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Abstract

We prove the existence of a new class of entire, positive solutions for the classical elliptic problem
Au —u +uP =0in R?, when p > 2. The solutions we construct are obtained by perturbing the function

k
Z w dlst( y]
1

]:

where k > 1, w is the unique even, positive, non-constant solution of w” — w + w? = 0 in R and where the
curves y; are the graphs of the functions f7, ..., fx which are solutions of the Toda system
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with fo = —o0 and f;41 = +oo. This result provides a surprising link between the solutions of the Toda

system and entire solutions of the above semilinear elliptic equation.
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1. Introduction

This paper is concerned with the existence of entire, positive solutions of the classical semi-
linear elliptic problem

Au—u+u? =0, (1.1)

in RN, where p > 2. Eq. (1.1) arises for instance in the study of standing-wave for the standard
nonlinear Schroédinger equation

iV =AY+ Y|Py,

where typically p = 3 and where one looks for solutions of the form ¥ (¢, x) = e ~/u(x). This
problem also arises as a nonlinear model in Turing’s biological theory of pattern formation [41]
such as the Gray—Scott or Gierer—Meinhardt systems [18,17].

The solutions of (1.1) which are positive and decay to zero at infinity are well understood. In
particular, it is well known that, provided

N+2
400 if N=1,2,

problem (1.1) has a positive, radially symmetric solution which tends to O at infinity, which is
usually called the ground state. We refer to [40,3] for a proof. This solution is unique [24] and
any positive solution of (1.1) which vanishes at infinity must be radially symmetric about some
point [16].

In the last two decades, problem (1.1) and its variations have been broadly treated in the PDE
literature. The variations are mostly of two types: either (1.1) is changed into a non-autonomous
problem with a potential depending on the space variable, or (1.1) is considered in a bounded
domain under suitable boundary conditions. Typically, in both versions a small parameter is in-
troduced so that (1.1) can be understood as a singular perturbation problem. We refer the reader
to [2,6,7,10-12,15,19,20,25,27,28,35-37] and references therein. Many constructions in the lit-
erature refer to multi-bump solutions which are built out of a perturbation of the superposition
of finitely many scaled copies of the ground state. Usually the location of the points where the
copies of the ground state are centered is determined by the critical points of some function
involving the geometry of the underlying domain.

Much less is known about solutions to this equation which are defined in the entire space and
which do not tend to O at infinity. Entire solutions of (1.1) are known to be bounded thanks to
[38]. Observe that the radially symmetric solution of (1.1) in RY can be trivially extended as
a solution of (1.1) which is defined in RV*! and which only depends on N variables. Starting
from this solution, a new class of entire, positive solutions has been discovered by N. Dancer [8],
these solutions will be described in the next section. In [26], A. Malchiodi has constructed entire,
positive solutions of (1.1) by perturbing infinitely many ground states periodically arranged along
a finite number of half lines meeting at a point. In contrast, the solutions we construct in the
present paper are obtained by perturbing finitely many copies of the ground state in dimension N,
which are trivially extended in dimension N + 1 to be independent of the last variable. The
solutions of A. Malchiodi and our solutions are qualitatively different but they belong to the
same general class of entire solutions of (1.1). We shall comment on this later on.
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1.1. Dancer’s solutions of the nonlinear Schrodinger equation

For the sake of simplicity, we now restrict our attention to the two-dimensional case (N = 2)
and we consider the existence of entire, positive solutions of (1.1). To begin with, we recall the
existence of the one-dimensional bump, which we will denote in the sequel by w, namely the
unique positive solution of

w —w+w? =0, (1.2)

which is defined on R, tends to 0 at +=co and which is normalized so that w’(0) = 0.

Using the function w, we can define a positive, entire solution of (1.1) by extending trivially
w in one space variable. With slight abuse of notation we still denote this solution by w. If we
agree that x = (x, z) denotes a point in R?, then

w(x) =w(x).
More generally, we can also define a family of positive, entire solutions of Eq. (1.1) by
X w(a-x—c),

where a € R? has norm equal to 1 and where ¢ € R. By analogy with the above terminology,
we will name these solutions single bump-lines. A natural question is the classification of the
entire solutions of (1.1). Unfortunately (or fortunately) the 2-dimensional family of functions
described above does not exhaust the set of entire solutions of (1.1) in RZ. Even though these
solutions were found to be isolated in a uniform topology by J. Busca and P. Felmer in [5], a
new class of solutions was discovered by N. Dancer in [8] using a bifurcation argument. This
new class of solutions forms a 4-parameter family of entire, positive solutions of (1.1) which
are singly periodic. Let us briefly review their construction since they play a central role in our
analysis: We consider solutions of (1.1) which are T -periodic in the z-variable, namely

ux,z+T)=u(x,z), (1.3)
for all (x,z) € R? and we regard T > 0 as a bifurcation parameter. Obviously, the function w,

which only depends on z, is T-periodic for any value of 7' > 0. The nonlinear equation (1.1)
linearized about w is given by

L:= Bf + BZZ — 14 pw” ().
The spectrum of the operator
Lo:=82— 1+ pw’ (x), (1.4)
is well understood and will be described more carefully in the next sections. It is known that
— Lo has a unique negative eigenvalue Ay, which corresponds to the bottom of the spectrum,

with associated (positive) eigenfunction which will be denoted by Z (and which is normalized to
have L2-norm equal to 1). Also, 0 is always an eigenvalue of — L with associated eigenfunction
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given by w’ (this reflects the fact that Eq. (1.2) is autonomous) and all other eigenvalues are
positive. Now, observe that, as long as

0<T <Tj = =

<T<T=—,

VA

the operator L has a one-dimensional L®-kernel spanned by the function w’. When T = T the
L°- kernel also includes the linear combinations of

x,2) Z(x)cos(\/):z) and (x,7) Z(x)sin(\/k_lz).

Working in the class of functions which are even with respect to both x and z and which are T
periodic in z, Crandall-Rabinowitz Bifurcation Theorem can be successfully applied to prove the
existence of a smooth branch of solutions of (1.1) bifurcating at 7 = Ty. The solutions belonging
to the bifurcated branch will be denoted by u(-; ), where ¢ € R is close to 0 (when ¢ =0,
u(-; &) coincides with w). They depend smoothly on €. Each u(-; ¢€) is an entire, bounded solution
of (1.1) which is even with respect to x and z and periodic in z, with fundamental period T
smoothly depending on e. Moreover, the period T can be expanded as

21

NI

TE = +O(£)v

as ¢ tends to 0.
The solutions u(-; €) belonging to the branch of bifurcated solutions are uniformly close to w
and, as ¢ tends to O, their asymptotic form can be expanded as

2w
u(x,z;e) =wkx) +eZ(x) COS(TZ

&

) + e_lxloLoc(Rz) (82).

The notation O« (Rz)(sz) above refers to the fact that this function is bounded by a constant

times &2 in L°°-norm. Obviously, the group of isometries acts on the set of solutions of (1.1)
and, since w; is not invariant anymore under translations along the z-axis we find that

x, ) ulx,z4+@;¢), (1.5)
is also a solution of (1.1), for all ¢ € R. Roughly speaking, the parameter ¢ represents the ampli-

tude and the parameter ¢ the phase shift of the oscillations superposed over w. At this time we
introduce the parameters

s 2 d . (27 (1.6)
= ECOS| — an T:=¢esIn| — . .
T, ¢ T, ¢

Note that ¢ and ¢ are (in some sense) polar coordinates in the plane of parameters (5, 7) in a
neighborhood of 0 in R2. Finally, we define the function ws,r by

ws.r(x,2) :=ulx,z+¢; ). (L.7)

In what follows, we refer to the functions w;s . as Dancer’s solution of parameter § and t.
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1.2. The statement of the main result

As already mentioned, the purpose of this paper is to construct a new type of positive, entire
solutions of (1.1) in R? which have multiple ends asymptotic to properly translated and rotated
copies of Dancer’s solutions. To start with, we give a precise definition of what we mean by a
multiple end solution of (1.1).

Definition 1.1. For all £ > 1, we say that an entire solution u of (1.1) has 2k ends if there exist a
compact K C R2, constants C, ¢ > 0 and, for all j=1,...,2k, an oriented half line

Aj = {XGR2 | af X+b;=0, aj x>0},
witha; € S' € R?, a constant b; € R and parameters §;, 7; € R, such that

o)

j=1

<C, (1.8)
L®(R2\K)

where
uj(x):= wg_/.’,j(aj-‘ ‘X+bj,a;j-X),
and where L denotes the rotation by 77/2 in R?. The lines A ; are called the ends of the solution u.

In order to construct 2k-ended solutions, the idea is to look for solutions of (1.1) which are
close to the function

k
Z w d1st( y]
j=1

where y; are embedded curves which are asymptotic to oriented half lines at infinity. We assume
that, for j =1, ..., k, the curve y; is the graph of the function f; over the z-axis

yi={x. 2 eR?|x= f;@}.

It turns out that, in order for the construction to be successful, the functions f; which define the
curves y; have to be chosen very carefully and in fact they are related to a nonlinear second order
system of differential equations (a Toda system) which is given by

Cif]// —efi-1=fi _ efj_fj+l’ (1.9)

for j =1,..., k, where we agree that fo = —oo and f;11 = +00 and where ¢, > 0 is an explicit
positive constant which will be specified later on (see (4.44) for a precise definition of ¢}). This
Toda system is a classical model describing the scattering of k particles distributed on a straight
line, which interact only with their closest neighbors with forces depending exponentially on
their mutual distances. A complete analysis of the Toda system can be found for instance in [22,
34] and, in Section 2, we will recall the main results needed for our analysis.
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Observe that, if f:= (fi,..., fx) is a solution of this system, then for all o > 0, £, :=
(fa.1s---» fax) defined by

o k+1
Ja,j(2) = fj(az) —2(/ — T) log , (1.10)

is also a solution of (1.9). In our construction, we will exploit this scaling property of the Toda
system. The corresponding graphs will be denoted by 4, ;.
As we will see later, the functions f; are asymptotically linear at infinity. In fact, for each

solution, there exists ajj.t, b]i € R and 6 > 0 such that

fj(z)=afz+b]¢+0((coshz)*6), (1.11)

at oo (with upper index + when z > 0 and upper index — when z < 0).
Keeping the above definition in mind, our main result reads:

Theorem 1.1. Assume that N =2 and p > 2. Given k > 2, for any sufficiently small number
o > 0, there exists a 4k parameter family of multiple end solutions of Eq. (1.1) with 2k ends
which are asymptotic to the 2k half lines A}—(C{) (resp. A;(oz)) , for j =1,..., k. Moreover
there exists a k > 0 such that these half-lines, which depend on «, are the graphs of the functions

k+1
7> ot(aji + (9(0('())z+b;t — Z(j — %) loga + O(GK),

for 7 > 0 and upper index + (resp. z < 0 and upper index —), where the at and bE are the
coefficients which appear in the asymptotics of a solution of the Toda system. Along the end
A]i(a) the solution is asymptotic to some Dancer’s solution whose parameters (8;.—L (a), rJi (@)
are close to 0, depend on o and vary from end to end.

We can be more specific about the form of the solutions of (1.1) whose existence is claimed
in Theorem 1.1. To do so, it is convenient to agree that x ™ (resp. x ~) is a smooth cutoff function
defined on R which is identically equal to 1 for z > 1 (resp. for z < —1) and identically equal
to 0 for z < —1 (resp. for z > 1) and additionally ¥~ + x ™ = 1. With these cutoff functions at
hand, we define the 4-dimensional space

D := Span{zr—>xi(z), zn—>zxi(z)}, (1.12)

and, for all © € (0,1) and all § € R, we define the space Cg’“(R) of C%* functions & which
satisfy

1l g2 gy 3= [ (cosh2)’ i oy < 00

It turns out that the asymptotic profiles of our solutions are determined by k curves

Vaj = (% = fa,j (@) + ha,j(@2)}.
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Here f,,; is the scaling (1.10) of f;, j =1,..., k. Since f; is a solution to the Toda system (1.9)
then in particular formula (1.11) holds, that is, functions f,, ; are asymptotically linear. Functions

he,j € C; "*(R) @ D representing small perturbations satisfy

||hot,j ”C;’“(R)eaD < Ca”
with some constants 6, k > 0. In all we obtain that the asymptotic form of the ends outside of a
compact set is given by the graphs of the half-lines Af(a), as claimed in the theorem.

The description of the asymptotics of the solutions we construct depend on 8k parameters.
Indeed, the description of an end, which is an oriented half line, requires two parameters and
the description of Dancer’s solution to which our solution is asymptotic along an end, requires
the knowledge of two parameters which are Dancer’s parameter and the phase shift of the end
(expressed here and in what follows in terms of (8, t)). The proof of the above theorem starts
with building an approximate solution

w(dist(-, ya,j)),
j=l1

where y,, ; are the graphs of the functions f,, ;. Next, we allow some more flexibility in our
approximate solution by introducing 8k parameters which account for small modifications of the
approximate solutions away from a (large) compact set. In particular, we allow to translate and
rotate slightly the ends of the curves y,, ; and, at the same time, at each end we change w into any
Dancer’s solution ws ; with small parameters. As we will see in the proof, we will have to fix half
of these parameters leaving the other half free. This implies that the solutions we construct belong
to some 4k-dimensional family of solutions. This dimension count is in agreement with the result
in [23] which computes the dimension of the space of 2k-ended, positive, entire solutions of (1.1).

We will comment now on the relation between our result and the recent construction of an-
other family of entire solutions of (1.1) by Malchiodi [26]. His solutions are qualitatively very
distinct from ours, however they form a part of the same general class of multiple end entire
solutions. Indeed, away from a compact set, both constructions yield solutions which, along a
set of oriented half lines, are asymptotic to a finite number of simply periodic solutions of (1.1).
These periodic solutions are of two different types. While the ends of the solutions found in
the present paper resemble Dancer’s solutions, the ends of the solutions constructed in [26] are
asymptotic to infinitely many copies of the radially symmetric ground state. There is on the other
hand a strong evidence [1,4] that both types of asymptotic behavior can be seen as “extremes” of
a two-parameter family of solutions of (1.1). In view of this fact our solutions and those found
in [26] correspond to different parts of the compactification of the associated moduli spaces of
solutions of (1.1). A geometric analogue of this (which we will explore in the next section) fur-
ther suggests that, if they have the same number of ends, these solutions may belong to the same
component of the moduli space.

To complete our discussion in this section, let us mention that a similar construction has been
obtained by the authors of the present paper for the Allen—Cahn equation

Au+u—u3=0,

in R? [14]. In this case, Toda’s system also plays a central role in the construction but, in contrast
with the analysis of the present paper, the profile which is used to construct the approximate
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solutions is neutrally stable and as a result there is no bifurcation phenomena which would lead
to simply periodic solution as in the case for (1.1). In particular there are no analogues of Dancer’s
solutions and this simplifies considerably the technical analysis.

1.3. Geometric counterpart of the Dancer solution

One of the striking features of the existence result in Theorem 1.1, which is a purely PDE
result, is that its counterparts can be found in geometric framework. To illustrate this, we will
concentrate on what is perhaps the most appealing one: the analogy between the theory of com-
plete constant mean curvature surfaces in Euclidean 3-space and the theory of entire solutions
of (1.1). For simplicity we will restrict ourselves to constant mean curvature surfaces in R* which
have embedded coplanar ends. In the following we will draw parallels between these geometric
objects and some solutions of (1.1).

Embedded constant mean curvature surfaces of revolution were found by Delaunay in the mid
19th century [9]. They constitute a smooth one-parameter family of singly periodic surfaces Dy,
for ¢ € (0, 1], which interpolate between the cylinder D; = S'(1) x R and the singular surface
Dy :=lim;_,¢ D;, which is the union of infinitely many spheres of radius 1/2 centered at each of
the points (0, 0, n), n € Z. The Delaunay surface D; can be parametrized by

X:(x,2) = (¢(2) cosx, p(2) sinx, ¥(2)) € D; C R,

for (x, z) € R x R/2xZ. Here the function ¢ is the smooth solution of

2 2
n2 -+t 2
(¢)+< 5 )—<p,

and the function v is defined by

o= @*+1t
=
As already mentioned, when ¢ = 1, the Delaunay surface is nothing but a right circular cylin-
der Dy = S'(1) x R, with the unit circle as the cross section. This cylinder is clearly invariant
under the continuous group of vertical translations, in the same way that the single bump-line
solution of (1.1) is invariant under a one parameter group of translations. It is then natural to
agree on the correspondence between

The cylinder The single bump line
Di=S'xR (x,2) = w(x)

Let us denote by w, the unique radially symmetric, decaying solution of (1.1). Inspection of
the other end of the Delaunay family, namely when the parameter ¢ tends to 0, suggests the
correspondence between

The sphere The radially symmetric solution

stap |7 (x,2) > wa(VxZ +22)
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It is tempting to extend this correspondence for the whole range of the Delaunay parameter by
associating the “intermediate” Delaunay surfaces with the Dancer solutions. To do this, first of
all, we need to find a curve in the function space that would represent these solutions. However,
since we do not have any explicit formula for the Dancer solution it is not immediately obvious
how this curve should be defined. A natural possibility is to built a one parameter family solution
of (1.1) by using the variational structure of the problem as follows: let St =R x (0, T) and
consider a least energy (mountain pass) solution in H'(Sr) for the energy

1/|Vu|2+1/uZ—L/u”“,
2 2 p+1J) T

St St St

for T > 0. We denote the least energy solution by u7. Let us summarize what has been proven
about it as T varies between 7T = 0 and T = oo in [4]. In general the curve T + ur is analytic
except for possibly finitely many 7" (see also [1] for related results). After translating and reflect-
ing with respect to line z = 7'/2, it can be shown that for all 7 > 0, u7 > 0 must be even in x and
with respect to the line z = T'/2, it has a maximum located at (0, 7//2) and it is non-increasing in
x, z away from it. Moreover when T < T the least energy solution is precisely the homoclinic
while for T > Tj it must depend on 2 variables in a non-trivial way, and as long as T — 77 is small
it is the bifurcating solution described above. For T sufficiently large the least energy solution is
unique and as T — oo it converges uniformly over compacts to w;.

To give further credit to this correspondence, let us recall that the Jacobi operator about the
cylinder Dp corresponds to the linearized mean curvature operator when nearby surfaces are
considered as normal graphs over Dj. In the above parameterization, the Jacobi operator reads
J1= (8)% + Bzz +1). In this geometric context, it plays the role of the linear operator L which is the
linearization of (1.1) about the single bump-line solution w. Hence we have the correspondence

The Jacobi operator The linearized operator
Ji=(02402+1) L=92+82—1+ pwr~!

Notice that the emergence of the family of Delaunay surfaces due to the loss of stability of a
cylinder when its height varies is the analogue to the emergence of the Dancer solutions through
a bifurcation from the homoclinic branch at T = Tj.

In our construction bounded elements of the kernel of the linearized operator L play a crucial
role. As we will see they correspond to the natural invariances of the problem: two translations
and the derivative of the solution with respect to the Dancer parameter e = T — T taken at ¢ = 0.
Viewed this way they turn out to have the same geometric interpretation as the bounded elements
in the kernel of the Jacobi operator Ji, which again correspond to translations (3 this time) and
the derivative with respect to the Delaunay parameter. Considering, more generally, the elements
of the kernel with at most polynomial growth we have in the case of the homoclinic additionally
one more function that corresponds to the rotational invariance of the operator and in the case
of Dy two more functions which represent the rotations of the surface about the two coordinate
axes that are orthogonal to the axis of the cylinder. Counting gives the 4-dimensional kernel of
geometric eigenfunctions for the homoclinic and the 6-dimensional kernel in the case of Dy,
but the difference comes from the number degrees of freedom in R? versus R3. This geometric
eigenfunctions are commonly called the geometric Jacobi fields.
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With these analogies in mind, we can now translate our main result into the constant mean
curvature surface framework. The result of Theorem 1.1 corresponds to the connected sum of
finitely many copies of the cylinder S'(1) x R which have a common plane of symmetry. The
connected sum construction is performed by inserting small catenoidal necks between two con-
secutive cylinders and this can be done in such a way that the ends of the resulting surface
are coplanar. Such a result, in the context of constant mean curvature surfaces, follows at once
from [31]. It is observed that, once the connected sum is performed the ends of the cylinder have
to be slightly bent and moreover, the ends cannot be kept asymptotic to the ends of right cylinders
but have to be asymptotic to Delaunay ends, in agreement with the result of Theorem 1.1.

In fact in [31] a 4k parameter family of constant mean curvature surfaces whose ends are
asymptoticly Delaunay is constructed.

There is yet another difference between the two cases which indeed is much more substantial.
The Toda system which governs the location of the multiple bump lines does not have a counter-
part in the connected sum construction of the constant mean curvature surfaces. This difference
is due to the strong interactions between the bump lines in the context of semilinear elliptic
equations.

Another (older) construction of complete noncompact constant mean curvature surfaces was
performed by N. Kapouleas [21] (see also [30,32]) starting with finitely many halves of Delaunay
surfaces with parameter ¢ close to O which are connected to a central sphere. The corresponding
solutions of (1.1) have recently been constructed by A. Malchiodi in [26].

It is well known that the story of complete constant mean curvature surfaces in R> parallels
that of complete locally conformally flat metrics with constant, positive scalar curvature. There-
fore, it is not surprising that there should be a correspondence between these objects in conformal
geometry and solutions of (1.1). For example, Delaunay surfaces and Dancer solutions should
now be replaced by Fowler solutions which correspond to constant scalar curvature metrics on
the cylinder R x §"~! which are conformal to the product metric dz> + g gn—1, whenn > 3. These
are given by

4
vn-2 (dzz —+ gSnfl ),
where z — v(z) is a smooth positive solution of

2 n—2 2n 2
(V)" —v?+ Vil = — =72,
n n

When 7 =1 and v = 1 the solution is a straight cylinder while as 7 tends to 0 the metrics
converge on compacts to the round metric on the unit sphere. The connected sum construction
for such Fowler type metrics was carried out by R. Mazzeo, D. Pollack and K. Uhlenbeck [33]
(where it is called the dipole construction). N. Kapouleas’ construction mentioned above is due
to R. Schoen [39] (see also R. Mazzeo and F. Pacard [29,30]).

2. The Toda system and its linearization
2.1. The Toda system

In the sequel we will consider vector valued smooth functions g: R + R¥. To measure the
size of such functions we will use weighted Holder spaces Cﬁ’“ (R; R¥) with the norm:
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”gllcg"‘(R;Rk) = || (COShZ)Gg”CZ,M(R;Rk)-

In this paper the Toda system (1.9) plays a crucial role and thus we will begin with outlining
the basic theory of this system and its linearization, see [22,34] for details. It is convenient to
consider our problem in a slightly more general framework than that of the system (1.9). Given

functions ¢;(z), pj(z), j =1, ..., k, we define the Hamiltonian
pz k—1
_ rj _ (qj—qj+1)
H_le+V, V-Z}el i+,
j= j=

We consider the following Toda system

4 _
dz »
dp;j _ oH
dz N 36]]"
9;(0) =qo;, pj@) =poj, j=1,....k. 2.1

Observe that the center of mass moves with constant velocity and the momentum remains con-
stant because, if

k k
dai=ad. D poj=p. 2.2)
j=1 j=l1
then from Z];':I q}’(z) =0 it follows that:
k
D a0 =pz+q.
j=1
We will now give a more precise description of these solutions and in particular their asymp-

totic behavior as z — £00. To this end we will often make use of classical results of Kostant [22]
and in particular we will use the explicit formula for the solutions of (2.1) (see formula (7.7.10)

in [22]).
We will first introduce some notation. Given numbers wy, ..., wi € R such that
k
D w;=0, and w;>wjy, j=1,....k (2.3)
j=1
we define the matrix
wo = diag(wy, ..., wi).

Next, given numbers g1, ..., gk € R such that



M. del Pino et al. / Advances in Mathematics 224 (2010) 1462—-1516 1473

ngzl, and g; >0, j=1,...k, (2.4)

we define the matrix
go = diag(g1, - -, &k)-
The matrices wg and gp can be parameterized by the following two sets of parameters
Cj=Wj —Wj41, di =loggjr1—logg;, j=1,...,k. (2.5)
Furthermore, we define functions @ (go, wo; 2), 2 € R, j =0,..., k, by

Do=Pr =1,
®j(go. woi ) = (=)D Ny (wo)gi, - iy exp[—z(wiy + -+ wi))]. (2.6)

1<i;<-<ij <k

where r;, o (wp) are rational functions of the entries of the matrix wg. It is proven in [22] that
all solutions of (2.1) are of the form

qj(z) =log®;_1(go, Wo; 2) — log @;(go, Wo;2), j=1,...,k 2.7

Namely, given initial conditions in (2.1) there exist matrices wg and go satisfying (2.3)—(2.4) and
the solution is given by (2.7). According to Theorem 7.7.2 of [22], the following holds

q.’j(—i—oo):wkH_j, q}(—oo):wj, j=1,... k. (2.8)

We introduce the variables

Uj=4qj—4qj+i- (2.9)
In terms of w = (uq, ..., ux—1) the system (2.1) becomes
u +Me" =0,
uj(0) =qoj —qoj+1,  u;(0)=poj —poj+1, j=1....k—1, (2.10)
where
2 -1 0--- 0
-1 2 —=1--- 0 el
M= & .oooet=1
o --- 2 -1 elk=1
0 -1 2

As a consequence of (2.6) all solutions of (2.10) are given by
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uj(z) =q;() —qj+1(2)
= —2log ®;(go, Wo; 2) +log @;_1(go, Wo; 2) +1log @1 (80, Wo;2).  (2.11)
Conversely, given a solution u of (2.10) and p, g € R, the functions
1 j—1 k—j
q,-:z(. Oiui—X(;iuk_i)+ﬁz+é, (2.12)
1= 1=

for j =1,...,k (we agree that ug = uy = 0), are solutions of (2.1) satisfying (2.2).
We will need the following result which is proven in [13]:

Lemma 2.1. Let wq be such that

mir}( l(wj—w]'+1)=1? > 0. (2.13)
Then there holds

(2.14)

- —cr—jz —dg—j + 1@+ 0@, asz— foo, j=1,....k—1,
u; =
P cjz+dj+75 @ + 0@, asz— —o0, j=1,... k=1,

where rji (¢) are smooth functions of the vector ¢ = (c1, ..., Ck—1)-

To find a family of solutions of the Toda system (1.9) starting from a solution of (2.1) we
calculate the functions ¢; using (2.12) and set

. k+1 1
fi(@) =qj@) + (J - T) log —. (2.15)

Cp

Observe that as a consequence of Lemma 2.1 we get that there exist w;, g;, j =1,...,k such
that (2.3) and (2.4) hold,

min (w; —w;q) = >0,
J=1,...k

and functions f; satisfy

177 N o sy 3= £ (cosh )" | oy < €

fi)=a+ jz+bs;+ O((coshz)fﬂ), 7 — t+oo. (2.16)

We also have, taking ¢ smaller if necessary:

minlat j —ax j—1| 2 0. 2.17)
J
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2.2. The linearized Toda system

Given a solution of the Toda system (1.9) we will consider its linearization:

cpyh’ +Nh=p, h=(,...,h), N=(Ny,...,No)T, (2.18)

where

Nj=—efi-17lie;_; + [efi—l_fi + efj—fj+1]ej —efii7ligjyy, (2.19)
and e; are the vectors of the canonical basis in R¥. Thanks to the results of Lemma 2.1 and in
particular estimates (2.16), (2.17) the rows of the matrix N decay exponentially as |z| — co. Also

we observe that the set of fundamental solutions of the system (2.18) is given by the following
2k functions:

where ¢}, d; are the parameters given in the statement of Lemma 2.1 and p, g are the parameters
in (2.2). The kernel of the system (2.18) is given by

K= span{vg., v?. }

Notice that the functions Vg are linearly growing, while vt} are bounded as |z| — oo. In fact from

Lemma 2.1 it follows:
VS. () = aijz + bi’j + (’)((cosh z)*ﬁ),
v? (z) = bi’j + O((cosh z)*ﬁ). (2.20)
Let x*, x~ be smooth cutoff functions such that x*(z) =1, z> 1, x7(2) =0, z <0,

x~(2) = xT(—z) and finally x ™ + x~ = 1. We will define a 4k-dimensional deficiency space
by

D= Span{xivg., Xiv;}.

Let us observe that the kernel /C of the linearized Toda system is a 2k subspace of D. Therefore,
we can certainly decompose

D=K®E, 2.21)

where £ is a complement of K in D. With this decomposition at hand, we have the following
result which follows from standard arguments in ordinary differential equations.
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Lemma 2.2. Assume that 6 > 0. Then the mapping
T:Co" (R;RY) @ € — Co* (R; RY),
vi> cpv’ + Ny,
is an isomorphism.
The proof of this lemma can be found in [14].
2.3. Another important ODE

We will finish this section with a discussion of a simple problem which, however not directly
related to the Toda system considered above, plays an important role in the sequel. The problem
we have in mind is the following:

' +rle=g, | (coshz)?g || o, &) < 00 (2.22)

We are interested in solutions of this problem which decay exponentially at both foco0. It is clear
that if we define

Z Z
1 1
e(z) = — cos(kz) f g(¢)sin(k¢)de + - sin(kz) / g(¢)cos(k¢)de, (2.23)

then this function is the unique solution which decays exponentially at —oo. If we assume that
in addition

[ sosinworac=0. [ s@costecrde =0, (2.24)
—00 —00
then we have
|| (coshz)eeHCz,M(R) < 00, (2.25)

as required. The necessity of imposing the extra condition (2.24) has important consequences
on our construction of solutions of (1.1) with multiple bump lines. As we will see it is precisely
because of (2.24) that we can fix arbitrarily the amplitudes and phase shifts of only 2k ends (say
all lower ends if we chose so) of the bump lines and we need to adjust suitably the amplitudes
and the phase shifts of the remaining 2k ends (say upper ends) and thus we have only 2k (and not
4k as one might expect) free parameters corresponding to the amplitudes and the phase shifts.
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3. The approximate solution
3.1. Local coordinates near model bump lines

We will fix from now on a solution f of the Toda system sharing the properties described in
the previous section. We will also choose v € £. We will assume that

Ivile <o, 3.1

where k1 > 0 is a small number to be chosen later on. With these two functions at hand we define
foreach j =1, ..., k the model for a bump line to be the curve:

Vaj = {x=(x,2) €R? |x = fu,;(2) +vj (@)},

where fy, = (fu.1, .- -, fa.k) 1s the rescaled solution of the Toda system, see (1.10).
We will introduce local coordinates associated with each y,, ;. For the sake of convenience
we will denote fy(z) = f,(z) + v(az). We will fix the orientation of y,, ; in such a way that

the pair of vectors (Ty,;, Ny, j), where the unit tangent Ty ; = +(a f_ ’.,1) and the
’ ’ ’ [l4a(f) )2 7%/
1
V@ )?
evaluated at az). Let z; be the arc length on y ;, i.e.

unit normal Ny j = (1, —af! ;) are negatively oriented (and the functions fl j are

Z
zj :/\/1 —i—az(f:;’j)z(oe{)d{, (3.2)
0

and let go, j = gq, j(z ;) be the corresponding arc length parametrization.

As it turns out the true asymptotic behavior of the bump line is not exactly linear but it has an
extra exponentially small correction. This correction is an unknown to be determined, and in fact
this is one of the most important steps in this paper which involves the linearized Toda system
discussed in the previous section. To describe this perturbation we let h = (hy, ..., hi) to be a
fixed function such that

Bl g2 iy < 2, (3.3)

with some small parameter ». In the sequel we will use the function h of the stretched argument

az, namely we will write h(xz). To measure the size of this function it is more suitable to use the

weights of the form (cosh 2)?® rather than (cosh z)?. Thus we will see norms like || - || CL (R:RK)"
O ’

In general we have the following relations:

-

These relations will be used for the function h as well as for several similar type functions ap-
pearing below without special mention to them. Thus for instance from (3.3) and (3.4) it follows:

K2
”h”(jgl-x#(R;Rk) < o
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A neighborhood of the curve y, ; can be parametrized in the following way:

X=Xy j(Xj,2j) =qa,j(z;) + (xj +hj(azj~))Na,j(zj). 3.5)

Notice that #; = x; + hj(az;) is simply the signed distance to y,, ;. For this reason our local
coordinates can be seen as shifted with respect to the Fermi coordinates of the curve y, ;.

The distance function is not a smooth function in the whole R? however we observe that given
f,, v there exists a maximal subset of R2 in which ¢ j is a smooth function for j =1, ..., k. Using
the asymptotic (linear) behavior of f, (z), v(ez) and estimate (3.1) it is not hard to prove that this
set contains the set:

ng{XZ(x,z) ‘ |x|<§\/1+12},

with certain small constant ¢. Indeed, the Fermi coordinates are defined as long as the map
(tj, zj) = X is one-to-one. Using the fact that the curvature of each y ;,

ke, j(zj)~ o?(cosh zj)_ﬂ“,

and also the asymptotic behavior as |z ;| — oo:

1
fa,j(zj) ~ <O(Ol)|2j| + (’)<log a), Zj(l + O(Olz))>,

one can show that for each small ¢; and each sufficiently small « the Fermi coordinates are well
defined around y, j(z ) as long as:

1< 2214 22, (3.6)
o

Noting that the distance between y,, ; and any other curve, say ¥,;, behaves like

o _ 1
dlSt(Va,j(Zj)v Vol,i) ~ 0|z + 0<log ;>,

we conclude that the constant ¢ in the definition of the set V. can be taken as small as we wish
and also, using (3.3), that it can be chosen in such a way that:

B
xeV, = |xj|=\zj—h,-(azj)|<;f 1+z§, X = Xo (%), 2)). (3.7)

To accomplish this it suffices to take V. to be the intersection of all the sets where (3.6) is
satisfied.
In the sequel we will use convenient notation: for a given function f: V. — R we set:

Xqjf(xj.2j)=(f 0 Xa )%}, 2)). (3.8)
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We will also need a simple relation between the coordinates x; and x;, which follows from the
definition of the curves y,, ; together with elementary geometry. By definition of the coordinates
(3.5) we get:

%i = [4a.j(2)) = 4a.i (z0)] (1 + O(e?)) + O(e2) + (1 + O(e?)),
zi=z;(1+0(e?)) + O()(x; — x;) + O(a'T2). (3.9)

Since
Ga,i(Z2}) — qa,i(zi) = O(@)(z; — z;),
in V. we have
xj —x; =2(i — j)log & +0(a?)x; + O(@)z; + O(a?), (3.10)
Z,‘—ZjZO(Olz)Zj‘i‘O(OllOgé)+O(O€3)X]‘ (3.11)
as « tends to 0.

3.2. Laplacian in the local coordinates

It will be useful to have the expression of the Laplacian in the coordinates defined in (3.5).
Let kg, j be the curvature of the curve yy, j, which in its natural parametrization is given by:

@ fy (@) N EYEa—
ke, j = = = zj= \/1+oz (fa,j(“§)) deg. (3.12)
(1 +a?(f, ;(@z)?)? 0
We define the function A; by
Aj=1—(x;+hjky,;.

With this notation the following expression for the Laplacian is easy to derive:

1 A§ +a’(h)? ah’; alt 1
3= () o (G ) o () s (5504
This formula can be written in the form:

A= 8}2(j + 8% +a11,j8>2<j +a12,j0x;z, +022,j8§j +b1,j0x; +b2,j3§j, (3.13)

where:
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201,/ \2 / 2
) 2k, 1— A2

all,j:T, alz,./z—v, azz,jZT
J J J

)

1 2
by j= yE (—kajA% —?h[Aj + o (1)) kaj — a(xj +hRK, ;).
j

1
by j= F((hj + %)k}, ;). (3.14)
j

The reader should keep in mind that functions /1, k, ; are taken as functions of « z ;. Additionally
we recall that

ka’j = OC;&)L(R) (az), k(;)] = OCZ‘“(R) (Ol3),

Qo
and consequently, taking into account (3.7), we have:
2 2
a,j = ch&ﬂ(R) (), ap,j= chif(R)(a)’ an,j= ch&u(R)(a (L4 1%;1)).

2 3
b]yj ZOC&”(R)(O{ (1+|Xj|)), bz‘j :ch&M(R)(Ot (1+|Xj|)). (3.15)

3.3. Asymptotic formulas for the homoclinic and the Dancer solution
In this section we will list some well known or standard properties of the functions we will

use in the sequel. We will use them without making any special reference since there are rather
ubiquitous. First we recall that for the homoclinic solution defined in (1.2) we have:

wx) =e M+ 0(e™), as|x| - oco.
Second, let us recall that the linearized operator
Lo=32— 1+ pw’™!, (3.16)

has a unique principal eigenvalue A > 0 with corresponding eigenfunction Z(x) > 0. In fact we
have

wP+D/2

/fIR wpt1 '

1
A= (p=Dp+3), Z=

and in particular

+1
Z(x) = e 7l +(9(e_(p+1)‘x|), as |x| = oo.

It is also known that A, = 0 and the corresponding eigenfunction is w’ while the rest of the
spectrum is strictly negative.
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Finally, using the results of [8] and the standard facts about the bifurcating solutions, with the
aid of barriers, we find that the Dancer solution ws ; has an expansion of the form

ws, ¢ (x,2) = w(x) +8Z(x) cos(y/r1z) + T Z(x) sin(v/a12) + O((181 + Iz1*)e M),

for all small 8, t. This estimate is valid uniformly in x € R and in z belonging to some interval
whose length is equal to a period of w; ;.

3.4. Definition of the approximate solution

Before giving a precise definition of the approximate solution let us explain the ingredients
from which it is built. Considering just one of the bump lines we require that its lower and upper
ends be asymptotic to two (possibly distinct) Dancer solutions. These two functions are “glued”
together using some cutoff function. Let us observe that the amplitudes and the phase shifts of
the ends do not change along the end of the bump line but instead are fixed. This is possible
because the ends, whose shape is determined through the Toda system, are asymptotically linear.
However, in the middle the bump line is curved and there the amplitude and the phase shift
must be allowed to vary. This is quite analogous to bending of a corrugated, plastic pipe which
“wrinkles”, is stretched on the outside but piled up on the inside. To achieve this extra degree of
freedom a function, whose local form is given by e;(az;)Z(x;) is added to our approximation.
Comparing with the asymptotic formula for the Dancer solution we see that this form of the extra
correction to the approximate solution is natural.

Let us be more precise now. We will consider vector functions e € Cg “*(R; R¥) with the prop-
erty:

lell gz g ey < @ (3.17)

where «3 is a small number to be chosen later on. In addition we will use 4k real parameters
8+ =(0+1,...,6+ k) and T+ = (T4 1, ..., T+ k), such that with some small k4:

84l + llTall < o't5s. (3.18)

Denoting by w the homoclinic solution, by ws ; the Dancer solution of (1.1) and by Z the
principal eigenvector of the operator L defined in (3.16) we define (using the notation (3.8)) the
functions:

Xg jw (%), 2j) = wsy ;oe (X, 2)),
Xo jwo,j(xj,2)) = w(x;),
X;,ij(Xj,Zj)ZZ(Xj). (319)
Now, let £+ > 0, &y > 0 be cutoff functions such that

Er()+Eo)+E-()=1, VieR,
supp &4+ = (1, 00), supp &g = (-2, 2), supp Z_ = (—o0, —1),
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and let
* ~ . ~ * ~ . (=
Xa,j:‘:t,j(xjv Zj) = ci(aZj), Xa,j:’(),j(xj7 Zj) = do(Ole).
We will introduce the following convenient notation:
wj = &4 jwi j+ o, jwo,; +E- jw_ ;. (3.20)

Given these notations we will define the approximate solution of (1.1) in V¢ by:

k
D) =Y wj+ej@z))Z;. (3.21)
j=1

Notice that w depends on the parameters f,, v, h, e, §+, T7+. We will not emphasize this depen-
dence unless necessary. Taking now a smooth cutoff function n. supported in V¢ and such that
ne=1in V% we define the global approximate solution of (1.1) by:

k
wi= n;(ij—i—ej(aZj)Zj):ngﬁ). (3.22)

j=1
4. Proof of Theorem 1.1

4.1. Reduction to the nonlinear projected problem

For the proof of the theorem it is convenient to modify (1.1) slightly. As customary we will
consider initially

Au—u+ulfl =0, 4.1

where u is the positive part of u. The modification of the nonlinearity has no effect on the

preceding considerations. Also, once the existence of a solution of (4.1) is established, as an

immediate consequence of the maximum principle we will obtain the existence for (1.1) as well.
Let p be a cutoff function such that

Lo IsI <3,
p(s) = 7 “4.2)
0, I[s[>3.
We define:
5
X5 P = p(—ﬁ) 4.3)
log ~

o

Finally, we define the function wy, j by:

/ /
X;’jwo’j =w'(x}),
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where w is the homoclinic solution of (1.1).
We look for a solution of (4.1) in the form u = w 4 ¢ where ¢ is a function to be determined.
Denoting by S(#) the nonlinear Schrédinger operator in (4.1) we expand:

Sw+¢) =Ly + Sw) + N(p),
where S(w) is defined in (4.15) and
Lo =A¢ — ¢+ pw’ o,
N(@) =W+ —w’ — pu’'p.

This way our problem can be written in the form:

Lo+ Sw)+ N(p) =0,

and in principle it should be possible to reduce it to a fixed point problem for the nonlinear
function

¢ +L7H(Sw) + N(p) =0,

provided that the operator . ™! is, in a suitable sense, uniformly bounded. But this is of course
what we do not expect in general since in some sense L is a small perturbation, at least near a
fixed bump line, of the operator

L=032408>—1+pwP,
which has bounded kernel spanned by the functions w’(x), and Z(x) cos(+/A12), Z(x) sin(v/A12).

To deal with this (indeed fundamental) difficulty we will reduce the problem to the following
projected nonlinear problem:

k k
Lo + S@) +N(@) + Y cjwy ipj+ ) d;Zjp;=0. (4.4)
Jj=1 j=1
In the following sections we will describe:
(1) how to solve (4.4) for the unknowns ¢ and ¢ = (c1, ..., ), d=(dy, ..., d;) with given
fixed parameters v, h, e, §1, T4, and

(2) we will show how to adjust these parameters to achieve ¢ =0, d=0.

This clearly will yield a solution to (4.1) (and (1.1)) as described in Theorem 1.1.
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4.2. The decomposition procedure

In this section we explain how to decompose the projected nonlinear problem into k + 1 cou-
pled equations. The advantage of this procedure is that we can deal separately with k problems,
each of which is associated with a single bump line, and an extra (k 4 1)st problem that accounts
for a cumulative, far field behavior of the bump lines.

To begin with we need to introduce cutoff functions x, x;, j =1, ..., k, as follows:
LoIsI<{
x(s) = ' 4.5)
0, Is|> 13-
We define:

—f> (4.6)
og

% X
o
Comparing this with the definition of the cutoff functions p, p; in (4.2)—(4.3) we see that

XjPj=pPjs xjxi=0, j#i 4.7

This last statement follows from the fact that the distance between any two model bump lines is
at least like 2log é + O(1) and the definition of ;.
We look for a solution of (4.4) in the form

k
o= _ojpj+V. 4.8)

j=1

It is straightforward to check that this function is the solution if we require that functions ¢;,
j=1,...,k, and ¢ satisfy the following system of equations:

xjLoj +cjw i xj +8;Zix; = xj(Sw) + N) = x; (L — A+ 1Dy, (4.9)

k k
(A—Dy = (1 - Zm) (SGn) + N) =Y [L(gipi) — pilghi]

i=1 i=1

k
— (1 —Zp,-)(]L—A+l)1p, (4.10)

i=1

where N = N(lezl ¢jpj + ¥). Indeed, multiplying (4.9) by p;, using (4.7) and adding all
the equations we get (4.4). This is a coupled system however the coupling terms are of lower
order (in o). Additionally the linear operator on the right-hand side of (4.9) expressed in the
local coordinates is a small perturbation of the basic linearized operator L already seen above.
We will take advantage of these facts in what follows.

We further recast (4.9)—(4.10). Clearly ¢; is a solution of (4.9) if
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[02, + 02 + g, (wo, N]X5 &7 = X5 jkj — X5 (cjwp ;X)) — X (@ Zxj),  (411)

where

X3 k= X5 DG (S + M) = X5 (L — A+ D)

— X5 i (Le)) + (Xa x5) (8%, + 02, + g, (wo, N]X5 ;0. (4.12)

Again this follows easily from (4.7). We observe that (4.11) can be seen as an equation in
(xj,z)) € R2. In particular functions X;’jmpj, as solutions of (4.11) are defined for all (x;, z;) €
RR?, although in reality these variables correspond to the local coordinates of . j in a subset of
RR? only. It is important to remember that this subset contains support of x i

Let us now consider Eq. (4.10). Denoting ¢ = (¢1, ..., ¢r) and the right-hand side of (4.10)
by O = Q(¢, ) we can write:

(A=Dy=0(.¥). (4.13)

This way (4.9)—(4.10) is reduced to the system of equations given by (4.11) and (4.13). This is
a nonlinear system for the unknowns ¢;, j =1,...,k, and ¥ with functions c; and d; to be
determined as well. Because (4.11) carries all long range interactions between the bump lines
we will refer to it and its modifications as the interaction system. Eq. (4.13) will be called the
background equation.

4.3. The error of the initial approximation

Let us analyze the right-hand sides of the (4.11), (4.13). We introduce the following weighted
Holder norms:

181l e gz, = sup ((coshx)7 (cosh ) b lcen 5, ) (4.14)

xeR2

The error of the global approximation w is defined by:

Sw) = Aw —w +w”’. (4.15)

This function depends in particular on the parameters v, h, e, §1, T+, and although this depen-
dence is usually not emphasized sometimes it will be necessary to denote:

Sw)=S(w;v,h,e 1, 71).

We always assume that these parameters satisfy the estimates (3.1), (3.3), (3.17) and (3.18) with
some fixed k; > 0,i =1, ..., 4. In particular we notice that the most involved is the dependence
of the error on h through the local variables (x, z ;). We will go back to this issue in more details
later.

We state the main result of this section.
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Proposition 4.1. The function S(w; v,h,e, 81, 1) is a continuous function of its parameters
and for each sufficiently small o the following estimate holds:

X5, O S @) o oy < Cor’s (4.16)

where 0 <o <min{p — 2, 1}, 8 € (0, ¥) and v is the constant defined in (2.13). Moreover S(w)
is a Lipschitz function of its parameters h, e, and denoting SO = S(w; v, h®, e®, 84, T4),
L=1,2, we have:

27 078 ) = X3 (7S eo. e

< C(a?|n® —n® [Em—— e — @ [Erp—." (4.17)

Observe that we regard the functions X; j( xjS(w)) as defined on the whole plane R2. This
is correct since these functions are supported in the region where the local coordinates are well
defined.

The proof of this lemma is fairly technical but standard (see [13,14] for similar results) and it
is postponed to Section 5. We should make a comment regarding the Lipschitz property (4.17).
We observe that expressing the error S in local variables (x i, Zzj) we have to use relations
(3.9) to express variables (x;, z;) in terms of (x;, z;). These relations involve the components
of the function h® as lower-order terms. Using the Implicit Function Theorem one can prove
that in fact local coordinates with respect to different bump lines are C>* functions of the local
coordinates of one fixed line.

So far we have estimated the error near the bump lines. Another proposition is needed to
estimate the norm in the complement of the sets supp p;. Recall that we have S(w) = 01in R2\ Ve.
We will denote

k
Ve =Ve\ | supppj.
j=1
Proposition 4.2. Under the hypothesis of the previous proposition we have foreach j =1, ..., k:
0 243
|(coshz;)"*S(w)| Conve) < Ca?tio, (4.18)

Similarly to (4.17) we have

(BN (4.19)

3
) < Cai? [« — h@ ||cg;y<Rk;R> +[e® — @ ||c§y<Rk;R>]-

(V¢

We prove this result in Section 5. Here we comment only that in Proposition 4.2 we consider
the error as a function of the variable x € R? and the weight function depends in particular on z,
since z; = z;(z) by its definition as the arc length parameter of y, ;.
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4.4. Existence of the background function
In order to solve the system (4.11)—(4.13) we will use the Banach fixed point theorem. A con-
venient way to implement it is to solve first (4.13) with given ¢. To accomplish this we need to

make some assumptions regarding the initial size of the functions ¢ ;. We will assume from now
on that the functions ¢; are chosen so that, given ¢ and 6 as in Proposition 4.1, we have

1%z 9l can oy <000 J=loiks (4.20)

We assume above that X* ;P is a function defined in the whole plane and the weight functions
are taken with respect to the variables (x;, z ;). We have the following lemma:

Lemma 4.1. Assuming that (4.20) holds there exists a unique solution of (4.13) such that for all
j=1,...,k we have:

k
|(coshz )y | @) < Ca4”(a +Z|\ X5 0| e (Rz)) 4.21)
j=1

In addition  is a continuous function of the parameters v, h, e, 8+, T4 and a Lipschitz function
of ¢ and also of the parameters h, e and the following estimates hold:

|| (cosh z)(y (¢(1)) - w(¢(2))) “Clﬂ(Rz)

CO“‘“ZHX @5 =) 2 gy 4.22)

and
[ coshz ) (w (0D, V) — v (0, V) 2 g,
< Cai® (2 [hy — hy|| 1 ller — el ) (4.23)
= P Rl ey T 161 ™ S22l el iy - :
The proof of this lemma is postponed to Section 6.
4.5. Invertibility of the basic linearized operator

We will develop now the main functional analytic tool needed to solve the system of
Egs. (4.11). Let us recall the definition of the basic linearized operator L in (3.16):

L=232+9>—1+puwP.
We will consider the problem of existence of the unique solution of

Lé=h inR? (4.24)
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which additionally satisfies:
fw/(x)qb(x,z) dx =O=/Z(x)¢(x,z) dx. (4.25)
R R

We will assume below that
/w’(x)h(x,z) dx :O:/Z(x)h(x,z) dx, (4.26)
R R

and

| (coshx)? (cosh 2)*R| oo, 2y < 00 (4.27)

(R?)
Proposition 4.3. There exists an ag > 0 such that given h satisfying (4.26)—(4.27) with o € (0, 1),
a € [0, ap), there exists a unique bounded solution ¢ = Th to problem (4.24) which defines a
bounded linear operator of h in the sense that
|| (coshx)? (coshz)?¢ ”CZ-M(]Rz) < C|(coshx)? (coshz)*h ”COvM(RZ)’

and ¢ satisfies additionally the orthogonality conditions (4.25).

The proof of this proposition is postponed to Section 7.

We will use the above theory to deal with the system of nonlinear and nonlocal equa-
tions (4.11).

4.6. Existence of solutions to the interaction system

Given what we said above we will describe the procedure that will give the solution of (4.11).
By what we said in previous section we are reduced to considering the following fixed point
problem

Xg 195 =T(X5 kj — X5 ;(cjwg jx;) — X5 ;@5 Zx))), (4.28)

where c¢; and d; must chosen in such a way that the orthogonality conditions in (4.26) are
satisfied. These conditions read in this case:

2
C/[Xéi,j((wé,j) Xj)dx; Z/Xfi,j(k/wé,j)dxjw

R R
dj/X;’j(szj)dxj:/X;’j(ij)de. (4.29)
R R

Let us make a comment about the structure of the system (4.28). Of course it can be written,
alternatively as a system of PDEs:
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[0, + 02, + 8, (we) X5 ;6 = X5 ik — X5 j(cjwh xj) — X5 /(4 Zx)). (4.30)

This system is coupled only through the background function v (hidden in X* ,k ) considered
in each equation restricted to the set supp x ;. As given in Lemma 4.1 this functlon is a function
of X = (x,z) € R2. Since we can express these variables in terms of the local coordinates in
supp x; C V¢ we are justified in writing something like X;y j (x;j¥). Similar observation applies
to other functions appearing on the right-hand side of (4.30). The key point is that functions
X; jk j are supported in V¢ where the local coordinates of all curves y,, ; are well defined.

We will examine the size of the functions X;’Z jk ;j in the weighted Holder norms.

Lemma 4.2. We assume that
3
| X% 0 Hé;g‘a(Rz) <ai’. (4.31)
With the notations of Proposition 4.1 the following estimate holds for j =1, ..., k:

|15 ikj ||COM(R2) Co? —I—Casf’Z”Xalqsl “Czu ®): (4.32)
i=1

Moreover, functions X, * k are Lipschitz as functions of ¢ and we have
1 2
”X;,jkj (¢( )) - X;,jkj (¢( )) Hcg*ga(RZ)

k
< Cas® >olxe, s = X207 | oy (4.33)

We will prove this lemma in Section 8.
We now turn our attention to functions c;, d; given by (4.29). It is easy to see that we have
in fact:

el o gy + 14 g gy < <C| X5 ikj ||Co;1 ) (4.34)
and consequently,
15 (ciwnxidleon gy +1%a 1@ Zxp on g,
<CIXG kil con ey

Ca +CO(8(TZ||XQZ¢I ”Czi’- (R2)’
i=l

by (4.32). The Lipschitz property of the functions c;, d; in terms of the unknowns ¢; is also
clear. Using these facts, the results of Lemma 4.2 and (4.28) we can apply Banach contraction
mapping theorem to conclude:
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Proposition 4.4. The interaction system (4.28)—(4.29) has a unique solution ¢ = (¢1, ..., Pk)
such that

k
ZHX?i, i3l ey < Co’. (4.35)

The proof of this proposition is rather straightforward. We need to set up the fixed point
scheme for the operator defined in (4.28) in the space of functions ¢ : (R%)* — R¥ with the
weighted norm defined, component by component, as in the statement of the proposition. We do
this in the set of functions satisfying in addition (4.31). Observe that while X* ]k depends on
the component functions of ¢ the coupling between the equation is only through the operator ¥/,
which is nonlocal but easy to handle thanks to Lemma 4.1. We leave the details of the proof to
the reader.

In the sequel we will need one more property of the solution of the interaction system. We
observe that X;’ j¢./ is a function of the parameters v, h, e, §1, T4. As for the nature of the
dependence of X ; j¢ ; on these parameters we have:

Lemma 4.3. The solution of the system (4.28)—(4.29) is a continuous function of the parameters
v, h, e, 61, T+ and a Lipschitz function of h, e. Moreover we have:

[X7 ¢, (0", eV) — x{770; (0P, &) ez w2y

< Ca?|[h® —h®@ ||cgy(Rk;R> +CleM —e? ||cg$(Rk;R)_ (4.36)

To prove Lemma 4.3 we observe that the operator defined in (4.28) is a uniform contraction

in the set of functions satisfying (4.31) as long as (3.1), (3.3), (3.17) and (3.18) are satisfied. In

addition for each fixed ¢ the right-hand side of (4.28) is a continuous function of the parameters

v, h, e, 8+, T+ and Lipschitz function of h, e. This follows from Proposition 4.1, Lemma 4.1.
From the Banach contraction mapping theorem we conclude that (4.36) holds.

We will finish this section with the discussion of the rate of decay of ¢, the solution of (4.4)
which is given by (4.8), namely

k
‘P=Z¢jpj +v,

j=1

in terms of the original variables x = (x, z) rather than the local variables. We observe that
whenever

2
HX;,j(pjd)j)ch'g (R2) < Ca?,
then
||,01¢J||C2;L€ R2) < Caz—c*(k—H) (437)

since, thanks to (3.5), we have:
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1 1
x:x]~(1+(’)(a2))+2j(’)(a)+2(j—]%>log;. (4.38)

Of course in (4.37) we must take o, < o and 6, < 6. Estimate of a similar type can be shown for
the background function i as well, by a slight modification of the proof of Lemma 4.1 (see also
Remark 6.1 in Section 6). Thus taking o, sufficiently small we get:

ol ey < Cot
which is the estimate we claimed in the statement of Theorem 1.1 (see (1.8) in Definition 1.1).
4.7. Derivation of the reduced equations
In order to finish the proof of Theorem 1.1 we need to adjust the (so far undetermined) pa-

rameters v, h, e, §+, T+ in such a way that c; =0, d; = 0. In other words, according to (4.29),
we need to solve:

/‘X;j(kjw(/),j)de =0, (4.39)
R

/X;’j(ijj)de =0. (4.40)
R

We will refer to (4.39) as the reduced system. We will first show that it is equivalent to a nonlinear
and nonlocal system of second order in variables h = (h1, ..., h;) and e = (eq, ..., ex). Thisis a
system of 2k equations with 2k unknowns. At main order, the first k equations which determine
h have the form of the linearized Toda system discussed already in Section 2. In particular a
solution which decays exponentially exists only if we can choose suitably the unknown function
v = (v1,..., vt). On the other hand, at main order, the system for e consists of decoupled linear
equations of the form considered in Section 2.3. As already mentioned, each of the k equations
requires 2 extra solvability conditions if we seek solutions in the exponentially decaying class.
These requirements lead to 2k constraints on 4k parameters §4, T+. Considering (4.39) we have
the following

Proposition 4.5. Eq. (4.39) is equivalent to the following system of equations:
cpth+v)"+Nh+v)=P, h=(h,....h), v=(v1,..., ), (4.41)
and N = (Ny,... ,Nk)T, where
Nj=—efi-17lie;_; + [gf/'—l_fi + gfj—fj+1]ej —efivlivig;yy, (4.42)
and where e are the vectors of the canonical basis in RX. The function P satisfies:
v
1Pl gy < Cr™ (4.43)

where we choose
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3
V] =min{1 — [y 260 — oy 260 — o, 1+ kg — K2 + K4 — 2° —M},
provided that (3.1), (3.3), (3.17) and (3.18) are satisfied. The constant c,, is defined by

w’)? dx
cp= Jr( _)1 : > 0. (4.44)
—p [gwP~lw'ex dx

In addition P is a continuous function of v, h, e, 8§, T4 and a Lipschitz function of h, e and we
have:

[P(®,eV:) = PO ) o g

< Ca" 7 (|nD =P 0. + e — @] o (4.45)
0 0

(R;R¥) (R;Rk))'
Proof. It is not hard to show that the main order terms in the projection of the function X;’jk j
onto w(/)’j come from the projection of X; j (x;jS(w)). Accepting this fact for now (in Section 9
we will provide some more details to justify this claim) we will focus on computing the asymp-
totic form of this term. In order to make the calculations more accessible we will assume that
k = 2. This way we are able to emphasize the important points without obscuring them with com-
plicated notations. We will compute first the projection of X:;’l( Xx1S(w)) onto w(’)’ |- Expressing
A in local coordinates, using the notation (3.13)—(3.14), and neglecting the lower-order terms (in
o) we get

/X;l(xls(w)w(/)yl)dxl ~/b1,1(axlwo,1)2dx1 +p/wg’71w0,zaxlw0,1dxl. (4.46)
R R R

In Section 9 we will show that the difference between the left and the right member in (4.46) is
negligible. Now to compute the integrals we use (3.14) to get:

/bl,l (0%, wo.1)% dx
R

_ — 2
= /(ax1 wo,1)*[~ka 1 AT — &? R AT + o () kayt — (1 + h1)RYK, ] dx
R

2 _
— (] 1)) / ()" dx + Ogo g (0 u)(||h1||é§,u(R) + 1l f1||é3.ﬂ ®) 44D
R

where we use (3.12) to replace ko1 by f{'. Notice that the exponential weights we take are like

(coshz)?. In other words, in estimating P we take Cg’“ (R) norm instead of Cg"x“ (R), which is
the norm in which we have actually measured the errors. This entails loss of a power of @ hence
the remainder is a factor of «3~#. This small detail, which we have already mentioned in (3.4)
will be present in all subsequent calculations. Finally we remind the reader that, in the above, all
functions of the arc length z are taken of the scaled argument «z;.

To compute the second term in (4.46) we will use a refinement of (3.9) which reads:
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x2 = [qa,1(21) + h1(@z1) — go,2(z1) — ha(az)) ] (1 + O(a2“‘))

+ (9(052_”)21 + O(oﬂ‘” log é) + % (1 + O(az_“)). (4.48)
Using this we can write:

p—1
/ ) wo,20x, Wo,1 dx1

R

= / wP ™ GeDw Dw (%1 + Ga,1(21) — Ga2(21)) dxy
R

+ / w? ! Gew’ (e [w(x2) = w(x1 + Ga1(21) = Gu2(21) ] dx1, (4.49)
R

where o, j(21) = qa,j(z1) + hj(az1). To evaluate the first integral above we observe that its
leading order terms come from integration over the set where |x| < % log %, which means x, <
—% log al + O(1). Using the asymptotic formula

w(x) =e W + O((coshx)_z),

and denoting:

c1 = <pf wP = ow’ (x)e” dx),

R

we get:

/wp_l(m)w/(Xl)w(Xl + G, 1(21) — da,2(z1) — ha(az1)) dx)
R

= c1xp(d1(21) = G2 (20) (1 + O (371))

=cja?e1@N=L@2) 4 ¢ g2 i@20=0020 (1) (0z)) + vi(@z1) — ha(ez1) — v2(az1))
(). (4.50)

+Ocnm

The second term in (4.49) can be estimated in a similar way. Notice that since w’(x) <0, x > 0
therefore the factor ¢; = p [p w”~!(x)w’(x)e* dx < 0.

In combining (4.47), (4.49) and (4.50) we use the fact that f is a solution of the Toda system
(1.9). In this manner we get:

cp(hy +v1)" + e (hy F ) —hy — o) = ch-M(R)(aUI)-
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Analogous calculations can be done of course for the projection onto w(’),z. This gives the as-
sertion of the proposition, (4.43), except for the detailed calculations which we will discuss in
Section 9.

Finally, for the continuity and the Lipschitz property (4.45) of P we observe that the former
follows from the corresponding statements for S(w), ¥ and ¢, see Proposition 4.1, Lemmas 4.1,
4.3 respectively. The details are somewhat tedious but at the same time standard. O

We will now turn our attention to the second projected equation (4.40). We have:

Proposition 4.6. Formula (4.40) is equivalent to the following system of equations:

y M
e +_2e=Q7 (451)
o
where
QU o ey < Cr' (4.52)
In addition statement (4.45) holds, with obvious modifications, for Q in place of P.

Proof. We will again present simply the main point in the proof and postpone some details to
Section 9. We consider the leading order term in (4.40)

/X;Vj(XjS(W))X;,ij de
R

~ /[aij +0; + &, (wx))](ej(@z)Z(x))xj Z(x)) dx;. (4.53)
R

The terms that we have neglected above are of smaller order, and in fact they satisfy an estimate
similar to (4.52) but with an extra factor &>. We have in particular interaction terms similar to
the ones considered in (4.49) but with Z(x;)Z(x;) in place of the products wo,_jwp,;. Because
we have Z(x) ~ e~ %™l as |x| - oo with ap > % we can neglect them in this case.

To calculate the right-hand side of (4.53) we use the fact that Z is the principal eigenfunction
of 83{]_ + g;, (w(x;)). This gives immediately

sz’j(XjS(w))X;ijdxjN(aze}/(azj)—l—)L]ej(azj))(fode).
R R

Formula (4.51) follows after dividing by a?. The proof of the Lipschitz property is left to the
reader. O

Now we recall that from our considerations in Section 2.3 it follows that problem (4.51) is
solvable in the class of exponentially decaying functions if in addition to (4.40) the following
conditions hold:
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// X;‘j(kj 2)Z(xj) COS(\/ MM Zj) dxjdz;j=0,
RR
// X;’j(ij)Z(Xj) sin(\/ M Zj) dxjdz;=0. 4.54)
RR

We will now show that (4.54) leads to conditions on 8+ and T 4. Let us denote the first integral
above by 7';. We have (see Section 9 for details):

f/ 1 (X S(i) Z(x)) cos(Varz) dxjdzj + Oa'™),

where w; is defined in (3.20). With the notation (3.13)—(3.14) we get
X5 (SGup) ~[03, 402 Jwj + gp(w)), (4.55)

where the neglected terms give at the end contributions of order O(a!*1) to 7.
It is not hard to see that, after neglecting lower-order terms (cf. considerations in Section 5,
(5.1) and also Section 9), the following holds

[02, + 02 Jwj + gp(wj) ~ @?[E] jwy j+ & jwo j+ &7 jw_ ]
+2a[ +182/w+1 +u0]821w0] +5° szw_ J]
=012[E+ jwy j—wo )+ 87 (w —wo, )]
+2a[ +182/w+1 +5° azjw_,]

We note that by (3.3) we have:

Oz wa j ~ \/)TIZ[—SiJ sin(\/):z]-) + 14 cos(\/ﬂz]-)],
Wi j — wo,j ~ Z[Si,j COS(\/)Tle) + Ty Sin(\/)Tle)],

where the neglected parts are of order ch(Rz) ((16+, 12+ |, 12)(cosh x./)_l) and consequently
their contribution is relatively smaller. Denoting

O, = [8+,jcos(varz;) + taj sin(v/ 21 2)], go=/xzz, (4.56)
R
we calculate:

Tj N§O/[a251,j@+,j +2(XE_/i_’j@f|_’j]COS(\/EZj)de
R

+§0/[a25‘f’j@_,]‘+2a5/ o ]cos(fzj)dz]

R
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=Vho( — ).

Similar calculations can be done for the second integral in (4.54). Denoting it by A; we can
summarize our considerations as follows:

Lemma 4.4. With the notation introduced above it holds:
Yj=Vailo(ry ) — 1 ;) +O(a'™),
Aj =M@+ ) — 8- )+ O t). (4.57)

For future reference we will denote:

T =7 —vVMo(ry j— 1)),
Aj=Aj— /oy — 8- ),
and Y =(11,...,Tx) and A = (A, ..., Ap).
4.8. Solution of the reduced system

We will now complete the proof of Theorem 1.1. To this end we have to solve the following
system of equations (see Propositions 4.5, 4.6 and Lemma 4.4):

cp(h+v)" +Nh+v) =P(v.h, e, 81, 72), (4.58)
A
¢+ Te=Q(v.h e ds T2), (4.59)
o
{«/k_lzo(r+—r)=T(v, hoe i 74), (4.60)
\/)"—1(0(8%* - 87) = A(Vv hs €, 6:|:7 T:I:)'

Proposition 4.7. System (4.58)—(4.60) has a 2k parameter family of solutions in the sense that
for each choice of k components of the vector (§_,8.) € R*, and k components of the vec-
tor (t—_,t4) € R this system has a solution for the remaining 2k components of (§_,8.),
(t—, T4+) and the functions v, h, e.

Proof. First we choose «;, i € (0, 1), and 0 < 0 < min{p — 2, 1} in such a way that

3
min{l—,u,Z;q — w2k — , 1+ k4 — 0, kp + k4 — 11, ZO‘—,LL}=U1 > max{k;}.

Second we fix k components of (§_, &) € R?. For simplicity we assume that the fixed com-
ponents correspond to the lower ends of the bump lines, however it is easy to see that any
combination of £ ends will do. We will denote them by &_. Similarly we fix T_. We assume
that the fixed vectors satisfy

1
611+ llT-II < Ea”“ (4.61)
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(cf. (3.18)). Now we will solve the system using a fixed point argument following the three steps
below.

Step 1. We fix v, h,§38, 7 satisfying, respectively, (3.1), (3.3), (3.17) and (4.61). We set 3+ =5+
§_ and 74 = T + t_ and use these functions and parameters, together with §_, T_ to calculate
the right-hand sides of Egs. (4.58)—(4.60) above. We observe that these functions satisfy the
assertions of Proposition 4.5, Proposition 4.6 and Lemma 4.4. In particular they are Lipschitz as
functions of h and & and continuous as functions of ¥ and 3+, T4.

Step 2. Next, we use the Banach contraction mapping theorem to solve (4.58)—(4.60) for h and e.
We observe that as a result we get the following system:

cp(h+v)" +N(h+v)=PF h,e,d_,7_,6_+8,7_+1),

{mcor =T ,hed_,7_,6_+81_+1),
VA8 =A@ hed_,1_,8_ +8,1_+7).

Using the theory developed in Section 2 we find in addition that

Il 20 g ety < C Pl ey < Cot'™
lell gz g ey < Co? QM g ey < Co®*, (4.62)
and that v, 8, 7 satisfy
Ivle < Ca',
181+ Nzl < Co' . (4.63)

Step 3. We notice that the map

(V,8,r):€kaka—>5kaka,

¥,8,7) > (v,8, 1),

is continuous and, because of the choice of v and (4.63), we can use Brower’s theorem to find a
fixed point of this map. In summary we obtain a solution to (4.58)—(4.60) as claimed. O

We recall that in the statement of Theorem 1.1 we assert the existence of 4k parameter family
of solutions. So far we have only exhibited a 2k parameter family of solutions of the system
(4.58)—(4.60) however the missing 2k parameters are easy to find. Indeed at the beginning of our
considerations we have chosen a solution of the Toda system (1.9) represented by f. Of course
this solution depends on 2k real parameters representing its initial conditions. These, together
with the choice of 2k Dancer parameters give the 4k parameter family of solutions.
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5. Proof of Propositions 4.1 and 4.2
5.1. Evaluation of the error in the case of two bump lines

In order to make the argument more transparent we will consider the special case of two bump
lines, i.e. k = 2. Recall that we have g, (t) = —t + tf:, p > 2. Let us consider the error restricted

to the set:

U ={x1+x<0}NVs.

[STia}

In this set it is convenient to write (with the notation (3.20)):

Sw) = A(wy +w2) + gp(wi) + gp(w2) +[A + gy (w1 +w)|(e1Z1 + e2Z3)

E; E,

+gpwi +wa+e1Z1 +exZs) — gp(w1) — gp(wa) — g, (w1 +w2)(e1Z1 +e2Z2) .

E3
To estimate the first term we notice that using Taylor’s expansion we get

-5, = P = P
W-—u+’jw+’j+u0"]w0’j+u7’]w_7j

~ — P
+ (wo,j + &4 j(wy,j — wo, j) + & j(w— j —wo,))
— p — — 14
— &4 j(wo,j + (w4 j — wo, )" — o, jwg ; — &, j(wo,; + (w— j —wo,;))

p o P = P
jw+,j+u0,jwo’j+u_,.,w_’j

=
=&y,

+ Ocouyy (18, * + |7+, j1) (coshx;) > (cosh ;) %),
since the Oth- and the 1st-order term in (w+ ; — wo,;) in the two middle lines cancel out, and

the equality wj.’ = wi j holds whenever £ ; = 1. Using this and denoting by P; the differential

operator (A — 8)2(,_ - 83/_) we can write:

2
E = Z[Pj(E.hjw_hj) + Pj(&,jwo, ;) + Pj(E_,jw_,j)]
j=1
2
+2 (02,84 0z wy j + 0z, 80,020, + 0z, E— 0w ]
j=1

2

2 o . . 2 o 2 2 .

+ Z[azj- u+v]w+a./ + 8Zj uoa./ wos./ + aZju_a./w_a]]
j=1

+ Ocoo) ((18+,,j1* + 17+, j1*) (cosh ;) ~*(cosh z ;) ~7%). (5.1)

We observe that the term involving P; above is, because of (3.15), of order «? and in addition
it decays in x| and z; exponentially, like (coshx;)™° (cosh z]-)*e"‘, for any o < 1. This claim
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follows from the asymptotic form of the Dancer solution and also from estimates (3.3), (3.18).
Similar estimates can be proven for the two following terms since for example we have

azjd+)j((xz]')=()[d_/‘_’j(0lzj'), azjd+’j(0[2j)=ol al’j(azj)
and 84 ;, 7+ ; ~ '™, while on the other hand dz;wo,j = 0. Thus we get:
2
< . .
IEtlgon o, < Ca (52)

The second term E satisfies an estimate of the same type by (3.17). We observe also that for any
o<l:

242
E o g,y S € ae, (5.3)

since in Uy N VZ we have |x;| = %log % It is important that in (5.3) we take the exponential
weight in the norm only in the z; direction. Again, the same estimate is true for E>.

Finally, we estimate the term E3. It is not hard to see that the leading order in E3 comes from
the first three terms in its definition and thus we have:

E3~ gp(wi +w2) — gp(wi) — gp(w2)

p(p—1)
2

1

_ -2
=pw} wy —wh + (cwi+ 1= Ow)’ w3

p—1
~pwy w2,

with some ¢ € (0, 1). The last relation is easily justified, since in U; we have wi > wp. We need
to consider the product wf _lwz. We use (3.9) to express x3 in terms of x; to get, as z; — F00:

X2 =%| + (a1 —ax2)az) — 2log% + (x1 +21)0(e?) + O(),
where the coefficients ay ; satisfy (2.17). From this we find:
wiwa| < Ca?(coshxp)®® (coshzy)~e+ea’, (5.4)
with some ¢ > 0. In all we have then, with0 <o < p —2:
[w? " wa| < Ca®(coshxp) ™ (cosh zy) %, (5.5)
hence, with 6 < ¥,
1E3llgos g, < Ca. (5.6)

From this, we obtain (4.16) in the set Uy N supp x1. Exactly same argument can be carried out in
the set
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Uy ={x1+ % >O}HV%.

It is also easy to see from the above considerations that S(w) is continuous as a function of its
parameters.

To obtain (4.18) restricted to the set U; N Vg" we observe that as x; > % log é inU; N ng’ from
(5.5) we get:

”Wf_lm ”cg-“(UmV;) < Ca2+%‘7.
o

Finally in the complement of U; U U in V. we have for instance the following terms to
estimate for each j =1, 2:

33;, (Xz,jng)(xi,jwj') + 20 (XZ,jng)ax,- (X;,jwj) < Ce il = cem 7Pl (1m0,

*
a,

In the support of 8)29, (X jng), Ox; (X;’jng) we have

S
1%l = %\/1 +1z;1%,

hence we can estimate, with some constants C, C> depending on ¢ and ¢:

—(1—0)|x G Gy, _ .
e ( 0')|X/‘<e o e or‘zJIQCocze Galzj"

provided that « is taken sufficiently small. It follows from this that
2 2 —olxi| —Balz:
|3x,- (Xé,,'n;)(Xé‘jW/)i + |23x,- (Xé,,-ng)ax,,- (X;,jwj)| < CaPeoPile=0lzil(5.7)

We obtain (4.18) noting that in Vg" we have

3001
1> log—. 5.8
;] 708 (5.8)

(Notice that the estimate (4.18) does not carry any weight in x;.)

To show the Lipschitz property (4.17) we observe that the dependence on the function h
appears in the expression for the operator P; above and also in the nonlinearity because of
formula (3.9), through terms of order «*2. In particular the leading order term in S(-, h") —
S(-,h®) comes from estimating an expression similar to (5.4). This gives the factor «? in the
first line in the estimate (4.17). As for the Lipschitz dependence on e we observe that the leading
order term in S(-, eV) — S(-, e(z)) comes from the linear term (in e) denoted above by E;. Thus
the second part of estimate (4.17) follows. We omit somewhat tedious details. Again using (5.8)
we conclude that (4.19) holds.



M. del Pino et al. / Advances in Mathematics 224 (2010) 1462—-1516 1501

5.2. The error in the general case
In the general case S(w), i.e. when k > 2 and p > 2 we consider the following subsets of R?:
Uj ={x;+xj_1 20} N{x; + x4 SO}OV%,

Ur:={x1 <0}N{x; +x <0} N Vs,

Up = {xr+xr—1 201N {xx =20} N V%.
Since, by (3.22), w=w in V% we can write
k k
Sew) =Y xu,; S() + (1 - ZXU,)Smguv), (5.9)
Jj=1 Jj=1
where xy; denotes the characteristic function of the set U ;.

We fix a j and consider the error restricted to the set U;. Setting for convenience g, () =
—t+ tf and using the notation (3.20) we have in U:

S() = Awj + gp(wj) + Alej(@z)Z;) + g, (wj)(ej(az,)Z;)
————

Eyj Eyj
+ Y Awi+gpwi) + Y Alei(@zi) Z)) + g, (wi) (ei(@z) Zi)
i i

Ey ;i

k k k
+ gp<2w,» +e; (az,->zj> = gplwi) — Y _ghwi)(ei(@z))Zi). (5.10)
i=1

i=1 i=1

E3
All the terms above can be estimated using the argument used as in the case of two lines noting
that the error due to the interactions between the bump lines is the biggest when the closest
neighbors are considered. Another observation is that in the Taylor expansion of the nonlinear

function g, (w), p > 2 around w; all components with powers higher than 2 give rise to terms
that are negligible. We leave the details to the reader.

6. The background equation: Proof of Lemma 4.1
Let us consider first the following problem:
(A—Dy=h inR? (6.1)
where h € C%#(R?) is such that

H (cosh z]-)e"‘h ”co.u < 00, (6.2)

(®R?)
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for j=1,...,k (here z; = z;(z) via (3.2)). Since by assumption s € CO*(R?) as well, by the
maximum principle and elliptic regularity theory we get the existence of a unique solution
such that

¥ llc2n @2y < CliAllcon gz)-
We will now prove:
[ coshz )? Y| o2 g2y < Cl(cosh z )R o o) (6.3)

As we will see (4.21) will follow from this. Using (3.2) we see that functions of the form:

VYoq.p = (cosh zj)_ga + v[cosh(%) + cosh(%>:|,

with v > 0 and « sufficiently small are positive supersolutions for A — 1 in R?. In fact:

1
(A= 1)‘#90[,\) < _ZwGa,v-
Considering now the function

@ga,v, i = M| (cosh 2 )" oo, g2y Voaw — ¥,

where M will be chosen large enough, we get:

M NOo
(A = Dwga,pm < _Z” (cosh z;) h”Co,ﬂ(Rz)W@a,v +h

M
<=7 [l (coshz DY o gy Woaw + [ (osh 2 ) | oo, o, (cOsh z )77

<0
for M fixed large enough. By letting v — 0 we get the upper bound:

¥ (coshz ) < C|(cosh z;)"*h lcon @2y
The lower bound and the rest of the proof of (6.3) follow by a straightforward argument and are
left to the reader.

Next we need to examine the size of the function Q and also its dependence on ¢ and h, e
and other parameters. We will now assume ¢ to be given and of finite Cg g o (R?) norm. We will
show that

k
| coshz)**Q ”cO-u(RZ) < Ca®™i7 4 Cai” ZHX;,J¢J‘ Hcgvg (R2)
j=1 -

from which, using (6.3) the required estimate will follow. In the remainder of the proof we will
use the fact that in the support of the function Q we have
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x| > 3 I 1
X Zlog —
7y & o

(cf. (5.8)) to estimate terms whose norm (including the exponential weight in x ;) is bounded (see
for example the proof of estimate (4.18)). We observe that the first term on the right-hand side
above comes from (1 — Zf: 1 0i)S(w) and has already been estimated in (4.18). To estimate the
remaining terms involved in Q we observe that they depend on the functions ¢ and ¥/, see (4.10).
For example, using the fact that the derivatives of the functions p; are supported in the set where

30el < ixil <loe L
4 Oga < |Xj| < Ogay
we getforall j=1,...,k
[ coshz)*[Lig;0)) = pjLe] | con ez < Coi” | X 65 le2s ey

Finally we will use (5.8) and the fact that L. — A 41 = pwf;_1 with p > 2 to get:

< Cu io [ (cosh 2%y I c2

k
(coshz ;)% [(1 — Zpl)(L — A+ 1)4

®?)
i=1 CO-1(R2)
Summarizing, we have found:
| Q@ ¥)(coshz ) | o, zy < Ca3 | (cosh 2 ) Y e,
k
t Cai® [az + ZH X5 0| c (RZ):|' (6.4)
j=1 o

Now assuming that ¢ is given, using (6.1)—(6.3) and a standard fixed point argument we find a
Y = ¥ (¢) that satisfies (4.13). Moreover we have:

k
[ @)(eosh )" o o) < Ctt? [az + 2 X2 il (Ra] (6.5)
j=l1 '

Since the function Q(¢, ¥) is a uniform contraction (as a function of ) and is continuous (as
function of its parameters, assuming of course that ¢ is continuous), we conclude that ¢ is a
continuous function of v, h, e, §1, T4. It is also easy to see that ¥ (¢) is Lipschitz as a function
of ¢ and in fact we have:

k
[coshz® (v () =¥ (6] oz, < Cal” Y1 Xa ;@ =)o oy 66)
j=1

The final estimate in Lemma 4.1, namely (4.23) follows from (4.19).



1504 M. del Pino et al. / Advances in Mathematics 224 (2010) 14621516

Remark 6.1. We observe that a slight modification of the proof of (6.3) gives

”w”C,z,Z(RZ) < C”h”cgg(RZ) (67)

In the case at hand we have, with oy < 0, 0, <0

k
®) S Cadrmontist [az + Z” Xa.j9i ch':,‘ (RZ)]’
j=1 N

101l o

ox,0x0

because of (4.38). Therefore when ¢ is the true solution of (4.4) we get:

1Qllcos, ~ ga < Co®= D,

which is an estimate similar to (4.37).
7. A priori estimates and invertibility of the basic linear operator
7.1. Non-degeneracy of the homoclinic
In this section we will consider first the following linearized operator
Lop =0;¢ +g,(w)p, g, (w)=pw’™' —1.

We recall some well-known facts about L. First notice that Low’ = 0. Second we observe that

1 wPtD/2
r=-(p—1D(p+3), Z=

=2 7\/@

correspond, respectively, to the principal eigenvalue and eigenfunction of Lg. Except for A; > 0
and A, = 0 the rest of the spectrum of L is negative. This means in particular that there exists a
positive constant yg such that

2
(Log. ¢) = 10lld1172 ) (7.1)
whenever
(p,w)=0=(8,2).
From (7.1) it also follows that there exists a y > 0 such that:
(Lo, d) = v (I6x 172, + 101172 5))- (7.2)
As another consequence of these facts we observe that problem

Lop — &% =h, (7.3)
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is uniquely solvable whenever & # 4+/A1, 0 for h € L?(R). Actually, rather standard argument,
using comparison principle and the fact that Ly is of the form

Lop =07 —p+q)d. |q(0)| < Ce M,
can be used to show that whenever / is for instance a compactly supported function then the

solution of (7.3) is an exponentially decaying function.
Let us consider now the basic linearized operator

L =Lo¢p + 09,
defined in the whole plane (x, z) € RZ. Using (7.1) we get that
(Lg, 9) = voll o172 g2 (7.4)

whenever

/(b(x,z)w’(x)dx=O=/¢(x,z)Z(x)dx for all z.
R R

Equation L¢ = 0, has 3 obvious bounded solutions
w'(x), Z(x) cos(\/)»»]z), Z(x) sin(\/)T]z).
Our first result reads:
Lemma 7.1. Let ¢ be a bounded solution of the problem
Lp=0 inR% (7.5)

Then ¢(x,z) is a linear combination of the functions w'(x), Z(x)cos(v/A1z), and

Z(x) sin(yv/A12).
Proof. Let assume that ¢ is a bounded function that satisfies
320 + ¢ux + (pw? ' = 1)p =0. (7.6)

Let us consider the Fourier transform of ¢ (x, z) in the z variable, ¢3(x, &) which is by definition
the distribution defined as

(&Lmu&=@woﬁh=/¢@4mgwa
R

where p is any smooth rapidly decaying function of £. Let us consider a smooth rapidly decreas-
ing function ¥ of the two variables (x, £). Then from Eq. (7.6) we find

f((ig(x, ), 829 — £2y + (pwf”_1 — 1)) dx =0.

R
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Let ¢(x) and @ () be smooth and compactly supported functions such that

(VAT — /21, 0} supp(s) =
Then we can solve the equation
Var —E20 + (pu”™ = 1)¥ =u@p(), xeR,

uniquely for a smooth, rapidly decreasing function ¥ (x, &) such that ¥ (x,£) = 0 whenever
& ¢ supp(u). We conclude that

/ (BCx. ), w)gex)dx =0,
R

so that for all x € R, (¢(x, ), u)r = 0, whenever {/A1, —v/A1, 0} Nsupp(u) = @, in other words

supp((x, ) C {v/A1, —v/a1, 0}

By distribution theory we find that $(x,-) is a linear combination (with coefficients depending
on x) of derivatives up to a finite order of Dirac masses supported in {\/A1, —+/A1, 0}. Taking
inverse Fourier transform, we get that

¢ (x.2) = po(z. x) + p1(z, x) cos(y/A12) + pa(z, x) sin(v/312),

where p; are polynomials in z with coefficients depending on x. Since ¢ is bounded these poly-
nomials are of zero order, i.e. p;(z,x) = p;(x), and the bounded functions p; must satisfy the
equations

Lopo =0, Lopr —21p1=0, Lopz —A1p2=0,
and the desired result follows. O
7.2. A priori estimates for the basic linearized operator

The linear theory used in this paper is based on a priori estimates for the solutions of the
following problem

Lp=h inR> (1.7)

The results of Lemma 7.1 imply that such estimates without imposing extra conditions on ¢
may not exist. The form of the bounded solutions of L¢ = 0 and (7.4) suggest the following
orthogonality conditions:

/d)(x,z)w’(x)dx=0=/¢(x,z)Z(x)dx for all z € R. (7.8)
R R

With these restrictions imposed we have the following result concerning a priori estimates for
this problem.
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Lemma 7.2. Assuming that ¢ is a bounded solution of (7.7) satisfying (7.8) we have

@1l oo 2y < Cllhll oo m2)-

Proof. We will argue by contradiction. Assuming the opposite means that there are sequences
¢n, hy, such that

“¢"”L°°(]R2) = 1, ”hn”LOO(]RZ) g O,
and
Loy =h, inR? (7.9)
/qbn(x, Dw' (x)dx =0= / ¢n(x,2)Z(x)dx forallz e R. (7.10)
R R

Let us assume that (x,, z,) € R? is such that

|¢n(xnv Zn)| — 1.

We claim that the sequence x,, is bounded. Indeed, if not, using the fact that L¢p = A¢p — ¢ +
0 (e~“Iy¢ and employing elliptic estimates we find that the sequence of functions

$n(x,2) = (n + %, 20 + 2),
converges, up to a subsequence, locally uniformly to a solution ¢ of the equation
Ap—¢h=0 inR?

whose absolute value attains its maximum at (0, 0). This implies q} =0, so that x, is indeed
bounded. Let now

J)n(xy 2) = Pn(x, 2n +2).
Then ¢, converges uniformly over compacts to a bounded, nontrivial solution é of
Lé=0 inR?

/&@JM“@dx:O:/&@Jﬂ@ﬁﬁ for all z € R.

R R
Lemma 7.1 then implies ¢ = 0, a contradiction and the proof is concluded. O

Using Lemma 7.2 we can also find a priori estimates with norms involving exponential
weights. When the weights involve only the x variable we have the following a priori estimates.
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Lemma 7.3. Assuming that ||(coshx)? hllcon w2y < +00, o € [0, 1), then a bounded solution ¢
of (1.7)—(7.8) satisfies

| (coshx)? @] o2 g2, < C| (cOsh )R oo, 2y - (7.11)
Proof. We already know that
1 L ®2) < C | (cosh)” A | oo oy -

We set ¢ = ¢||(coshx) h ||EJ’M(R2). Then we have

Lé=h, where || (coshx)”ﬁ“co,u(Rg) =1,

and also ||<1§||LOO(R2) < C. Let us fix a number Ry > 0 such that for x > Ry we have

— o2

1
p—1
pwf(x) < 7

which is always possible since w(x) = O (e~¢"*!). For an arbitrary number p > 0 let us set
¢(x,2) = p[cosh(z/2) +e”* ]| + Me™ 7",

where M will be fixed large enough. Then we find that,

Lo < —M(” for x > Ro.
Thus
qu gﬁ for x > Ry,
if
M> [ (cosh x)® &|| po.,i 2, = 1.
4 z COR(R2)

If we also assume that M is chosen so that
Me R0 > 6]l oo,

we conclude from maximum principle that ¢ < ¢. Letting p — 0 we get (since M can be fixed
independent on p),

é<Me°* forx >0,
hence

¢ < M” (coshx)?h ||CO,M(R2)e_”X for x > 0.
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In a similar way we obtain the lower bound
¢ > —M|| (coshx)"h”CO,M(Rz) for x > 0.
Finally, for x < 0 a similar argument yields
Jcosh)7 @ g, < €l cosh) o -
The required estimate now follows from local elliptic estimates and the proof is concluded. O

When we also take into account the exponential decay in the z variable we have the following
a priori estimates.

Lemma 7.4. There exists ag > 0 such that assuming ||(coshx)? (coshz)%h ||C°»M(R2) <400, 0 €
(0, 1), a € [0, ap), for any bounded solution ¢ of problem (7.7)—(7.8) we have

|| (coshx)? (coshz)%¢ ||CZ.M(R2) < Cy || (coshx)? (coshz)%h ”CO-M(RZ)'
Proof. We already know that
H (coshx)”¢”cz_ﬂ(R2) < CH (coshx)"(coshz)“h||CO,,1(R2).

Then we may write

w<z>=/¢2<x,z)dx,
R

and differentiate twice weakly to get

¥z =2 / (0:6)>dx +2 / $-cdx.
R R

We have
/8zz¢dx =/(8x¢)2dx +f(1 — pwP ¢ dx +/h¢. (7.12)
R R R R
Because of the orthogonality conditions (7.8) we also have by (7.2) that,
/(axqb)zdx + /(1 —pwP Nprdx >y f((8x¢)2 +¢%)dx, y>0.
R R R
Hence we find that for a certain constant C > 0

V(@) > %w(z) —C/hz(x,z)dx,

R
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so that
" 14 c —2alz] o ay |2
—v"(2) + Zw(z) < ;e || (coshx)? (coshz) h”CO-M(RZ)'

Since we also know that v is bounded by:

C
[ @] <~ cosh)? (cosh2)h [gou a2):

we can use a barrier of the form ¥ (z) = M||h||2 —2az 4 pe?9% with M sufficiently large

and p > O arbitrary, to get the bound 0 < ¢ < T for z > 0 and any a < ‘/— = qg. A similar
argument can be used for z < 0. Letting p — 0 we get then

a < ap.

/¢2(x, 2)dx < Cye 2kl || (coshx)? (coshz)ahHCO,H(]Rz)’

Elliptic estimates yield that for R fixed and large enough
]qb(x z)‘ Cye ! || (coshx)? (coshz)* hHCO " (R2) for |x| < Rp.

The corresponding estimate in the complementary region can be found by barriers. For instance
in the quadrant {x > Ry, z > 0} we may consider a barrier of the form

Z

$(x, 2) = M| (coshx)° (cosh2) A o gy T 49 + pe ™3,

with p > 0 arbitrarily small. Fixing M depending on Ry we find the desired estimate for
|(coshx)? (coshz)?¢| in this quadrant by letting p — 0. The argument in the remaining quad-
rants is similar. The corresponding bound for the C>*(R?) weighted norm is then deduced from
local elliptic estimates. This concludes the proof. 0O

7.3. The existence result for the basic linearized operator: Proof of Proposition 4.3

Proof of Proposition 4.3. We will argue by approximations. Let us replace % in (4.24) by the
function h(x, z) x(—r,r)(z) extended 2R-periodically to the whole plane. With this right-hand
side we can give to the problem (4.24) a weak formulation in the closed subspace H 113 c H'(R?)
of functions which are 2R-periodic in z and which also satisfy the orthogonality conditions
in (4.24). To be more precise we say that ¢ g is a weak solution of this problem if for

oo R 00
(L¢R,n)2=//V1//~Vndxdz+/

—00 —R

(1 - pwPYyndxdz,

k\%

we have

o0
(Lor,n) = / hndxdz
—00

;o\m
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for all tests functions 7 € H'(R?) which are 2R periodic and which satisfy

/w’(x)n(x,z)dx=0=/Z(x)n(x,z)dx for all z € (—R, R).
R R

Because of the orthogonality conditions the bilinear form a(y, n) = (L, n) is actually positive
definite in H Ile and consequently there exists a unique ¢g € H 113 which satisfies

oo R
a(¢R,n)=//hr]dxdz forall n € Hy.

—00 —R

Given that ¢ satisfies the orthogonality conditions we check that for any smooth, compactly
supported in (—R, R) function 77(z) we have

hw'(x)7(z) dx dz,

—x

a(pr. w' (D7) =0 = /

=

o R
a(pr. Z()i(2) = 0= / / hZ(x)7i(2) dx dz.

—00 —R
This proves that ¢g is the unique weak solution of L¢r = h in the space of H 1 (]Rz) functions
which are 2R periodic in z. Letting R — 400 and using the uniform a priori estimates valid for
the approximations, this completes the proof of the proposition. O

8. Estimates for the interaction system

This entire section is devoted to the proof of Lemma 4.2.

Proof of Lemma 4.2. We will use the definition of X7 jk j in (4.12) to estimate each term in
turn. First we observe

2
by (4.16). Next we will consider the nonlinear term in ¢; and . By assumption
3
1% 01l <,

therefore by (4.21) we have

LOa

k
| (coshz)® X5 (x;¥) |2 ey < Cai® <a2 + Z|| X5 i$; ||C§,,L (Rz)) <Ca2’. 8.1)

i=1
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We will now estimate the nonlinear term, for which we get:

k
XjN=XjN<ZPi¢i +1ﬁ) =xiNpjd;j+¥),

i=1

using (4.7). Let us observe that N is a “quadratic” function of its argument. Indeed, for p > 2 we
have forany ¢t,s e R, t > 0:

|(s —I—I)f’F —tP — ptpflsi < Cmax{tpfz, |s|p72}|s|2.
Then it follows:
2 2
Xz OGN < C(1X5 584"+ X5 G ).
We have in supr;’;’j(Xj):
1 1
Ixj| < —log—, (3.2)
a
hence, by (8.1)

| (coshc) (coshz ) X% ; (¥ | o ey < Ca™ 5[ coshz ) X2 (x| o ey

« 2
< Ca¥° <a2 + ) Ixi e Hc2»g (RZ)) :

i=1

Using this we find:

[X5.506M s gy

k
_3 3
<ol 1 ol o ol (Dl | 0
1=
The next term we need to estimate is
X5 ;06 @—Aa+1y) = X5 (pxwh™'y).

Using the fact that X, J104 jwffl) is an exponentially decaying function (in x;), we find

”X;,j()(jwf__lw) ”ngga(Rz) < C| (cosh Zf)gaX;,j(le/f)||co,u(Rz)

k
<ai® (az +) x5 . (]RZ))‘ (8.4)

i=1

To estimate the last term we observe that using (3.15) we get:
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2, (8 =2, =2 oyl < Call X2 o5l ey
and also
1262, [t 9 — &m0 )16 ] < Carl X211 o oy

making use of (3.3), (3.17), (3.18). The proof of the Lipschitz property (4.33) is standard and is
left to the reader. O

9. The reduced problem: Error of the projections

In this section, we will fill in the details of the computations in Section 4.7. We will begin
with (4.39). We have computed the leading order of

/X;yj (XjS(w)w(’)!j)dxj,
R

which in particular gives rise to the Toda system, see (4.46)—(4.50). In particular we have ne-
glected terms denoted by P;(&+ jwx j), Pj(Eo,jwo,;) in (5.1). Among these lower-order terms
we will concentrate on one typical term, namely, using the notation (3.13)—(3.14) and (4.56),

— 2 oY &
/alz,jai,jxj(8X.l_’z./_wi,j)wo,j dxj~ _a‘/)”lhj():l:,j"‘is]v/w Z dx.
R R

Now we observe that
— 2 - 2
Joev/21156% ;B gy < CarP P47 < Ca,
as long as (3.3) and (3.18) hold. Another important term comes from

X;’j(Xj(L—A-f-l)lﬁ)’\’X;qj(pXj(Wj)i_llp). 9.1)

Using Lemma 4.1 we get

3
< Ca2+zof,u <O{2+U1.

H Xj(wj) 1p)w(/),j de

Cor®)

Other calculations can be done in a similar way.

To see a representative term (slightly different than the ones we have seen above) in (4.40)
we will recall the definition of k; (4.12) and in particular consider the component of k; which
depends linearly on the unknown function ¢ ;, namely:

X5 gL + (X5 ) [0z, + 07, + &, (wo, D] X5 ;-

Although perhaps not immediately obvious but rather straightforward is the following relation
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/[—XZZ; (@) + (X5 1 25)[0%, + 92, + 8, (wo, ] X5 ;6,12 (xj) dx;
R

~ f Xz (x5(8)wo ) — 8, (w))) ) Z(x)) dx;.

R

Then we get

3 — 2
< Ca¥ta—1 L ca?thr,

H/ Xj gp(wo ) = &,(w))e;) Z(x))dx;

Co*(R)

Let us now consider some of the terms we have neglected while considering 7’;. One of them
is

'// (i (g, (wo ) — gp(w]))¢])Z(X])cos(fz Jdx;dz;

< Ca1+’(4||¢j||cz,g (Rz)/(coshz)_ga dz

2
< Ca?the,

Another term, of a similar type, is (cf. (9.1)):

‘// (@) 26k cos(Varz)) dx; dz;

<C || ¥ (cosh zj)9“ ||C0’”'(R2) /(coshz)_ga dz
R

143
< Caltio,

These terms are bounded by «!*"! for sufficiently small .. The rest of the calculations follow
the same scheme and are omitted.
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