,a,} mod 1.

Next let w > 0 be any irrational number and define

3 .
2+(¥):=20(q(y) +C), whereq(y) := VA sinomy.

4w

Here C is a constant to be specified later. It is clear that g, is a quasi-periodic function, therefore it
is recurrent. We define k as in (8.2). Then we have
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7)1+ (€ @) +0)?

S+ @wgam + 02

k(y) =ko(q(y) +C) (8.4)

Since 0 < q'(y) = (3 +coswmy)/4 < 1, the above formula yields

supk(y) < supko(q(y) +C) = A.
yeR yeR

Next we show that sup,cg k(y) = A. Substituting y =2m/w (m € Z) into (8.4), we obtain

2 3
k(—m> :k()(—m + C) foranym € Z.
w 2w

Since w is irrational, the set {3—2 +Cmod 1|meZ} forms a dense subset of R/Z. Therefore we can

find a sequence of integers m; (j=1,2,3,...) such that 32% +C—>a;mod1 as j— oo. It follows
that

2 .
k<ﬂ> — ko(ar) = A.
w

This implies sup,cg k(y) = A.

In order to apply the criterion (8.1), it remains to check whether there exists a value of y satisfying
k(y) = A or not. If k(y*) = A for some y*, then we see from (8.4) that ¢’(y*) =1, ko(q(y*) + C) = A.
This is equivalent to:

m 3
y :; forsomem € Z, Zy*+Ce{a1,...,an} mod 1.

Such y* exists if and only if

n
3m
CeH{aj—i—l—%’l,meZ}. (8.5)

In other words, if C does not satisfy (8.5), then virtual pinning occurs for (1.2)-(1.3). Since the right-
hand side of (8.5) is a countable set, such C does exist.
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