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Abstract

We construct new examples of traveling wave solutions to the bistable and bal-
anced semilinear parabolic equation in RV*! N > 2. Our first example is that
of a traveling wave solution with two non planar fronts that move with the same
speed. Our second example is a traveling wave solution with a non convex mov-
ing front. To our knowledge no existence results of traveling fronts with these
type of geometric characteristics have been previously known. Our approach
explores a connection between solutions of the semilinear parabolic PDE and
eternal solutions to the mean curvature flow in R¥*1.  © 2000 Wiley Periodi-
cals, Inc.
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1 Introduction

The problem of finding traveling wave solutions to an autonomous semilinear
parabolic PDEs:

Av+ f(v) =v, ER"X (—o0,00),

has been studied extensively since the pioneering work of Kolmogorov, Petrovsky
and Piskunow [23] and Fisher [15]. A traveling wave solution propagating in a
fixed direction e € R" with speed c is, by definition, a solution of the form v(x,7) =
u(x—cte). When written in the Galilean frame, the traveling wave problem reduces
to the following semilinear elliptic PDE:

(L.1) Au+ce-Vu+ f(u) =0, inR".

The most typical scenario is that of a planar front. Taking the ansatz u(x) =
U (x-e) reduces (1.1) to the ODE:

U'+cU + f(U) =0, inR.

In this case several examples of existence are well known, most common is the
monostable nonlinearity f(u) = u(1 —u) (KPP) and the bistable nonlinearity

flu)=(u+a)(1—u?), ae(-1,1).
In the former case a planar traveling front exists for any ¢ > 2/ f7(0) > 0 while in
the latter case the the nonlinearity determines the speed uniquely

fl1f(t)

SLwn
Note that in the case of balanced bistable nonlinearity we have ¢ = 0. This means
that the traveling wave is a standing wave. These are classical results and we refer
the reader for example to [14] for more information. Other related results in the
monostable and bistable cases can be found for example in [20], [21] (see also [3],
[17], [19], [2] and the references therein).

The case of non-planar fronts is much less understood. Since the subject of this
paper is to study the traveling waves with a bistable nonlinearity we will mention
some results in this direction. First let us consider f unbalanced i.e. a # 0. When
n =2 a V-shaped traveling wave was found by Ninomiya and Taniguchi and in
higher dimension by Hamel, Monneau and Roquejoffre [18]. Let us comment on
the n = 2 case. Given a traveling wave solution u(x) its traveling front is the nodal
set {u(x) = 0}. It can be proven that the front is asymptotic to two straight lines y =
m|x|, and that it is convex at o [25]. Moreover, it is shown that the traveling wave
solution is stable. These results are generalized to higher dimensions and fronts of
more complex geometric structure, which however has the general characteristics
of the V-shaped front i.e. the front profiles are asymptotically linear, convex, and
as solutions of the parabolic problem the traveling wave solutions are stable, see
[18], [26], [27].
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Let us now discuss the bistable balanced case. From now on we agree that
the direction of propagation will be fixed to coincide with one of the axis. It is
convenient to consider the traveling wave problem in RN *!, with xy, | axis as the
fixed direction of motion and N corresponding to the dimension of the associated
traveling front. We will assume that N > 2. Thus, if we look for solutions to the
parabolic Allen-Cahn equation

(1.2) wy=Au+u—u, inRVT! x (—o0,00), N>2,
in the following form:

(1.3) u(x,t) =UX xyr1—ct), x= ' xn11),
then U will satisfy the traveling wave Allen-Cahn equation

(1.4) AU + ¢dy,, ,U+U —U? =0.

In [4], the existence of a traveling wave in the form U(r,xy11), |X| =1, is
obtained for any speed ¢ > 0. Furthermore, it is shown that asymptotically the
0—level set of U—denoted here by I', is paraboloid-like

2
. r N—-1 |
lim = , IfN2>2.
XNyt 2xN+l C
(x,,xN+])€F

In the same paper the case N = 1 is treated as well and the traveling front is shown
to be asymptotic to a hyperbolic cosine curve. In all cases traveling fronts are
connected, convex surfaces.

The objective of this paper is to show that in the bistable balanced case there
exist traveling wave solutions whose traveling fronts are non-connected, multicom-
ponent surfaces (Theorem 1.1), and also that there are solutions whose fronts are
non-convex (Theorem 1.2). These results are, to our knowledge, the first examples
of this type for an autonomous traveling wave problem.

To introduce our results we review some well know facts about the relation
between (1.4) and the so called translating solutions to the mean curvature flow.
These solutions are also called eternal, since they exist for all 7 € (—eo,00). In gen-
eral, we say that an evolving in time family of surfaces moves by mean curvature
if the following is satisfied:

(1.5) V=H,

where H denotes the mean curvature vector and V the normal velocity of the sur-
face. Translating solutions of this problem are surfaces that do not change shape
and are translated by the mean curvature (MC) flow in a fixed direction and with
constant velocity. After arigid motion and rescaling we may assume that a translat-
ing solution of the MC flow is represented by a family of surfaces {X +cten+1 }rer,
where X is a fixed N dimensional surface in R¥*! and ¢ € R is a fixed number.
From this we obtain the following equation to determine X:

(1.6) H = cVnyi,
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where H is the mean curvature and v is the unit normal vector of the (oriented)
surface X (recall that H = Hv). Observe that the family {X + cteyi}icr is a
translating solution of the mean curvature flow, which is translated in the direction
parallel to the xy-axis with the constant speed c.

Let us fix a surface X for which (1.6) holds and such that ¢ = 1. Let us also
define its scaling X by

(1.7) yEX, = ¢eyEX.

Then, denoting the mean curvatures of these surfaces by Hy, Hy, respectively we
see that if X is a translating solution to the mean curvature flow with speed 1 then
we have

(1.3) Hy, = €Vyyy,

which means that the scaled surface moves with the constant speed ¢ = €. In this
paper we will consider € to be a small parameter, or in other words, we will be
interested in translating solutions of the MC flow moving with a small speed.

Several examples of translating solution to the MC equation are known, see for
example [1], [5], [24], [28]. Here we will discuss a special eternal solution of the
mean curvature flow for which X is a graph of a smooth function F: R¥ — R, that
is X = {(x,F(x')),x € RV}. In this case (1.6) reduces to

VF 1

V( 2) = =

V1+|VE| V1+|VF|
It is known from [1] and [5] that there exists a unique rotationally symmetric solu-
tion F of (1.9), with the following asymptotic behavior

2
2(N—1)
Notice that this asymptotic behavior corresponds (at leading order) to the asymp-
totic behavior of the nodal set of solutions to (1.4) found in [4]. In what follows
we will denote the rotationally symmetric translating solution of the MC flow by

I' and the corresponding scaled surface by I;. The latter surface is rotationally
symmetric, is translating with speed ¢ = &, and is given as a graph as well:

I = {xy;1 =€ 'F(er)}.

The first result in this paper is about existence of a traveling wave solution to (1.4)
whose zero level set consists of 2 disjoint components, each of which is asymp-
totically a paraboloid-like surface in a neighborhood of the rotationally symmetric
eternal solution to the mean curvature flow I;. More precisely we have:

1.9

(1.10) F(r)= —logr+14+0(7Y, r>1.

Theorem 1.1. For each sufficiently small €, the traveling wave problem (1.4) has
a solution ug moving with speed ¢ = €, and with the following properties:

(1) The 0O-level set of ue consists of 2 disjoint, rotationally symmetric and
smooth hypersurfaces I ;-
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(2) The nodal surfaces I;= divide the space into 3 disjoint and unbounded
components QF, Q0. Each of the sets QF is a neighborhood, respectively,
of (0,xy4+1 = £o0) € RN and it holds ug < 0 in Qsi. The set Qg contains
I; and ug > 0in Qg. Moreover:

lim (X xyp1)=—1, VA €RV,
XN41 >

while at the same time

lim  ue (X, xn41) = 1.
e P
(' xn+1)€le
(3) Foranyr>0letC, be the cylinder C, = {(x',xy11) | |X/| =r}. Let I;=(r) =
I £\ C,, and similarly I;(r) = I \ C,. Then it holds:

1+ €22

(1.11) d(I5(r),I:(r)) = O(log ( = ), asr— oo,

where d is the Hausdorff distance between sets.

Of course when i, is a solution so is —u, so our result provides automatically
existence of at least two traveling waves with multiple fronts.

Our construction of a traveling wave solutions of (1.4) with a two-component
traveling front gives a more precise information about the moving fronts I= and
their relation to I;. In particular it is shown that I;* are normal graphs over I of
certain functions f; : Iz — R, whose asymptotic behavior coincides with the one
described in (1.11) above. In section 2.2 we will discuss this in more details and
we will introduce, based on formal calculations, a system of nonlinear PDEs on I
which determines these functions. A schematic view of the situation is included in
Figures 1.1 and 1.2.

Our second result for the traveling wave problem (1.4) has to do with existence
of traveling waves whose fronts are non-convex surfaces. In fact in [5] it is proven
that in the case of translating solutions of the mean curvature flow in RNFTL N >2
there exists a family of rotationally symmetric surfaces Xg, R > 0, of genus 0 which
satisfies:

Hyp = VRNy1-

In other words Xy is translated by the mean curvature flow in the direction of xy |
axis with speed ¢ = 1. Each of these surfaces is formed by taking the union of two
graphs of radial functions WRi: [R,0) — R in R¥*!, These functions satisfy the
following asymptotic formulas:

2

(1.12) Wi (r) = ST

—logr—i-Ci—i-O(r’l), r>1,
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XN+1

éF(sr)

FIGURE 1.1. Schematic view of the surface I" represented as a graph
xy+1 = F(r) and moving with speed ¢ = 1, and the surface I3, repre-
sented as a graph xy,| = %F (er) and moving with speed ¢ = €.

with some constants C*. The graphs of the functions WRi are called the ends of I
and we will refer to them as the upper end X5 and the lower end Xy, respectively.
Comparing (1.12) with (1.10) we see that the ends of each of the surface Xy are
asymptotically ”parallel” to the traveling graph I" described above. It is easy to see
that X divides the space into two disjoint components, we call them QI%, respec-
tively and agree that Q) is the component containing the vertical axis xy4; and
Qp is the other one. Sometimes we refer to the surfaces X as traveling catenoids.
We consider a scaling of X by a small parameter X o = %ZR. The scaled sur-
faces move now with speed ¢ = €. We will denote the ends of the scaled traveling
catenoid by 2;{8. Note that 2§ # Xr¢. Indeed, while both of these surfaces are
defined for r > 183, Xr is a traveling catenoid whose speed is ¢ = 1, while Xp ¢ is
a traveling catenoid whose speed is ¢ = €. In other words the surfaces Xg consid-

ered for different R are not simple scalings of one another. See Figure 1.3, which
illustrates the situation.

We show the following result:
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N—

FIGURE 1.2. Illustration of the results of Theorem 1. The surfaces I}
are presented as well as the asymptotic values of the traveling wave so-
lution ug.

Theorem 1.2. For each R > 0 and each € sufficiently small there exists a traveling
wave solution ug of the problem (1.4) moving with speed ¢ = €, and such that the

following hold:

(1) The level set 2R7g = {ug = 0} is a rotationally symmetric, smooth surface
of genus 0.
(2) The surface Xy ¢ divides the space into two disjoint components DI% ¢ such

that ug > 0 in DES and ug <0 in Dy .. Moreover, outside of a sufficiently
large ball the set Qy ., which is one of the two components into which the
traveling catenoid X ¢ divides RN s contained in Dy .. We have also:

lim  we (¥, xnp1) =1, VX' eRV.
XN+] oo

At the same time

lim ue (X, xy41) = —1.
[ x4 1)| =0
(¥ XN+ )EDIEEHQEE
(3) Let 21%5 denote the ends of the surface 2[?78. For each r > R we denote
fﬁg (r)= 21:53 \ C,. Correspondingly we introduce the surfaces E;;S (r)=
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FIGURE 1.3. Schematic view of the traveling catenoid Xz and moving
with speed ¢ = 1 and its rescaled version X ¢, moving with speed ¢ = €.
The surface I is also represented for comparison.

2;58 \ C,. With these notations it holds

2},.2
A5k, Zelr) = 010 (1T 51)).

The existence results in Theorem 1.1 and Theorem 1.2 are rather counterintu-
itive in view of what happens with the planar fronts. To explain this, let us note that
because of the statement (2) in Theorem 1.1 the phase labeled —1 has a tendency
to invade the other phase. This is because when we take the limit ug (X', xy-1), with
x' fixed and xy4; — *oo then ug(x',xy11) — —1. In the one dimensional situa-
tion a solution to the parabolic Allen-Cahn equation with initial data satisfying this
condition at co will eventually converge to 01. Thus, if this one dimensional inter-
action of fronts were the only mechanism present, the nodal hypersurfaces should
attract each other and eventually annihilate, and only one phase would remain in
the asymptotic limit of infinite time. Based on this a natural statement in higher
dimension would then be: if a traveling wave solution of the bistable and balanced
problem satisfies limy,,, u(x’,xy41) = —1 then u = —1.

This turns out to be false because of the mediating effect of the geometry of
the front. Indeed, we see that in the situation described by the theorems one stable
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FIGURE 1.4. Tllustration of the results of Theorem 2. The surface Xg ¢ is
presented as well as the asymptotic values of the traveling wave solution
ue For comparison we include also the surface X¢ g.

phase, say —1, is “surrounded” by the other phase, say +1, which is also stable
thanks to the fact that the nonlinearity is bistable. The nonlinearity being balanced
as well, the two phases move with equal speed, and their initial configuration is
translated with constant speed and is preserved for all times. As a result we have
an eternal solutions to the parabolic Allen-Cahn equation. The main effort in this
paper is to give a quantitive form of this by deriving and solving, a system of PDEs,
called the Jacobi-Toda system, for the moving fronts.

Before we close this section, we make several important remarks as well as
open questions.

Remark 1.3. The results of Theorems 1.1 and 1.2 hold for general balanced non-
linearity

(1.13) AU + ¢y, U+ f(U) =0

where f(U) =F (U)and F € €*(R) has two equal wells 1 with F(—1) = F (1) =
0 and f (£1) < 0. The proofs are similar but the notation and details of some
computations become quite cumbersome. For this reason we chose here to work
with the cubic, balanced nonlinearity f(u) = u(1 —u?).
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On the other hand it is also possible to construct solutions with multiple travel-
ing fronts when the nonlinearity is unbalanced (see [13]).

Remark 1.4. In the statement of Theorem 1.1 we have assumed that N > 2. When
N =1 the traveling wave solution to the mean curvature front is the well known
grim reaper and its properties are quite different. In particular the ends of the grim
reaper become parallel at o and as a result to find multiple front traveling waves
for the traveling wave problem (1.1) one would have to take into account strong
interactions of the ends of the grim reaper. This situation resembles somewhat the
one of Theorem 1.2 but the problem seems quite technical and is beyond the scope
of this paper. In this context it is worth mentioning that according to a result of
Gui [16] traveling wave solutions (1.1) with one front must be even symmetric. An
interesting question would be then whether multiple front traveling wave solutions
with no even symmetry exist.

Remark 1.5. In the proof of Theorem 1.1, for brevity we have only dealt with the
case of k =2 front traveling wave. The techniques can be extended to multiple front
traveling wave (k > 2) but the technical details render the proofs bit longer. The
main issue which is the solution of the Jacobi-Toda system can handled similarly
asin [12].

This paper is organized as follows. First, we explain on the formal level the
result in Theorem 1.1 introducing in the process the Jacobi-Toda system for a trav-
eling solution to the mean curvature flow. Next, we solve this system for I;. This
is in fact the core of our paper. Then we use the infinite dimensional Lyapunov-
Schmidt reduction procedure to show the existence for (1.1). Finally, we prove
Theorem 1.2.

2 The Jacobi-Toda system and multi component traveling fronts

The discussion in this section is mostly formal however we think that it is useful
in order to understand the role played by the Jacobi-Toda system in the existence of
traveling wave with multiple components. We chose to work in the setting that is
more general than the one of Theorem 1.1 to emphasize the universality of this sys-
tem. The notations and many calculations presented here will be used throughout
the paper.

2.1 Geometric background

Let us consider a parametrized, regular, N dimensional surface X(¢) for which
(1.6) is satisfied. We will consider its parametrization over a family of open sets
Uy C RN, o € o7, and associated smooth maps g : %, — R¥*! such that their
images cover X, namely Uyc s 9a(%x) = X. Furthermore we fix an orientation
on X and by v we will denote the vector field of the unit normal vectors. Let us
consider a tubular neighborhood Dg of X given by:

Ds = {|dist (Z,x)| < 8§} c RV*1,
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where dist denotes the signed distance. All our calculations below have local char-
acter and for this reason we will fix a pair (g4, %) and, for simplicity of notation,
drop the subscript a. For each sufficiently small 6 the map

(s,2) —> X € DgNq(%), whereX(s,z) =q(s)+zv(s), s=(s1,...,5y) EX,

is a diffemorphism onto Ds Ng(% ) (we will consistently abuse the notation writing
v(s) instead of v(g(s))). In the sequel we will work with the scaled version of X,
namely X, and we will denote its parametrization and the unit normal by gg, Ve,
respectively. It is easy to see that the following relations hold:
qe(s) =€ 'q(es), ve(s)=v(es), see'%,
and that similar scaling formulas can be derived for other functions defined on X.
We also have local coordinates in D5/, which we will still denote by (s,z) and the
map X defined by:
Xe(5,2) = qe(s) +zve(s).

It is convenient to introduce the following notation for functions f: Ds e — R:
(ng)(S,Z) = (fOXg)(S,Z)-

The function X; f: X;'(Ds/:) — R can be interpreted as the pull back of f via
parametrization X. In a similar way we define the pull back of a map f: Dg/e —
R?, d > 1 via Xe. By (X*f) we denote the pull back of f: Ds — R?, via X.

We will now derive formulas expressing A and dy,,, in Dg ¢, in terms of (s,z) €
€719 . We define for each z € (—8/¢,8/¢)

ZE,Z = {x 6 D6/8 ‘ diSt(ZE,x) == Z}.

In other words X ; is the surface obtained from X, by translation in the direction
of the normal by z. Then the well known formula gives:

(21) A= Azsﬁz + 822 - HES.ZaZ7

where Hy, , denotes the mean curvature of X, ;. We need to expand these operators
in terms of the variable z. By gy, and gy, , respectively, we will denote the metric

on X¢, Xe, (induced from RV*1). In terms of s € € 1% we get the following
expressions:
(2.2) 85 ij = 85.ij + €20¢ ij + € b i,
where
8r.ij = (9jq- 9iq)(€s), aeij(s) = (djq-9;v)(€s) + (dig-I;v)(es),

(23) bg7ij(s) = (8,~v . ajV)(ES).

Then, for the matrix ggi = (gizjs )i,j=1,...y We get, provided that |ez| is sufficiently
small: )

24) g5 =85 +ehe +€7Be,
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where
Ae =A(es), B¢ =B(es,€2),

andA: % - RN xRN, B: % x (—8,8) — RN x RN are smooth matrix functions.
The expression for the Laplace-Beltrami operator on X in local coordinates is:

1 iy
Ay, = ———3;(y/det 7 0
Ze \/(m J( (gEs)gES )
1
det(g);s)
= 87 9ij— ¢"T% 1,0,

=gi o+ 9;(y/det (g, )84 )d;

where F; e are the Christoffell symbols. A similar formula holds for Ay, _. Using
this we can write:

AZ L= Aze +A87ij8,-j —i—IB%g’,»ai.

e
where
Agij= gi{w - g’;;jg,
Be = g5, [Fiw w— Tk +T% 4o g5 — g5,
Expressions in local coordinates for A ;;, Be; can be further derived using the
above expansions, however their exact form is not crucial here. The point is that,

formally, these functions are small in terms of |ez|. Finally, for future reference,
we notice that if f; € €%(Z¢) is identified with f € €%(X) through the formula

(X7 fe)(s) = (X* f)(es), then

(2.5) (X;As, fe)(s) = €X(X*Ax f)(es).
Next, we will expand the mean curvature Hy, . To this end we will denote by
ke j, j=1,...,N the principal curvatures of X¢. Then we have
N ]ke,j

HZE.Z = 1_ 1 .
L

(2.6) N N
=Y kej+zY ki +2°Rx,,
j=1 j=1
= HES + Z|AZE |2 + ZZRZE’
where

N N
=1 =1
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and |Ay,| is the norm of the second fundamental form on X¢. Denoting by k;, j =
1,...,N the principal curvatures of X it is straightforward to see that (X;ke ;)(s) =
£(X*k;)(es), hence
2.7) (Xz 1Az *)(s) = e2(X"|As]?) (e9).

To compute the expression for dy,,, = dy1 in local coordinates of Dg Je We
observe that for any function f¢ in D/ we have

On+1fe =Vie- V(”s,NJrl)a

where 7, ;: Ds/e — R denotes the projection on the jth coordinate. Furthermore
we have the following formula for the gradient (interpreted as a vector field defined
on Dge):

(2-8) st - Vzgvzfe + azfeaza

where Vy, _ denotes the gradient vector field on the hypersurface Xe ;.

The formula for the gradient in the local coordinates (s,z) € €' % x (—8/¢,8/¢)
is given by

(X V fe) = 0;(X; fe)gd, 0+ 0:(X; fe) o,
hence:
X; (Ons1fe) = (X2 Vs, fe) - (X3 Vi, Teni1) + X7 (v, fe)Xg Oy, Ten+1)
= g i (X f)Oi(X; e 1) + 0:(X; fe) 0 (Xe e 1).

Observe that X 7Te N1 = qe N+1 1 2Ve N+1, hence, using (2.4) and neglecting those
terms that carry a factor of €z in front, we get the following asymptotic formula,
valid whenever |€z| is small:

(2.9) X; (i1 fe) ~ 84 05(X2 F)i(gen+1) + =(XE fe) Ve

Here and below we denote f ~ g when f — g is a lower order term.
To find the scaling formula for this expression we observe that if f, € €%(Ds Je)
and f € €*(Ds) are related through the formula (X} f¢)(s,z) = (X* f)(€s, €z) then

Xe (Vs fe) = X7 (Vzf),
and in particular, since we have:
(XiTen1)(5,2) =& (X Tyy1)(€5,€2),  Veny1(s) = Vi1 (€5),

therefore
(2.10)
Xe (On+1fe)(s,2) = €X"(Iv+1f)(€s,€2)

=e[(X*(Vef - Vemys)) + (X (Qvyer ) (X Oyy, Tv1)) ] (€5, €2)
= e[g(0X" £) (A1) + 8- (X" ) V4] (€5, €2).



14 M. DEL PINO, M. KOWALCZYK AND J. WEI

2.2 A model for multi component traveling waves

In this section we will describe an approximate form of the multiple traveling
wave solution to the equation (1.4), where ¢ = € is considered to be a small param-
eter. This approximate solution models the multiple traveling waves in the sense
that the true solution to (1.4) with ¢ = € is its small perturbation, as € — 0. In gen-
eral it is reasonable to assume that each component of the multiple traveling wave
is a normal graph over an eternal, translating solution of the MC flow, represented
by the hypersurface X.. Moreover, the profile of each component of the traveling
front should locally resemble one dimensional solution of (1.4) with € = 0. Given
these observations we will proceed now with more precise definitions.

Let H be the unique odd and monotonically increasing heteroclinic solution of
(1.4) in one dimension:

H'"+H(1-H*) =0, inR.

For future reference let us recall that H(7) = tanh (ﬁ)

Furthermore, let f;: ¥ — R, j=1,...,k, k > 1 be smooth functions such that
fi < fi+1. We also set for convenience fo = —oo and fi;1 = . In our formal
considerations we do not restrict k, however, to keep the paper at a reasonable
length the rigorous construction is carried on for k = 2 only (see Remark 1.5).

We now define the approximate solution ug, through its expression in local
coordinates (¢, % ), by:

(e P (e (X ) (e9) 4 5 (1 (<),

HM»

2.11)
where sce'u,ze(-8/¢e,8/¢).

Later on we will have to be more specific about the way the approximate solution
is defined outside of D/, (which is in fact a nontrivial matter) but for our formal
considerations it suffices to know ue in D /.. In the sequel we will denote f;(€s) =
fe,j(s), so that fe j: e — R and that the following relation holds (X; f¢ ;)(s) =
(X*fi)(es),see 1 u.

In order to solve (1.4) we will further introduce a new unknown function ¢, and
look for a solution in the form u = u, + ¢. Substituting into (1.4) with ¢ = € we get

Au+ €3,y u+ f(u) = S(ue) + L(O) +N(9),  f(w) = u(l 1),
where
S(ue) = Aug + €0y, ue + f (ue),

L(§) = A + €0y, ¢ + [ (ue)d,
N(9) = f(ue+9) — flue) = f'(ue)9.
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Then, roughly speaking, (1.4) is reduced to finding ¢ and f¢ ;, j = 1,...,k such
that

2.12) L(9) +S(ue) +N(9) = 0.

As we will see later on this problem requires further modification and in particular
to solve it we will analyze in details invertibility properties of the linear operator
L. Let us notice one important fact in this context. If by H; ;j we denote

(XeHe j)(s,2) = H' (2= (X" fe,;)(9)),
then
L(H ;) =o(1), &—0.

Thus the inverse of the linear operator L is not expected to be uniformly bounded
as € — 0, since the function H/ ; 1s in the approximate kernel of L. On the other
hand to solve (2.12) for ¢ we would like to use a fixed point argument for the
operator

0 — —L 7 (S(ue) +N(9)),

and this clearly requires that ||[L.~!|| be bounded independently on €. A standard
way to deal with this difficulty is to employ the method of infinite dimensional
Lyapunov-Schmidt reduction. The idea is simple: for any function y: D5/, — R
we define a projection operator I1; by

P25 Xy (X2 ) (5.2) de
fﬁéjs(XgHé,j) (s,2)dz '

(XeTley) = (X:He )(s,2)

Next we decompose ¢ = ¢H + ¢ where

(X:9!) = (X{TLe9).
Then problem (2.12) reduces to:

(2.13) [ [L(9) +S(ue) + N(9)] =
(2.14) (Id —TI¢)[IL(¢) + S(ue) + N(¢)] =

Neglecting formally terms involving N(¢) and L.(¢) in (2.13), which should be
of lower order, this condition reads:

9

0
0

d/¢€
2.15) / (X:[S(ue)HL ) (5,2)dz =0, j=1,....k Vsce'u.

—d/¢

Recall here that we work with a fixed pair (¢, % ) belonging to the parametrization
(qais %o) gy of X, but of course this condition needs to be satisfied for all %,.
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We will now use equations (2.15) to derive the Jacobi-Toda system on X.. We
will write for each fixed j:

d/¢e
[ XSt ) (5.2)dz

—d/¢
d/¢e
(2.16) ~ / N XZ (AHe j + €y, He j + f(He ) He ;) (5,2) dz
—0/&
5/8 2 2 ,
+/5/£Xs*([f(ZH6,j+il) ~ Y F(He jrio1)HL ;) (s,2) dz.
- i=0 i=0

Observe that above we took into account only terms representing the interactions
of the jth wave with its “immediate” neighbors. The remaining terms represent
interactions of the jth wave with those waves whose distances to the jth wave are
large enough to render their interactions negligible.

Now we will consider the integrand of the first of the integrals on the right hand
side of (2.16). Using the expressions for A, dy,,,, and neglecting small terms (as
in the previous section), we get:

X S(He,j) ~ 0 X¢ He,j+ X f(He,j)
+Xe (6Vn+1 — Hrx, )0 Xe He j
+ X [(As, —2lAs, [20.)He j+ €V, He ;- Vs, (Te 1))
Consecutive terms above are organized in such a way that the first term is simply O
by definition of He ;, the second term is also O since X is an eternal solution of the
mean curvature flow translating with speed ¢ = €, and the third is of order €'(&?).

In this term we will separate those parts whose projection I, onto H; ; is nonzero
from the rest:

X:S(Hej) m= X5 [(—Asofej— |As,|* fej— €V fe - Vi, (Fent1)) Hy ]

(2'17) * 2l * * 2qg/
+X£(’V2ef€7j’ Hs,j)_(Z_Xef&j)Xe(‘AEe‘ Hs,j)'

Taking this formula into account it is not hard to show that

d/¢€ ,
X;S(HS;J')HE,J'
€

~ —coXg (Ax, fe.j+ A5, P fe i+ €Vs, fe - Vi (Teni1)) (5))
= —&%coX*(Asfi+|As i+ Vs fi- Ve(ani1)) (€s),

where ¢g = [p(H')>.
Similarly we will separate the integrand in the second integral in (2.16) into
the parts whose projection onto H}, ; 1s nontrivial, and the rest. Here we use the

fact that from H(t) = tanh(ﬁ) we get | — H?> = \/2H'. After some elementary

(2.18)
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manipulations we find

(2.19)

2 2
F(Y Hejeion) = Y f(He jrio1) ~ 3V2H] j(He j—1 — 1)+ 3V2H] j(He j1 + 1),
i=0 i=0

where the terms that we have neglected turn out to have small contributions when
projected onto H,; ;- To compute the projection II¢ let us recall that

Hit)— 1~ =2V t e, H(t)+1mx2eV", - —c.

Then, we obtain the following as the leading order term in the second integral in
(2.16):

(2.20)
d/¢e 5 d/¢e
VA [ X e =) (5:2)de 3D [ G Hy (e 1) 5.2)ds
—0/€& —0/€&
~ 620X (e V2 eim1=fei) — oV2Uej=feie)(s)
— 6\@C1X*(6ﬂ(ff71—fg,-) _ eﬂ(f_‘;—f’,-+1))(gs)
where
o = / (H' (1)) eV dt.
Denoting

co 1 Jp(H') V2

6V2er  6V2 [ (H/(1)) e 24
we find that to leading order (2.15) is equivalent to:

00 (As, fej+ Az, P fej+ Vi fej Ve (Teni))
_ e\/i(fs.j—lffs.j) + e\ﬁ(fe,j*fs,jﬂ) —0.

a():

2.21)

This system of k equations will be called the Jacobi-Toda system on X.. Let us
recall that we have set feg = —oo and f¢ 11 = oo to close the system. Let us
also observe that by scaling back to X we get the following singular perturbation
problem:

e’ (Asfj+ Az P fi+ Ve fi- Ve(avi1))

(2.22) — e Ui1=1i) e (fi=fi+1) — (.

Solutions of (2.21) and (2.22) are related through the formula f; ;(-) = fj(e-). We
should mention here that a similar system appears in the context of foliation by
interfaces [12] and [10].



18 M. DEL PINO, M. KOWALCZYK AND J. WEI

3 An existence result for the Jacobi-Toda system

3.1 Rotationally symmetric eternal solutions

The formal calculations of the previous section show that to prove Theorem
1.1 we need to find a suitbale approximation of the components of the traveling
front and this in turn requires solving the Jacobi-Toda system (2.22). This will be
done in several steps in this section. We begin by writing the Jacobi-Toda system
for a special solution of (1.6). Assuming that the surface X is given as a graph
X = {xy+1 = F(¥),x¥ € RV}, and that ¢ = 1, we obtain that (1.6) is equivalent to:

VF 1
(3.1) v( )= .
VIFH|VF2 \/1+|VF]?

We will further assume that F (x') = F(|x'|) i.e X is rotationally symmetric. Denot-
ing [x'| = r we get:

Frr Fr
3.2 N—1)—=1.
G2 o+ (V=17

The following result is proven in [1] in the case N = 2 and in general in [5]:

Proposition 3.1. There exists an entire, rotationally symmetric, and strictly convex,
graphical eternal solution to the mean curvature flow. This solution satisfies (3.2)
and consequently it is translating with speed ¢ = 1. Additionally the following
asymptotic expansion as r — oo is valid:

2

(3.3) F(r) = =T

—logr+1+ ﬁ(ril).

In the sequel by I'" we will denote the surface corresponding to the rotationally
symmetric eternal solution described in Proposition 3.1.

The Jacobi-Toda system (2.22) for I" becomes:

€200(Arf;+ |Ar2fi+ Vi f; - VIF) — eV2Ui1=6) 4 oV2Ui=fin) =

Our theory of solvability of the Jacobi-Toda system will be valid for functions
of the radial variable r only and so we need to express the Jacobi-Toda system on
I' in terms of the radial variable r. For what follows it will be convenient to denote:

(3.4) L[v] = Apv+|Ar|>v+Vrv-ViF.

Now, we will find the expression of this operator when restricted to functions
v =v(r) i.e. functions depending on the radial variable only. The Laplace-Betrami
operator for a surface xy+; = F(r) acting on v =v(r) is

-1
Arv 1 a . W 0

= —( —)v
35) N1 /1+F2dr \/1+F20r
Vir N—-1 F,

- 1+Fr2+( r 1+F?

Wy
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The principal curvatures are given by

Fr Frr
36 k:...:k,:77 k =7
G0 1 N TR YT (14 R
hence
—1)F? F?
3.7) Ar|* = Zk2 E; r

2(1 +F2> (1+F?)3
Finally we have:
v.Fy
1+F?’
hence we find the following expression for the operator L acting on radial functions
(we denote this operator by L,):
Ve, (N—1)v, ((N— 1)F? F2 )
1+ F? r rP(1+F?)  (1+F?)3

Vrv . VFF =

38) L=

3.2 Weighted Holder norms on I”

We will now proceed to define some weighted norms that we will use in the
sequel. First we recall that in general, for a function & given on a manifold X we
have, in some local coordinates:

Vgh = gij8jh8i, (D%h)ij = gij8,-jh ;4 ]Fk 8kh

We refer to the vector Vy as the gradient and to matrix D% 5 as the second derivative
matrix of A.

Now, in the case at hand we can use the fact that the surface I is rotationally
symmetric to find V- and D2. In particular, when & = h(r) i.e. we are dealing with
a radial function then we have the following relations:

C|o;h(r)|
L+ [F ()P
|0:h(r)| < C\/1+|F(r)[*|Vrh(r)],
C(|0*h(r)| +r|d,h(r)|
1+ [F(r)? ’
|92h(r)| < C(L+|F(r) P)(IDER(r)| + [Vrh(r)])

[Vrh(r)| <

[DE-h(r)| <

We define the following weighted norms for 4’>* functions on I':

||hH<gg>u(r) =sup(1+|Fr(\y’D! )P wBennr), Y= 0 N),

1A

= Hh

(/()IJ )+||Vl"h

)+ | D-h

cgzﬂ (@”0“ ((p()p( )
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3.3 A non-homogeneous Jacobi-Toda system

We observe that so far we were considering the Jacobi-Toda system with the
right hand side equal to 0. However, as we will we see later on, we have to deal
with a more general, non-homogeneous Jacobi-Toda system. This is because in our
formal considerations we neglected some terms, that are of lower order but need to
be eventually taken into account. Also in this case we assume k = 2 and thus we
get the following problem:

2aLlfi] +eV2 ) = gy,

(3.9) -
e oL]fo] — e V21 ~P) = g%y,

where f;: I' — R, hj: I' — R. To solve the above problem we will assume that
fj,hjare radial functions. In the remaining part of this section we will consider the
problem of the existence of solutions to (3.9) under some assumptions about the
decay in r and smallness in € for the right hand side. In general we will assume
that

(3.10) ”hJH%,?#(r) <Ce, >0, B>1.

Let us explain briefly why a non-homogeneous problem (3.9) with this type of right
hand side appears in our considerations. Going back to the formal calculations in
section 2.2 we notice that in (2.17) we expanded the mean curvature according to
(2.6), and we neglected the error term Ry, . In the case considered herei.e. X =T,
this term is small in terms of &, and it decays like &'((1 4 rz)*%) when r — oo,

We have the following:

Proposition 3.2. Consider the Jacobi-Toda system (3.9) where hj, j = 1,2 are
radial functions satisfying (3.10). There exists a solution of this problem such that,
the functions u,v defined by

U= ﬁ(fz-fl% v="V2(fi + f2),

satisfy
3.11)
242 1
u(r) =log—————+0(loglog———), aser— 0", orer>1,
() =18 rgoar e 108108 i)

v(r)| <Ce*(1+ rz)*% log(2+7%),
where |Ar(r)| is the norm of the second fundamental form on I

To describe the strategy let us denote

V2 V2,

h:a(b—hl), and g = - hy +hy).
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Then we get the following decoupled system:

(3.12) Liu— Y et =p
(3.13) Lvj=g

Let us discuss briefly the second of the above equations. The key observation is
that the operator L has a decaying, positive element in its kernel

(3.14) o) = —— L s

VI+F2 1
from which we can solve (3.13) by a standard ODE method.

The solvability theory for the nonlinear equation (3.12) is where the real dif-
ficulty lies. Our approach will be to first use an approximation scheme to find a
suitable asymptotic approximation of the solution of (3.12), after which we will be
in a position to use a fixed point argument to solve the non-homogeneous problem,
with the right hand side satisfying (3.10).

The following sections are devoted to the proof of Proposition 3.2.

3.4 Solvability theory for the operator L

We begin by proving the claim that we have made in (3.14), namely that ¢ is in
the kernel of L. Note that since I is an eternal graph solution to the MC flow then
sois I + Ten 1, namely the graph of xy;; = F(x') translated by 7 in the direction
of the xy1-axis. This results in an invariance of the nonlinear operator on the left
hand side of (3.2), which we will take advantage of in the proof of the following:

Lemma 3.3. The function ¢y = satisfies L{¢o] = 0 i.e. it is a positive,

1
VI1+F?

decaying element in Ker L.

Proof. Let us consider the nonlinear operator

Taking variations of this operator of the form ®; = F + ¢, ¢ = ¢(r) we get:
i _ ¢rr _ 2FrrFr(l)r (N - 1)¢r
do 1+F? (14+F?)? ro

In particular we have .7#”[1] = 0. In addition the following relation is not hard to
prove, again assuming that ¢ = @ (r):

H (Do) |6=0 = (9]

L[9] = #'[0\/ 1+ F2].
From this the assertion of the lemma follows immediately. g

The existence result for (3.13) follows from the following.
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Lemma 3.4. Let g be a €"*(I") radial function such that

lg “@?'“(RH <o, B2>1.
There exists a unique, bounded solution to
(3.15) Lv]=g,
such that:

Proof. Since the function g in (3.15) is radial we can use ODE methods to solve the
equation. Given ¢ > 0 as in Lemma 3.3, which is a radial solution of L[¢] = 0 we
find the second linearly independent solution ¢; of (1 + |F.(r)|*)L,[¢] = O (recall
that L, is the radial form of L) by the reduction of order formula:

01() = () [ (1+1E(p) ) expl=A(p)] dp,

P(N—1)(1+][F(n)P)
A(p) = | " an.
1 n
From this we readily get that
logr, N=2, _
(151(r)“’{’,2g1v7 N2, r< 1, O1(r) ~re ’2, r>1.

Denoting by W(r) = W(1)exp[—A(r)] the Wronskian, and letting g(r) = (1 +
|F(r)|?)g(r) we write:

The assertion of the Lemma follows from a straightforward argument, using the
asymptotic formulas for the functions ¢y(r) and ¢;(r). O

3.5 Solving for u: the approximate solution

Our goal in this and the following section is to solve the problem (3.12). Of
course once this is done the Proposition 3.2 will be proven. We begin by finding an
approximate solution of (3.12) assuming that 4 = 0, which is equivalent to solving:

(3.17) Sslu] =0,
where
(3.18) Sl = L) — 52, 5= Y%

23/4
and L is the linear operator defined in (3.4). For the purpose of finding a suitable
approximate solution we will consider a sequence of approximations vy = vo+v; +
-+ 4 V. Once an accurate enough approximation is found the nonlinear problem
(3.12) can be reduced to a fixed point problem. This step involves inverting the
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linear operator obtained by linearization of the nonlinear operator .5 around the
approximate solution and will be dealt with in the next section.

The nonlinear operator .5 can be written explicitly (using the notation of sec-
tion 3.1):

Ss [V] =Arv+Vprv-VpF + |AF|2V — 827",

We will now describe the construction of an approximate solution of (3.17) . The
leading order term of this approximation is found by solving for vy the following
equation:

! —e "= ype’’ = b
82 O2Ar*

For brevity we denote b(r) = |[Ar(y)|>, y = (y/,yn+1), r = [Y'|. Now, equation
(3.19) implies that

(3.19) |Ar|?vo =

1 1 )
(3.20) vo(r) = log () loglog () + O(loglog|log 6°b(r))).
This asymptotic formula is valid when 0 < 1. This follows from the fact that
b(r) =1+ 0(r?), r — 0 and on the other hand b(r) = Nr—zl +O0(r ), r>1.
Let us also observe the following relations:

b/ Vo b/ Vo b/ 2 Vo
3.21 (== R - ( ) (f) _n
©-21) Yo bi+v O b/ 14+vy \b/ (1+v)3

from which the asymptotic behavior of the derivatives of vy of any order can be
readily deduced. In particular we observe that

(3.22) v < i=12,....

(r+ 17’

Accepting vg as the leading order approximation, and assuming that the next
approximate solution is of the form v; = vg + v;, we are left with the following
problem:

(3.23) Ar v — =

52 (e_VO_vl — e_VO) = — [AFVO +Vrvg- VFF] = Po.

This is a nonlinear equation with the right hand side that satisfies

C /
(3.24) lpo(y)| < ma r=|yl.

This follows from the fact that vg is a smooth function on I" and (3.22). Using this
we can find a smooth solution of the equation (3.23) which satisfies:

- C 1
(3.25) v ()] < -,
! 10g(2+’2) (L+r)/
The next terms in the approximate solutions will be determined inductively. It
is important to keep in mind that the approximations we want to construct must
be decaying functions of both Toad? and r. Given vy_1 =vo+v| + -+ v, for

j=0,1,....
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which we already know (suitably adapted) relations (3.24)—(3.25) we determine vy
by solving:

(3.20)
1
|AF|2Vk _ §(e—vo—v1—~~—vk _ e—vo—vl_..‘—vkq) — [AFVk—l +VFVk—1 . VFF]
= Pr-1-

Solving this equation gives vy = vg+ vy + - - - 4 vy, where:

~ C 1
(3.27) v )] < . j=0,1,...,

C (g ) (T
and
C 1

(3.28) 1ok ()| = |Arve+ Vv - ViF| <

(tog2) (170
Thus we have proven:

Lemma 3.5. For each k > 1 there exists a function vy such that

C 1
yg[vk] < .
(log Zg—{z)k (1 ""’)kH

Another parametrization of I

The next step in the proof of Proposition 3.2 it to linearize the operator .
around vy and find a solution of .“5[u] = g in the form u = v; + h using ODE
methods.

To have a convenient form of the linear operator .#[v;] we define another
parametrization of I', which is obtained by taking the arc length along the curve
(r,F(r)). Thus we define:

3.29 :/r,/1+Fr2d .
(3.29) s= | P

Of course the function r — s(r) is invertible and its inverse is s — r(s). We also
note the following relations:

c‘ash’ < ’VFh‘ < C‘ash‘

3.30
430 c(102h] + 5~ |ah]) < | D] < C(132H| + 5~ |3sh).

Using the asymptotic formula (3.3) for F* we get that

72

(3.31) s~r, r<1, and, s:m+ﬁ(logr), r>1.

By a straightforward computation we obtain the following expression for the
operator L but now in terms of the arc-lenght variable s:

(3.32) L[v] = vss +a(s)vs +b(s)v,



TRAVELING WAVES WITH MULTIPLE AND NON-CONVEX FRONTS 25

where
Fo(r(s)) + N(_)l

3.33 =———— "0 ps)=1A 2,
(3.33) a(s) NESZGO) (s) =|Ar(r(s))|
Note that

a(s):Ns_l(l—i—ﬁ(sz)), s 1, a(s)=1+0("1, s> 1,
(3.34) N—1 1

b(s) = Eo or )= 7+ O(slogs), s> 1,

and that in general a(s), b(s) > 0 since I" is convex and F,(0) = 0. We also have
b(0) =1 and »’'(0) = 0. Another important fact is that

N2 +4N+2
3.35 b'(0)=———— <0, N=2,....
(3-35) (0) N4(N +2)
This last identity follows by a direct computation. Setting by = Iz\;j(‘[‘vl\:_% we have

(3.36) b(s) =1—bys* +O0(s*), s—0.

Definition of the linearized operator £

From the above considerations we see that linearization of .#5 around the ap-
proximate solution v expressed in terms of r is the following operator

G3T) Lol = T+t palrh palr) = o)1+ v0e ),
We will often use the approximate solution v; expressed in terms of the arc length
variable s, which we will denote by u(s) = v(r(s)). We will also set u;(s) =
vi(r(s)), j=0,1,.... Welet b(s) = b(r(s)).

Later on we will consider the linearized operator in the space of functions which
decay both in s and log(é) as s increases. We will see that for our purposes we
need to determine v, (or uy) for k sufficiently large.

With some abuse of notation we will denote by the same symbol £5 the lin-
earized operator expressed in terms of the arc length variable s:

(3.38) L5[h] = hys+a(s)hs+ps(s)h,  ps(s) = b(s)(14up(s)e =&+,

Our goal is to find a right inverse of £5. The idea is very simple. Since (3.38) is
an ODE an inverse can always be written using the variation of parameters formula.
To control the norm of Sgl we need to understand the behavior of a fundamental
set. This is complicated by the fact that the operator, on the one hand depends on
0, and on the other hand its properies change as s varies from 0 to ce.

In fact we observe that from (3.19)—(3.20) and (3.26)—(3.27) it follows that

1
(3.39) ps(s) ~log 57
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when s < § with some § > 0 fixed, independent on &, while when s > 1 we have

log <
(3.40) ps(s) ~ ‘(’; &
This can be summarized:
1 2+s
~ log (=12
pg(s) 2+s Og( 62 )7

for all s and § < 1. At the same time a(s) ~ 1 s < 1 and a(s) ~ 1, s> 1. In
particular we will need to study carefully £ in these ranges of s.
3.6 Aninverse of £
In this section, we solve the following problem
(3.41) L5l = g(s)-

Clearly, solving this problem is the key to implement a fixed point argument needed
to solve (3.12). The point is to construct a right inverse of £5 which is bounded in
suitable Holder weighted norms. Let us define these norms first:

601 ((s—1,5+1)) }7

2+
R, T suP{(2+S)ﬁ (log 5zs)v

Z gV

Because of the relations (3.30) these norms are easily translated into the norms of
g as a function (of the radial variable) on I".
More precisely we will show:

llg
(3.42)

Gl (Ry)"

Lemma 3.6. Suppose that B > 0, v > 0. Then there exists a constant C > 0 and a
solution h to (3.41) such that
(3.43)

1
Il e+ 10 gms gy + 1 o5 < Cllogg5)* ]

B+1, v+l(R+)‘

In the rest of this section we prove this important lemma.
To begin with we make the following transformation:

(3.44) h=exp <; /Sa(f) dr) h.
1

Then, when s — 0, h~sWN=1/2p and when s — oo, h~ es/zh, by (3.34). Equation
(3.41) is transformed to

(3.45) W'+ (ps(s) —a(s)h(s) = g,

where
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In what follows we will mainly work with the transformed equation (3.45). The
idea of the proof of the lemma follows the same lines as the construction of the
approximate solutions. The situation now is more complicated since we have to
consider a second order ODE.

Let us denote

Lslh =h'+ psh, ps=ps—a.

When we consider the opertator £ for functions defined in the interval I; = (0,s1),
for some 51 > 0 independent on & then we refer to this problem as the inner prob-
lem. We speak of the outer problem when we take Iy, = (sg,°0), 55 > s1 > 0 as the
domain of the functions involved.

First, we will describe the way we chose s; and s5. For s — 0, we have, by
(3.34)—(3.36)

pa(s) = (1—bys? + 0(5")) (log 53 + 1+ (%),

92
als) = s_z[(N42) - %] +0(1).

As a consequence there exist an M > 0 and s > \/1Mil > 0, which is independent
0og 57

(3.46)

of &, such that

M
(3.47) Ps(s) = ps(s) —a(s) >0,

+/log %
When s — oo we have by (3.34) that pg satisfies (3.40) and

(3.48) a(s) = % +0(s7Y,

with similar formulas for the derivatives. From this we can find the asymptotic
behavior of pg(s) for s large, and infer the existence of s, > 51, again independent
of 8, such that for s > s, it holds:

(3.49) Ps(s) <0.

Observe that 51 and s; in general do not coincide and we need to solve an interme-
diate problem to glue the inner solution and the solution for s between s; and s,.
Finally, we will assume that § is chosen sufficiently small, so that

<s <y

(3.50) Ps(s) >0, s1<s5<s.

This can be achieved since, when s is bounded away from 0 and oo independently
on &, we have ps(s) ~ ps(s) ~ b(s)log é. For future references we observe that
from (3.49) and (3.50) it follows that the exists a unique sg such that pg(ss) =0
and

(3.51) ps(s) >0, s1<s<ss, pPs(s)<0, 5>s5.
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Actually, from (3.34) it follows that there exist constants M| < M, such that
1 1
(3.52) ss € (M logﬁ,leogﬁ).

One more observation we make is that on any interval I = (0,s%), with s* <
1 . . . .
Clog 53, the norms || - || ) and || - || w2 ) are equivalent in the following sense:

L\v
HgH%éﬁ(,) < C(log ﬁ) ”g“‘fézﬁ(n < Cugu%ﬁ(l).

We agree that || - || wn = Il wn )y We will use this equivalence of norms when

we consider the operator £5 on the interval (0, s5).

The inner problem for the operator £;
In this section we will consider the following problem:
£5 h; =4, in L = 0,S1
3.53) (1] / (0,s1)
hi(0) =0, &/(0)=0.
Our goal is to show that there exists a unique solution /; to (3.53) such that

I
(3.54) Ihillegzn ) < Clog 5 lllgom .

We will work with the transformed operator £5 so that (3.53) becomes:
L5

=2, inlj =(0,s1),
(3.55) A 8 1=(0,51)
hi(0) =0,

h(0) = 0.

For convenience we will denote A = /14 log %. Taking into account the asymp-

totic behavior of b(s) and d(s) when s — 0 we see that the operator £5 can be
written in the form:

o2 A
&ty =i+ (122 (W20 (o)

It is convenient to make further change of variables setting:
hi(s) = hi(As),  &(s) =&(As), ps(s) =A2p(As) etc.
Then, denoting by £ the re-scaled operator we have:

Solh] ="+ 1 —SZ(W‘ DI+,

and (3.55) becomes

L5lhi)=A"g, inl =(0,As).
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Formally £ [h] = 0 resembles the modified Bessel equation and the operator
£s should have an element of the kernel £, ; such that

(3.56) hii(s) ~ S%JN;Q (s),

where Jy- z( ) is the Bessel function. The second linearly independent element in
the kernel is such that

(3.57) hia(s) ~ 5 xaa (s),

when NT_Z is not an integer and

hia(s) ~ s2Yua (s),

2

when Nsz is an integer, where Y¥ is the modified Bessel function of the second
kind [6].

We choose the solution to (3.55) given by
(3.58)  hi(s) = —A %R (s) /hlz T)dT+ A" hio(s /hll )g(7)dr.

Note that /;(0) = 0, //(0) = 0 since, after the change of variables, we have g(s) =
O(s"T).

To make use of the above formula and to estimate /; we need some information
about the functions 7z,~7 j» J = 1,2. We recall that the Bessel functions oscillate
and the same is expected for fzh j- We observe first, that passing to the limit over
compacts we can justify the asymptotic statements (3.56)—(3.57), and show the
uniform convergence of 71,-7 j to the corresponding solutions of the Bessel equation
as A — oo, In particular it follows that for each K > 0 and each sufficiently large
A the function /; ; is uniformly bounded on the interval (0,K), and for each small
7 > 0 the function izi,z is uniformly bounded over the interval (7, K). Furthermore,
taking K sufficiently large, we may assume that

A2
s =12 (T2 o) S0 se k).

In fact we even have
<p(s) <ecy, s€(K,Asy),

with some constants c1,cp > 0. Now we will make an important observation: let h
be a solution of £5[h] =0 in (K, As;) and consider the following expressions:

01(0) = ()P + ps) h () = O 4 oy,

p(s)
It is easy to see that

d - - - D' -
(3.59) an(h):ﬁ’(h)z, —Qz(h):—%(h’)z.
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Let now K < & < & < Asy be two points such that fl’(éj) = 0. Then from (3.59)
and the bound on p it follows that there exist constants C;,C, such that

(3.60) C[h(EN) = (&) = CilR(En)],

as long as p’ does not change sign in the interval (&;,&;) (recall that p > 0 in
(K,As1)). )

We claim that from this, and the uniform bound for the functions 4; ; for s < K,
which we have already proven, it follows that these functions are actually bounded
uniformly for s > K as well. To prove this we observe that from (3.46) it follows
that

N-2) 1

B(s) = {[1 - byA 22 + O(A 45 — 572 [(4) o),
hence when N = 2,3 we have j'(s) < 0 for all s € (0, As;) while when N > 3 there
exists a unique s; < Cv/A such that

ﬁ/(S) > 07 s € (Oasl)a ﬁ/(s) < Oa s € (Slalsl)'

Therefore when N = 2,3 the uniform bound on izi, ;j follows immediately from
(3.60). When N > 3 we need to consider the growth of fz,;y jbetween §) <53 < &
where §; are zeros of f; ;. Observe that since j(s) is bounded uniformly for
0 < s < Asy, therefore using the relations (3.59), but now considering those points
¢ at which 7; () = 0 we get, as long as { < s;, that [fzij(?;)]z is bounded uni-
formly in A. Then, for each s € ({j,s, ), we get

£ 0u(h)(5) < 0= Cli (6 2 [ (5)1 + p(6) ()

and in particular [izi j (s2)]% + [hi j(s3)])? is bounded. A similar argument, but using
Q1 (hi ;)(s) for s € (sy, &), gives that [fzf’j(s)]z + [hi ;(5)]? is bounded as well. Now
(3.60) applies in (&>, A1) and the claim follows.

_ The asymptotic formulas (3.56)—(3.57) for s small, and the uniform bound on
h; j, together with the variation of parameters formula (3.58), give the following
bound:

(3.61) s 2" G

§

C
%0(0,K) > ﬁ”s

EO(0.K)"

On the other hand, the uniform bounds on 7113 j yield:

(3.62) Is'2 Ry

C 1+1N
woas) < 7z l8 7 Blwoa):

Scaling back this estimates we get for the solution of the inner problem the follow-
ing estimate

| hillgon sy < Cllgllgon -
Using then equation (3.53) we can write:

hs —{—a(s)hs =8—Ds (S)h7
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and since pg(s) ~ log % on [;:

1
il 1) < Clog 55 lIgllgonm),

from where we get (3.54), using the fact on the interval I; = (0, s; ), with s; bounded

independently on 3, the weight in the definition of ng * norm is bounded by a
constant.

Continuation of the solution from s = 5| to s = s,

Let s; < s be as defined above (see (3.47)—(3.50)). We will solve now,
L5l =8, inh=(s1,5)
fzn(sl) = ],’\li(sl) ﬁn’(sl) = il;(sl)

Let us recall that in the interval considered here we have pgs(s) > 0, ps(s) ~
b(s)log %, and s, is a point such that pis(s) <0, for s > s».
The solution of (3.63) can be written using the variation of parameters formula

on(5) = oy ()i (s1) + 2 (5) / e

9 [ sﬁl,m)g(r) dr

where the fzm ;j form a fundamental set of the ODE (3.63) with

na(s1) =1="Hh,,(s1), By (s1)=0="hyu(s1).

Using the fact that, by the choice of s;,s, and 0 in (3.47)—(3.50), ps(s) > ¢ >0in
I, we can employ the identities (3.59) to obtain a uniform bound on [, ;(s ))? and
[ﬁ;7j(s)]2 inb.

Then from the estimate on /;(s;) and //(s;) and (3.64) we get, after changing
back to the original functions /4, and g

(3.63)

(3.64)

1
(3.65) ”hnH%O#(Iz) < Clog 52 ”gH(gO»P‘(I]UIz)v

hence we get, again using the equation:

I\2
(3.66) thH%M(lz) < C(log @) ||g||€é”0«#(11u12)v

and since s, is bounded:

12
(3.67) ||hﬂ‘|<ggﬂ(]2) SC(logg) Hg“‘ggf,(hUIz)
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Continuation of the solution from s = s, to s = s

Next we will solve,

el

slhml =8, ink = (s2,55),

(3.68) ) ) . A,
hin(52) = hu(s2) I (52) = Hy(s2),

where s;5 is defined in (3.51). Notice that in /3 we have p’s(s) < 0 however ps(s)
is not bounded away from 0 since by definition of sg, ps(ss) = 0. But we can still
use the quadratic form Q; () in (3.59) to find a uniform bound on [h;mj(s)]z, where

the izm7 j are elements of a fundamental set. From this we find:
(3.69) i j(5)] < C(1+ (s —52)), sEDL.

Then, the variation of parameters formula gives:

Fon(5) = Pt () (52) + o 2 ()R (52) — 1 (5) / ) hym(T)8(7)dT
(3.70) A . *
+ ha(s) / him(T)8(2) dT.

Multiplying this identity by exp{—% { a(t)dt} and using (3.69) we infer that the
function

~ 1 s
() = Fn(s) exp{— /1 a(t)dr),
satisfies
1 , I\2
1|50 1) < C(log ﬁ)(lhn(m)! + [l (52)]) +C(log g) ”gucggi‘l(k)’
Taking into account (3.66) we find:

(3.71) [l g0 1) < C(To

3
g ﬁ) ”gHCgEfI (LULURL)?

and then using the equation £4|[h,,] = g in Is:

1.4
(3.72) |52 1 SC(IOgﬁ) lg Eyt (WUbUD)"

Finally, noting that for s, < s < s5 we have (2 +s)ﬂ <C (log é)ﬁ we obtain the
following estimate:

(3.73) 7

1 44
“3" (1) < C(log ﬁ) ||8H<ggf] (hULUE)®
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The outer problem for the operator £;
Now we will find a solution /, of (3.45) such that

h”+p5i:t :gv §> 85,
hO(SS) = flm(sﬁ)» il;(sé) = i‘;/n(sﬁ)

It is convenient to change variables s = ss +¢ and regard at first this problem for
t € R;. We will use the same symbols for the functions involved. Again we will
use the variation of parameters formula. To this end, we need to chose two linearly
independent solutions of the homogeneous problem such that

(3.74)

ilo,l(t) — oo, and izoyz(t) —0, t—oo.

A fundamental set Wlth these properties can be found (for instance see [22]) given
that ps(ss+1) = —1 +0(1) as t — co. Moreover we can chose ho,j in such a way
that

ho1(0) =0, hya(0)=1,
A;,I(O) =1, il:J,2(0) =-n,

where 17 > 0 is bounded independently on 8. Observe that the Wronskian of these
functions is W (h,,1,h,2)(t) = —1. Then we get:

(3.76)
ho(ss +1) = Nho(s5) + H,(55)] 0.1 (1) + ho(s5) o2 (1)

+ o1 (1) /h()Z 8(ss+1)dT —hyo(t) /hol 8(ss+1)dr.

(3.75)

Since pls(ss +1) < 0 and ps(ss+1) > 0 for t > 0, therefore by the general
theory for second order linear ODEs (see for instance [22], chpt. 9.2) we get that
for some c¢;,C; >0, j=1,2:

3.77)
Ciexp { /Ot[—ﬁ(;(s(; + ’L’)]l/2dT} <y (1) < Crexp {/0

crep] = [ [patos + ]2z} <huatt) < oo -

We note that for any & > 0, v > 0 and 0 sufficiently small, the functions:
(3.78)

(55 +1)% (log sﬁ;;t)v“ exp { /0’ (= ps(ss + )]/ %a(sts 1+ 1)) dr}

1

[—ﬁ5<s5+r>]l/2dr},

t

[—ﬁa(s§+f)]1/2df}-

(ss+1)* (log Sal—t)vﬂexp{/oz(—[—ﬁg(s(s—kf)]l/z—;a(s(g—kf))d’r}
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are monotone decreasing for 7 > 0, hence using that s5 = & (log %) and denoting

_I_ 1 ss+t
s +1) = (300 (g 250 ) exp { - [ a(e)ae,
we get by (3.73):

@p v 1(55+0)|[Mho(55) + 7, (55) 0,1 (1) + B (s5)ho2(¢)]
<C(1 og 6)5+2B+V|‘g

(379) (ﬁgfl‘o(oﬂs(s)
l)4+2[5 le

gc(loga (g[(?)“l +1(OS§)'

On the other hand, for any 8 > 0,v > 0 and 0 sufficiently small, the functions:
(3.80)

(s§ th)_B_1 (log Ss 1

52 )vlexp{/oz (* [—Ps(ss +T)]1/2+ %a(SS JFT)) dT}’

SSanrt)fwl P { /Ot ([=ps(ss+7)]"2+ %“(Sﬁ +1)) ‘“},

are monotone increasing for ¢ > 0. Then, assuming [[g]| ox
B+1, +1( +

(ss+1) P! (log

) < oo, we get

that the functions
o / o2 (1)8(s5 + 7) d

0 2 / ho 1 58 + T) d
satisfy:

(3.81) @pv1(ss + 1) (1 (O] + 2(0)]) < Clgllgon )

We recall that
~ 1 [sstt
ho(ss+1) = ho(ss —I-t)exp{—z/ a(r)d‘c}.
1

Thus, by the variation of parameters formula (3.76) and (3.79)—(3.81) it follows
that:

142
(3.82) Vol o (opey < (102 5)* gl

(s5:) B+1, v Ry)

To estimate the Holder norms of the derivatives we write the equation for 4, in the

form:
(h;exp { /Sja(r)er/ — exp { /sja(r)dr}(g —psh),
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where s* < s is large and fixed independently on §. Integrating this equation from
s* to s > s5 we get

(3.83)
e ] [[atmac)| < )+

< K (sY)] +C(||8H<gg“.v(R+)

exp{ / " a(x) d‘c}(g— psh) dG‘

H R ))/S* (I)B,V(G)dc

@p,v(0) = <2+6>"3‘1(log2§26)Vexp{/scamd?}'

where

*

When s* is taken sufficiently large we have for ¢ > s*

2 _ N
;_26) vexp{/ a(r)dr}.
Using this for s € (s*,5* + 1) we find by (3.83):
1
/ 4428
)Y (5)] < Clog )P gllgy )

by the previous argument. Then we argue inductively considering intervals of the
form (s* +k,s* +k+ 1) to show, that for s € (s* +k,s* +k+ 1) we have an analo-
gous estimate. This gives at the end:

@5.(0) <C2+0) P (log

(245)P+! (log 2+

l )4+2[3
o
Then we estimate 4, using the equation directly.

Now the solution of (3.41) can be written in the form

(3.84) [ < C(log gl z0n

”%““ y((55.:29)) Bl (Re)’

h = hixn + ho X, & hi X1+ ho X (s5,00)

where J; is the characteristic function of the interval /. We conclude the proof of
the Lemma 3.6 by combining estimates (3.54), (3.67), (3.73) and (3.84). For future
purposes we will denote the right inverse of £5 by £gl. According to the statement
of the Lemma 3.6 we have in particular:

(3.85)
15" (g)

1 42
et (Ry) < C(log g) BHg

e [ )]

0,1 .
%ﬁﬂ +1(R+)

Conclusion of the proof of Proposition 3.2

We will now use the theory of the previous two sections to solve (3.12)—(3.13)
and thereby complete the proof of the Proposition 3.2.

Notice that the existence of the function v solving (3.13) has been established
already. Thus we only need to consider (3.12). We will use a fixed point argument
for the nonlinear operator .. Let k > 0 be fixed and take the approximate solution
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vk, see Lemma 3.5. We define ui(s) = vi(r(s)). Then, the result of Lemma 3.5
reads:

C 1
(log 2+s) (1 _|_s)(k+1)/2'

|75 [w](s)] <

We will look for a solution in the form u = u; + ¢. We will write:

Tslu+ 9] = Ls[0] + S5 [w] +Ns(9),

where
1 1
N5(9) = —sz¢ (e P —1+¢) = ()uo[lw(m—zj)](e*d’—lw)
52
1 245, _
~ o (F5) e~ 1+9),

is a nonlinear function with quadratic growth in its argument. Thus, we need to
solve:

L5[0]+ s [w] +Ns(¢) = hs,

Now given the right inverse of £5 we can put the above equation in the form of a
fixed point problem for:

T5[9] := — L5 [Ss[w] +N5(9) —hs).

Given the result of Lemma 3.6 and (3.85) the existence of ¢ can be established. To
see this let us fix real numbers 3, v, ¥ > 0 and a positive integer k, which satisfy in
addition:

1
3 >B, v>6+2B+y, k>44+2B+v+y.

With this choice one can verify that

1
(log 52)4+ A wn ) S C(10g52) v

4428 4

(3.86) (log 52) 195 (0o (R+><C<log52) 1911520z,
4+42p Ly
(log 52) 1sllgs @) < Clog55)"

Then we see that, for each sufficiently small 8, the map J5 takes the set

{olllo

into itself. Also, one can verify in a similar manner that this map is a Lipschitz
contraction on this set and thus the proof of the Proposition follows.

1.1
/ Y
%EIC(RH + o H%Afw([&) < (IOgﬁ) >}
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4 Setting up the infinite dimensional reduction

4.1 Construction of the approximation

Let I' be the eternal solution of the mean curvature flow with ¢ = 1 and let I';
be the corresponding surface translating with speed ¢ = € < 1. We will use the
natural representation of I" as a graph of the radial function xy,; = F(r). The
scaled surface is given by I} = {xy 11 = Fe(r) | Fe(r) = € 'F(er)}. In general we
will take advantage of the radial symmetry of the eternal solution and employ the
infinite dimensional Lyapunov-Schmidt reduction method to reduce the original
PDE:

4.1 Au+€dy, ut+u—u’=0, inRVFTH

+1

to a one dimensional system of two equations whose independent variable is the
radial variable r. This will be in fact the Jacobi-Toda system treated above.

We will now proceed to define an approximation of a solution of (4.1) which de-
pends on the radial variable r and the signed distance z to I';. We will use the nota-
tion introduced in Sections 2.1-2.2, with obvious modifications taking into account
the fact that I is radially symmetric and thus has a globally defined parametriza-
tion.

A model for the multicomponent traveling wave near I;

In the sequel it will be useful to keep in mind that a global system of coordinates
on I and I; can be defined by:

= {(r®.F(1)|r>00cs"}, L={(0, %F(sr)) 1r>0,0cs¥ ).

There are other ways to introduce local coordinates on I". For instance around
each point y € I' we have the normal geodesic coordinates. It is not hard to show
that there exists &y > 0 such that these coordinates are well defined for each y € I
at least in a neighborhood of y of the form Uy, 5, = B(y, &) NI". A similar statement
can be made when y € I are considered, now with Uy 5, /- = B(y,00/€) NI

We chose an orientation v(y) = % onI" and take z = z(x) = dist (x,I")

ry
compatible with this orientation. Let us introduce the following weight functions:

o(x) =2+|F (")), o:(x) =2+ |F(er)?, x= & xnu1),r=|¥]
We recall here that F,(r) ~ r, r > 1. Also in what follows we will write @(r),
o (r), understanding that r = r(x) = [x/|.
It is not hard to show that there exists an 19 > 0 such that for all points x such
that |z(x)| < nolog w(r) the map
x—=y+zv(y), yer,

is a diffeomorphism. We denote this diffeomorphism by X (x) = (y,z) and for a
function u given in a neighborhood of I" we set (X*u)(y,z) = (uo X~ 1)(y,2). The
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coordinates (y,z) above are called Fermi coordinates of I". Similar claims are true
when we consider Iz and points x such that |z(x)| < 2 log( ¢ (r)). Taking this into
account we introduce the following neighborhood of I¢:

U, (M) = {x e RN | [z(x)| = |dist (x,I3)] <M10g(wz(2r))}_

Clearly Fermi coordinates are well defined in Ur, (M) for all M > 0 large and € > 0

small. If by X, we denote the diffeomorphism in Ur, (M) defined by X¢(x) = (y,z2)
then for a function u defined in this neighborhood we set:

(Xiu)(y,2) = (woXs ) (1,2).

We will describe functions f; representing the leading order for the location
of the nodal set of our traveling wave. To this end we appeal to the results of
Proposition 3.2 and let the functions f;, j = 1,2 to be solutions of the Jacobi-Toda
system (3.9) with #; = 0. We get that functions f; satisfy:

(1) 2V/2 1

lo + O (loglog —————).
22 O aarp T oEe g )
In addition we have f; = —f>.

In the sequel we will use scaled versions of these functions, namely fe ;: I —
R, defined by:

fej(r)=filer), r=r(y)=P1], y=0" )€l

We recall here that €2|Ar(er)|? = |Ar (1)

In reality functions f¢ ; give only the leading order behavior of the traveling
fronts and thus we further need two functions, which will be for a moment un-
known parameters to be determined in the course of the Lyapunov-Schmidt scheme
we use.

Thus we let i, j = 1,2 be functions of the radial variable r on I" such that for
some 3,7 € (0,1) we have:

4.3) 1R

(4.2) filr) =

< e’

@M (D)
As before we introduce scaled versions of these functions hg j: I — R defined
by he j(r) = hj(er). Let us make an elementary observation about the relation
between the weighted norms on I" and I;. Defining the CK; #(I%) norm in a natural
way, namely using the weight function coé3 (r) = wP (er) and letting he (y) = h(ey),
for y € I; we get:

(| he <& H|he

g2y < Wellegzury ez ry)-
In particular we get from this and (4.3):

4.4) || he, <&, j=1,2.

(Ké-ﬂ (1—;:)
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Given the functions fe ; and A ; as described above we will denote:

fe = (fs,bfe,l), h, = (hs,17h£,2)7
etc.
To define a model for the traveling profile we first recall that by H we have

denoted the unique, odd, and monotonically increasing solution of H” + H(1 —
H?) = 0. Next we consider a cut off function:

0, Jfl<1,
)=
x(0) {1, |t| > 2.
Now, let M > 0 be a fixed large number and let
z(x .
4.5) Xe(x) = %((72)50))7 z(x) = dist (x, I}).
Mlog(=57)

Taking M large and € small we define the initial approximation of the solution
in the support of x¢ by

4.6)  (Xue)(n2) = H(z— fe1(r) =hen(r) —H(z— fea(r) —hea(r)) — 1.
Next we define the initial approximation globally in RV *+! by:
4.7 we(x) = (1= e (x))ue (x) — 2e ().
4.2 Reduction to the nonlinear projected problem
We look for a solution of

S(u) = Au+ €y, u+u(l —u*) =0,
in the form u = we + @¢, where @; is a small function. We write:

S(we + @c) = S(we) + Loe +N(¢),
where

Loe = AQe +€dyy,, Qe + (1= 3w2)

N(ge) = =3we i — 3.

We will decompose our nonlinear problem into a system suitable to apply an infi-
nite dimensional Lyapunov-Schmidt reduction scheme. To this end we recall that
we have: given functions f¢, and also unknown functions hg.

Given a large number M as in the definition of w, above we consider smooth
cutoff functions §; > 0, j = 1,2 which satisfy the following conditions

(4.8) gl(t)+g2(t):{1a ff <M, Cl():{l’ —M<t<—1,

0, |t|>2M, 0, t>1.

We define cutoff functions { ; by:

“9) (X Ge)(52) = G (5 + ) fe () — Feal)),
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where & is a small constant. Note that with this definition we have

Goatlea =1 [ <M+ (5 +8)|fer(r)~ fealr),

Ce1+8e2=0, |z]>2M+ (% +8)|fe1 (r) = fea(r)].
Also we have
Ce,j(r (fe,j+hej)(er)) = 1.

Furthermore we chose cut off functions é’& j such that

Spp Ce. = {=3M — 31fe ()~ fealr)] <2< (5 +28)|fen(r)~ fear)]}

1 1
supp Gep = {3M + S| fe1 (r) = fea(r)] > 2> = (5 +28)|fe.1(r) = fe (r)[},
and additionally
gs,jCS,j — Ce,j-

Now we look for a solution of our problem ¢; in the form:
Qe = Z Z_re,jfpe,j‘f‘ Ye.
j=12

The functions ¢ ;, Ye must still be determined from a system of equations that we
will now describe. First we introduce functions Hy ; defined by:

(XeHe ) (02) =H'(z— fe,i(er)), r=|.
We also introduce new unknowns cg ;, j = 1,2, which are functions on I;. Next,

we ask that the functions ¢¢ ;, We, ce, ; be solutions of the following coupled system
of equations:

(4.10)

CejLbe ;= Ce i{—(S(we) +N) — (L— A— €0y, +2)We — [L, & j10c j + ce jHL 1}
@.11)
(A+€dey,, —2)We=—(1— Y Gie) {S(we) + N+ (L, Cel9ei}

i=1,2

- (1 - Z Cs,i) (L_A_SaXNJrl +2)W87
i=1,2

where N = N(X ;1 » @¢ jCe; + We ). Note that after multiplying (4.10) by e ;, j =
1,2, using the fact that Cg,jéfg’j = 1, and adding the resulting expression and (4.11)
we obtain:

(4.12) Loe+S(we) +N(@e) = Y. ceHy Ge -
j=1.2
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As is usual in a Lyapunov-Schmidt reduction approach, the functions c, ; will be
initially determined in such a way that (4.10) has a solution for any given parameter
function h,. Later we will adjust the traveling front, whose location is represented
by fe +hg, so that ¢ ; = 0. After this is done we will get the solution of our original
problem.

In fact a slight modification of (4.10), which we will describe now, is needed.
We introduce the following functions:

(X;W&j)(yvz) :H(Z_fs-,j(gr))’ J=12r= ‘y,‘7
and check that we have, say in the set e i=1,

L(Pg,j = A[é + 8Z2(])£,j +f’(w8’j)¢£’j
+[f'(we) = f'(we,j)9e,j + [Ar. — Ar]9e
— (Hr,. — €V N+1)9:0e,j + €V (Ten+1) - VI e j-

Then, we can write (4.10) in the form:
(4.13) AL Qe j+ 020 j+ ' (We. j)Oe j = Ge.j+ ce jHy

at least when 567 ;i = 1. However, it is convenient to view this problem in the set
I: x R. Indeed the operator L¢ ; = A, + 3Z2 + f'(we ;) is defined on functions
whose domain is I'y X R, while the right hand side is a function supported on a set
supp 587 j- More precisely we have:

fe.j = ge,j(S(We) +N) - 58,]’([4 —A— g&xNH +2)We — ge,j[La C&j]‘P&j
(4.14) + G 1 (we) — I (We.j)| e j + é:j,S[AFa,z —Ar] ¢, j
+Cejl(Hr, — €VRn1)0:0c j— €VE (Teni1) - Vi 0 .

Again, multiplying (4.13) by {¢ ; and adding the resulting equations and (4.11) we
get (4.12).
For future purposes we write (4.11) in the form

(4~15) (A+88XN+| - 2) Ye = hg’

where by h we have denoted the right hand side of (4.11). Note that if we assume
that ¢¢ ; and y; are functions of (r,xy,1) only with r = |x'|, then so are the func-
tions ge ; and he. Conversely, if we consider more generally problems of the form
(4.13) and (4.15) with g¢ ; and bhe depending on (r,xy1) only, then the solutions
of these problems ¢ ; and y, will also depend on (7,xy41) only.

4.3 Further modification of (4.13)

Let us look now at the equation (4.13) more closely. We have in general the
following system to solve:

[Ar, + 02+ f'(we )9 = gejy InLExR, j=1,2.



42 M. DEL PINO, M. KOWALCZYK AND J. WEI

It is convenient to rewrite this system in the following way: first, we introduce
shifted Fermi coordinates

tj=z—fej(r), j=1,2.
Second, we write each of the operators above in terms of these new coordinates:
A, + 07+ f'(we ;) = A + 92, + f'(H(t))
— A1, fe,j0; = Vi fe,j Vo, + Vi fe i 07

Usually the second line above is relatively small in the sense that its norm can be
controlled by the norm of the solution times a small factor and thus we can absorb
it on the right hand side of the corresponding equation. Note also that variables t ;
are related through the formula:

(4.16) ti—tr=feo—fe-
Then letting

@8,j()’7tj) = 0e,j + ée,j [Al—éfg,j&tj +Vl“sfs,j : Vl}at,- - ’VFgfe.,j‘zaEJ ¢8.,j7

we obtain the following system:
@17) (AR 405+ (H(t)))] e, = e, j(nt)) +ee H (v)), j=12,

where now, with some abuse of notation, @¢ j = ¢¢ j(y,t;). This system can be
considered as a system for functions defined on two copies Iz X R, and it looks at
first sight as being decoupled. However in reality we have, in the original setting:

Ge,j =0,/ (0,2 Pe.1, Pe 25 Ve ).

Therefore when considering for instance the equation for ¢ 1 in the shifted variable
t; we need to use the above relation between t; and t, to express all functions
involved in terms of y € Iz and t| € R. Of course the same must be done with the
second equation. As a result we will obtain a nonlinear and nonlocal system for
0, j» j = 1,2. The advantage of making this transformation is that we always work
with the same, basic linearized operator on the left hand side. Again we point out
that all the functions involved depend on y through the radial variable r = |y/|.

5 Linear theory

We recall that we have denoted @(r(y)) = 1+ |[VF(r(y))]?, ae(r) = w(er).
Given a €>*(I; x R) function u we define its weighted norms by:
5. 1)

«r) = sup (coshz)?@ P (r(y))u
(y,z)elz xR

GO (B(y,)NIe X (z—1,2+1))

— 2
HuH(ggﬁ(ExR) = Hu”‘fg:ﬁ(DXR) + HVEXRMH%E:#(EXR) + HDFSXRuHng:g(ExR)'
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Above Vr, g and D%SxR denote the gradient and second derivative on the mani-
fold I'; x R equipped with a natural product metric and the associated Levi-Civita
connection.

In this section we will consider the following basic linearized operator:
A9 +02¢ + [/ (H(2)¢ =Lep.
We note that
OZH'+ f'(H)H' = 0.

In fact H' is the unique bounded element in the kernel of 92 + f/(H). In particular
we have, with some vy > 0:

LI0@P=rHIOEP = v [ 0GP

whenever ¢ satisfies:
| 0@ @) dz=

In general we will consider the following problem:
A¢+07¢+f(H)g =g, inlxR,
5.2) oo .
/ 9(n2)H'(2)dz=0, yele.

We will assume that

||g (Kg:#(HXR) <

with some 8,17 > 0. In the case at hand we have 8 € (0,1) and 1 € (0,1/2).

5.1 A priori estimates

Most of what will be said in this section follows the argument of [8] and so we
will only outline the main points.
First we need the following:

Lemma 5.1. The only bounded solutions of
Ap+92¢+ f(H(z))¢ =0, inR'"' N=>0,
are of the form ¢ = cH'(z), with some constant c.

This lemma is proven in [11] (see also [9]) .
Next, we show the following a priori estimate:

Lemma 5.2. Let ¢ be a solution of the problem (5.2). There holds:
(5.3) <Clg

H‘P”%t?;;‘(gxu@ Gy (e xR)’
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Proof. The proof of this lemma follows arguments in [11] and [9], with only small
changes due to the fact that here we use slightly different norms.

We argue by contradiction. Thus we assume that there exists sequences {&,},
{0¢,}. {g¢, } such that

AFS,, (PEH + aZZ(PSn +f,(H)¢£n = gsn’ in I_é)l X R’
/ e, (v, 2)H' (2)dz =0, yeTs,
and such that as &, — 0O:

19,

In particular from the definition of the norm there exists y, € I¢, and z, € R such
that:

(5.4) (coshz,)@F (+(va)) |9,

— 0.

:17

G (I3 xR) ”gangg:#(I;NR)

1
GOR (B )T, X (en=Tant 1) = 5

We consider 4 cases depending on the behavior of the sequences {&,r(yn)}, {zu}-
The various possibilities are for example: (1) €,7(y,) and z, bounded, (2) &,r(y,) —
oo while z,, bounded etc. In each of these cases we use essentially the same argu-
ment with just slight modifications. This has been done in detail in [11] and [9].

To get the idea of the general scheme we assume for instance that {&,r(y,)}
and {z, } are bounded. We take the normal geodesic coordinates on I',, which are
defined around each y, at least in the set U, = B(yn, d0/€,) NI¢,, where 8y > 0
is a small number independent on y,. We denote the coordinates of an y € U, by

E=(&,...,&) and set:
0n(£,2) = 95,(1,2),  (12) €UuxR.
In the local coordinates we have
AL, 9c, + 02 9e, + 1 (H)9e, = Ay + 026, + 1 (H) b
+dg, i;0ij0n + be, ;0 bn.

Passing to the limit over compacts we obtain that ¢, — ¢ in ‘Klif l (RN xR), u' < u,
where ¢(0) > 0 and ¢ is bounded, and at the same time

v gz -
A9+ 3.9+ f(H)$ =0.
Lemma 5.1 implies that ¢ = cH’ but this contradicts the fact that we also have
/ ¢(-,2)H'(z)dz =0,
R

passing to the limit in the orthogonality condition.

To get an idea of how the other cases are handled let us consider the case
€r(yn) — oo while {z,} remains bounded. Then we proceed in a similar manner



TRAVELING WAVES WITH MULTIPLE AND NON-CONVEX FRONTS 45

as above letting

0u(&,2) = f (r(y))0e, (1,2).

For the remaining cases we refer the reader to [11] (see also [9]). O

5.2 An existence result for the model linear problem
Proposition 5.3. Given g € %;;f; (Iz x R) such that [, 9(-,z)H'(z)dz = 0, there

exists a unique solution of (5.2).

Proof. We will argue by approximations. Let us replace g in (5.2) by a function
or(Y:2) = 9(3,2) X(0,r) (¥) Where we will take R — oo later on. With this right hand
side we can give to the problem (5.2) a weak formulation in the closed subspace the
Sobolev space H! (I x R) of functions which satisfy the orthogonality conditions
in (5.2). Thus we have

An¢R+82¢R+f’< (>>¢R=9R,
(55) /¢R y7 dZ—

With this operator we associate the bilinear form

aR(dnt//):/”R[Vrgcb-Vw+8z¢8zv/—f”(H(z))W]dV(Fe)dz-

Then we say that that ¢ is a weak solution of this problem if for all tests functions
v we have

ar(r, ¥) =/ grydV (I;)dz.
I:NB(0,R) xR
Since we have as well, by our assumption,

/gR )’, dZ_O, v}’EF&

and, under the orthogonality conditions, the bilinear form ag(y, 1) is actually pos-
itive definite, it follows that there exists a unique ¢z € H! (I x R) which satisfies
weakly the equation and the orthogonality condition.

Letting R — oo and using the uniform a priori estimates valid for the approxi-
mations completes the proof of the Proposition. O

5.3 A priori estimates and existence for (4.11)
In this section we will consider the following problem:
(5.6) (A+07,  +€dy,, —2)y=h,

We observe that if h depends on r = |x'|, ¥ € R¥~! and xy; only, so does .
We will use the following weighted norms:

I

v = 5 (SR PP 1Dl gon oz, B >0
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The weighted Holder norms CK; H(RN x R) are defined similarly. Note that the
definition of the norm implies in particular that

H b ”<gl§’# (RN xR) FOH(RN xR) <

and thus, by a standard argument, we obtain the existence of a solution to (5.6),
v € €2H(RN x R). Now, to show that in fact

H WH%&;/‘(RNXR) < CHb

@y " (RVxR)”

one can use a comparison argument based on the fact that the reciprocal of the
weight function (1 + &2[x’|?)P is a positive supersolution of (5.6). Details are left
to the reader.

6 Infinite dimensional reduction

6.1 Estimates for the error of the initial approximation

Our first goal is to estimate the functions g ;, defined in (4.14) and (4.16).
Whenever convenient we will indicate the fact that these functions depend on their
functional arguments by writing §e ; = §e,j(Pe,1, Pc2, Ve, he). In general, besides
the assumptions on hg, which we have made in (4.3)—(4.4) we will also assume
that for some ¢ € (0,1/2) and K > 0 we have, with B5 = 1 — <

ﬁy
(6.1) H(PE’J-H%EJL(QXR) < ng—c\/i
About the function Yy, we assume that, with some x > 3, we have
(62) Hlll (KE’“(RNXR) < K83~

Lemma 6.1. Under the preceding hypothesis there exists a ¢ € (0, ﬁ) such that
the following estimate holds:

(6.3)

Hgs’j”%g&eg(llxn@) < C{ngcﬁ—i—o(l) ‘X;’ZH%JHC‘”&;:G(DXR) + ”I)USH%&%”(RNXR)}.
= ,

The function ge j is a Lipschitz function of its arguments and we have:
~ 1 (1 1) 4.(1 ~ 2) L (2) . (2) 4.(2
18e.i (02085 wi b)) — e (017, 010, W bY)

64y  <C{e7 ") —nd

o[ ¥R)

1 2
gy o) ¥ 110!}~ o)
c j=12

Gt (LXR)

1 2
+ HW&E‘ ) Wé )”cggv#(RNX]R)}‘

Proof. The proof of this lemma follows by a somewhat tedious but rather straight-
forward calculation. Similar calculations can be also found in [7] and [8]. We will
outline the main part which is the estimate of the term involving S(w¢). Note that



TRAVELING WAVES WITH MULTIPLE AND NON-CONVEX FRONTS 47

Ce.iS(we) = Ge ;S (ue), (see (4.6)~(4.7)). Let us denote ite(y,z) = (Xue)(y,2). We
expand A near I; in terms of the Fermi coordinates to get:
(6.5)
(X; S(ue)) = Apyie + [07de + f (ite)] + [€0: (e 1) — Hp;]9:fle — 2| A |*O. e
+ Svl"s (ﬂe,NH) : Vl"gﬁs +A¢ [ﬁ&‘] +Be [ﬁe] - ZZRFS azﬁs-
Above, A¢ and B, are linear differential operators of second and first order, respec-
tively, whose expressions in terms of local coordinates on I are given in section
2.1. Most of the terms in (6.5) are estimated directly. The leading order term is in
fact given by:
i+ f(iie) = f(ite) = f(H (2~ fe1 —hea)) = f(~H (2~ fer — he2))-
Using this, the definition of e and (2.19), we can estimate, taking ¢ € (0,/2):
|azzﬂe + f(ie)| <C{H'(z— feq —he1)[1+H(z— fen —he )]
+H'(z— fep—hen)[1 —H(z— feq —he )]}
V2-o lo %)
vzt

< Ce¥> V2 max{e kel Po.
j

S Cmax{e_c|z_f£.j|}exp ( _
J

Since we have €0, (me y+1) — Hr, = 0 the remaining non-zero term in the first line
in (6.5) is

Aryite — 2| A, | O:di = Y (VH (2= fej—he j)Ar (fe,j+ he,j)

j=1.2

+IAL? Y, (fej+he JH (2= fej—he j)
i=1,2

(6.6) I
+ Y H"(z— fej—he ) |Vi(fej—he )
j=1,.2

+IALP Y (2= fej—he YH (2= fe.j—he )

j=1.2

We note that
6.7) |AL (r)|> = €*|Ar (er)|> < Ce%w, % (r).

Each term in (6.6) is then estimated directly. The second line in (6.5) is seen
easily to be smaller relative to the terms we have just considered. As for the terms
involving functions ¢, ; we observe that the largest among them is:

[L, C&j]‘])s.,j = A(Cs,j‘i)e,j) - Cs,jA(Pe,j'

Using the fact that Ale ; = o(1) and V{¢ ; = o(1), which follows from the choice
of the cutoff functions (¢ j, we can estimate this term by o(1)]| ¢ ;

€ (LxR)"
Bo .o

The rest of the proof is straightforward and we leave the details to the reader.

g
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Going back to the system (4.17), and taking into account the theory of the
preceding section we see that the functions c¢ ; need to be determined from the

formula:

ge (0 tj)H' (t;)dt;
(6.8) Cej = fR 9;8,/ (, 2/) ( ]) J_
Jr(H'(t))*8e.j (v, t))dt;
Using Lemma 6.1 we see that statements analogous to (6.3 ) and (6.4) hold when

we replace §e ; by §e j +ce.j ( )CE,]
Next we will consider the right hand side of the equation (4.15). We have:

Lemma 6.2. Under the same hypothesis as in Lemma 6.1, and assuming that the
constant M > 0in (4.5) and (4.8) is large enough, there exist kK > 3 and y > 1 such
that we have

HhSH%O" (RN xR) <C{8 +€¥ Z H¢8JH<@¢2“ (I xR)
(6.9) j=12
+0(1)||W£ %,?’”(RNXR)}'

Considering b as a function 0f(¢g 1,0e2, We, he)
2
Hhé‘(¢gla¢szvly€ a ) h8(¢517¢527ll/8 ) ))”(bﬂg.‘icﬁ(RNXR)

2
(6.10) <c{e’|lny” — Hle‘ +e’ 21:2H¢s1 *”é?f')"%ég,’fc,(lzxm
J

1 2
+o(1)we — e
A proof of this estimates is omitted, since similar results are proven in [7] or
[8] and no essentially new elements are needed to carry out the argument in the
present case. We only point out that the support of the function ;¢ is in the set
where |z — f¢ j| > Mlog %, from which it follows that all exponentially decaying

G (RVxR) }-

terms are very small, like &'(€?) at least.

6.2 Projected nonlinear problem

Our objective in this section is to solve (4.13)—(4.15). Given the linear theory
available and the results of the preceding section, we will achieve this by a simple
fixed point argument.

Let functions 4387 j» J = 1,2 and  satisfying assumptions (6.1)—(6.2) be fixed.
We will also chose hg satisfying (4.4). We first use the linear theory of Section 5
to solve the following system:

(6.11)

(A12+82 +f/( (t )))¢€] 98](y7tja¢£1;¢827‘V87h£)+cej (tj> Jj=12,
/(PS] )’; )dtj_o j:172a

(6.12)

(A—FSBXNH _2)1,/8 = hS(-X; 458,17(58,2717]87]18)7



TRAVELING WAVES WITH MULTIPLE AND NON-CONVEX FRONTS 49

This is equivalent to (4.13)—(4.15) when q;& j = ¢¢ j and P = Y. In fact, using
Lemma 6.1 and Lemma 6.2, we obtain existence of such a fixed point satisfying
(6.1)—(6.2) by the Banach fixed point theorem. To do this we first solve (6.12) for
Ve as a function of (@ 1, @¢ 2, he ). Existence of y, follows follows by a fixed point
argument using Lemma 6.2 and the results in section 5.3. We have in fact:

3
H‘I’eHggu(waR) SC{S +€” Z ”¢8-,j”<g2‘” (I"EXR)}’
=12 foo
with a similar estimate showing Lipschitz character of .. Given this we solve
(6.11) using again the Banach fixed point theorem. Let us summarize this:

Lemma 6.3. Under the above hypothesis there exists a unique solution (§¢. 1, Qe 2, Ye)
of (6.11) and (6.12) satisfying (6.1) and (6.2).

6.3 Solution of the reduced problem

At this point we are left with the task of adjusting h, in such a way that c, ; = 0.
For this let us observe that the map

(&s,la‘ﬁe,b‘ﬁs;hs) > (Qe,1, Pe 2, We)-

is a uniform contraction (with a small Lipschitz constant) with respect to h,. It
follows that (@ 1, 9e 2, W) are Lipschitz functions of he with small Lipschitz con-
stants. This last fact can be seen easily from Lemma 6.1 and Lemma 6.2. Another
important fact is that since we have assumed initially that fe ; and A, ; are func-
tions of r, where r = /|, (¥',xy41) € RVT! therefore (@ 1, e 2, We) are functions
of (r,z) only, at least near Iz, i.e. where the Fermi coordinates are defined. In
fact, instead of working in an abstract setting, which does not refer to the rotational
symmetry of Iz, we could have reduced the whole problem to the one in the half
plane R2 = (r,xy.1), and think of I as a curve, with (r,z) as its Fermi coordinates.
Then the end result, from the point of view of existence of (¢ 1, 9 2, Ye ), would be
of course the same. Summarizing, all functions involved depend on x = (X', xy 1),
through r(x) = |x'| and xy1, and when expressed in Fermi coordinates (y,z) they
depend on r(y) = |y/| and z only.

Now, we will find the exact conditions for h, which guarantee that c, ; =0. We
will show that they result in a non-homogeneous and nonlocal Jacobi-Toda system,
quite similar to the one already studied in Section 3. From the theory developed in
this section the existence of h, will follow immediately, thus completing the proof
of Theorem 1.1. Our first task is then to justify rigorously the formal calculations
in section (2.2). In fact, with the notations as in the previous sections we need to
adjust h, so that

/R Gej(rt)H (t))dt; =0, j=1.2,

Let us recall that §¢ ; depends on (@ 1,0¢2, We, he), that (@e 1, ¢ 2, We) depend
non-locally on hg, and that this dependence involves second derivatives of he. Thus
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its projection onto H'(t;) will be a non-local, second order ODE in terms of the
radial variable r.

Let us write

ge,j = Es,jS(Ws) +@8,ja @s,j = @e,j(¢£,1,¢s,27 Wg,he)-

Examining the expression for S(u¢ ) in (6.5) we see that as a function of (#,t ) it has
general form (say, where G ; = 1), S(ue)(r,t;) = S(ue ) (r, tj — he ;). It is therefore
more convenient to integrate §e ;j against H'(t; — he j) rather H'(t;). It is easily
seen that c; . = 0 when:

/gaj("()’)vtj)H/(tj_haj)dtj:/ CejSwe)(r(y), t))H' (t) —he ) t;
R R

(6.13) ﬁ*/&@leixtj"h8J)dtj
= I ;+ 11 ; = 0.

As we have argued in section (2.2) the main term in the above integral (remem-
bering that by definition we = u in supp {¢ ;) comes from:

M= [ GeSue) (r(3), ) H' (5~ he, )
R

while the remaining part of the projection, denoted by IAL:_, ; 1s a lower order term.

Repeating calculations in section 2.2 and taking into account formula (6.5) one
can derive the following expression:

(6.14) Hs,j = opJr; (fs,j +he,j) + %(fe +h£) +C]£,j(f£ +h£)>
where, for a vector function v = (v1,v;), on I'; we have denoted:

I (vj) = Anvi+ A v+ eV (Teni1) - Viv),
(6.15)
Ti(v) = _eV20vm1-v)) Jre\/i(vrv_m).

We observe that the main order term in g ; (see (6.5)) comes from

N
2 Ce iR Ocie ~ (tj — fe;)* Y ki, jH (£ he ),
/=1

where kr; ¢ are the principal curvatures of Iz. Direct calculations show that

—3/2
Kk, | ~ a7,

Taking into account the assumptions we have made at the beginning on f¢, and h,
in (4.2)—(4.3), we see that there exist § > 0 and p > 0 such that

. 2+p
||q£””‘5.°ﬁ;(1"s) < Ce™'r.
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Identifying functions on I'z and I" by ve(r) = v(er), so that g¢ j(r) = q(er) we get
from the above:

< CgXrPH,

g, y,,ﬂlofﬁ ()

Function g; now depends on the functions f and h defined on I". Similar statements
hold for the remaining term in (6.13), namely we have:

1T, || . < Ce*rP
” e.,;Hcg&%(l;) > >
and, scaling back to I, we can write:
< CertPH,

HHJH%&%(U

We let i > 0 be a small number and set Kk = p — 1 > 0, also choosing it in such
a way that 7 < K (see (4.3)). Denoting by Jr the scaled operator in (6.15), and
setting §; = q; + I1; we get then:

(6.16) eI (fj+h;)+ Ti(t+h) = §;.

This is a Jacobi-Toda system, which can be solved using the theory we developed
in the proof of Proposition 3.2 and in particular the result of Lemma 3.6. In fact
g; is a Lipschitz function of h since it follows from the Lipschitz character of
S(we), ¢ j, We as functions of h that:

Hé}(h(l)) - q\j(h(Z)) ”%ﬂloﬁa (') < C82+KHh(l) - h(Z) Hcgﬂéﬂ(r)

Defining
Fj(f+h) — 7;(f) — 7} (H)h = Aj(h),

J
we also have:

|-45(h) <Ce*"|h

cﬁl‘)ﬁs () 5,32“ ()

Similarly, .#;(h) is a Lipschitz function of h. Since we have chosen f to be a
solution of the homogeneous version of (6.16) we are left with:

(6.17) e’ Jr () + 7/ (5)(h) =G, G =q;— N

The left hand side of this equation is the linearized Jacobi-Toda system, and now
Lemma 3.6 can be employed directly to solve (6.16) using Banach fixed point
theorem. As similar arguments can be found for instance in [7] and [8] we omit the
details here. With this last step we complete our proof.

7 An example of a traveling wave with a non-convex front

In this section we will prove Theorem 1.2. We will begin with some preliminary
facts about the asymptotic form of the non-convex traveling front.
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7.1 Traveling, catenoid-like surface
We will summarize here an existence result proven in [5].
Proposition 7.1. For each R > 0 there exist a rotationally symmetric, graphical

solutions to the mean curvature flow, given by Fg: RN\ Bg(0) x R — R, and
translating with speed ¢ = 1, where:

FRi(r,t) :t—i—WIgE(r).

The functions WRjE satisfy
2

2(N—1)

Moreover, the union of these graphs forms a complete non-convex translating so-
lution to the mean curvature flow.

(7.1) Wi (r) = —logr+C*4+0(r™"), r— oo

In what follows by X we denote the surface obtained by taking the union of
the graphs of W5, and by X, we denote its scaled version. The individual graphs
of each function Wﬁt will be referred to as the ends of X and will be denoted by
X*, respectively, with a similar notation for the scaled versions. We assume that
the constants C* appearing in (7.1) are such that C~ < C* and we will call X~
(X1) the lower (the upper) end of X. Also, in order to not to complicate notations
we will not indicate explicitly the dependence of the surface X on R. Nevertheless
the reader should keep in mind that our results are valid for the whole family of
traveling catenoids parametrized by R.

The surface X is an embedded, rotationally symmetric and genus O surface in
RY, and in some sense it is a counterpart of the usual catenoid, now in the context
of the eternal solutions of the mean curvature flow. Another important, obvious
property is its non convexity.

Comparing the asymptotic formula (7.1) with the asymptotic formula for F' we
notice that as r — oo the ends of X remain at a constant distance from I". Indeed,
we have:

(7.2) F(r)=1=Wg (r)+C*|=0(""), r—ee.

This is important in calculation of various geometric characteristics of X. In fact
formula (7.2) says that the mean curvature Hy, the second fundamental form Ay,
Vs, and Ay are, for r sufficiently large, very close to their counterparts on I".
Thus in the sequel we may omit many of the explicit calculations and appeal to the
calculation we have already done for I".

7.2 An improvement of the initial profile

The fact that the ends of X are asymptotically parallel means that if we want to
use its scaled version X, as a model for a traveling wave with the speed ¢ = € we
must perturb the ends of the surface. To see this let us denote the signed distance
to Ze by z = z(x), for x € R¥*! close to L. Then it is natural to take ue = H(z)
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as the first approximation to the solution. A short calculation will convince the
reader that, since the ends of X, are parallel, the error S(u,) of this approximation
contains a term of order & (e*é). This means that S(ug) is globally a very small
function of € but in is not a decaying function of r = || along X,.

To remedy this situation we will consider an improvement of the initial profile
Y.. In general we want a new surface X, to be a normal graph over X, to be
identical with X on a compact set and to have ends that are diverging from one
another as r — oo.

To give a formal definition we need to introduce some notations. We let ¥ be
a smooth cutoff function such that y(¢) =0,¢ < 1,and x(¢) = 1,¢ > 2. By re we
denote a number to be determined later on and about which we assume initially
that, with some ¢ < C,

(7.3) re>eé, andre <ec.

Next, we will fix an orientation on X in such a way that a unit normal # is interior to
this component of RV +1\ ¥ which contains the origin. By n¢(y) = n(gy) we denote
the corresponding normal on X and by n* and n we denote the restrictions of n
and n, to the ends of X. Finally by ® € S¥~! we denote both points on SV~

The new surface X, will be a union of its lower and upper ends £ given by:

- 1
(14) Ef={(r0, EWRi(er)) +x(S)nt(er,0)f*(er) | r > R0 € V1),
T'e

where the radial functions f*: ¥ — R are still to be determined.

Construction of f*

Choosing the functions f* is a subtle point of our problem. To give some
motivation let us recall how in the preceding considerations we have determined the
functions fi, f>: I' — R, which model the traveling fronts near I;. Restricting our
attention to r > 1 we observe that, to main order we needed to solve an algebraic
equation:

e ¥ £/
(75) |Ar|2u = y, 6 = W’
and then we obtained, to main order,
1 1
fim— =

5 ﬁu, 5 ﬁu
Equation (7.5) describes a balance between the interactions of the ends due to the
exponential decay of the heteroclinic to the stable phases 1 and the geometry of
the moving front I'. Now we need to discover the analog of (7.5) with I replaced
by . The natural guess would be to take |Ax|?> on the right hand side leaving
the exponential function on the left. However the story is not so simple because,
altering the ends of X by adding normal perturbations as described above, we have
changed the character of the surface—the new surface is not a translating solution
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of the mean curvature flow anymore. To take this into account we solve (instead of
(7.5)) the following problem:

F e U N _
T = 0 = ae,

7.6 =,
(7.0) 1+ |FJ? 52

where & > 0 is a constant to be specified later. In the sequel we will show that we
can chose & in such a way that defining

(7.7) =

and using the modified surface as a model for the traveling wave we can achieve
the following:

(1) If the approximate solution is defined by u; = H(z), where z is the signed
distance from X then, at least near this surface, the error of the approx-
imation S(ug) is a small function of &, and also it decays as r — oo at an
algebraic rate in r.

(2) The projection of the error onto H'(z), namely [ S(ug)H'(2) is a function

. 24K
that behaves like —£— 7§ AS 7 — oo,

(1+€2r2)

These two claims, which we will make more precise later, are sufficient to imple-
ment a Lyapunov-Schmidt construction quite similar to the one presented in the
previous sections and, as a result, prove Theorem 1.2.

Let us go back to equation (7.6). Based on the known asymptotic behavior of
the function F(r) and its derivatives one can prove the following:

Lemma 7.2. Let u = u(r) be the solution of (7.5) and let f* = f*(r) be the func-
tions defined in (7.7). There exist ro > R and C > 0 such that for all r > ry it
holds:

1+7r2 1+72
( ).

08 () () 2 elog (1) ~Cloglog (16

V2

From now on X, will be the surface we defined in (7.4) with £ as in the Lemma
7.2. By i we will denote its unit normal, and by 7i the unit normal of its scaled
version £. These vectors are chosen in such a way that 7, is interior with respect
to the connected component of RV*!\ £, which contains the origin.

7.3 Construction of the initial approximation

We will consider the Fermi coordinates associated with the surface Z,:

x— (1,2), y€ZL, z=dist(x,%),
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in a neighborhood of % of this surface. We let %, to be such that this map is a
diffeomorphism, namely we define:

(7.9)

Ue = {x e RV

o < P2+ () )+ (en)), }
x=y+aie(y),r =r(y)

The constant C(X) > 0 depends on X only. As before, for u: %, — R, by (X u)(y,z)

we denote the pullback of f by this diffeomorphism. At this point we will chose

conveniently the value of r, by letting it be a solution of the following equation:
C()

1
7.10 — ==
(7.10) c 5

(fF(2ere) + f~ (2ere)) = re ~ €.

As a next step we define a smooth cutoff function pe which is supported in %;
and such that

(X;pg)(y,Z):l, diSt(-xva%&‘)Sla x:y‘l‘Zﬁe()’)

To be more precise we take for instance a smooth cutoff function p(¢) such that
p(t)=1,t<—1and p(r) =0,¢ > 0 and set:

@10 (%pe):2) = (1~ 12 (D)~ S (D)1 (er) +5(en).

Ie I3

In order to use a Lyapunov-Schmidt reduction procedure we have to allow
possible further perturbations of the surface X;. They will be given as normal
graphs over X of Cfé #(Z,) functions. More precisely we start with radial func-

tions 4: £ — R such that

(7.12) <e', somet>0,8>0.

Hh”cg;#(g)

We will also make the usual identification h.(r) = h(er) and consider normal
graphs of these functions over X as admissible perturbations. Numbers 7,3 > 0
will be specified later on.

We denote the two components of RV 1\ X by DF respectively. We agree that
D is the component containing the set % N{z > 0}, and D; is "interior” to X.
Finally by %+ we denote the characteristic functions of these sets.

With these notations we set:

(Xeue)(1,2) =H(z—he(r)), r=],

and define the approximate solution

(7.13) we (x) = pe (x)ue (x) + (1= e (%)) (Xps (x) — xp, (%))
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7.4 The error of the approximation

In this section we will compute the error of the approximation, namely:

S(we) = Awe + €0y, we +we(1 —w3).
Using (7.13) we can write:
S(we) = PeS(ue) + we (1 —wg) — peue (1 — uz)
7
+ [A, pelue — (Ape) (Xp: — Xp; ) + €y, Pe(tte — Xp: + Xp; ) -
j

As in (6.5) we write S(u¢) in Fermi coordinates and denote for brevity (X u)(y,z) =
ii¢(y,z). Thus we get:
(7.15)

(X S(ue)) = Ag, e + [835‘8 + f (ite)] + [€0(Tte n+1) — Hy, |0 lie — z|Ag, 120 e

+ EVZNE (nS,NJrl) : stﬁe +A¢ [115] +Be [118] - ZZREE 8ZL7£.

To proceed we need to calculate various geometric quantities appearing in (7.15) in

terms of the parametrization of X, given in (7.4). These are standard computations
and we will only summarize the most important points in the form of a lemma.

(7.14)

Lemma 7.3. Let nf be the unit normal, g;‘ti i be the coefficients of the metric and
]]<§i be the principal curvatures of the ends L3 of the surface X¢ and let iif, gfi ;
and ki be the corresponding quantities on 2 , expressed in terms of the local

coordmates (@) e Ry x SV-L
Then, it holds:
(7.16)

7e(1:0) = ne(r.0) F (0.£7( )

3,2Wi P fE(er r ft(er
) o )

Furthermore, the matrices gii i and gjl. jare diagonal and we have the following
formulas:

i r |/~ (er)]
8eij = ge,ij<1 +€X(r£)0((1+82r2)1/2)>

The principal curvatures satisfy:

- r |~ (er)]
ke =k§1<1+8X(,,£)0(M2r2)1/2))’

K 4 /= (er)] .
i :kij(“rg%(g)O(m)), j=2,...,N.

Let us recall that asymptotically, as r — oo, the ends of X are parallel to I'z. As
a result in the above formulas we can replace ge ;j and ki in the right hand side by
the coefficients of the metric and principal curvatures computed on I;. The error
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created this way will be very small. Another observation we make is that if we take
re as in (7.10), then we have

fren o ce
(E) (1+€2r2)F = (14-&2r2)F
for all B’ < B provided that ¢ is taken sufficiently small.
Then, straightforward calculations show that the error of the initial approxima-
tion is essentially of the same size in ‘Kgg (L) sense. Namely, we can show the
exact analog of the Lemma 6.1 for this part of the error:

(7.17) | peS (e <Ce¥ V2 Bo=1-0V2.

(gg;fc (%)

Now we will estimate the second term in (7.14) denoted by .#. For future
purposes it is convenient to have an explicit formula:

_ ) 3(ue +1)*pe(pe — 1)+ (ue +1)°pe(1 - p7), inDg,
(718) = ) \ A
3(ue —1)°pe(1 — pe) + (ue — 1)°pe(1 —pg), inD;.

From this, using H(r) = 1+ O(e V2!, and also the asymptotic formula (7.8),
we find, with some ¢ > 0:

(7.19) 17 g0 (5, < Ce2oVE

Our final calculation involves the third term in (7.14) denoted by _¢ . This term
is quite important since it represents the interactions between the ends of X.. We
write:

I = (Ape + €0y, Pe) (e — X + Xp, ) +2VPe - Vite.
Since H'(t) = O(e*ﬁ‘”) we can estimate:
AR Ce_ﬁltll{0<pe<l}
—ol| cx r +
< Ce °Flexp —(\6—6){—8 [1—%(7)]—1—* ( )|f er)—f(er)|} ).
By (7.8) we have:
(7.20)

We will summarize (7.17)—(7.20).

Lemma 7.4. Let we be the approximate solution defined in (7.13). For any ¢ €
(0, 1) the error of this approximation S(we) satisfies the following estimate:

(7.21) S 0we) ligns §)<c£2*6ﬁ, Bs =1—0V2.

Assuming that the admissible perturbation of £ satisfies (7.12), the constant C
appearing above depends on ¢ but not on this perturbation.
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In addition, as a function of the admissible perturbations, S(w¢) is a Lispchitz

function from ‘5; H (L) into ‘Kg;ﬁ - (£¢) with a Lispchitz constant proportional to
2—6V2
£ .

7.5 An outline of the Lyapunov-Schmidt reduction

Given the results of Lemma 7.4 it is rather straightforward to implement a
Lyapunov-Schmidt reduction procedure similar to the one used in the proof of
Theorem 1.1. In fact large parts are simply repetitions with some natural changes.
Thus we will only give a brief outline of the general scheme. As before we look
for a solution of the problem

S(u) = Au+ €0y, u+u(l—u?) =0, inRVT
in the form u = w¢ + Q.. Now we write

Qe = Pe e + Ve,

and decompose the original problem into a system as described in section 4.2. As
a result we get the following analog of (4.13)—(4.15):

(7.22) As O +070c + f'(ue) e = ge + ceH'(z—he), in Ze xR,
(7.23) (A+€dyy,, —2)We =he, inRVTL
The functions g, and b, are similar to their counterparts in 4.2 and it can be proven
that they have all the properties described in 6.1. Also all the linear theory needed
is a verbatim repetition of the content of section 5. This leads us to the existence
result for the nonlinear projected problem as in section 6.2. Namely, we have a
solution of the system (7.22)—(7.23), with

. — Jr9eH' (z—he)dz

© RlH (z—he)Pdz

At this point all that remains to be done is to find /. such that ¢, = 0. Next we will
address this problem.

7.6 Solution of the reduced problem

We note that the leading terms in the projection of g, onto H'(z — he) come
from the projection of the error of the approximation S(wg ). To prove this requires
somewhat tedious calculations that we omit. Thus we concentrate on
(7.24)

/]R S(we)H' (2 — he) dz = /R peS(ue)H'(z— he) dz + /R (J+ F)H (z— he)dz.

Using (7.14) and analyzing the terms involved we observe that
(7.25)

/]R PeS(ue)H'(z—he) dz = —co _I5, (he) + /R Pel€0:(Ten+1) — Hs, ) (H' (z— he)]* dz
+ Ze(he),
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where #5 is essentially the Jacobi operator on L.
s (he) = As he +€Vs (Teni1)- Vi he + |Ag, *he,

and Z¢(he) is a small term for all admissible functions A, in the sense that we
have:

HEé‘H(gO-ﬂ(ES) SC82+T, Someﬁ >,T>O.
B

It remains to calculate the second term on the right hand side of (7.25). We observe
that since X is a translating solution to the mean curvature flow this term would
have been zero if we had not modified Z; to Z,. Using the fact that d,(7e y11) =
fle N+1, 1.€. it is simply the (N + 1)th component of the normal on Y. we get, by
(7.16) in Lemma 7.3:

(7.26)

| peled(enin) — He IH ()

r 82Wi(8r)fi(8r)
- f /”8 ) oW en?

[ /(Z _ hg)]de + ﬁ(gg’”(fg) (82+r)

2 P fE(er
= _—¢ /pe%( )M[ /(Z_hg)] dz+ 0. 0;1(2)(82-”-)

1+ [9,F(er)?
r\ 9FF (er)[f*(er)+ f(er)] G
= —ape X(Fs) T 0.F(en)? +ﬁ%g,u(2~£)(ez+ )-

where ag > 0 is a constant and

2), yEZLZE,
P?(y,z):{l)s(y ) yeL

0, otherwise.
In (7.26) we have omitted terms that are at most of a size comparable with €2t in
the sense of ‘5[3 (£¢), as indicated by the notation. We observe as well that the
error in replacing 9>Wy (er) and 9,W- (er) by 9>F (er) and 9, F (er), respectively,
again results in a lower order term. This justifies the third line in (7.26).
Going back to (7.24) we observe that the projection on .# is again negligible
since, by (7.18), we see that .¥ ~ e~ 2V2H X{0<pe<1}- Thus it remains to calculate:

A JH'(z—hg)dz
(7.27)

:/R[(APSJFEaxNHPs)(”e*XD; +XDg)+2VP£‘VME]H/(Z*hs)dZ
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Using definition of p in (7.11), and the identity 1 — H> = /2H’, after some inte-

grations by parts we get:
(7.28)

//H’(z—he)dz
— [ IPEH e~ he) = 2o+ 25, ) + 201 (c e (e ) dzt O g5, (67°)

) /R PLH' (2= he) st O pon s (€277)
:alexp{—Z\@C(z)[I;%(é)]

(82+T).

}CXP{—\/EX(é)(fJF(sr) 4 f(er))}e 2V

T Ogns,)

Summarizing (7.25),(7.26) and (7.28) we get that the reduced problem amounts to
solving for A, the following equation:

(7.29)
co s, (he) + ¢ exp{—z\fzc(z) [1 — %(E)]

) . aZF(8r>[f+(8r)+f (er)]
= ap€ %(rs) 1+ |0,F (er)?

—a exp{—2\[2C(2) L g%(,rs)]

+ ﬁ%g,u@)(gzﬂ).

Yexp{=V2 () (£ (er) + 1 (er)) e

bexp{—v2x () (£ (er) + f(er))}

This is of course a fixed point problem for /. and the term which we have denoted
by O ou (& )(82”) depends in a nonlinear and nonlocal way on /.. It can be shown
ﬁ €

that this term in fact is a Lipschitz contraction of 4. (and consequently of the ad-
missible functions 4.). This is quite similar as in the previous part. We concentrate
on analyzing the invertibility of the linear operator on the right hand side of (7.29).

We make first an observation that by the choice of f* we have that for r > 2r:

O2F (er)[f*(er)+ f~(er)]
1+ [0, F (er)2

(7.30) ape® —ayexp{—V2(fT(er)+ f(er))} =0.

Second, when r < 2r, then by the choice of r, we have that the whole right hand
side is an O _ox (5 )(82”) term. As a consequence, arranging some terms suitably,
€

we are left with solving the following problem:

—c0 s, (he)+?(( )CXP{ V2(fF(er)+ 7 (er) Yhe = B (28)(£2H)-
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Scaling back to the surface X we are left with the problem of the form:
(7.31)
2 1 r + _
Ash+Vg(ayi1) - Veh+[Az["h+ gx(a) exp{—V2(/*(r)+f~(r)}h
= ﬁ(tfg’”(i)(&‘r)'
Since we consider only the radial perturbations of the original surface X as admis-
sible, then ¥ is also rotationally symmetric, and the above problem reduces to an
ODE. Thus we may use a similar technique as in the previous part, namely solve it
by variation of parameters formula, gluing various parts. When r < €r our opera-
tor is essentially identical with the linearization of the translating graph solution to
the mean curvature flow (c.f Lemma 7.3). Inverting this operator is the only more
significantly different part of the theory and thus we will present it in some details.
Note that when r > €r¢ the operator above resembles the linearized operator £,
treated extensively in section 3.6. An argument similar to the one in section 3.6
can be used to to control a fundamental set and to write the variation of parameters
formula.

7.7 The Jacobi operator of the traveling catenoid X
Our goal is to prove the following:

Lemma 7.5. Let g € Cfg H (X), B > 1, be a function depending on the radial vari-
able only. There exists a solution v = v(r) of the problem:
1 r -
[As + Vs (mvi1) - Vs + A5 v+ g%(;) exp{—V2(f*(r)+f ()} =g,
£
with
Hchg;fl@) < CHg”ggvﬂ(j)'

In the region where r < €7, the surface £ coincides with the original traveling
catenoid X. This is where our problem is different and we need the following
result:

Lemma 7.6. Let us consider the following problem:
(7.32) Is(v) =[Ax + Vs(y1)- Vs + |As v =g,

where g € CK&% (X), with B > 0, is a function that depends on the radial variable

r only. There exist a solution v =v(r) of this problem such that
(1.33) [Vl g0s sy < il

Proof. We observe that the Jacobi operator for the surface X can not be anymore
expressed in terms of the radial variable globally. In fact we need to use three
charts on X to write conveniently equation (7.31) in local variables. This in fact is
the only new element.
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Near the point of the traveling catenoid where r = R we will express the surface
as a graph over the xy-axis. Thus we have, following the results in [5]:

Z:ﬁBRl :{(CI(Z)@7Z) ’ z€ (_Z07Z0>}7
where R; > R and ¢ satisfies:
N-1
-+ @P) =

With this in mind we express the radial function g on the right hand side of (7.32)
in terms of z = ¢! (r). We will abuse notation and denote this, and other functions
involved, by the same symbols g, v etc.

We write the Jacobi operator _Zx restricted to functions of v = v(z) in this chart
and get the following ODE:

V! +(N—1_|_ 1 W | 7 N-1
1%
1+ |q'|? h 1+|qP (I+14')?  ¢(1+1q?
We multiply this equation through by 1+ |¢/|> and arrive at the equation in the
following form:

(7.34)

Jv=s

Vi p1@Y +p2(2)v = (1+1q)g = &.
Let ¢o and ¢; be two linearly independent elements of a fundamental set of the
operator chosen so that

$0(0)=0, ¢1(0)=1
05(0) =1, 9{(0) =0.

Finally let P;(z) be a primitive of p;. Then we can write explicitly:

2 o PE) ¢ ,
= | Sy | RO (@) +ad )
—20 Yo —20

Next we write _Zx on the ends >+ \ B,, where r is chosen so that R < rp < R,
and the various local charts overlap. The natural parametrization is of course:
S5\ By = {(r@, Wi (1) | (©,r) € SV xR, ).

In this chart _#y can be written as an ODE in r for each of the two ends. This is
very similar to what we did in Lemma 3.4. Denoting by (boi, (bli the elements of
a fundamental set corresponding to ¢o, ¢; in Lemma 3.4, and letting §* = (1 +
10, W5"|?) we get the following formula:

(7.36)
B 7901 (p))gE (p) oy (p)gE(p)
v = oy [ HRESE s ap-+ o [ T o)

for a general solution v in (5[3 #(X). Note that we have

(7.35)  v(z)

dp +ay ¢;°(r),

(i)gt(”)’\“m, ¢1i(r)N’”e_r27 r>1,
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which is the reason why in (7.36) we have included only constant multiplicities of
o

Next we need to choose the four constants ag,a; and af in such a way that
v (ro) =vo (Wg) ™' (ro),
vt (ro) = dvo (We) ' (ro).

This is a matter of solving a simple system of 4 linear equations.

After this is done we have a solution defined now on the whole surface X.
Estimate (7.33) follows directly from the explicit formulas we have derived. This
ends the proof. O

Next, we describe how to solve the linearized problem (7.31). Note that as long
as r < €rg we are dealing with the Jacobi operator discussed in the Lemma above.
Thus, at least up to r = €r¢, we will have no problem in defining a solution v in
‘Kﬁz fl (EN{r <re}) (here we take B > 1). What is left is to solve a problem of the
form:

A3 e+ () exp( VRS ) ) =g,

on each end ¥, with r > r, for radial functions v*, with initial data given by the
solution v, already found, at r = €r.

Now, we notice that because of the definition on £ in (7.6)—(7.7), the operator
appearing in (7.37) is very similar to the operator £5 considered in section 3.5. In
fact, we can write (7.37) in the form:

(1+oM)i  (N=D(1+o(W)F .

+ +
ryv-=g-, r>E€&rg,
1+\9rWRi\2 r Pe( ) 8 £

where

1 1+r2
pg(r)~1+r210g( &2 )7 r>E€re

which is in agreement with the behavior of the function pgs in (3.37) and the o(1)
term above means terms that are small both in € and r. Since we are interested
in this problem only for large values of r > ere ~ e we see that the argument
in section 3.6 can be repeated verbatim to solve finally our problem. Having the
inverse of the operator in (7.31) at hand we proceed in the same way as in the
previous case to solve finally a fixed point problem for 4. We omit the details.
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