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Abstract

We construct new examples of traveling wave solutions to the bistable and bal-
anced semilinear parabolic equation in RN*1 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 nonconvex 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 RV +1,
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1 Introduction

The problem of finding traveling wave solutions to autonomous semilinear par-
abolic PDEs,

Av + f(v) =v; inR" x (—00, 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,t) = u(x — cte). When written in the Galilean frame, the traveling wave
problem reduces to the following semilinear elliptic PDE:

(1.1) 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(1 — u) (KPP) and the bistable nonlinearity

fu)=w+a)(l—u?, aec(-11).

In the former case a planar traveling front exists for any ¢ > 2,/ f/(0) > 0 while
in the latter case the nonlinearity determines the speed uniquely,

0]
[ @n?
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 to [14]] for more information. Other related results in the monostable and
bistable cases can be found in [20, 21]] (see also [2} 3,17, 19] and the references
therein).

The case of nonplanar 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 com-
ment 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 oo [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 share
the general characteristics of the V-shaped front; i.e., the front profiles are asymp-
totically linear and convex, and as solutions of the parabolic problem the traveling
wave solutions are stable (see [18, 26l 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 axes. It
is convenient to consider the traveling wave problem in RY 1, with the 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) Uy = Au+u—u® inRNTI X (—00,00), N > 2,
in the following form:

(1.3) u(x,t) = U, xyq1—ct), x= (" xn41),
then U will satisfy the traveling wave Allen-Cahn equation

(1.4) AU + cdxy, U+ U-U?=0.

In [4], the existence of a traveling wave in the form U(r, xny+1), |X'| = r, 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:

, r? N-1 .
lim = if N > 2.
XN41—>+00 2XN+1 c
' xn41)Er
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 nonconnected, multicom-
ponent surfaces (Theorem @, and also that there are solutions whose fronts are
nonconvex (Theorem[I.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-known facts about the relation
between (I.4) and the so-called translating solutions to the mean curvature flow.
These solutions are also called eternal, since they exist for all 1 € (—o0, 00).
In general, 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
surface. 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 a rigid motion and rescaling we may assume
that a translating solution of the MC flow is represented by a family of surfaces
{¥+ctenst1}ier, Where X is a fixed N -dimensional surface in RN¥N*1 andc e R
is a fixed number. From this we obtain the following equation to determine X ':

(1.6) H =cvNy1,
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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 + cten+1}:er IS a
translating solution of the mean curvature flow, which is translated in the direction
parallel to the x  +1-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) y€E X, &< ¢cyeX.

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

(1.8) Hy, = ¢evn41,
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} 15,24} 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:RY — R, that is,
Y = {(x', F(x")),x’ € R¥}. In this case (T.6) reduces to

VF 1
(1.9) \% = .
V1+|VF|2 V1+|VF|2
It is known from [}, |5]] that there exists a unique rotationally symmetric solution F'
of (I.9), with the following asymptotic behavior:

2

(1.10) F(r) = m —logr +1+0G¢7Y, r> 1.

Notice that this asymptotic behavior corresponds (at leading order) to the asymp-
totic behavior of the nodal set of solutions to (I.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 ;. The latter surface is rotationally sym-
metric, is translating with speed ¢ = ¢, and is given as a graph as well:

Iy ={xn41 =¢ '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 two 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 the fol-
lowing:

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

(1) The 0O-level set of ue consists of two disjoint, rotationally symmetric, and
smooth hypersurfaces I Si.
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XN+1

F(r)

LF(er)

FIGURE 1.1. Schematic view of the surface I' represented as a graph
XN+1 = F(r) and moving with speed ¢ = 1, and the surface I, repre-
sented as a graph xy 41 = %F(sr) and moving with speed ¢ = ¢.

(2) The nodal surfaces T, ei divide the space into three disjoint and unbounded
components Q;t, QY. Each of the sets Q;t is a neighborhood, respectively,
of (0,xy41 = +00) € RN and it holds ugs < 0 in Qsi The set Q0
contains I'e and ug > 0 in Qg. Moreover,

lim  u.(x',xyy1)=—1 Vi’ e RV,
XN+1—>F00

while at the same time

lim us(x', xyy1) = 1.
(x’,xN.H)—)oo
(" xn+1)€Te
(3) For any r > 0 let Cy be the cylinder C, = {(x',xn+1) | |x'| = r}. Let
IE(r)y = I\ Cyp, and similarly I(r) = I's \ Cr. Then it holds that

1 2.2
(1.11) d(IEr), Te(r) = O(log(+—82r)) as r — 400,
e
where d is the Hausdorff distance between sets.

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

Our construction of a traveling wave solution of ([.4) with a two-component
traveling front gives more precise information about the moving fronts I si and
their relation to I¢. In particular, it is shown that FsjE are normal graphs over [
of certain functions fsi : I'e — R, whose asymptotic behavior coincides with the
one described in (I.TT)) above. In Section[2.2]we will discuss this in more detail and
we will introduce, based on formal calculations, a system of nonlinear PDEs on [,
that determines these functions. A schematic view of the situation is included in
Figures[[.T]and [.2]

Our second result for the traveling wave problem (I.4) has to do with existence
of traveling waves whose fronts are nonconvex surfaces. In fact, in [5] it is proven
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XN+1

FIGURE 1.2. Illustration of the results of Theorem [[.Il The surfaces
T, Ei are presented as well as the asymptotic values of the traveling wave
solution ug.

that in the case of translating solutions of the mean curvature flow in RN LN >
2, there exists a family of rotationally symmetric surfaces X' g, R > 0, of genus 0
that satisfies

Hyp = VR N+1-
In other words, X' is translated by the mean curvature flow in the direction of the
XN +1-axis with speed ¢ = 1. Each of these surfaces is formed by taking the union
of two graphs of radial functions ng: : [R,00) = R in R¥*1, These functions
satisfy the following asymptotic formulas:

2

+ r + -
(1.12) Wi (r)zz(N—_l)—logr—i-C +00r™YH, r>1,

with some constants C*. The graphs of the functions WEE are called the ends
of X'g, and we will refer to them as the upper end 21}" and the lower end X'y,
respectively. Comparing (I.12)) with (I.10)) we see that the ends of each of the sur-
faces X'g are asymptotically “parallel” to the traveling graph I" described above.
It is easy to see that X' g divides the space into two disjoint components; we call
them Q}%, respectively, and agree that Q; is the component containing the vertical
axis xy+1 and Q7% is the other one. Sometimes we refer to the surfaces X'g as
traveling catenoids.

We consider a scaling of X'g by a small parameter X'g o = %ER. The scaled
surfaces move now with speed ¢ = e. We will denote the ends of the scaled
traveling catenoid by Ef’ .- Note that Y'g/; # YR . Indeed, while both of these

surfaces are defined for r > %, X'R/¢ 18 a traveling catenoid whose speed is ¢ = 1,
while Y'g ¢ is a traveling catenoid whose speed is ¢ = ¢. In other words, the
surfaces X'r considered 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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XN+1 ERS

ERF

=

FIGURE 1.3. Schematic view of the traveling catenoid X'r moving with
speed ¢ = 1 and its rescaled version X'g , moving with speed ¢ = e.
The surface I" is also represented for comparison.

THEOREM 1.2. For each R > 0 and each ¢ sufficiently small there exists a travel-
ing wave solution u of the problem (1.4) moving with speed ¢ = ¢, and such that
the following hold:

(1) The level set & R.e = {Us = 0} is a rotationally symmetric, smooth surface
of genus 0.

(2) The surface b3} R.¢ divides the space into two disjoint components Dj%,s
such that u, > 0 in D;’S and u, < 0in DI_Q,a' Moreover, outside of a
sufficiently large ball the set QI_Q’ ¢ » Which is one of the two components into
which the traveling catenoid X g ¢ divides RN‘H, is contained in DI_Q,a' We
also have

lim  ue(x’,xyy1) =1 Vx' eRVN.
XN 41—>F00

At the same time

lim ug(x', xy41) = —1.
[(x",x N 1) |00
(x/’xN+l)€DE,stE,g
(3) Let fljfg denote the ends of the surface E‘R,g. For each r > R we de-
note S’% L) = 5’% ¢ \ Cr. Correspondingly we introduce the surfaces
Efg(r) = EI:Q': ¢ \ Cr. With this notation it holds that

ko) Tieelr)) = O(log (Hg—izrz))

The existence results in Theorem [[.] and Theorem are rather counterintu-
itive in view of what happens with the planar fronts. To explain this, let us note that
because of statement (2) in Theorem [I.T|the phase labeled —1 has a tendency to in-
vade the other phase. This is because when we take the limit u¢(x’, x5 +1), with x’
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XN 41 YR.e

FIGURE 1.4. Illustration of the results of Theorem The surface
2'R,¢ 1s presented as well as the asymptotic values of the traveling wave
solution u¢. For comparison we also include the surface X g.

fixed and xy 41 — F00, then us(x’, xy4+1) — —1. In the one-dimensional situa-
tion a solution to the parabolic Allen-Cahn equation with initial data satisfying this
condition at +o00 will eventually converge to —1. Thus, if this one-dimensional
interaction of fronts were the only mechanism present, the nodal hypersurfaces
should attract each other and eventually annihilate, and only one phase would re-
main 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 | —+00 u(x’,xy4+1) = —1, thenu = —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
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 solution to the parabolic Allen-Cahn equation. The main effort in this
paper is to give a quantitative 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] and [T.2] hold for general balanced non-
linearity

(1.13) AU + cdxy U+ f(U) =0

where f(U) = F'(U) and F € C*(R) has two equal wells 1 with F(—1) =
F(1) =0and f /(:lzl) < 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 (1) = u(1 — u?).

On the other hand, it is also possible to construct solutions with multiple travel-
ing fronts when the nonlinearity is unbalanced (see [13]).
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Remark 1.4. In the statement of Theorem [I.T] 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 co, and as a result to find multiple front traveling waves
for the traveling wave problem (I.I]) one would have to take into account strong
interactions of the ends of the grim reaper. This situation resembles somewhat that
of Theorem [I.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 (I.I) with one front must be even symmetric. An
interesting question would then be whether multiple front traveling wave solutions
with no even symmetry exist.

Remark 1.5. In the proof of Theorem [I.1] for brevity we have only dealt with the
case of k = 2 front traveling wave. The techniques can be extended to a multiple
front traveling wave (k > 2), but the technical details render the proofs a bit longer.
The main issue, which is the solution of the Jacobi-Toda system, can be handled
similarly as in [12].

This paper is organized as follows. First, we formally explain the result in The-
orem|I.]|introducing in the process the Jacobi-Toda system for a traveling 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 (I.I). Finally, we prove Theorem

2 Jacobi-Toda System and Multicomponent 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 a traveling wave with multiple components. We choose to work in the setting
that is more general than the one of Theorem to emphasize the universality
of this system. The notation 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
(T.06) is satisfied. We will consider its parametrization over a family of open sets
Uy, € RY, o € A, and associated smooth maps qo : Uy — RN +1 guch that their
images cover X, namely |y 4 o (Ux) = 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 ¥ given by

Ds = {|dist(¥, x)| < §} ¢ RN,

where dist denotes the signed distance. All our calculations below have local char-
acter, and for this reason we will fix a pair (g4, Uy) and, for simplicity of notation,
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drop the subscript . For each sufficiently small § the map
(s,z) —> X € Dg where X(s,z) = q(s) +zv(s), s = (s1,...,5y) €U,

is a diffeomorphism onto Dg (we will consistently abuse the notation, writing v (s)
instead of v(g(s))).

In what follows we will work with the scaled version of X', namely X, and we
will denote its parametrization and the unit normal by ¢, and v, respectively. It is
easy to see that the following relations hold:

ge(s) = e 1q(es), ve(s) = v(es), see U,

and that similar scaling formulas can be derived for other functions defined on X,.
We also have local coordinates in Dy /., which we will still denote by (s, z) and the
map X, defined by

Xe(s,2) = qe(s) + zve(s).
It is convenient to introduce the following notation for functions f : Ds/, — R:

(X7 )(s.2) = (f 0 Xe)(5.2).

The function X} f : X7 1(Ds /e) = R can be interpreted as the pullback of f via
parametrization X. In a similar way, we define the pullback of amap f : D5/, —

R%,d > 1, via X;. By (X* f) we denote the pullback of f : Dg — R? via X.

We will now derive formulas expressing A and dx,_, in Dg/. in terms of
(s,z) € el x (=8/¢,58/¢). We define for each z € (—3/¢,8/¢)

Yez =1x € Dgje | dist(Xg, 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
2.1 A=Ayx, _ +02—Hs, 0,
where Hy, . denotes the mean curvature of X, ;. We need to expand these opera-
tors in terms of the variable z. By g, and g, _, respectively, we will denote the
metric on X, and X, ; (induced from RN¥*1) In terms of s € e~ 1U we get the
following expressions:
(2.2) 85 .ij = &%.ij +82deij + €22%bg
where
85.ij = (0jq - 0iq)(s),  ae,ij(s) = (9jq - d;v)(es) + (diq - I;v)(es),
be,ij(s) = (3;v-0d;v)(es).

Then, for the matrix gEi .= (ggp z)i’j=1""’N’ we get, provided that |ez| is suffi-
ciently small, ' '

(2.3)

(2.4) g5l =gy +ezdc + 2B,

where
Ag = A(es), Bg = B(es, ¢ez),
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and A : U — RV xRN, B : Ux(—8,8) — RN xR¥ are smooth matrix functions.
The expression for the Laplace—Beltrami operator on X in local coordinates is

Ag, = ———= Wdet(gzg g%,)

,/det(
= g% 8 + ————10, (/det
gEg j Tt \/m ( C(gz'g gZ‘)

— o q.. .

= gz‘galj - g Fzs,kgaz,
where l";_ ¢ are the Christoffel symbols. A similar formula holds for Ay, _.

£ .
Using this we can write
Ay, . =Ax, +Ag;ijoij +Be;0;,
where
0 i
Agij = 8x,. 83,
Kkt i i i kL
BS,Z _gEE.Z[FEg‘z:ke_F ]+F ke[gzsz gZ‘g].

Expressions in local coordinates for A ;; and B, ; 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, € C?(X,) is identified with f € C?(X) through the formula

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

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

k
_ZI—ZHJQJ Zk&j+zzk +Z2RES

j=1
=Hy, + Z|Az€|2 +z°Ryx,,

(2.6)

where
N N
=) ki +z) kg4,
j=1 j=1

and |Ax,| 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, j)(s) = e(X*k;)(es), hence
2.7) (XX Az, 1?)(s) = 2(X*|Ag[*)(es).

To compute the expression for dx,_, = dn+1 in local coordinates of Dy /., we
observe that for any function f; in Dg/, we have

IN+1fe = Ve V(e n+1),
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where 7¢,; © Ds/e — R denotes the projection on the j th coordinate. Furthermore,
we have the following formula for the gradient (interpreted as a vector field defined
on Dg/e):

(28) Vfg = Vz&zfg'i‘azfgaz,

where Vx, _ denotes the gradient vector field on the hypersurface X ;.
The formula for the gradient in the local coordinates (s, z) € e~ 'Ux(=8/¢,8/¢)
is given by

(XIV fo) = 0j(X2 fo)g%, 0 + 0z(X[ fe)de:
hence
X:(3N+1fa) = (X:VES,Z Je) (X:VEE,ZWS,NH)
+ X (B, fe) X BuoTreN+1)

= g% 0, (X2 )0 (XF e 11) + 02(X7 f)0 (X 7o v 41).

Observe that X, N4+1 = ¢e,N+1 + ZVe,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 |ez| is small:

(2.9) XS ON+1fe) ~ gi‘éaaj (X5 £)0i(ge,N+1) + 02 (X7 fe)ve,n+1-

Here and below we denote f &~ g when f — g is a higher-order term.

To find the scaling formula for this expression, we observe that if f, € C?(Ds /&)
and f € C?(Dyg) are related through the formula (X} f2)(s,z) = (X* f)(es, e2),
then

X (Vs fe) = eX* (Vs [),
and in particular, since we have
(X men+1)(5.2) = & "(X*mNg1)(e5.62), Ve n+1(5) = vN41(es),

therefore
XX On+1fe)(5,2)

~ eX*(On+1f)(es,€z)

= e[(X* (VoS Varn 1) + (X* @uy o /)X Doy mr41) (5. £2)

= e[g5.0; X* ) @ign+1) + 92X fIvn 1] (es. e2).

2.2 A Model for Multicomponent Traveling Waves

(2.10)

In this section we will describe an approximate form of the multiple traveling
wave solution to equation (I.4)), where ¢ = ¢ is considered to be a small parameter.
This approximate solution models the multiple traveling waves in the sense that
the true solution to (I.4) with ¢ = ¢ is its small perturbation as ¢ — 0. In general,
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
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front should locally resemble a one-dimensional solution of (I.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
(T.4) in one dimension:

H'+ H1—H?* =0 inR.

For future reference let us recall that H(¢) = tanh(z/~/2).

Furthermore, let f; : ¥ — R, j = 1,...,k, k > 1, be smooth functions
such that f; < fj+1. We also set for convenience fo = —oo and fr4+; = o0.
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 kK = 2 only (see
Remark [T.3).

We now define the approximate solution u, through its expression in local coor-
dinates (¢, ) by

k
. 1
(XZue)(s.2) = ) (=DM H@ = (X" fi)(es) + 5 (1= (=D,
j=1

where s € U, z € (=8/e.6/¢).

Later on we will have to be more specific about the way the approximate solution
is defined outside of Dg/, (which is in fact a nontrivial matter), but for our formal
considerations it suffices to know u, in Dg/.. In what follows we will denote
fi(es) = fe,j(s), sothat f; ; : ¥z — R and that the following relation holds:
(XF fo)(8) = (X* fi)(es). s € e,

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 (I.4) with ¢ = ¢ we
get

Au A+ edxyyu + f(u) = Se) +L(B) + N(@),  f(u) = u(l —u?),

where

@.11)

S(ug) = Aug + 88xN+1u8 + f(ue),
L(¢) = A¢p + 88x1v+1¢ + f,(”s)(p’
N(p) = f(ue + @) — f(ue) — f,(“es)‘,ZS

Then, roughly speaking, (I.4) is reduced to finding ¢ and f; j, j = 1,....k, such
that

(2.12) L(¢) + S(ug) + N(¢) = 0.

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

(XS H; j)(s.2) = H'(z — (X™ f6,/)(5)),
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then
IL(H;’]-) =o(l), &—0.

Thus the inverse of the linear operator IL is not expected to be uniformly bounded
as ¢ — 0, since the function H/ iy is 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

¢ — —L7(S(ue) + N(@)).
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 ¥ : Ds/; — R
we define a projection operator I1,; by

fgéjg [(XJY) (XS H, )]s, 2)dz
fséja(XékHé,j)z(S, dz

(XS Tey) = (X He ;)(s.2)

Next we decompose ¢ = (j)" + ¢ where
(XZ¢) = (XITg).
Then problem (2.12) reduces to
(2.13) He[L(p) + S(ue) + N(@)] =0,
(2.14) (Id — TI)[L(¢) + S(ue) + N(¢)] = 0.

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

§/e
(2.15) / (XZ[S(e)H, ;1) (s.2)dz =0, j=1,....k Vsee U
—8/e ’
Recall here that we work with a fixed pair (¢, ) belonging to the parametrization
(- Uy)aens of X, but of course this condition needs to be satisfied for all I.

We will now use equations (2.15)) to derive the Jacobi-Toda system on X,. We
will write for each fixed j:

§/e
/_ " (XZ(S(ue)H.))) (5. 2)dz

8/8
(2.16) A / XS ((AH,j + €dxy, Hej + f(He ) H] ) (s.2)dz

—d/e

+/—8/8 ([ (ZH”+' 1) Zf(Hs,+, 1)} )(s 2)dz.

Observe that above we took into account only terms representing the interactions
of the j wave with its “immediate” neighbors. The remaining terms represent
interactions of the j wave with those waves whose distances to the j wave are
large enough to render their interactions negligible.
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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 and 0y, ,, and neglecting small terms
(as in the previous section), we get

XS S(He,j) ~ 022 X] He,j + X f(He,j) + X (evnt1 — Hx, )0 X, He,j
+ X:[(AES _Z|A28|281)H5:j + EVEsHS,j . VE&(”S,N-I—l)]'

Consecutive terms above are organized in such a way that the first term is simply 0
by definition of H_ ;, the second term is also 0 since X is an eternal solution of
the mean curvature flow translating with speed ¢ = ¢, and the third is of order
O(&?). In this term we will separate those parts whose projection I1, onto H . j is
nonzero from the rest: ’

XFS(Hg, )

(2.17) ~ X (—As, foj — 1Az forj — V5, foj - Vs (e n+1)) H] ]
+ XXV, foj PH! ) — (2 — X} fo. ) XX (A5, )P H ).

If we take this formula into account, it is not hard to show that

§/e
/ X:S(Hg,j)Hé’j

—38/e

(2.18) ~ —coX Az, fo,j + 1A, * forj + €V, foj - V. (e n41))(5))

= —e?coX*(As fj + |AsP i + Vs fi - Vs(an41))(es),

where ¢ = [p (H')?.
Similarly, we will identify in the integrand in the second integral in (2.16) those
parts whose projection onto H/ j is nontrivial. Here we use the fact that from

H(t) = tanh(¢/~/2) we get | — H?> = /2H'. After some elementary manipula-
tions we find

2 2
219) (X Hejrio1) =D f(Hejrio) ~
i=0

i=0
3V2H] ;(Hej—1 — 1) + 3¥2H] j(He j11 + 1),

where the terms that we have neglected turn out to have small contributions when
projected onto H/ j To compute the projection I, let us recall that

H(t)—lm—Ze_ﬁt, t — 00, H(t)+1%2eﬁt, I — —o0.
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Then we obtain the following as the leading-order term in the second integral in
.19):
§/e
3ﬁ/5/ XX[(H] )*(He,j—1 — D](s.2)dz
—0/¢&
f §/e
+3v2 X7 [He ;(He,j+1+ D](s,2)dz
(2.20) 55 8 [ 6, (He j+1 )] (s, 2)

~ 6ﬁch:(eﬁ(fs,j—l_fs,j) _ eﬁ(fs,j_fs,j-i-l))(s)

— 6ﬁ61X*(8ﬁ(f/—1—fs.j) _ eﬁ(fj—fj—i-l))(gs)

where

¢ = foo (H'(t))%e¥? d1.

Denoting

o co 1 f]R (H/)z ﬁ

DT 6V V2 fy (H(0) eV 24

we find that to leading order (2.15) is equivalent to

@221) ao(Ax, foj + A5, > fo.j + Vs, fo.; - Vs (e n+1))
_ eﬁ(fs,j—l—fa,j) + eﬁ(fg,j_fs,jJrl) = 0.

This system of k equations will be called the Jacobi-Toda system on Xg. Let us
recall that we have set f; o = —o0 and f; ;41 = oo to close the system. Let us
also observe that by scaling back to X we get the following singular perturbation
problem:

(222) aoe*(Axfi +|As?fi + Vs fi-Vs(an+1))
_ eV2Uj1= 1) 4 V2= Fir) = .

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 [9, [12].

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 [I.1]
we need to find a suitable 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
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special solution of (I.6). Assuming that the surface X is given as a graph ¥ =
{xy+1 = F(x), x’ € RV}, and that ¢ = 1, we obtain that (T.6)) is equivalent to

VF 1
(3.1) v - .
V1+|VF|2 V1+|VF|2
We will further assume that F(x’) = F(|x'|), i.e., X is rotationally symmetric.
Denoting |x'| = r we get
Frr

32
G:2) 1+ F?

F,
+(N-1—L=1.
r

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

PROPOSITION 3.1. There exists an entire, rotationally symmetric, and strictly con-
vex graphical eternal solution to the mean curvature flow. This solution satisfies
(3.2), and consequently it is translating with speed ¢ = 1. Additionally, the follow-
ing asymptotic expansion as r — o0 is valid:

2

(3.3) F(r) = m “logr 4+ 1400,

In what follows by I" we will denote the surface corresponding to the rotation-
ally symmetric eternal solution described in Proposition [3.1]
The Jacobi-Toda system (2.22)) for I" becomes

ao(Ar fj +1Ar*fj + Vr fi -V F)
_ V21— 1) + eV2U5=Fi+D) — .

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) Llv]=Arv+|Ar|?v+ Vrv-VpF.
Now, we will find the expression of this operator when restricted to functions
v = wv(r), i.e., functions depending on the radial variable only. The Laplace-
Betrami operator for a surface xy 1 = F(r) acting on v = v(r) is
1 0 ( PN )
Arv=——¥—— ——— v
35) rN=1 /1 + F20r\ /1 + F2or

_ v (N F
14 F? r 14+ F2)"

The principal curvatures are given by
Fr Frr
ky-1= —F——. kn=_——""77.
ry1+ F? (14 F7)

(3.6) k1
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hence
| TR T eae R T ae Ry
Finally, we have
vr Fy
Vrv-VpF = ———;
rv-vr 1+ F2

hence we find the following expression for the operator L acting on radial functions
(we denote this operator by L;):

Urr (N —1)v, (N —1)F? F?

v.
1+ F? r r2(1+ F?) (14 F?)3
3.2 Weighted Holder Norms on I’

We will now proceed to define some weighted norms that we will use in what
follows. First we recall that, in general, for a function / given on a manifold X' we
have, in some local coordinates,

Veh=g"9;hd;,  (D3h)ij = g 0ijh — g/ T dxch.

(3.8 L] =

We refer to the vector V x as the gradient and to matrix D% as the second derivative
matrix of /.

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

Cl3,h(r)]
VI+[F(n}?
0-h(r)] < C\/1+ |F(r)|? |Vrh(r)],
C(102h(r)| + r=9,h(r)))
1+ |Fr(r)]? ’
102h(r)| < C(1 + |Fr (1)) (IDFh()| + [V rh(r))

We define the following weighted norms for C2** functions on I":

IVrh(r)| <

|DFh(r)| <

||h||Cg,u(F) = su?(l +IF(Y DIl conmpnary. Y= 0" yN+1).
ye

— 2

3.3 A Nonhomogeneous 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 see later on, we have to deal with a
more general, nonhomogeneous Jacobi-Toda system. This is because in our formal
considerations we neglected some terms that are of lower order but need to be
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eventually taken into account. Also in this case we assume k = 2, and thus we get
the following problem:

aoL[f1] + V21— 12) — e2hy.
e2agL[f2] — eV2U1-12) — e2hs,

where f; : I' — R, h; : I' — R. To solve the above problem we will assume
that f; and h; are 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) hillegucry < C* 7> 0. > 1.

(3.9

Let us briefly explain why a nonhomogeneous problem (3.9) with this type of
right-hand side appears in our considerations. Going back to the formal calcula-
tions in Section [2.2] we notice that in we expanded the mean curvature ac-
cording to (2.6), and we neglected the error term R 5, . In the case considered here,
ie., ¥ = I, this term is small in terms of &, and it decays like O((1 + r2)~3/2)
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 and v defined by

u=2(fr—f1). v=v2(fi+ o).

satisfy
24/2 1
=log————— + O|logl .
u(r) = log 2ag|Ar(r)|? + (og o8 82|AF(”)|2)
(3.11) aser — 0T orer > 1,

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

To describe the strategy let us denote

2 2
h = £(h2 —hy) and g= £(hz +hy).
g Qo

Then we get the following decoupled system:

24/2
2a
(3.13) L] = g.

(3.12) Llu] - e =h,
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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

1 1
(3.14) Ppo(r) = ———~~-, 1r>1,

VI+F? 7
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 nonhomogeneous problem,
with the right-hand side satisfying (3.10).

The following sections are devoted to the proof of Proposition

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 so is I + te 1, namely, the graph of xy+; = F(x') translated by 7 in the
direction of the x y +1-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 ¢o = 1//1 + F? satisfies L{po] = 0; i.e., it is a

positive, decaying element in ker L.

PROOF. Let us consider the nonlinear operator

H(D) = rr + (N — 1)%.

1 + @2
Taking variations of this operator of the form ®; = F 4+ o¢, ¢ = ¢(r), we get
d ¢rr 2Frr Fr¢r (N B 1)¢r

= ! — J—
o 1P|, =H0I=1 + F2  (1+ F2)? r

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

L) = H[py/1+ F7].
From this the assertion of the lemma follows immediately. U
The existence result for (3.13) follows from the following:
LEMMA 3.4. Let g be a C%*(I") radial function such that
||g||ch(R+) < 00, ﬂ z 1.

There exists a unique, bounded solution to

(3.15) Lv] =g
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such that

PROOF. Since the function g in (3.13) is radial, we can use ODE methods to
solve the equation. Given ¢9 > 0 as in Lemma [3.3] which is a radial solu-
tion of L[p] = 0, we find the second linearly independent solution ¢1 of (1 +
|Fr(r)|?)Ly[¢] = O (recall that L, is the radial form of L) by the reduction-of-
order formula:

$1(r) = do(r) / (1 + | F+ (0)]?) expl—A(0))dp.

P (N —1)(1 + |Fr(n)|?
A(p):/ ( Y+ |Fr ()] )d
1 n

From this we readily get that

logr, N =2, _
¢1(r) ~ {g N> 2 r< 1, or1(r) ~re ™, r> 1.

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

b(r) = —o(r )/ ¢1(p)g(p)d +u(r )/ $o(p)&(p) dp.

W(p) W)
The assertion of the lemma follows from a straightforward argument, using the
asymptotic formulas for the functions ¢¢(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 Proposition will be proven. We begin by finding an
approximate solution of (3.12)) assuming that # = 0, which is equivalent to solving

(3.17) Sslu] =0,
where
(3.18) Syfu] = Llu] — 52", § = Y%

23/4 "

and L is the linear operator defined in (3.4). For the purpose of finding a suit-
able approximate solution we will consider a sequence of approximations vy =
vo + v1 + -+ + vg. Once an accurate enough approximation is found, the non-
linear problem (3.12)) can be reduced to a fixed point problem. This step involves
inverting the linear operator obtained by linearization of the nonlinear operator Sg
around the approximate solution and will be dealt with in the next section.

The nonlinear operator Sg can be written explicitly (using the notation of Section
3.1):

Ss[v] = Arv+Vrv-VrF +|Ar|Pv— 8§27V,
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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 v¢ the following
equation:

1 1
2 _ —v Vo
(319) |A[‘| Vg = 8—26 0 — 14 0 = m
For brevity we denote b(r) = |[Ar(»)|%, y = (', yN+1), r = |y’|. Now, equa-
tion (3.19) implies that
(3.20) vo(r) = log

—loglog + O(loglog |log 82b(r)|).

1 1
52b(r) 82b(r)

This asymptotic formula is valid when § <« 1. This follows from the fact that
b(r) =14 O(r?), r — 0, and on the other hand b(r) = Nrgl +00r™, r> 1.
Let us also observe the following relations:

b/ Vo b/ ! Vo b/ 2 Vo
3.21 P2 o= (Z) e (2 ’
@21 o= Yo (b)l+vo (b)(1+vw3

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

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

| < —7
T (r+1)/

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

1
(323)  |ArPvi -5

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

(e7P07V — 7)) = —[Arvg + Vv - VP F] = po.

(24) b0 )] = i
. —, r=1y|
P = 2 y
This follows from the fact that vg is a smooth function on I" and (3.22). Using this
fact we can find a smooth solution of the equation (3.23) that satisfies

C 1
log (2;—{2) (1+r)/°

(3.25) W) < ji=01,....

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 1/log §2 and r. Given vi_; = vg+ vy +---+vk_;, for
which we already know (suitably adapted) relations (3.24)—(3.25)), we determine vy
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by solving

|AF|zvk — —(eTVOTVITTTUk _ V0TI T Tk )

52
—[Arvk—1 +Vrvg_1 - VrF]
Pk—1-

(3.26)

Solving this equation gives vy = vg + vy + - + vi where
1
(log Z2)F 0+ T

320 P ol= j=0.1...,
and
C 1

3.28 = A \Y -VrF| < .
8

Thus we have proven the following:

LEMMA 3.5. Foreach k > 1 there exists a function v such that

Sylvi] < Cc 1
§lVk]l = (logzg—{z)k (1—|—r)k+1-

Another Parametrization of I"

The next step in the proof of Proposition is to linearize the operator S
around v and find a solution of Sg[u] = g in the form u = v; + h using ODE
methods.

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

r
(3.29) s:A,H+F?@.

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

c|dsh| < |Vrh| < Closh|,
¢(192h] + s7"95h]) < | DEh| < C(12h| + 57" [d5h)).
Using the asymptotic formula (3.3) for F, we get that

(3.30)

2
STaN )

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

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

(3.31) s~r, r<l1, and + O(logr), r>1.
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where

Fr(r(s)) + 35 >
(3.33) a(s) = 00 b(s) = |Ar(r(s))|".

Note that
N-1 2
1 1
ay =1 T ST
(3.34) + O™ ), s> 1,
N —1 _4 1 5
b(s) = —5—+00"%) =—+0(""logs), s>1,
r2(s) 2s

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

N2+ 4N +2
(3.35) POy = -~ T2 o N =23
N4(N +2)
This last identity follows by a direct computation. Setting by = %, we
have
(3.36) b(s) =1—bys?+0O@GY, s—0.

Definition of the Linearized Operator £
From the above considerations we see that linearization of Sg around the ap-
proximate solution vy expressed in terms of r is the following operator:
hrr N —1 —vitv
(3.37) Ls5lh] = + hr+ps(r)h,  ps(r) = b(r)(1+voe " 770).
1+ F? r
We will often use the approximate solution v expressed in terms of the arc length
variable s, which we will denote by ug (s) = vi(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 that
decay in both s and log(g%) as s increases. We will see that for our purposes we
need to determine vy (or ug) 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:

Lslh] = hss +a(s)hs + ps(s)h,
Ps(s) = b(s)(1 + ug(s)e” M1 +-Fuc(),

(3.38)

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 for-
mula. To control the norm of 28_1, we need to understand the behavior of a fun-
damental set. This is complicated by the fact that on the one hand the operator
depends on § and on the other hand its properties change as s varies from 0 to co.
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In fact, we observe that from (3.19)—(3.20) and (3.26)—(3.27) it follows that

1
(3.39) ps(s) ~ log 52
when s <5 with some 5 > 0 fixed, independent of §, while when s >> 1 we have
log =
(3.40) ps(s) ~ 33 .

This can be summarized:

) 1 I 245
s) ~ 0
Ds 21 s g 52

for all s and § < 1. At the same time a(s) ~ %, s << l,anda(s) ~1,s > 1. In
particular, we will need to study carefully £ in these ranges of s.

3.6 An Inverse of £;
In this section, we solve the problem
(341 Ls[h] = g(s).

Clearly, solving this problem is the key to implementing a fixed point argument
needed to solve (3.12). The point is to construct a right inverse of £4 that is
bounded in suitable Holder weighted norms. Let us define these norms first:

2+s5\’
lelegsca,) = o] 2+ 592 (108 257 ) Nieleonomvonnn
(3.42) ‘
— 0))
S ZO 18 o g,
] =
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 the following:

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) ||h||Cg:’;(R+) + ”h ”CEfLU(RH + ”h ”Cgfl,v(R-i-) =

4+28
c(logg—z) leleos oy

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

(3.44) h = exp(% /sa(t)df)h.
1
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Then, when s — 0, h ~ sN"D/2), and when s — 400, h ~ ¢*/2h, by (3.34).
Equation (3.41)) is transformed to

(3.45) h" + (ps(s) —a(s)h(s) = g,
where
a= la/ + la2 g = ex (l /Sa(r)dr)
24 Ty 8T G| 8

In what follows we will mainly work with the transformed equation (3.43). 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 R

Ls[h] = h" + psh, ps = ps —a.

When we consider the operator )35 for functions defined in the interval /; = (0, s1)
for some s; > 0 independent of §, then we refer to this problem as the inner
problem. We speak of the outer problem when we take I, = (s5,00), 5§ > 51 >
0, as the domain of the functions involved.

First, we will describe the way we choose s; and sg. For s — 0, we have, by

B39-@36)

1
ps(s) = (1 —bys?® + O(s*)) (log PR O(SZ)),
(3.46) )
~ L[ (N =2) 1
= —_ = o).
as)=-s |: 2 1 +O(1)
As a consequence, there exist
M
M>0 and s1 > — >0,
\/log (SLZ
which are independent of §, such that
M

(3.47)

=5 =s1.

ps(s) = ps(s) —a(s) >0, ———
,/logslz

When s — oo we have by (3.34) that ps satisfies (3.40) and
1
(3.48) als) =7+ O(s™h),

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 that

(3.49) Bj(s) < 0.

Observe that 51 and 55 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 s5.
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Finally, we will assume that § is chosen sufficiently small so that
(3.50) Ps(s) >0, 51 <5 <855,

This can be achieved since, when s is bounded away from 0 and oo independently
of §, we have pg(s) ~ ps(s) ~ b(s)log 8%. For future reference we observe that
from (3.49) and (3.50), it follows that there exists a unique sg such that pg(ss) = 0
and

(3.51) ps(s) >0, 51 <5 <sg, Ds(s) <0, s> s5.
Actually, from (3.34) it follows that there exist constants M < M> such that
1 1

(3.52) Sg € (M1 log 2 M log 8_2)

One more observation we make is that on any interval I = (0, s*), with s* <

1 . . .

C log 35, the norms | - ”cﬁ:’j(I) and || - ||C§:g(1) are equivalent in the following
sense:

1 v
Iglctn zy < C(log 5_2) lglcen(ry = Cligheenpy:

We agree that || - We will use this equivalence of norms

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

Inner Problem for the Operator £g
In this section we will consider the following problem:

Lslhil =g inly = (0,51),
hi(0) =0, h;’(0) =0.
Our goal is to show that there exists a unique solution #; to (3.53) such that

(3.53)

1
(3.54) A ”C?{M(Il) < Clog 8_2 ”gllcg_ﬁl ay:
We will work with the transformed operator £5 so that (3.53) becomes
Slhi]l=g inl =(0s),
(3.55) sl R
hi(0) =0, h;’(0)=0.

For convenience we will denote A = /1 + log(1/82). Taking into account the

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

A N -2 1 ~
28[ ] =h”+ [AZ_S_z(%_Z)](I_i_O(SZ))h
It is convenient to make a further change of variables:

hi(s) = hi(As), &(s) = §(hs), ps(s) = A72p(hs), etc.
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Then, denoting by E(g the rescaled operator, we have
~ ~  ~ N-2? 1 ~
Lslh] = h" + [1 — s_z(g — )}(1 + O "2s2)h,

4 4
and (3.55)) becomes
E5lhil =272 in [ = (0. As1).

Formally E(g [i{] = 0 resembles the modified Bessel equation, and the operator
£ should have an element of the kernel /; ; such that

(3.56) hia(s) ~ s%J% (5),

where J(y_2)/2(s) is the Bessel function. The second linearly independent ele-
ment in the kernel is such that

(3.57) hia(s) ~ s 2T n12)/2(5),
when % is not an integer and

Rin(s) ~ sY2Y(n_2)/2(5),
N-2

when === is an integer, where Y(y_5)/> is the modified Bessel function of the

second kind [6].
We choose the solution to (3.55) given by

hi(s) = —A"2h; 1 (s) /S hi2(0)g (1) dt

(3.58) ~ O

a2 (s) [ 1 (OF@.
0

Note that /; (0) = 0 and E; (0) = 0 since, after the change of variables, we have
#(s) = 0N/, 3

To make use of the above formula and to estimate s; we need some information
about the functions }.{i, j» J = 1,2. We recall that the Bessel functions oscillate,
and the same is expected for h, i,j- We observe first that passing to the limit over
compacts we can justify the asymptotic statements (3.56)—(3.57) and show the uni-
form convergence of h, i,j to the corresponding solutions of the Bessel equation as
A — o0. In particular, it follows that for each K > 0 and each sufficiently large A
the function gi,l is uniformly bounded on the interval (0, K), and for each small

7 > 0 the function /; 5 is uniformly bounded over the interval (7, K'). Furthermore,
taking K sufficiently large, we may assume that

N-2)2 1
ps) = [1 — s_z(% — Z)}(l +0(725%) >0, se (K, Asy).
In fact, we even have

c1 < p(s) <ca, se (K, Asp),
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with some constants c¢1, cp > 0. Now we will make an important observation: let
h be a solution of £5[#] = 0in (K, As1) and consider the following expressions:

[ (5)]?

01(h) = WGP + FOBWP. 0ah) = === + ()™
It is easy to see that
d 7 ~17\2 d 7 ﬁ/ 7N2
(3.59) 7 Q1 =7 - Qa(h) = ——= ()"
Ky ds p

Letnow K < & < & < Asp be two points such that E’(Ej) = 0. Then from (3.59)
and the bound on p, it follows that there exist constants C; and C, such that

(3.60) Caolh(€N]? = [h(E)]? = Cilh(En)]?
as long as p’ does not change sign in the interval (£, &,) (recall that p > 0 in
(K s As 1)) _

We claim that from this and the uniform bound for the functions #; ; fors < 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

a2
E2 -3 fa+oas:

hence when N = 2,3 we have p’(s) < 0 for all s € (0, Asy), while when N > 3
there exists a unique s; < C +/A such that

Pls) =1 —byA 7252 + OA " 4sH] — s_2|:

p'(s) >0, s€(0,s;), P'(s) <0, s € (sy,As1).

Therefore when N = 2, 3 the uniform bound on i{i, ;j follows immediately from
(3.60). When N > 3 we need to consider the growth of Ei, j between {1 < 53 < {2
where {; are zeros of ft,-,j. Observe that since p(s) is bounded uniformly for 0 <
§ < Asi, therefore using the relations (3.59) but now considering those points ¢ at
which ﬁi,j (&) = 0, we get, as long as { < s;, that [E;] (©)]? is bounded uniformly
in A. Then, for each s € ({1, s,), we get

d ~ ~ ~ ~
7= 02(hi.j)(s) = 0= C[I ;0] = [} ;)] + 5)[hi; ()],

and in particular [}~z; j (s0)]? + [}7, j(52)]? is bounded. A similar argument, but
using Ql(gi,j)(s) for s € (s;, {2), gives that [E;J ()]* + [E,',j (5)]? is bounded as
well. Now (3.60) applies in ({2, As1) and the claim follows.

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

(3.61) |s™ 2" B 250 7

C
co(0,K) = ﬁ”s 2 gHCO(O,K)‘
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On the other hand, the uniform bounds on / i,j yield

1-N ~ C =N
(3.62) ”s 2 h ”CO(K,Asl) = ﬁHSH_ > gHCO(K,Ml)'

Scaling back these estimates we get for the solution of the inner problem the esti-
mate

17illcoscryy = Cligllcor -
Using then equation (3.53)), we can write

hss +a(s)hs = g — ps(s)h,

and since pg(s) ~ log 8% on Iy,

1
lhillcz.ucry = € 10g5—2||g||c0»u(11),

from where we get (3.54), using the fact that on the interval 7; = (0,s;), with
s1 bounded independently of §, the weight in the definition of the Cg’u norm is
bounded by a constant.

Continuation of the Solution from s = s1 tos = s,
Let s; < s2 be as defined above (see (3.47)—(3.50)). We will solve now
Sslha) = & in I = (s1,52),
hn(s1) = hi(s1). ha'(s1) = hj(s1).
Let us recall that in the interval considered here we have pg(s) > 0, ps(s) ~

b(s)log 8%’ and s, is a point such that p(s) < 0 for s > s5.
The solution of (3.63) can be written using the variation-of-parameters formula

(3.63)

() = Font ()1 (51) + Fon 25V (51) = o1 (5) / Pan(®E(@)d
(3.64) s o
+ hals) [ Pin(E@)dx,

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

hna(s1) =1 =Ry 5(s1), Ty 1(s1) = 0= hp(s1).

Using the fact that, by the choices of sy, 52, and § in (3.47)—-(3.50), ps(s) > c > 0
in I, we can employ the identities (3.39) to obtain a uniform bound on [/, j ()]
and [/, j(s)]z in /.

Then from the estimate on /2 j(s1) and E; (s1) and (3.64) we get, after changing
back to the original functions 4, and g,

1
(3.65) hnllco.n(r,y = Clog 8—2||g||co,u(11u12)§
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hence we get, again using the equation

1 2
(3.66) linllcencry < € (108 33 ) elesscr,or
and since s, is bounded,

1 2
G.67) e L

Continuation of the Solution from s = s to s = s5
Next we will solve
Sslhml =& inlz = (s2.5),
hin(52) = ha(s2) b/ (52) = Iy, (s2),
where s; is defined in (3.5T). Notice that in 73 we have p§(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 Q1 () in (3.59) to find a uniform bound on [#], j ()]?,

where the /1, ; are elements of a fundamental set. From this we find

(3.68)

(3.69) m, ()] < C(1 + (s —s52)). s € I

Then, the variation-of-parameters formula gives

Fon(5) = Tt (Vi (52) + B 2 () (52) — o1 (5) / Fom(E@)dT

(3.70) ) s 2

t mas) / Pm(@EDT.
82

Multiplying this identity by exp{—3 /; a(v)dt} and using (3:69) we infer that the
function

B (5) = hm(s) exp{—% /lsa(r)dr}

satisfies

1 1\?
limlcosry = € (108 35 ) G52+ 1 G200 + € (108 35 ) Tl

Taking into account (3.66) we find

1 3
(371) ||hm“CO’M(I3) = c (log 8_2) ||g||Cg’_f_L1(IlU12UI3)’

and then using the equation £5[h,;,] = g in I3:

1 4
(3.72) | Am ||62~M(I3) <C (log 8_2) ||g||cg~jr’-1 (I,UILUI3)"
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Finally, noting that for s, < s < s5 we have (2 4 ) <cC (log1/ §2)# we obtain
the following estimate:

4+p
GBI gy <€ (065 )  Ielegs, oy

Outer Problem for the Operator £;
Now we will find a solution /%, of (3.45)) such that

22/0/ + ﬁgil\o =g, s> s;5,

(3.74) . _ iy 2
ho(ss) = hm(sg), hy(ss) = hy,(s5).

It is convenient to change variables s = ss + ¢ and regard at first this problem
for t € R4. 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 choose two
linearly independent solutions of the homogeneous problem such that

ﬁojl(t) — o0 and l?ojz(t) -0, t—o0.
A fundamental set with these properties can be found (for instance, see [22]) given

that pg(ss +1t) = —% + o(1) ast — oo. Moreover, we can choose /,_; in such a
way that

ho1(0) =0, hoa(0) =1,

3.75) ; ~,
ho,l(o) =1, ho,z(o) = -,

where n > 0 is bounded independently of §. Observe that the Wronskian of these
functions is W(he,1,ho,2)(t) = —1. Then we get

ho(ss + 1) = [nho(ss) + h)(55) o1 (t) + ho(s§)ho2(1)

t
(3.76) + ho1(2) /0 ho2(1)8(ss + )dt

t
~Foal®) / hoa(D)8(ss + D)d .
0

Since pg(ss + 1) < 0 and py(ss + 1) > 0 for z > 0, by the general theory for
second-order linear ODEs (see, for instance, [22) chap. 9.2]), we get that for some
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Cj,Cj >O,j = 1,2:

t
C exp{ / [—ps (ss + ‘E)]l/zd‘r} < hoa (1)
0
<G eXp{ /t[—ﬁs(&s + f)]l/Zdr},
(3.77) t 0
cl exp{— [ st + r)]“Zdr} < Foa(t)
0

t
< czexp%—[ [—Ps(ss + f)]l/z dr}.
0

We note that for any & > 0, v > 0, and § sufficiently small, the functions

sg + 1 v+1
(ss +t)“(log 5 )

d 1
X exp{ / ([—ﬁg(Sg +O1Y2 = Za(ss + r))dr}
0 2
(3.78)

sg + 1 v+1
(8§ +t)a(log 52 )

X exp{[o (—[—ﬁg(s(s + r)]l/2 — %a(s(g + ‘L’))d‘(%

are monotone decreasing for ¢ > 0, hence using that s5 = O(log %) and denoting

sg + 1 v+1 sg+t
wgy+1(55 +1) = (ss -|—t)l9 (Iog 52 ) exp —/1 a(t)dry,

we get by (3.73)):

®g.y11055 + D|[Mho(s5) + B, (55)]ho1 (1) + ho(ss)ho2(1)]
1 54+2B8+v
(3.79) =C (l"g g)

4+28
<C (log 5) ”g“(fg’f],wl(o’“)‘

||g||cgit1'0(07s8)
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On the other hand, for any 8 > 0, v > 0, and § sufficiently small, the functions

—v—1

(ss + 1) P! (1og SS; Z)
! ~ 12, 1

xexp{/o (—[—PS(S3+T)] +5a(ss+r>)dr},

—v—1
_B— sg +t v
(ss +1) B 1(log 52 )

(3.80)

A 12, 1
X exp{ /0 ([—pg(Sg + 0]+ Ea(slg + T))d‘(},

are monotone increasing for 7 > 0. Then, assuming || g|l 0. < 00, We

s 141 (R4)
get that the functions

70 = hoa0 | o280 + D),
2(t) = hop (1) /Ot ho,1(1)g(ss + t)dT,
satisfy
(3.81) wgv+10s + DO+ 120D = Cligleon  ®,):

We recall that
~ 1 ss+t
ho(sg +1) = ho(ss —I—t)exp{—E/ a(t)dr}.
1

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

4428
(3.82) 1hollco  (o5.00) = € (log g) lglleg, | ry)-

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

the form
(hgexp{ /sa(f)dr}) = eXp{ /sa(f)df} (& — psh).
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where s* < ss is large and fixed independently of §. Integrating this equation
from s* to s > s5 we get

., (s) exp { /s a(‘[)d‘[}

/SS exp ; /SG a(f)df§ (g — psh)do

=< |h;)(S*)| + C(”gncg—i-l,v(R-i-) + “hOHC'gl;(R_i_)) A* a’jﬂ,v(U)dOﬁ

(3.83) < |hl(s*)| +

where

Fp0(0) = 2+ o)‘ﬂ—l(log 2;")_v exp{ /ja(t)dr}.

When s* is taken sufficiently large, we have for o > s*

wgy(0) < C2+ 0)_'3_1(10g 2;_20)_” exp{ [:a(r)df}.

Using this for s € (s*,s* + 1) we find by (3.83)) that
24 v 4428
(24 )P+ (1og 5—2) )l < € (1og 3) leles, o

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
analogous estimate. This gives at the end

4+28
!/
(3.84) ||ho||cgf1,u((s3,oo)) < C(log 3) ”g”cgﬁl_m(m”-

Then we estimate &), using the equation directly.
Now the solution of (3.41)) can be written in the form

h = hiXIl + hnXIz + thIg. + hOX(Sg,OO)?

where y; is the characteristic function of the interval /. We conclude the proof of

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 £g5 by £8_1. According to the statement
of Lemma 3.6 we have in particular

—1 —1 /
(385 185" @ e,y T 185 @) et @, =

4428
¢ (log 5_2) Iglegs, , @y
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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 Proposition[3.2]

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

reads
1

(log 22 (1 &4 7%

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

Sslug + @] = Ls[o] + Sslux] + Ns(9),

|Ss [uk] ()| <

where

1
N5(9) = —gz¢ M (e —1+¢)

1 _
= —b(s)uo[l + O(log 2+3)}(e 1+ ¢)

52
1 245
~ 1 ¢ _1

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

Ls[p] + Sslukl + Ns(P) = hs.
Now given the right inverse of £5, we can put the above equation in the form of a
fixed point problem for

Tslp) = —L5 ' [Sslux] + Ns() — 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 B, v, y > 0 and a positive integer k, which satisfy
in addition

1
§>,B, v>64+28+y, k>4+4284v+y.

With this choice one can verify that

(lOg 8_2) I|Ss [ur] ”Cg!—i—tl,v-&-l(R-F) =C (IOg 8_2) )

3.86 L) L) oz
(3.86) (log 5—2) RIS (¢)||02$1'])+1(R+) =C (log 5_2) ”¢”C§j{f(R+)

|\ 4+28 1\
(l"g 5_2) Ihslegs, @ =€ (l"g 5_2) :
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Then we see that, for each sufficiently small &, the map 75 takes the set

1
1\
/
6 [ 19y + 19Ny, < (10235 ) }

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 Proposition [3.2] follows.

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 1 = F(r).
The scaled surface is given by I'; = {xy11 = Fe(r) | Fe(r) = e ' 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+ edxp U +u—u>=0 in RVF1,

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 that de-
pends on the radial variable r and the signed distance z to I';. We will use the nota-
tion introduced in Sections[2.1H2.2] 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 what follows, it will be useful to keep in mind that a global system of coordi-
nates on I and I¢ can be defined by

I'={rO,F@r)|r>006ecsVN 1,
[={r0,1F@Er) |r>006ecs¥ 1}

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 §o > 0 such that these coordinates are well defined for each
y € I, at least in a neighborhood of y of the form U, 5, = B(y,80) N I". A
similar statement can be made when y € I7 are considered, now with U, 5./, =
B(y,80/e) N T.

We choose an orientation

_ (=VF@O). D
v(y) =
VI+IVE(r ()2
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on I and take z = z(x) = dist(x, I") compatible with this orientation. Let us
introduce the following weight functions:

w(x) =2+ |Fr(r)|2, we(x) =2+ |Fr(8r)|2, X = (x/,xN+1),r = [x/].

We recall here that F,.(r) ~ r, r > 1. Also in what follows we will write w(r),
we(r), understanding that r = r(x) = |x’|.

It is not hard to show that there exists an 779 > 0 such that for all points x such
that |z(x)| < no logw(r) the map

x> y+zv(y), yerl,

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) = (u o X 1)(y,2).
The coordinates (y, z) above are called Fermi coordinates of I". Similar claims are
true when we consider I and points x such that |z7(x)| < 1—0 log(we(r)). Taking
this into account we introduce the following neighborhood of I%:

Ur,(M) = {x € RV*! | |z(x)| = [dist(x. I})| < M log (wz(zr))}

Clearly Fermi coordinates are well defined in U, (M) for all M > 0 large and
e > 0 small. If by X, we denote the diffeomorphism in U, (M) defined by
Xe(x) = (y, 2), then for a function u defined in this neighborhood we set

(XFu)(y.2) = (o X; M)y, 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, be solutions of the Jacobi-Toda
system (3.9) with #; = 0. We get that functions f; satisfy

o (-1)/ 22 !
@2) fi) = 24/2 log e2ag|Ar(r)|? " O(loglog W)

In addition, we have f1 = — f5.
In what follows we will use scaled versions of these functions, namely fg ; :
I'; — R, defined by

fej(r) = fiter), r=r( =D, y=0"yn+1) €%

We recall here that e2| A (er)|? = |Ar, (r)]?.

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 h;, j = 1,2, be functions of the radial variable r on I" such that
for some B, t € (0, 1) we have
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As before we introduce scaled versions of these functions g ; : Iy — R defined
by he, j(r) = hj(er). Let us make an elementary observation about the relation

between the weighted norms on " and [. Defining the C;’” (I';) norm in a natural

way, namely using the weight function wf (r) = wP(er) and letting hy(y) =
h(ey), for y € I'; we get

—2—u
”hsncé-ﬂ(rg) = ||h||clziu(r) <e& ||hs||C/23,u(F€).
In particular, we get from this and (4.3)
(44) ||h5,1||C§,M(FS) S 8‘[, ] = 1,2
Given the functions f¢ ; and A, ; as described above we will denote
fa = (fs,l» fs,Z)’ h, = (hs,l»hs,Z),

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 cutoff function

0, |t <1,
1) =
O=01 =2
Now, let M > 0 be a fixed large number and let
2(x) .
4.5) Xa(x) = X(—w(r))’ z(x) = dist(x, Ig).
M log(2:0))

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

(4.6) (X ue)(r,2) = H(z— fe,1(r) —he1(r) — H(z — fe2(r) = he2(r)) — 1.
Next we define the initial approximation globally in RN+1 by
(4.7) we(x) = (1 — xe(x)ue(x) — xe(x).
4.2 Reduction to the Nonlinear Projected Problem
We look for a solution of
S(u) = Au + €0xy u + u(l —u?) =0

in the form u = w, + ¢, where ¢, is a small function. We write

S(we + ¢e) = S(we) + Lpe + N(ge),
where

Lge = Dpe + edxy 419 + (1 =307,

N(ge) = —3wep? — ¢3.
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We will decompose our nonlinear problem into a system suitable to apply an
infinite-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:

17 |t|§M’
0, [t]=2M,

I, —M<t<-1,

(4.8) C1(1) + &(t) = { 0, t>1.

§1() = {
We define cutoff functions ¢ ; by

1
49 0 =g (3= (54 8) i)~ fea)])
where § is a small constant. Note that with this definition we have

Gor +Goa =1 |zl <M+ (% + 8)|f8,1(r> = faa (),

1
boa + L2 =0 [2] = 20+ (5 +8)Lfea ) = fra0)
Also we have

Ce,j(r, (fe,j + he,j)(er)) = 1.

Furthermore, we choose cutoff functions Eg, ;j such that
~ 1 1
suppfar = | =30 = 11) = foa)l < 2 < (5428 Lfua ) = a0

~ 1 1
supplaz = [3M 4 31a() = fia)] = 2 > (5 +28)L a0 = fia0]
and additionally

ge,j gs,j = gs,j :

Now we look for a solution of our problem ¢ in the form
Pe = Z 8e,jPs,j + Vs
j=1,2

The functions ¢, ; and ¥ must still be determined from a system of equations that
we will now describe. First we introduce functions H, j defined by

(XJH, )(y.2) = H'(z = fe,jer). r=]y|.

We also introduce new unknowns cg ;, j = 1,2, which are functions on I';. Next,
we ask that the functions ¢, ;, ¥, and c¢, ; be solutions of the following coupled
system of equations:

Es,de)e,j = E&j {_(S(ws) +N)—(L—-A- 88x1v+1 +2)Y,

(4.10) /
—[L.8e,jlde,j + ce,j Hs,j}’



TRAVELING WAVES WITH MULTIPLE AND NONCONVEX FRONTS 41

(A+ 20y yy —De = —(1= D Gie){S(we) + N + [L Gele}

i=1,2
— (1= X o) (L — A =gy, + 20V,
i=1,2
where N = N(3_ ;1 5 ¢e,jCej —l— V¢). Note that after multiplying @.10) by ¢, ;,
J = 1,2, using the fact that {; ;s ; = 1, and adding the resulting expression and

@.11)), we obtain

4.12) Los + S(we) + N(ge) = Y cojH] lo).
j=12

@.11)

As is usual in a Lyapunov-Schmidt reduction approach, the functions c, ; will be
initially determined in such a way that has a solution for any given parameter
function h,. Later we will adjust the traveling front, whose location is represented
by f¢ + hg, so that ¢, ; = 0. After this is done, we will get the solution to our
original problem.

In fact, a slight modification of (@.10), which we will describe now, is needed.
We introduce the following functions:

(X we,j)(y,2) = H(z = fe,j(er), j=12,r=][y],
and check that we have, say in the set Eg, j=1,

L‘/J)s,j = AI} + a%d’s,j + f/(ws,j)¢s,j
+ [f/(ws) - f,(ws,j)]¢s,j + [AFS,Z - AF8]¢s,j
—(Hr, . —evr, N+1)0zPe,j +eVr, . (Ten+1) - VI, . Pe,j-
Then, we can write (4.10) in the form

(4.13) Ar,ej + 02¢ej + f'(Wej)e.j = 8e.j + cej HL ;.

at least when Es, j = 1. However, it is convenient to view this problem in the set
I'; x R. Indeed, the operator L, j = A, + 02 + f/(we,;) is defined on functions
whose domain is I's X R, while the right-hand side is a function supported on a set
supp Cs, ;. More precisely, we have
Bej = 8oy (Se) + N) = Lo j (L = A= ey, + 2

= Co LG jes + Cof LS () = f' (we,)be.s

+ Ej,s[AFg.; - AFg]¢8,j

+Cej[(Hr,. — evron+1)020e — VI (Ten 1) - Vro . e,

Again, multiplying @.13) by ,,; and adding the resulting equations and (4.T1),
we get (#.12).

For future purposes we write (4.11)) in the form
(4.15) (A + 88_XN+1 - 2)1;08 - []8’

(4.14)
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where by b, we have denoted the right-hand side of (4.11)). Note that if we assume
that ¢, ; and ¥ are functions of (r, xy41) only with r = |x’|, then so are the
functions g, ; and be. Conversely, if we consider more generally problems of the

form @.13) and @.I5) with g, ; and b, depending on (r,xny 1) only, then the
solutions of these problems ¢, ; and ¥, will also depend on (r, xy+1) only.
4.3 Further Modification of (4.13)

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

[Ar, + 02 + f'(we,j)]|e,j = 0s,; inTe xR, j=12.

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

tj =2— fej(r), j=12.
Second, we write each of the operators above in terms of these new coordinates:
Ar, + 3 + f'(we,)) = Ar, + 32, + f/(H(c)) = Ar, fe,j s,
= Vr. fe,j - VI, + VL. fe,; 20,
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) t1 —ty = fg,z — fe,l-
Then letting

Ge.j (. t)) = Ge.j + Lo j[Ar fo.j0c; + Vi, foj - VIO,
- |vrsf85j |283j]¢8,j’

we obtain the following system:
@17) [Ap, + 0, + f/(H(E) |bej = Goj (0. £)) + co H'(£)). j = 1.2,

where now, with some abuse of notation, ¢ ; = ¢¢ (¥, 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,

ﬁs,j = ae,j (v, z: ¢8,1’ ¢a,2’ Ve).

Therefore when considering for instance the equation for ¢, ; in the shifted vari-
able t1, we need to use the above relation between t and t; to express all func-
tions involved in terms of y € Iy and t1 € R. Of course, the same must be done
with the second equation. As a result, we will obtain a nonlinear and nonlocal
system for ¢b¢ 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,
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we point out that all the functions involved depend on y through the radial variable
r=1yl

5 Linear Theory

We recall that we have denoted w(r(y)) = 1 + |VF(r(y))? and ws(r) =
w(er). Given a C?*(I'; x R) function u we define its weighted norms by

llegscromy = sup (cosh )"0l O uleos oo pnrx-t.e+n)
’ y,2)€le

(51) ||”||c§:z;(psxR) = ”u”Cg"‘;(FEX]R) + ”VFsXRu”ngl;(FSX]R)

2
+ 1D ¥l s (r, xmy-

Above Vr, xr and D%}xR 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:

Ar,¢ + 329 + [(H(2)$ = Leo.
We note that
ZH' + f'(H)H = 0.

In fact, H' is the unique bounded element in the kernel of 8% + f/(H). In particular,
we have, with some vg > 0,

/ 6P — FHE)IBEP = vo / ()2,
R R

whenever ¢ satisfies

/¢(Z)H/(Z.)dz. = 0.
R

In general, we will consider the following problem:
Ar¢+032¢+ f/(H)p =g inlpxR,

(5.2) 00
/ 6(v.)H'(2)dz =0, y €T

We will assume that

“9”(12:1”*(1})(]1{) = o0

with some 8,7 > 0. In the case at hand we have 8 € (0, 1) and 5 € (0, v/2).



44 M. DEL PINO, M. KOWALCZYK, AND J. WEIL

5.1 A Priori Estimates

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

LEMMA 5.1. The only bounded solutions of
Ap+ 3¢+ f/(Hz)p =0 inRNTI N >0,
are of the form ¢ = cH'(z) with some constant c.

This lemma is proven in [11] (see also [10]]) .
Next, we show the following a priori estimate:

LEMMA 5.2. Let ¢ be a solution of the problem (5.2)). There holds

(5.3) ||¢||C§ZZL(F8XR) = C“g”(jg’fr:’([‘ng)'

PROOF. The proof of this lemma follows arguments in [10} [11], with only small
changes due to the fact that here we use slightly different norms.

We argue by contradiction. Thus we assume that there exist sequences {&;},
{¢¢, }, and {ge, } such that

AFSH Ge, + a%ﬁﬁan + f/(H)¢an =g, Inlj, x R,
00
/ be, (v, 2)H'(2)dz =0, y €Ty,
—00

and such thatas &, — 0

1, 0.

”d)é‘n ”Cé,ly;’(rpn XR) = ||g£'n ”Cg";(rsn XR) —

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

1

>

We consider four cases depending on the behavior of the sequences {&,7(y,)} and
{Zn}. The various possibilities are, for example, (1) e,7(y,) and z, bounded, (2)
ent(yn) — oo while z;, bounded, etc. In each of these cases we use essentially
the same argument with just slight modifications. This has been done in detail in
[LLO, [11]).

To get the idea of the general scheme, we assume for instance that {e,7(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,00/€n) N I, , where §g > 0
is a small number independent of y,. We denote the coordinates of y € U, by
£ =(&1,...,&n) and set

On(E.2) = ¢e, (.2).  (v.2) € Uy xR.

(5.4) (coshzn)"@f (r(yn)) s, llco-1e(B(r,1)NTe, x(zn—1,20+1)) >
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In the local coordinates we have
Ar,, Ge, + 0306, + 1 (H) e, = A + 03¢0 + f'(H)n
+ ae,.ij0ijPn + bey.j0jPn.

~ ~ /
Passing to the limit over compacts we obtain that ¢, — ¢ in Cli’cﬂ RN x R),

w' < i, where ¢(0) > 0 and ¢ is bounded, and at the same time
Ap+32¢ + f'(H)p = 0.
Lemma implies that (Z = cH’, but this contradicts the fact that we also have

/&w@HﬁWZ=Q
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
entr (¥yn) — 00, while {z, } remains bounded. Then we proceed in a similar manner
as above letting

Pn(£.2) = 0f (r(») e, (v, 2).

For the remaining cases we refer the reader to [10] (see also [[11]]). O

5.2 An Existence Result for the Model Linear Problem
PROPOSITION 5.3. Given g € CO’M(F,9 x R) such that [ g(-,z)H'(z)dz = 0,
there exists a unique solution of .

PROOF. We will argue by approximations. Let us replace g in (5.2)) by a func-
tion gr(y,z) = 9(».2)x(,r)(y) 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 of the Sobolev space H!(I; x R) of functions that satisfy the
orthogonality conditions in (5.2). Thus we have

Ar,¢r + 2¢r + f/(H(z))$r = 9R.

(5.5) /ﬁm%@kaz=a
R

With this operator we associate the bilinear form

aﬂ&Wﬁz/°anvgw+m¢&w—ﬂwﬂ@Wdeawa
T'exR

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

ar(¢r.¥) = / grY dV(I,)dz.
I':-NB(0,R)xR
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Since we have as well, by our assumption,

/ or(y,2)H'(2)dz =0 Vy € I,

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

Letting R — +o00 and using the uniform a priori estimates valid for the approx-

imations completes the proof of the Proposition. U
5.3 A Priori Estimates and Existence for (4.11))

In this section we will consider the following problem:

(5.6) (A+0%,,, +8dxyy —2)¥ =b.

We observe that if h depends on r = |x’|, x’ € RN~ and x4 only, so does .
We will use the following weighted norms:

||h||cg;u(szxR) = SUEEN(l + &2 X P2 bl o s yxr). B> 0.
x'e

The weighted Holder norms CZ’”“ (RN x R) are defined similarly. Note that the
definition of the norm implies in particular that

”h”Cg’”(RNXR) <00 = ”bHCOs“—(RNxR) < 00,

and thus, by a standard argument, we obtain the existence of a solution to (5.6),
¥ € C2*(RN x R). Now, to show that in fact

1K ”C;'M(RN xR) <C ”h”CS’M(RN xR)’

one can use a comparison argument based on the fact that the reciprocal of the
weight function (1 4 &2|x’|?)# 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 (@.14) and (@.16).
Whenever convenient, we will indicate the fact that these functions depend on their
functional arguments by writing g, ; = 8¢, j (Ps,1. Pe,2. ¥e, he). In general, besides
the assumptions on h,, which we have made in (@.3)—(@.4), we will also assume
that for some o € (0, +/2) and K > 0 we have, with B = 1 —0/+/2,

(61) ||¢£,] ||C§UU:U(FFXR) E KEZ—Uﬁ.

About the function v, we assume that, with some « > 3, we have
3
(62) |W||C,§“(RN xR) < Ke¢”.
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LEMMA 6.1. Under the preceding hypotheses there exists a o € (0, /2) such that
the following estimate holds:

(6.3) ||§&J'”c2;jfa(rsxR) =

C&}ﬁJ§+OU)§:|W@N%“Anﬂm+ww”¢“mNﬂ©}

j=12

The function g, ; is a Lipschitz function of its arguments and we have
= o @ a1 1 ~ @ @ @ pe
||g€,j (¢s,1 > Pe,20 eg )’ hg‘ )) — Oe,j (¢s,1 ’ ¢s,2’ é )’ hg )) “Cg:g(l“ng)

64 = C{e VO -0y o) Y 168 =00 |c2n 1)
j=1,2 '

+ 6D =¥ @ 2y -

PROOF. The proof of this lemma follows by a somewhat tedious but rather
straightforward calculation. Similar calculations can also be found in [7, |8]. We
will outline the main part, which is the estimate of the term involving S(w,). Note

that Ea,j S(wg) = Eg,j S(ue) (see (4.6)-@.7)).

Let us denote :(y,z) = (X ug)(y,z). We expand A near [ in terms of the
Fermi coordinates to get

(XIS(ue)) = Ar.iie + (027 + f ()]
6.5) + [0; (e +1) — Hr1:70e — 2| Ar, 0.1,
+ 8v1’5 (”s,N—H) : VFgﬁs + As[ﬁs] + Bs[ﬁs] - ZZRFE 82778-

Above, A, and B, are linear differential operators of second and first order, re-
spectively, whose expressions in terms of local coordinates on I are given in Sec-

tion Most of the terms in (6.5)) are estimated directly. The leading-order term
is in fact given by

O2iie + f(ils) = f(ils) — f(H(Z — feq —hen)) — f(—H(z — fo2 — he)).
Using this, the definition of #,, and (2.19), we can estimate, taking o € (0, «/i),

0281 + f (o) < C{H'(z = fer —he,)[| + H(z = feo — he)]
+ H' (2= fea—he )1 — H(z — feq — he)]}
—olz—f V2—-0. o
olz—fe,jl _ d
<C mjax{e }exp( 7 log 82)

< 6‘82_0\/E m.ax{e_alz_fa.j ‘}a)s_ﬂa .
J
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Since we have €0, (e N+1) — Hr, = 0, the remaining nonzero term in the first

line in (6.3)) is
Afgﬁe - ZlAFg|282ﬁ8 = Z (_l)jH/(Z - fa,j - he,j)AFg(fa,j + hs,j)

j=12
HIARP Y (fog +he ) H (2 = foj —he j)

(6.6) /=12 .
+ ) H'z— foj = he)IVr(foj = o)l

j=12
HIARP D (@ = foj —he JH' (2 — fo; — hej).
j=12
We note that
(6.7) |Ar, (r)? = e2|Ar (er)|* < Ce2w 2 (r).

Each term in (6.6) is then estimated directly. The second line in (6.5) is easily
seen 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, Ce,j]qss,j = A@a,j ¢8,j) - é'e,j Age, ).

Using the fact that A, ; = o(1) and V{, ; = o(1), which follows from the choice

of the cutoff functions ¢, ;, we can estimate this term by o(1)||¢s,; || CZH (IexR)

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

Going back to the system (4.17)) and taking into account the theory of the preced-
ing section, we see that the functions c, ; need to be determined from the formula

Jr 8e,j (. £))H (t))dt;
JrH(£))?Ce,j (v, t)d e

Using Lemma [6.1 we see that statements analogous to (6.3) and (6.4) hold when
we replace §g,j by §s,; + ce, i H'(t)) e, ;-

Next we will consider the right-hand side of equation {.15)). We have the fol-
lowing:

(6.8) Ce,j =

LEMMA 6.2. Under the same hypotheses as in Lemma[6.1] and assuming that the
constant M > 0 in [A.3) and [@.8)) is large enough, there exist k > 3 and y > 1
such that we have

”he”co H(RNxR) = = C{8 + &” Z ||¢€ J ”CZ M ' (TexR)
(6.9) j=12
+ 01Vl z g gy |-
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Considering b, as a function of (¢g,1. ¢Pe,2, Ve, he),

th(¢511)’ (1) wél) h(l)) Be (¢e(,21)’¢(2) ws(z) h(z))HCg M+ ,

(6.10) = C{ 3”“(1) h(z)HCZ H(Te) +e” Z ”‘P(l) (Z)Hcﬁﬂ (F:xR)
j=1,2

o]V ~ v @ 2o vy -

A proof of this estimate is omitted, since similar results are proven in [[7, 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 b, is in the set where
|lz— fe,jl > M log , from which it follows that all exponentially decaying terms

(RN xR)

are very small, like (’)(83) at least.

6.2 Projected Nonlinear Problem

Our objective in this section is to solve (.13)-(@.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 ¢, j, j = 1,2, and ¥, satisfying assumptions (6.1)—(6.2) be fixed.
We will also choose h; satisfying (#.4). We first use the linear theory of Section 3]
to solve the following system:

(Ar, + 02, + f'(H () ds.)

(6.11) - S , _
:g£,j(yatj;¢8,la¢6,2aw{;‘ahs)+c8,jH (t])v J = 1’27

(6.12) /¢g,j(y,tj)H/(tj)dtj =0, j=12,

(6.13) (A + edxyy —2)We = De(x: Pe1. Pe2, Ve he).

This is equivalent to (4.13)—{.15) when 58, j = @¢,; and {58 = V.. In fact, using
Lemma [6.1] and Lemma 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 (6.13)
for ¥, as a function of (¢s,1, ¢¢ 2. he). Existence of v, follows by a fixed point
argument using Lemma [6.2] and the results in Section[5.3] We have in fact

||w€||c,%’u“(RNXR) S C{S +8y Z ||¢S]||CZM (FSXR)}
j=12

with a similar estimate showing the 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 hypotheses there exists a unique solution (¢¢.1, Ps.2,

Ve) of (6.11) and (6.13) satisfying (6.1) and (6.2).
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6.3 Solution of the Reduced Problem

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

(&s,h 52,2, 1;8; h) — (¢s,1 Pe.2, Ye)

is a uniform contraction (with a small Lipschitz constant) with respect to h,. It
follows that (¢¢,1, ¢¢,2, V¥¢) are Lipschitz functions of h, with small Lipschitz con-
stants. This last fact can be easily seen from Lemma [6.1]and Lemma|6.2] Another
important fact is that since we have assumed initially that f; ; and A, ; are func-
tions of r, where r = |x/|, (x',xny+1) € R¥*1 we have (¢e.1, Pe2, Ve) are
functions of (r, z) only, at least near I, i.e., where the Fermi coordinates are de-
fined. In fact, instead of working in an abstract setting, which does not refer to
the rotational symmetry of Iy, we could have reduced the whole problem to the
one in the half-plane Ri = (r,XxN+1), and think of Iy as a curve, with (r, z) as
its Fermi coordinates. Then the end result, from the point of view of existence of
(@e,1, Pe,2. Ve), would of course be the same. Summarizing, all functions involved
depend on x = (x’, xy+1), through r(x) = |x’| and xy 1, 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, that guarantee that c, ; = 0. We
will show that they result in a nonhomogeneous 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[I.1] Our first task is then to justify rigorously the formal calculations
in Section [2.2] In fact, with the notation as in the previous sections, we need to
adjust h, so that

/‘ag"/(r, tj)H/(tj)dtj = 0, j = 1,2.
R

Let us recall that g, ; depends on (¢g,1. ¢e,2, Ve, he), that (¢g.1. ¢e 2, ¥¢) depend
nonlocally on h,, and that this dependence involves second derivatives of h,. Thus
its projection onto H'(t;) will be a nonlocal, second-order ODE in terms of the
radial variable r.

Let us write

ﬁe,j = Ea,jS(wa) +§e,js as,j = ﬁs,j(¢a,1s¢e,2,we,he)-

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

/ Fey () ) H' (5] — e j)d
R
- / B Swe)(r(y). e/ H (e — he ;) &
(6.14) 2
+ / Qe H'(tj — he,j)dt;
R
= Hg,j +ﬁ8,j = O.

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

Moy = [ s SQam) et~ hopt.
R

while the remaining part of the projection, denoted by a ¢,j» 18 a lower-order term.
Repeating calculations in Section [2.2]and taking into account formula (6.5]), one
can derive the following expression:

(6.15) Hs,j = O50-11'}; (fe,j + he,j) + 7;'(fs +h,) + qe,j (fe + hy),
where, for a vector function v = (v, v2), on Iz we have denoted

Jr,(vj) = Ar,vj + |Ar, Pv; + eV, (men+1) - V05

N
@10 Tiv) = —e VR0 4 VB0,

We observe that the main order term in ¢, ; (see (6.3)) comes from

N
22T j R 00T ~ (v — fo )7 Y K (H'(t) — e j).
=1

where k 1, ¢ are the principal curvatures of I';. Direct calculations show that

3 3,,-3/2
|krg,e‘ ~ e w, /2,
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 8 > 0 and p > 0 such that
. 2+p
”qs,] ”C(l)fﬁ(rs) =Ce¢ .
Identifying functions on Iz and I" by vg(r) = v(er), sothat g, ; (r) = g;(er), we
get from the above

. < 24+p—u
HQJ ”C?fﬁ(l") = Ce .
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Function g; now depends on the functions f and h defined on I". Similar statements
hold for the remaining term in (6.14)); namely, we have

2 2+p
”HS,] ”c?fﬁ(rs) <Ce s

and, scaling back to I", we can write

. s
13l () = CEF00.

tp)
We let > 0 be a small number and set k = p — u > 0, also choosing it in such
a way that t < «k (see (#.3)). Denoting by J the scaled operator in (6.16) and
setting ¢; = g; + I1;, we then get

(6.17) 0> Jr (f; + hj) + T +h) = g;.

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 In fact, g;
is a Lipschitz function of h since it follows from the Lipschitz character of S(w,),
¢¢, j, and Y¥¢ as functions of h that

12 0D) =30y = Ce2 DD 0 2 ).
Defining
T (E+h) — T;(®) — 7/ (Oh = N (h),
we also have
NG @l ry = Ce* Il

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

(6.18) a0’ Jr(h) + T/ OM) =G, 3 =4 —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 using the 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 Nonconvex Front

In this section we will prove Theorem[I.2] We will begin with some preliminary
facts about the asymptotic form of the nonconvex traveling front.
7.1 Traveling, Catenoidlike Surface

We will summarize here an existence result proven in [3]].
PROPOSITION 7.1. For each R > 0 there exist rotationally symmetric, graphical

solutions to the mean curvature flow, given by F ;et RN\ Br(0) xR — R, and
translating with speed ¢ = 1, where

FE@rt) =t + WEr).
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The functions WRjE satisfy
2
2(N —1)

Moreover, the union of these graphs forms a complete nonconvex translating solu-
tion to the mean curvature flow.

(7.1 WRi(r) = —logr + CT+00™), r— .

In what follows by X', we denote the surface obtained by taking the union of
the graphs of Wi, and by ¥, we denote its scaled version. The individual graphs
of each function W]R:{IE will be referred to as the ends of X' and will be denoted by

Y+ respectively, with a similar notation for the scaled versions. We assume that
the constants C ¥ appearing in are such that C~ < C T, and we will call X~
(X7T) the lower (the upper) end of X. Also, in order to not to complicate notation,
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 RV, 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 nonconvexity.

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=W§E@) +CE[ =007, r— .

This is important in the calculation of various geometric characteristics of X~'. In
fact, formula (7.2)) says that the mean curvature H 5, the second fundamental form
Ay, Vy,and Ay are, for r sufficiently large, very close to their counterparts on I".
Thus in what follows, 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 ¥, by z = z(x) for x € R¥*! close to ¥,. Then it is natural to
take u, = H(z) 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 O(e~'/#). This means that S(us) is
globally a very small function of & but it is not a decaying function of r = |x’|
along X,.

To remedy this situation we will consider an improvement of the initial pro-
file Y. In general we want a new surface 5, to be a normal graph over X, to be
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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 notation. We let y be a
smooth cutoff function such that y(t) = 0,¢ < 1,and y(¢t) = 1,¢t > 2. By r¢
we denote a number to be determined later on and about which we assume initially
that, with some ¢ < C,

(1.3) re> et and . <K e<.

Next, we will fix an orientation on ¥ in such a way that a unit normal # is interior
to this component of RNY+1\ ¥ which contains the origin. By ng(y) = n(ey)
we denote the corresponding normal on X, and by n* and nsi we denote the
restrictions of 7 and 7, to the ends of X. Finally, by ® € S¥~! we denote points
on SN,
The new surface X will be a union of its lower and upper ends Ej given by
(7.4)
IE = {(r@, éw,gt(sr)) + X(ri)ni(gr, O)fE@r)|r>R 0 e SN1E,

&€

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 mo-
tivation, let us recall how in the preceding considerations we have determined the
functions fi, f> : I’ — R, which model the traveling fronts near I';. Restrict-
ing our attention to r > 1, we observe that, to main order we needed to solve an
algebraic equation

et CNGT

and then we obtained, to main order,
1

1
—U, ~ ——U.
h 22 f2 272

Equation 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 analogue of with I
replaced by X. The natural guess would be to take |4 5 |? on the right-hand side
and leave 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 of the mean curvature flow anymore. To take this into account, we solve
(instead of (7.3)) the following problem:

Fyy e
—_— U ==,
1+ |F|? 52

%

(7.6) § = @,
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where @ > 0 is a constant to be specified later. In what follows, we will show that
we can choose @ in such a way that defining

1
(1.7) t= gy
/ 24/2
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 approxi-
mation S(u,) is a small function of &, and it also decays as r — oo at an
algebraic rate in r.

(2) The projection of the error onto H’(z), namely fR S(ug)H'(z), is a func-
tion that behaves like

82+K

1+ 82r2)1+ﬂ
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 @

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 (T.6), and let f* = f¥(r) be the
functions defined in (1.7). There exist ro > R and C > 0 such that for all r > rg
it holds that

2 2
T 0+ )= o ) - Clogtog(<5 ).
2 € €

asr — oQ.

From now on X, will be the surface we defined in [74) with f* as in Lemma
By 71, we will denote its unit normal, and by 7 the unit normal of its scaled
version X'. These vectors are chosen in such a way that 7, is interior with respect
to the connected component of R¥+1\ X which contains the origin.

7.3 Construction of the Initial Approximation

‘We will consider the Fermi coordinates associated with the surface f‘g:

x+— (y,2), Y€ 5., z= dist(x, ES),

in a neighborhood of U, of this surface. We let U/ be such that this map is a
diffeomorphism; namely we define

2l < CE1 =y ()] + 3x(2) (S Her) + f=(er)),
x=y+zng(y), r =r(y)

The constant C(X) > 0 depends on X only. As before, for u : U, — R¥, by
(Xu)(y,z) we denote the pullback of u by this diffeomorphism. At this point we

(7.9) U, :={x e RN !
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will choose conveniently the value of r, by letting it be a solution of the following

equation:

cx) 1

e 2
As a next step we define a smooth cutoff function p, that is supported in I/, and

such that

(7.10) (fHQ2ere) + f~(2ers)) = re ~ et

(X:Pe)(y,z) = 19 diSt(x’aué‘) S 11 X = y +Zﬁ£‘(y)

To be more precise, we take for instance a smooth cutoff function p(¢) such that
p(t) =1, < —1,and p(r) = 0,7 > 0, and set
(7.11)

(XS pe)(y.2) = p(IZI - @[1 - X(L)] - %X(L)UJF(SV) + f‘(sr)l)-

I's I'g

In order to use a Lyapunov-Schmidt reduction procedure, we have to allow pos-
sible further perturbations of the surface X;. They will be given as normal graphs
over X, of Cg’“ (X¢) functions. More precisely, we start with radial functions

h: X — R such that

(7.12) ”h”Cé’“(E) <e¥, somet >0, >0.

We will also make the usual identification h.(r) = h(er) and consider normal
graphs of these functions over 5, as admissible perturbations. Numbers 7, § > 0
will be specified later on.

We denote the two components of RV 1\ X by D;t, respectively. We agree
that D is the component containing the set s N {z > 0}, and D is “interior”
to L. Finally, by x p We denote the characteristic functions of these sets.

With this notation we set

(XSue)(y.2) = H(z —he(r)), 1 =1y,
and define the approximate solution
(7.13) we(x) = pe(X)ue(x) + (I = pe(X)) (1 p+ (X) = xD7 (X))
7.4 Error of the Approximation
In this section we will compute the error of the approximation, namely,
S(wé‘) = Aws + 8axN+1 We + U)g(l — wg)
Using (7.13)) we can write

S(we) = peSue) + we(l — w2) — perte(1 —u?)
A
+ [A, pelus — (Aps)(XD;‘ - xp7) + SaxNHPs(us ~XpF + xp7) -

J

(7.14)
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As done in (6.5), we write S(u,) in Fermi coordinates and denote (X u)(y,z) =
g(y, z) for brevity. Thus we get

(X2 S(ue)) = Ag, e + [03i7e + f(e)] + [0z (e,n+1) — Hg, 10277
(7.15) —z|Ag [*0:0: + eV (e n+1) - Vi e
+ Aglile] + Belfie] — 2°R g 9zile.
To proceed we need to calculate various geometric quantities appearing in
in terms of the parametrization of X, given in (7.4). These are standard compu-

tations, and we will only summarize the most important points in the form of a
lemma.

LEMMA 7.3. Let ngt be the unit normal, gsii ; be the coefficients of the metric, and
kf: f be the principal curvatures of the ends Egi of the surface X¢, and let ﬁ;t,
g;—“l. I and ]kg: ; be the corresponding quantities on Z‘gt, expressed in terms of the
local coordinates (r, @) € Ry x SN=1. Then, the following holds:

2+ +
ne(r,®) = ng(r,®) F (O, 8)(( s ) alrflra(j/)j{(gr(;;))
r"WR

r |- ()]
sa( o)

Furthermore, the matrices g;ti ; and §€il ; are diagonal, and we have the follow-

ing formulas:
_ r |/ *(er)]
N — o[ ——==-).
8e,ij gs,u( +8X(r8) ((1+82r2)1/2

The principal curvatures satisfy

= r /= ()
=1 (o ramm))

Rt Kt r /= () .
ks,j_ks,j(l"‘g)((z)o(m , J=2,...,N.

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

r) | fE(er)| - Ce?
re ) (14 €2r2)B = (1 + €2r2)F’
for all 8’ < B provided that ¢ is taken sufficiently small.

I's

(7.16)
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Then straightforward calculations show that the error of the initial approxima-
tion is essentially of the same size in the Cg”i (X¢) sense. Namely, we can show
the exact analog of Lemma [6.] for this part of the error:

(7.17) lpeSQuellcos 5,y < Ce?™ V2, By =1-0V2

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

_ 3(ue + 1)2/08(p8 — 1)+ (ue + 1)3/08(1 - Pg) in D,
3(ue — 1)?pe(1 — pe) + (ue — 1)?pe(1 — ,03) in Dg.

From this, using H(t) = +£1 + O(e_ﬁlt ) and also the asymptotic formula (7.8),
we find, with some o > 0,

(7.18) T

2—0+/2
“1_”62;0(28) < Ce7 V7,

Our final calculation involves the third term in denoted by J. This term
is quite important since it represents the interactions between the ends of X;. We
write

(7.19)

J = (Ape + €0x 4, pe) (e — Xp+ + xp7) +2Vpe - Vug.
Since H'(1) = O(e~V2!l) we can estimate

|j| =< Ce_ﬁltl)({0<pg<1}
< Cce 0l exp(—(«/_— 0){ @[1 — X(L):|

Te
L (r + -
+oa( o)l e = f el ).
Te
By we have
(7.20) 1T lgos 5,y < Ce? V2,

We will summarize ((7.17)—(7.20).

LEMMA 7.4. Let w, be the approximate solution defined in (7.13). For any o €
(0, 1) the error of this approximation S(wg) satisfies the following estimate:

(7.21) ||S(w8)||cg.u 5 = Ce2 V2, Bo =1—0+2.

Assuming that the admissible perturbation of 5, satisfies (T.12), the constant C
appearing above depends on o but not on this perturbation.

In addition, as a function of the admissible perturbations, S(wg) is a Lipschitz
function from C;’M (ig) into Cg’;fa(ig) with a Lispchitz constant proportional to
2o ﬁ.
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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] 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

Su) = Au+ edxy,u+u(l —u?) =0 inRVH!
in the form ¥ = w, + ¢.. Now we write

Qe = Pee + Ve

and decompose the original problem into a system as described in Sectiond.2] As
a result, we get the following analogue of (.13)—(4.15):

(722)  Ag e+ 020 + f'(ue)pe = g + ceH'(z —he) in Tp xR,
(7.23) (A +edxypy —2)Ve = b inRVFL,

The functions g and b are similar to their counterparts in 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

. fR gsH/(Z —he)dz
T [olH G - hoPdz

At this point all that remains to be done is to find %, such that c, = 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(w;). To prove this requires
somewhat tedious calculations that we omit. Thus we concentrate on

(7.24) / S(we)H'(z — he)dz =

R / peS(ue) H' (2 — he)dz + / (T + DVH'(z - he)dz.
R R
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Using and analyzing the terms involved, we observe that

/ PeS(ue) H'(z — he)dz
R
= —Cojgs (he)

+ [ puled e n) = Hg JCH G~ ho)l d
R
+ Ze(he),

(7.25)

where J 5, is essentially the Jacobi operator on pom

T (he) = Ag he + eV (ten+1) - Vi he + A5 [he,
and Z,(h,) is a small term for all admissible functions /. in the sense that we have

= - < 2+7
||us||cg,u(2£) <Ce some 8 >0, t > 0.

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 0 if we had not modified X, to . Using the fact that 9, (Te,N+1) =
Mg N+1,1.€., it is simply the (N + 1) component of the normal on X, we get, by

in Lemma(7.3]

[ peletetransn) — Hg I ~ P

R
) + (T NWg(er) f*(er) ., N2
o R/pa X(rs) L+ 10 Wi (er)[? G = bl dz

(7.26) + Ogn (5, (€7

_ .2 + (T FF(er)f=(er) 2 L (2T
== [ oia(7 ) T e e~ s + O )

_ 2 (T \GF(Er)fT(er)+ f(er)] 2tc
- et X(Z) 1+ 0, F(sr) 2 + Ocom (5, (E)-

where ag > 0 is a constant and

ps(y.2). yeXE
pE(y.z)=4"° e
0 otherwise.

In we have omitted terms that are at most of a size comparable to 277 in the
sense of Cg’“ (X), as indicated by the notation. We observe as well that the error in
replacing 92 WIEE (er) and 0, WIEE (er) by 02 F (er) and 9, F (er), respectively, again
results in a higher-order term. This justifies the third line in (7.26).
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Going back to we observe that the projection on Z is again negligible
since, by (7.18), we see that Z = e_2ﬁ|2|)({0<p8<1}. Thus it remains to calculate

(7.27) /JH’(Z —he)dz =

/ [(Ape + €0xy 41 Pe)(Ue — ApF + xp7) +2Vpe - V“s]H/(Z —he)dz.
R

Using the definition of p, in (7.11)) and the identity 1 — H? = +/2H’, after some
integrations by parts we get

/ JH'(z — he)dz

/[p (H'(z ~ he) = A + 107) + 20LH'(z — h)lH' (2 — ho)dz

+ ch’u(f}) (82+r)

(7.28)

= 2/ p;[H/(Z — hg)]z dZ + ch,u(i‘g)(82+1)
R

o vz SO

el =vBr(L) e e B 4 O (27

Summarizing (7.23), (7.26)), and (7.28]) we get that the reduced problem amounts
to solving for &, the following equation:

C(2)[1 —X(I:)]}

&

coT s (he) + C1 CXP{ —2v2

xexp{ fx( )(f+<er>+f (sr))}h _

a2 ( )82F<er>[f+<er>+f (er)]
A L+ [0, F(er) 2
C()1 - x(,g]}

&

(7.29)

—ay exp% —2v/2

xexp§ fx( )<f+<sr>+f (sr»}
+ (’)Cg,u(gg)(gﬂr).

This is of course a fixed point problem for /. and the term that we have denoted by

OCO’“( 5 )(82+t) depends in a nonlinear and nonlocal way on A,. It can be shown
B &
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that this term in fact is a Lipschitz contraction of %, (and consequently of the
admissible functions /). This is quite similar to 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: by the choice of /T we have for r > 2r,
(7.30) age2 BFENL " er) + /= (er)
1+ 9, F(er)?
Second, when r < 2r¢, then by the choice of r; we have that the whole right-hand
side is an ch,u &) (e217) term. As a consequence, arranging some terms suitably,

—ayexp{—~2(f T (er) + f~(er))} = 0.

we are left with solving the following problem:
r -
_C()jg,g(he) + X(r—) exp{—ﬁ(f+(gr) + f (sr))}hs = ch,u(i)(gzﬂ).
&
Scaling back to the surface 5, we are left with the problem of the form

Ash+ V(g1 Vh+ |Agh
1
(7.31) + g—zx(SLr) exp{—v2(fT(r) + f(r)}h
= Oczu(i)(gr)

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 the variation-of-parameters formula, gluing various parts. When r < er; our
operator is essentially identical with the linearization of the translating graph solu-
tion to the mean curvature flow (cf. Lemma([7.3)). Inverting this operator is the only
significantly different part of the theory, and thus we will present it in some detail.
Note that when r > er; the operator above resembles the linearized operator £g,
treated extensively in Section [3.6] An argument similar to the one in Section [3.6]
can be used to control a fundamental set and to write the variation-of-parameters
formula.

7.7 Jacobi Operator of the Traveling Catenoid ¥
Our goal is to prove the following:

LEMMA 7.5. Let g € Cg’ﬂ(f), B > 1, be a function depending on the radial
variable only. There exists a solution v = v(r) of the problem
[Ag+ V(w1 - Vg + Az v
+ () el=VA ) + e = &
with
olezs 5y = Clglgucs):
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In the region where r < er, the surface 5 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) Js() =[As 4+ Vs(nnt1) Vs + |As[Fv = g,

where g € Cffﬂ (X)), with B > 0, is a function that depends on the radial vari-

able r only. There exists a solution v = v(r) of this problem such that
(7.33) ”U”Cg'“(ﬂ) <C ”g“(j(l)fﬁ(g)-

PROOF. We observe that the Jacobi operator for the surface ¥ can no longer
be 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.

Near the point of the traveling catenoid where r = R we will express the surface
as a graph over the x 5 +1-axis. Thus we have, following the results in [3]:

XN Br, =1{(¢q(2)0,2) | z € (—20.20)},

where R; > R and ¢ satisfies

(o -a)ar @ =g
With this in mind we express the radial function g on the right-hand side of
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 7 restricted to functions of v = v(z) in this chart
and get the following ODE:

(7.34) v +(N—1+ 1 ) ,
. U
1+ g2 q 1+ g2

N [ g L Nl ]

v=g.
(I+1g'1»? ¢ +1q'1?)

We multiply this equation through by 1 + |¢’|> and arrive at the equation in the

following form:

v+ p1@V + pa2)v =1+ |¢'|P)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,
$o(0) =1, $1(0) =0.
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Finally, let P;(z) be a primitive of p;. Then we can write explicitly
z =P
(7.35) v(z) = /
—z0 950 J-z

Next we write Jx on the ends y+ \ By,, where rg is chosen so that R < rg <
R and the various local charts overlap. The natural parametrization is of course

ZEN\ By = {(rO, WET)) | (©,r) € SN xRy}

Z()0()eP180aL + agdo(z) + a19(2).

In this chart 75 can be written as an ODE in r for each of the two ends. This is
very similar to what we did in Lemma Denoting by ¢g: and ¢ft the elements
of a fundamental set corresponding to ¢ and ¢; in Lemma and letting 8+ =
(14 |9, ngt |2), we get the following formula:

r p+ ==
Ui(}") = _¢(:)|:/ Mg’p

W=
70 1ot ())(plu
P8P
wof [ BREE an+ ator ()
for a general solution v in C 2,4t (). Note that we have
B~y O e T

which is why in (7.36) we have included only constant multiplicities of qﬁli.
Next we need to choose the four constants ag, a1, and aft in such a way that

vE(ro) = v o (W)™ (ro),
0,v™(ro) = 9,v 0 (W)™  (ro).

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

After this is done we have a solution defined now on the whole surface Y.
Estimate 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 < ere we are dealing with the Jacobi operator discussed in the lemma above.
Thus, at least up to r = erg, we will have no problem in defining a solution v in
C;fl(E N {r < rg}) (here we take § > 1). What is left is to solve a problem of
the form

37 Jge() + gizx(g—) exp{—V2(f () + fT()jo* = g*

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

(L+o()vh | (N = 1)(1 +o(1)v}
1+ |0, W2 r

+pErwt=g% > er,

where

1 1 1+72
pé‘(r)N 1+I"2 Og 82 ’ r>81"3,

which is in agreement with the behavior of the function pg 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 > ery ~ €€ /¢, we see that the argument in
Section [3.6] can be repeated verbatim to solve our problem. Having the inverse of
the operator in at hand, we proceed in the same way as in the previous case
to finally solve a fixed point problem for 4. We omit the details.
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