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ABSTRACT. We construct a new class of positive solutions for the classical
elliptic problem

Au—u+uP =0, p>2 inR2
We show that these solutions are of the form u(z,z) ~ 2?21 w(z — f;(2)),

where w is the unique even, positive, asymptotically vanishing solution of
w” —w+ wP = 0 in R. Functions f;(z), representing the multiple ends of

u(z, z), solve the Toda system
szj/'/ —efi-1=fi _efi=Ffit1 in R, j=1,...,k
are asymptotically linear, and satisfy
fo=—co< iK€ L fi < frog1 = Ho0.

The solutions of the elliptic problem we construct have their counterparts in
the theory of constant mean curvature surfaces. An analogy can also be made
between their construction and the gluing of constant scalar curvature Fowler
singular metrics in the sphere.
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1. INTRODUCTION

1.1. The Dancer solution to the nonlinear Schrédinger equation. This pa-
per deals with the classical semilinear elliptic problem

(1.1) Au—u+uP =0, u>0, inRY,

where p > 2. Equation (1.1) arises for instance as the standing-wave problem for
the standard nonlinear Schrédinger equation

iwt = qup + |¢|p_1¢a
typically p = 3, corresponding to that of solutions of the form ¥ (y,t) = u(y)e
It also arises in nonlinear models in Turing’s theory biological theory of pattern
formation [15] such as the Gray-Scott or Gierer-Meinhardt systems, [19, 18]. The
solutions of (1.1) which decay to zero at infinity are well understood. Problem (1.1)
has a radially symmetric solution wy(y) which approaches 0 at infinity provided

that N
N+2 if N >3,

l<p<i{N?
+oo  if N=1,2,

see [44, 4]. This solution is unique [25], and actually any positive solution to (1.1)
which vanishes at infinity must be radially symmetric around some point [17].

—it

Problem (1.1) and its variations have been broadly treated in the PDE literature
in the last two decades. These variations are mostly of one of the two types:
(1.1) is changed to 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 introduced rendering
(1.1) a singular perturbation problem. We refer the reader to the works [2, 3, 7, 11,
12,13, 16, 20, 21, 27, 29, 30, 39, 37, 38] and references therein. Many constructions
in the literature refer to “multi-bump solutions”, built from a perturbation of the
superposition of suitably scaled copies of the basic radial bump wpy. The location of
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their maxima is determined typically by a criterion related either with the potential
or the geometry of the underlying domain.

Much less is known about solutions to this equation in entire space which do not
vanish at infinity (while they are all known to be bounded, see [12]). For example,
the solution wy of (1.1) in RY can be trivially extended to a solution in RV*!
which only depends on N variables. This solution vanishes asymptotically in all
but one variable. For simplicity, we restrict our attention to the case N = 2, and
consider positive solutions u(x,z) to problem (1.1) which vanish as |z| — 400,
namely
(1.2) lim w(z,z)=0 forall zeR.

|| —+o0
A natural example is given by the one-dimensional bump w,, which we denote in
the sequel just by w, namely the unique solution of the ODE

(1.3) w' —w4+wP =0, w>0, inR,
(1.4) w'(0) =0, w(z)—0 as|z]— +oo,

corresponding in phase plane to a homoclinic orbit for the equilibrium 0. Using this
function we can define a family of solutions u of equation (1.1) with the properties
(1.2) setting u(z, 2) := w(x — a), a € R. By analogy with the above terminology,
we may call these solutions ”single bump-lines”. A natural question is whether
a solution that satisfies (1.2) and which is in addition even in 2 must equal w(x).
The solution w of (1.1) was found to be isolated in a uniform topology which avoids
oscillations at infinity by Busca and Felmer in [6]. On the other hand, a second
class of solutions which are even both in z and x was discovered by Dancer in [9] via
local bifurcation arguments. They form a one-parameter family of solutions which
are periodic in the z variable and originate from w(x). Let us briefly review their
construction: we consider problem (1.1) with T-periodic conditions in z,

(1.5) u(z,z +T) =u(w,z) forall (z,2) € R?
and regard T > 0 as a bifurcation parameter. The linearized operator around the
single bump line is
L(¢) = ¢pzz + oz + (pwP ™ — 1)
It is well known that the eigenvalue problem

(1.6) Puz + (puP ™! = 1)p = A,

has a unique positive eigenvalue A\, with Z(x) being a positive eigenfunction. We
observe that as long as 0 < T < \%Ll = T} the operator L has a one dimensional
kernel of bounded, periodic and even functions spanned by w’. When T = T}

another bounded, periodic and even element in this kernel, given by

Z(x) cos(v/A12),

appears. Crandall-Rabinowitz bifurcation theorem can then be adapted to yield
existence of a continuum of solutions bifurcating at 7' = T;. They are periodic in
z with period T, = j—j\% + O(e), even and bounded. In addition they are uniformly

close to w(x) and for € < 1 their asymptotic form is

u(x, ze) = w(z) + eZ(x) cos(v/ A1 z) + O(e?)e 7.
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Of course once we have found the family of solutions u(+; €), for all sufficiently small
€ we have trivially that for all ¢

(1.7) w(z, z 4 ;) = w(z) + eZ(x) cos(v/ A1z + ) + O(e2)e 7!,
is also a solution. Introducing now parameters:
0 =¢ccosp, T =—csing,
we define:
(1.8) ws.(x, 2) = u(z, 2+ ¢; €).

We refer to the functions ws » in what follows as the Dancer solution. We observe
that the Dancer solution is in reality a two parameter family of solutions to (1.1).
The interpretation of the original parameters €, € R is that they represent, re-
spectively, the amplitude and the phase shift of the oscillations superposed over the
homoclinic profile w(z). Finally we observe that for sufficiently small §, 7 we have:

(1.9)
wsr (2, 2) = w(x) + 6Z(x) cos(v/A12) + 7Z(x) sin(y/A12) + O(|0]* + |7[*)e 1.

1.2. Multiple bump lines. The statement of the main result. The purpose
of this paper is to construct a new type of solutions of (1.1) in R? that have multiple
ends in the form of multiple bump-lines, and that satisfy in addition (1.2).

At this point it will be convenient to define a multi bump line solution of (1.1)
in a more precise way:

Definition 1.1. We say that u, a solution of (1.1), is a multiple bump line with
2k ends if there exist 2k oriented half lines {a; -x +b; = 0}, j = 1,...,2k (for
some choice of a; € R?, |aj| = 1 and b; € R) such that along these half lines
and away from a compact set K containing the origin, the solution is asymptotic
to ws; -, (aj - x + bj) for certain numbers d;,7;, j = 1,...,2k, that is there exist
positive constants C, ¢ such that:

2k
(1.10) lu(x) = > " ws, 7, (a - X + bj) || oo mar i) < Ce .

J

What we actually look for is a solution is a multiple bump line solution of of
(1.1) whose asymptotic behavior is determined by k curves

'yj:{(x,z)|x:f](z)}, .7:1,aka fl(z)<<f2(z) <<<<fk(z)a
which asymptotically resemble straight lines. The functions f; defining the curves

~; are not arbitrary and turn out to be related to a second order system of differ-
ential equations, the Toda system, given by

(1.11) aff =elili—eli~fivt in R j=1,...k,
with the conventions fy = —o0, fr41 = 400, where ¢, is an explicit positive
constant that will be specified later (see (4.44)). The Toda system has a special

scaling property which we will explain now. We observe that if £ = (f1,..., fx) is
a solution of this system, then function f, defined by

k
(112) = ateoofak) fas()i= fi(0z) 20— "o 1)log ~,
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is also a solution. As we will see later the functions f; are asymptotically linear,
namely we have (globally) for « small

far(2) < fap(2) <o < fanlz),  fo;(H00) = ax o,

and
(1.13)

fai(z) = axjaz+by;+2(5 — %) logé + O((cosh 2)779), as z — Fo0,
for certain scalars a4 j,b+ ; and ¥ > 0. These are standard facts about the Toda
system that can be found for instance in [23, 36]. The Toda system is a classical
model describing scattering of k particles distributed on a straight line, which in-
teract only with their closest neighbors with forces given by a potential depending
on the exponentials of their mutual distances. Here the z variable is interpreted as
time. This and other properties of the Toda system will be discussed in detail in
section 2.

Before stating our result it will be convenient to agree that y* (resp. x7) 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 2 < —1 (resp. for z > 1) and additionally
X~ + x* = 1. With these cutoff functions at hand, we define the 4 dimensional
space

(1.14) D :=Span {z — xF(2), 2 — 2xT(2)},

and, for all p € (0,1) and all § € R, we define the space Cg’”(R) of C%* functions
h which satisfy
||h||c§,u(R) .= ||(cosh z)? hllc2.nm) < oo.

Given the notion of multiple bump lines in Definition 1.1 our main result is:

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 bump line
solutions of equation (1.1) with 2k ends. Their asymptotic profiles are determined
by k curves

Yoj = {2 = fa,j(2) + haj(az)}.

Here £, is the scaling (1.12) of £, which in turn is a solution to the Toda system
(1.11) and in particular formula (1.13) holds, that is functions fq, ; are asymptoti-

cally linear. Functions hq,; € Cg’“ (R) ® D representing small perturbations satisfy

1hajllczr@en < Ca®
with some constants 0,k > 0.

As we will see the proof of the above theorem starts with building an approximate
solution to (1.1). Each bump line of this solution (represented by one curve v, ;)
consists of three parts: two Dancer ends and a middle ” connector” which is a curved
piece of the homoclinic inserted between the wiggling Dancer pieces. Each of the
2k Dancer ends depends on 2 free parameters. Each curve v,,; depends on 2 initial
conditions for the Toda system. Thus in all there are 4k Dancer parameters and
2k initial conditions for the Toda system. This gives 6k parameters of which 2k
Dancer parameters must be adjusted at the end. As a consequence we obtain 4k
parameter family of solutions.
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There is another, more geometric way, to see this. Let us observe that each end of
the bump line can be translated in any of the two directions, can be rotated and in
addition depends of the Dancer parameter denoted by € in (1.7). Taking derivatives
of the solution with respect to these parameters leads to 4 elements in the kernel of
the nonlinear Schrédinger operator linearized around the Dancer solution. These
functions are the analogues of the geometric Jacobi fields discussed in section 1.3.
Thus we have 8k ” geometric” elements of the kernel corresponding to 2k ends of the
multiple bump line. This seems at first sight to be inconsistent with the previous
count which gave us only 6k parameters, however we recall that above both ends
of any given bump line were associated with a single curve 7,,; and consequently
the first way of counting ”misses” 2k parameters. Now, accepting that we have
8k geometric parameters, it is known [24] that this should imply the existence of
% x 8k = 4k solutions to the original problem. Our result is in agreement with this
intuition.

Remark 1.1. We observe that, by choosing suitable solution to the Toda system
in the case k = 2, it is possible to show the existence a a multiple bump line such
that

(1.15)
hlf Ug(z,2) =0, forall z€R, lirf Uo(z,2) =0, forall x €R.
By the well known result of Gidas, Ni and Nirenberg [17] a positive solution of

equation (1.1) that satisfies the limit conditions (1.15) uniformly must be radially
symmetric around the origin. Theorem 1.1 shows that uniformity cannot be relaxed
in this classical result.

1.3. Geometric counterpart of the Dancer solution. One of the striking fea-
tures 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 complete constant mean curvature surfaces in Euclidean 3-space and the
theory of entire solutions of (1.1). For simplicity we will restrict ourselves to con-
stant mean curvature surfaces in R3 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 Delau-
nay in the mid 19th century [10]. 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

Xi(,2) = (p(2) cosz, p(2) sinz, P(2)) € Dy C R?,
for (z,z) € R x R/27Z. Here the function ¢ is the smooth solution of

2
(@/)2"‘ <¢2+t> :@2

2
and the function ) is defined by
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As already mentioned, when ¢ = 1, the Delaunay surface is nothing but a right
circular cylinder D; = 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
D; =S xR (z,2) — w(x)

Let us denote by ws 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
S(1/2) (x,2) — wa(Va? + 22)

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 Sy = R x (0,7T)
and consider a least energy (mountain pass) solution in H!(Srt) for the energy

1 1 1
f/ |Vu|2+f/ u? — —— ultt,
2 Jsr 2 Jsr p+1Js,

for T > 0. We denote the least energy solution by up. Let us summarize what
has been proven about it as T varies between T'= 0 and T' = oo in [5]. In general
the curve T — wuy is analytic except for possibly finitely many T' (see also [1] for
related results). After translating and reflecting with respect to line z = T/2, it
can be shown that for all T > 0, upr > 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' < Tj the least energy solution is precisely the
homoclinic while for T" > T; it must depend on 2 variables in a non-trivial way,
and as long as T'— T} is small it is the bifurcating solution described above. For
T sufficiently large the least energy solution is unique and as 7' — oo it converges
uniformly over compacts to ws.

To give further credit to this correspondence, let us recall that the Jacobi oper-
ator about the cylinder D; corresponds to the linearized mean curvature operator
when nearby surfaces are considered as normal graphs over D;. In the above pa-
rameterization, the Jacobi operator reads J; = (924 92 +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
Jy=(02+092+1) L=02+0%—-1+puwr?!

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' = T}.
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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 ¢ = T — T3 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 D7 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 R?. This
geometric eigenfunctions are commonly called the geometric Jacob fields.

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 consecutive 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 [33].
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 [33] a 6k (not 4k as in the present paper)
parameter family of constant mean curvature surfaces whose ends are asymptoticly
Delaunay is constructed. The difference is due to the fact that the number of the
geometric Jacobi fields for the Delaunay end is 6, while for the Dancer solution the
analogous number is 4, as we have pointed out.

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 counterpart in the connected sum construction of the constant mean
curvature surfaces. This difference is due to the strong interactions in the elliptic
equations.

Another (older) construction of complete noncompact constant mean curvature
surfaces was performed by N. Kapouleas [22] (see also [32]) starting with finitely
many halves of Delaunay surfaces with parameter ¢ close to 0 which are connected
to a central sphere. The corresponding solutions of (1.1) have recently been con-
structed by A. Malchiodi in [28].

It is well known that the story of complete constant mean curvature surfaces
in R3 parallels that of complete locally conformally flat metrics with constant,
positive scalar curvature. Therefore, it is not surprising that there should be a cor-
respondence 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 cylin-
der R x S™~! which are conformal to the product metric dz2 + ggn—1, when n > 3.
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These are given by
vz (dz? + ggn-1),

where z — v(2) is a smooth positive solution of

(v)? — 0?4 =2 vitE = —272
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. Uhlenberk [35] (where it is called the dipole construc-
tion). N. Kapouleas’ construction mentioned above is due to R. Schoen [13] (see
also R. Mazzeo and F. Pacard [32]).

2. THE TODA SYSTEM AND ITS LINEARIZATION

2.1. The Toda system. In the sequel we will consider vector valued smooth func-
tions g: R — R*. To measure the size of such functions we will use weighted Holder
spaces Cé’“(R; R*) with the norm:

HchgvM(R;Rk) = Hg(')(COSh Z)GHCLN(R;R’“)-

In this paper the Toda system (1.11) plays a crucial role and thus we will begin
with outlining the basic theory of this system and its linearization, see [23, 30]
for details. It is convenient to consider our problem in a slightly more general
framework then that of the system (1.11). Thus for given functions g;(z),p;(2),
j=1,...,k we define the Hamiltonian

k 2 k—1
= b; — (g5 —a5+1)
H_ZE+V’ V_Ze 4 —45+1)
j=1 j=1
We consider the following Toda system
da; _
dz P
(2.1) dp; __oH
dz dq;’
¢;(0) = qoj, p;j(0) = poj, j=1,...,k

Observe that that the center of mass moves with constant velocity and the momen-
tum remains constant since if

k
(22) ZQO]’ =4q ZPOj =p
j=1

then from Z?Zl q; (2) = 0 it follows:

k
ZQO]'(Z) =pz+q.
j=1

We will now give a more precise description of these solutions and in particular
their asymptotic behavior as z — +o0o. To this end we will often make use of
classical results of Kostant [23] and in particular we will use the explicit formula
for the solutions of (2.1) (see formula (7.7.10) in [23]).
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We will first introduce some notation. Given numbers wi, ..., w; € R such that

k

(2.3) ij:O, and w; > w41, j=1,...,k,
j=1
we define the matrix
wo = diag (wy,...,wg).
Next, given numbers g1, ..., gr € R such that
k
(2.4) [[os=1 andg;>0, j=1,... .k
j=1

we define the matrix
go = diag (g1, ..., gx)-

The matrices wg and gy can be parameterized by introducing the following two
sets of parameters
(25) Cj = W5 — Wj41, dj :loggj_H 710ggj7 ] = 1,...,]€.
Furthermore, we define functions ®;(go, wo;2), z € R, j =0,...,k, by

(I)O = (I)k =1
(2.6) ®;(go, Wo; 2) =

(=7 N (Wo)gi, - iy expl—z(wi, + -+ wg)],

1<i; << <k

where r;, ;. (w) are rational functions of the entries of the matrix wg. It is proven
in [23] that all solutions of (2.1) are of the form
(2.7) qj(2) = log ®;-1(go, wWo; 2) — log ®;(go, wo;2), Jj=1,...,k.
Namely, given initial conditions in (2.1) there exist matrices wg and go satisfying

(2.3)—(2.4) and the solution is given in the form (2.7). According to Theorem 7.7.2
of [23], it holds

(28) Qj/(+OO) = Wk+1—j, q_j/(—OO) = Wy, j = 1, ceey k.

We introduce variables

(2.9) uj = qj — Qjt1-
In terms of u = (uy,...,ur—1) system (2.1) becomes
(2.10) Wi Men =0
. u;(0) = qoj — qoj+1,  u;(0) =poj — poj41, J=1,...,k—1,
where
2 -1 0-- 0
1 2 1+ 0 e
M = , e U =
0 2 -1 e Ur-1
0 -1 2

As a consequence of (2.6) all solutions to (2.10) are given by
uj(2) = ¢;(2) = ¢j11(2)

2.11
(2.11) = —2log ®;(go, Wo; 2) + log ®,_1(80, Wo; 2) + 1og ®;11(g0, Wo; 2).
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Conversely, given a solution u of (2.10) and p, 7 € R, the functions

=y ol
(2.12) 4= (Z i — Y iup_; | +pz+q,
=0 =0

for j =1,...,k (we agree that ug = ux = 0), are solutions of (2.1) satisfying (2.2).
We will need the following result which has been proven in [14]:

Lemma 2.1. Let wq be such that

(2.13) j:1r?%r}€71(wj —w;t1) =0 >0.

Then there holds
(2.14)
( —cp—jz—dp_j+ 7, (c)+ Oe ™) as 2 — 400, j=1,...,k—1,
u;(z) =
! cjz+dj+ 717 (c) + O(e 10, as 2 — —oc0, j=1,....k—1,

where Tji(c) are smooth functions of the vector ¢ = (c1,...,¢Cx—1).

To find a family of solutions of the Toda system (1.11) starting from a solution

of (2.1) we calculate functions ¢; using (2.12) and set
. k+1 1
(215) 15(2) = (2) + (G — S5 ) log

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) holds, that

min (w; —wj41) =9 >0,
J=1,. .k

and functions f; satisfy

(2.16) Hf]/'/Hcgvu(R;Rk) = ||f]/'/(COShZ)ﬁ”covu(R;Rk) <C,
fi(z) =ax jz+bs; + O((coshz)*ﬁ), z — *£oo.
We also have, taking ¥ smaller if necessary:

(2.17) min o j — oz j-1] 2 0.

2.2. The linearized Toda system. Given a solution to the Toda system (1.11)
we will consider its linearization:

(2.18) coh” +Nh=p, h=(h,...,h), N=(Ny,..., N7,
where
(219) Nj = —efffl_fjej,l + [6fj71_fj + efj_fjJrl]ej — efjfl_fjej+1,

and e; are the vectors of the canonical basis in RF. 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| — oco. Also we observe that the fundamental set of the
system (2.18) is given by the following 2k functions:

=0,f, j=1,....k—1, vi=0f,
Vi=0gf, j=1,...,k—1, v} =09,
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where c;,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

b
K = span {V?, Vil

Notice that functions lei_ are linearly growing, while v?- are bounded as |z| — co. In

fact from Lemma 2.1 it follows:
(2.20) vg(z) = ai’jz + bgt’j + O((coshz)™7),
. vi(z) = bl ; + O((coshz)™").

Let xT,x~ be smooth cut off function such that x™(2) =1, 2 > 1, x*(2) = 0,
2 <0, x"(2) = xT(—2) and finally x* 4+ x~ = 1. We will define a 4k dimensional
deficiency space by

D = span {Xivg7 Xivg}.

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

(2.21) D=Ka¢&,

where £ is a complement of IC in D. With this decomposition at hand, we have
the following result which follows from standard arguments in ordinary differential
equations.

Lemma 2.2. Assume that 0 > 0. Then the mapping

T: COMRRF) @& —  Co*(R;RF),
v — ¢ V' +Nv,

is an isomorphism.

Proof. For convenience of the reader we reproduce here the proof, which can be
found in [15]. Standard arguments in ordinary differential equations imply that
there exists a unique solution of (2.18) which satisfies v(0) = v/(0) = 0. We will
denote v = Sy(p).

We now prove that v € Cg’“ (R;R*) @ D. To this end, we observe that one can
also find a (unique) solution v of (2.18) which satisfies

[v(z)| < Ce” ||p||cg’”(R;]Rk)>

in (—o00,0]. Indeed, using the variation of parameters formula it is easy to show the
existence of a unique solution decaying to 0 at —oo at some exponential rate. Inte-
grating the equation twice over (—oo, 2] shows that in fact v € Cg**((—o0, 0]; R¥).
Then v — v is a linear combination of the functions vg and v;. This proves that, in
(=00, 0], the vector valued function v can be decomposed into the sum of a linear
combination of elements in D and a vector valued function which is bounded by a
constant times e??. A similar decomposition can be derived on [0, +-00). Once this
decomposition is proven, the estimates for the Holder norm of v follow at once.
In other words, Sy : Cy*(R; RF) — C2*(R; R¥) @D is a right inverse for 7. The
decomposition D = K @ &€ induces the decomposition Sy(p) = So(p) + e(p) + k(p),
where Sy(p) € Cg’“(R; R*¥), e(p) € € and k(p) € K. The operator S := Sy — k is
also a right inverse of 7" and maps onto C; H(R;R¥) @ & as desired. This completes
the proof of the Lemma. O
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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 as important role in the sequel. The problem we have in mind is the
following equation:

(2.22) " +r¥e=g, |g(cosz)’|lconm < oo

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

1 z 1 #
(2.23) e(2) = — cos(nz)/ g(¢) sin(kC) d¢ + - sin(/{z)/ 9(¢) cos(k() d¢,

—co —o00
then this function is the unique solution that decays exponentially at —oco. If we
assume that in addition

(2.24) / " g0 sin(xC) d¢ = 0, / " 4(0) cos() dC.

— 00 — 00

then we have
(2.25) ||e(coshz)9||cz‘“(R) < 00,

as required. The necessity of imposing the extra condition (2.24) has its direct
consequence for our problem of constructing the multiple bump lines for (1.1). 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.

3. THE APPROXIMATE SOLUTION

3.1. Local coordinates near model bump lines. We will fix from now on a
solution to the Toda system f with the properties described in the previous section.
We will also choose v € £. We will assume that

(3.1) [vle <™,
where k1 > 0 is a small number to be chosen later on. With these two functions at
hand we define for each j = 1,...,k the model for a bump line to be the curve:

Voj = {x = (,2) ER* |z = fa;(2) +v(a2)},

where f, = (fa1,.-., fa.k) is the rescaled solution to the Toda system, see (1.12).
We will introduce local coordinates associated with each 7, ;. For convenience

we will denote f,(2) = fo(2) + v(az). We will fix the orientation of 7, ; in
such a way that the pair of vectors (Ty,;, Na,;), where the unit tangent T, ; =

[ S £1 . S o 4 :
\/m(ozf(m7 1) and the unit normal N, ; = \/W(L afl, ;) are neg

atively oriented (and the functions f, ; are evaluated at az). Let z; be the arc
length parameter on 7, ; i.e.

(32) 2= [ 1+ a7, a0 dc,

and let go,j = ¢a,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
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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 = (hq, ..., hy) to be a fixed function
such that
(33) ||hHC§’“(]R7Rk) S Oﬁfz’

with some small parameter k.. In the sequel we will use the function h of the
stretched argument az, namely we will write h(az). To measure the size of this
function it is more suitable to use the weights of the form (cosh z)?® rather than
(cosh 2)?. Thus we will see norms like ||- ||CZ,M(R;R,€). In general we have the following

relations:
(3'4) ”thgv:(]R;Rk) < ”h”cgv#(R;Rk)a ”h”cgf”(R;Rk) < aieiunthg’:(R;Rk)'

These relations will be used for the function h as well as for several similar type
functions appearing below without specially mentioning them. Thus for instance
from (3.3) and (3.4) it follows:

HhHCZ[;‘ (R;Rk) S Eam2 .

A neighborhood of the curve ¥, ; can be parametrized in the following way:
(3.5) x = Xa,j(%5,2)) = da,j(2;) + (% + hj(az;)) Na,j(z))-

Notice that t; = x; + h;(az;) is simply the signed distance to 7, ;. For this reason
our local coordinates can be seen as shifted with respect to the Fermi coordinates
of the curve 7, ;.

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 R? in which t; is a smooth
function for j = 1,...,k. Using the asymptotic (linear) behavior of f,(2), v(az)
and estimate (3.1) it is not hard to prove that this set contains the set:

Vo= {x=(2,2) o] < ZV1+22},

with certain small constant ¢. Indeed, the Fermi coordinates are defined as long as
the map (t;,2z;) — X is one-to-one. Using the fact that the curvature of each 7, ;,

ko j(z;) ~ a?*(coshz;) ="

?

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

Jeog(25) ~ (O() 2] + Oflog ), 2,(1 + O(a%))),

one can show that for each small ¢; and each sufficiently small « the Fermi coordi-
nates are well defined around 7, ;(z;) as long as:

C
(3.6) It;] < é,/1+z§.

Noting that the distance between 7, ; and any other curve, say 7, ; behaves like

ist (3 - 1
dist (Fa,j(2))s Ya,i) ~ O(a)|z;j| + O(log ),

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

o
(3.7) x € Vo =[xl = [t; — hylazy)| < 2y/1+2] x = Xaj(x),2)-
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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:

(3.8) Xoif(x,25) = (f o Xa,j)(x),25)-

We will also need a simple relation between the coordinates x; and x;, which
follows from the definition of the curves 7, ; together with elementary geometry.
By definition of the coordinates (3.5) we get:

Xi= [q%j(zj) - Qa,i(zi)} (1 + (’)(ag)) + O(a’2) + x; (1 + (’)(ag)),
(3.9) ‘ "
z; = zj(l + O« )) + O()(x; — x;) + O(a' TF2).

Since

Goi(25) = dai(2i) = Oa)(z; = 2i),

in V. we have

(3.10) %) — %, = 2(i — j) log é 4 0(a2)xj + O()z; + O(a"?),
(3.11) zi —zj = 0(a?)z; + O(alog — ) + O(a®)x;

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 k, ; be the curvature of
the curve 7, ;, which in its natural parametrization is given by:

2 fn

_ a*fly i(az)
. T (1+a?(f, J(az))2)% 7 / \/1 +a?(fo (a0 de.

We define the function A; by
Aj = 1 — (Xj + hj)ka,j~

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

Ao (BP0 ) o, (UW0,) 0 (C020) + 0 (0}
This formula can be written in the form:

(313) A= 82 +3 +ai Ja +012J8x7z7 + a9g2 ]8 + by ]8x] + ba. ]82

where:
042(11;-)2 20k 1— A?
ailj = A2 ai12,5 = YR a2, = o
1
1) by = E(*kavjA? — PR Aj + 02 (1)) ha j — a(x; + )KL ),
baj = -z ((hy + x5)kq ;).

A3
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The reader should keep in mind that functions h;, k. ; are taken as functions of
az;. Additionally we recall that

2 3
Foj = Oczprmy (@), Koy = Oz (@),
and consequently we have in V¢, taking into account (3.7):
(3.15)
all,j == ch&u(R)(OéQ), a127]‘ = OC;’:(R) (a), a22,j = OCS(’}"(]R) (a2(1 + |Xj|)),
b1 = Ocoun gy (@ (L +1%50)),  b2g = Ocoun gy (@ (1 + |x51)).

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 special making any special

reference since there are rather ubiquitous. First we recall that for the homoclinic
solution defined in (1.3)—(1.4) we have:

w(z) =e I+ O(e~27l),  as |z| — .
Second, let us recall that the linearized operator
(3.16) L=0%—-1+puwP,

has a unique principal eigenvalue A\; > 0 with corresponding eigenfunction Z(x) >
0. In fact we have
w(p+1)/2

b
/ 1
f]R wp+
and in paricular

Z(z) = e~ lal + O(e_(p"’l)lw‘), as |x| — oc.

M= 1p+3), 7=

It is also known that A2 = 0 and the corresponding eigenfunction is w’ while the
rest of the spectrum is strictly negative.

Finally, using the results of [9] and the standard facts about the bifurctatin
solutions, with the aid of barriers, we find that the Dancer solution ws . has an
expansion of the form

ws - (z,2) = w(z) + 6Z(x) cos(v/A12) + 7Z(x) sin(v/A12) + O((|6]* + |7[*)e~ 1o,
for all small 6, 7.

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 by some cutoff function. Let us observe that this way 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” are 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
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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 property:

(3.17) He”c:""(R,R’“) < 042+/<3

where ¢, k3 are small numbers to be chosen later on. In addition we will use 4k real
parameters 6+ = (d+1,...,0+%) and 74+ = (741,...,7+ k), such that with some
small kq4:

(3.18) [84]] + [Tl < o'

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

X;,jwiyj(xja zj) = Wy ;7 (%5,25),
(3.19) Xa,5wo,5(%5,25) = w(x;),
Xa,i%i(x5,25) = Z(%5).
Now, let =+ > 0, =y > 0 be cutoff functions such that
L)+ E)+E_(t) =1, VteR,
supp &4 = (1,00), suppZp=(—2,2), supp=_ = (—o0,—1),
and let

X3 544(x),25) = Ex(az;), X[ ;50,(x5,25) = Zo(az;).
We will introduce the following convenient notation:
(3.20) wj = 54wy j + Sowo,; + 5w

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

k
(3.21) w(x) = ij +e;(az;)Z;.

Notice that w depends on the parameters f,, v, h, e, d+, 7. We will not emphasize
this dependence unless necessary. Taking now a smooth cutoff function 7. supported
in V; and such that n; = 1 in Vs we define the global approximate solution of (1.1)
by:

k
(3.22) W= ng(ZWj + ej(az;)Z;) = now.
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

(4.1) Au—u+ulfl =0,

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 to
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(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

1, |s|<3
4.2 =< -
(42) o(s) {07 s
We define:
* Xj
(4.3) X5 0= p(logi).

Finally, we define the function wé) ; by:
XZZ,jwé,j = ’I,U/(Xj)7
where w is the homoclinic solution of (1.1).

We look for a solution to (4.1) in the form u = w + ¢ where ¢ is a function to
be determined. Denoting by S(u) the nonlinear Schrédinger operator in (4.1) we
expand:

S+ ¢) =L(p) + 5Ww) + N(p),
where S(w) is defined in (4.15) and
L(p) = Ap — ¢ +put o,
N(p) = (w+ ) —wP —puP~to.
This way our problem can be written in the form:
L(p) + S(w) + N(p) =0,

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

e+L7(S(w) + N(p)) =0,

provided that the operator L=! is, in a suitable sense, 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=(+—1+pu),

which has bounded kernel spanned by the functions w’(z), and Z(z) cos(v/A12),
Z(z) sin(v/A12).

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

k k
(4.4) L(g) + Sw) + N(p) + Y cjw) 05+ Y d;Z;p; = 0.
j=1 j=1

In the following sections we will describe:

(1) how to solve (4.4) for the unknowns ¢ and ¢ = (c1,...,c), d = (d1,...,dx)
with given fixed parameters v,h,e,d, 74, 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 will explain how to de-
compose the projected nonlinear problem into k + 1 coupled equations. The ad-
vantage 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 + 1)th 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 folows:
L s <§,
(4.5) x(s) = { 5
0, [s]>15-
We define:
* _ X

[

Comparing this with the definition of the cutoff functions p, p; in (4.2)-(4.3) we
see that

(4.7) XiPi = pi» Xixi=0, J#i
This last statement follows from the fact that the distance between any two model

bump lines is at least like 210g§ + O(1) and the definition of x;.
We look for a solution of (4.4) in the form

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

(4.9) XiL(@5) + cjwo ixs + 4 Zixs = x;(S(w) + N) — x5 (L — A+ 1)y,

k k
(A=Dg= (1= p)(S@) +N) = > [Ligip:) — pil(:)]
(4.10) =t =t

k
(1= ) LA+,

i=1
where N = N(Z?Zl ¢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 higher order (in «/). 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 opertator 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

(4.11)  [92 + 02 + gy, (wo ;)] X5 05 = Xo jky — Xo s (ciwing) — X0 (4575 x5),

J
where
Xogki = X0 G (SG) + V)| = X5 ;06 I — A+ 1)y)
= X305 0GTAe))) + (X5,55) [0, + 02, + g (wo )| X2 ;65
Again this is evident because of (4.7). We observe that (4.11) can be seen as an
equation in (x;,z;) € R?. In particular functions X} ;¢;, as solutions of (4.11) are
defined for all (x;,z;) € R?, although in reality these variables correspond to the

(4.12)
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local coordinates of 9, ; in a subset of R? only. It is important to remember that
this subset contains supp x;.

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

(4.13) (A=1)ip=Q(¢¢).

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. Equation (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:

(4.14) ‘|¢||c§1Z(R2) = félﬂgz ((coshx)"(coshz)“|\¢||cz,“(31(x))).

The error of the global approximation w is defined by:
(4.15) Sw) = Aw —w+wP.

This function depends in particular on the parameters v, h, e, d+, 74, and although
this dependence is usually not emphasized sometimes it will be necessary to denote:

S(W) = S(Wa v, h7ea 5i77—i)-

We always assume that these parameters satisfy estimates (3.1), (3.3), (3.17) and
(3.18) with some fixed x; > 0, ¢ = 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 detail later.

We state the main result of this section.

Proposition 4.1. The function S(w;v,h, e, 0+, T1) is a continuous function of its
parameters and for each sufficiently small o the following estimate holds:

(4.16) 1, 06 S@los aa < Co,

where 0 < 0 < min{p — 2,1}, 6 € (0,9) and ¥ 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® 54 1), £ =1,2, we have:

W (D o)y v (2% (2) (@)
1 D 50) X DS o

(4.17) N

S C(OZ2Hh(1) — h(g)Hcgf(Rk;R) + ||e(1) — e<2)HC§(‘f(R’“;R))'

*

Observe that we regard functions X, ;(x;S(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 at the same standard (see [141, 15]
for similar results) and 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;,z;) we have to use relations (3.9) to express variables (x;, z;)
in terms of (x;,2z;). These relations involve the components of the function h(*) as
higher order terms. Using the Implicit Function Theorem one can prove that in
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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) = 0 in R? \ V.. We will denote

k
Ve =V, \ | suppp;.
j=1
Proposition 4.2. Under the hypothesis of the previous Proposition we have for
each j=1,... k:

(4.18) HS(W)(COSth)GaHco,u(vqo) < Ca®tic.
Similarly to (4.17) we have
(4.19)

3a
1S — 5(2)”60,”(‘/:) < Cai?[a?|h®W — hu)”cg;j‘(Rk;R) +|le® — 9(2)||c§g‘(Rk;R)}-

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 7, ;.

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 convenient 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 functions ¢; are such that with o and ¢ as in the hypothesis of Proposition
4.1 we have

(4.20) 1X2 05l @y <000 5 =1,k

We assume above that X7 ;¢; 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
O 3o 2 *

(421) [t (coshz;) " leun ey < Cat? (02 + 37 1Xa 56 lez aoy)-

j=1
In addition 1 is a continuous function of the parameters v,h,e, 6+, 7+ and a Lip-
schitz function of ¢ and also of the parameters h,e and the following estimates
hold:
(4.22)

k
« X *
1((8M) = (™)) (coshz,)" ez rey < Cat D [[ X0 (65 = 657) |z g
j=1 '

and
(423) [(2(h™M, M) —p(h®) e®))(cosh z;)?*||c2.s r2)

. .
S CO[4 (a2||h1 - h2||C2f(Rk;R) + Hel — e2||C§’:(Rk;R))'
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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 equations (4.11). Let
us recall the definition of the basic linearized operator L in (3.16):

= (2 +0%—1+puwP™).
We will consider the problem of existence of the unique solution of
(4.24) L(¢) =h, inR?
which additionally satisfies:

(4.25) /Rw'(a:)gb(a:, 2)dr =0= / Z(x)p(x, 2) du.

R
We will assume below that

(4.26) /Rw'(m)h(x, 2)dr =0= / Z(z)h(z, z) dz,

R
and

(4.27) [| (cosh 2)7 (cosh 2)*hl|co.u(r2) < 0.

Proposition 4.3. There exists an ag > 0 such that given h satsifying (4.26)—
(4.27) with o € (0,1), a € [0,a9), there exists a unique bounded solution ¢ = T'(h)
to problem (4.24) which defines a bounded linear operator of h in the sense that

[| (cosh x)7 (cosh 2)*@||c2.u(r2) < Cl|(coshz)? (cosh 2)*h||co.n(r2),
and ¢ satisfies additionally the orthogonality conditions (4.25).

The proof of this Proposition is postponed to section 7.
We will adopt the above theory to deal with the system of nonlinear and nonlocal
equations (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

(4.28) Xo 05 =T (X3 ik — X5 5 (ciwi ix5) — X0 ;(d5Z5x5))
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:

CJ/X Xg )dx; = /X kwoj dx;,

dj/}RX;’j( Xj)dx; = /X (k; Z) dx;.

Let us make a comment about the structure of the system (4.28). Of course it
can be written, alternatively as a system oh PDEs:

(4.30) [0, + 02, + gy, (w(x)))] X0 ;b5 = Xos jky — X0 5 (cwp x5) — Xor 5(d;2x;5)-
This system is coupled only through the background function ¢ (hidden in X o, k;)
considered in each equation restricted to the set supp x;. As given in Lemma 4.1

this function is a function of x = (, z) € R?. Since we can express these variables in
terms of the local coordinates in supp x; C Vi we are justified in writing something

(4.29)
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like X7 ;(x;¢). Similar observation applies to other functions appearing on the
right hand side of (4.30). The key point is that functions X3, jk; are supported in
V. where the local coordinates of all curves 7, ; are well defined.

We will examine the size of the functions X ;k; in the weighted Holder norms.

Lemma 4.2. We assume that

* 30
(4.31) HXa,ijj”ci:ga(Rz) < at’.
With the notations of Proposition 4.1 the following estimate holds for j =1,... k:
k
* £ *
(4.32) ||Xa,jkj||C2:ZQ(R2) < Ca® + Cas Z HX(x,igbiHCi:ga(]RQ)‘
i=1

Moreover, functions X}, ;k; are Lipschitz as functions of ¢ and we have

(4.33)

k
* * 30‘ * 1 * 2
15 55 (6) = X2 ki (@eon gey < Cad? D IXZ ;05 = X267 Nz (zey,
Jj=1

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

(4.34) ||Cj||cg;;‘(R) + de||cg:(n@) < CHXZ,jijcg:ga(R?)v
and consequently,

HX;,]'(CwaJ,ij)||52:ZQ(R2) + HX;,j(deXj)”cg:ga(RZ) < O“X;,jkjucgiga(ﬂ&?)

k
3
< Ca? + Cas’ Z ||X;,i¢i||cgjga(ua2)7
i=1
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:

Proposition 4.4. The interaction system (4.28)—-(4.29) has a unique solution ¢ =
(b1,..., k) such that
k

(4.35) Z HX;,j(ijC?’ga(RQ) < Ca’.

j=1

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?)k — 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 1, 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 X7 ;¢; is a function of the parameters v,h,e,d.,74. As
for the nature of the dependence of X o,j®; on these parameters we have:
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Lemma 4.3. The solution of the system (4.28)-(4.29) is a continuous function of
the parameters v,h,e, 0, 7+ and a Lipschitz function of h, e. Moreover we have:

(4.36)
1) 2)%x
1) 65 (0, 6) = X6, (03, e gy < Ca?DD B oo

+ C”e(l) - 9(2) ||C§;‘(Rk,R)'

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, d+, 74+ and Lipschitz function of
h, e. This follows from Proposition 4.1, Lemma 4.1. From the Banach contraction
mapping theorem we conclude (4.36).

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

k
o= ¢ip;+ ¢,

j=1
in terms of the original variables x = (z,z) rather than the local variables. We
observe that whenever

(R (Pj¢j)||ci:gﬂ(ﬂzz) < Cao?,

then
(4.37) ||pj¢j||ciﬁem(R2) < Ca2o-(k+1)
since, because of (3.5), we have:
k+1 1
(4.38) 2= x;(1+0(a?)) +2;0(a) +2(j — %)loga.

Of course in (4.37) we must take o, < ¢ and 6, < 0. Estimate of a similar type
can be shown for the background function v 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:

||80||c§r‘,9*a(R2) < Ca,

which is the estimate we claimed in the statement of Theorem 1.1 (see (1.10) in
Definition 1.1) .

4.7. Derivation of the reduced equations. In order to finish the proof of the
Theorem 1.1 we need to adjust the (so far undetermined) parameters v, h, e, d+, 7+
in such a way that c¢; =0, d; = 0. In other words, by (4.29), we need:

(439) / X:z,j (kjwé,j) de = 0,
R

(440) / X:;,j(ka) de =0.
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 = (hq,..., hg)
and e = (eq,...,ex). This is a system of 2k equations with 2k unknowns. The first
k equation which determine h have the form, to main order, of the linearized Toda



THE TODA SYSTEM AND MULTIPLE-END SOLUTIONS 25

system discussed already in section 2. In particular a solution which decays expo-
nentially exists only if we can chose suitably the unknown function v = (vy, ..., vg).
On the other hand the system for e consists of decoupled (to main order) linear
equations of the form considered in section 2.3. As we have indicated each of the k
equations requires 2 extra solvability conditions if we seek solutions in the exponen-
tially decaying class. These requirements lead to 2k constraints on 4k parameters
0+, 74. Considering (4.39) we have the following

Proposition 4.5. Equations (4.39) are equivalent to the following system of equa-
tions:

(4.41) cp(h+v)"+Nh+v)=P, h=(hy,...,h), v=_(v1,...,0),
and N = (Ny,...,Nu)T, where

(4.42) N, =—elimimfie; | 4 [efirli pelizlin)e; —eli=litie;
and e; are the vectors of the canonical basis in RF. The function P satisfies:
(4.43) HP”CS’“(]R;R’“) < Ca™,

where we choose

. 3
Vl:mln{liuﬂznl7”72‘%27ua1+li47ua‘%2+ﬁ:4iuazgiﬂ}a

provided that (3.1), (3.8), (5.17) and (5.18) are satisfied. The constant c, is defined
by

f]R(w’)2 dz

—p JpwPTlw'e® dx

(4.44) cp = > 0.

In addition P is a continuos function of v,h,e , 0+, 7+ and a Lipschitz function of
h e and we have:

||P(h(1)7 el - P(h(z)a e?; ')HCS»L(R;Rk)

(4.45) o
< Ca~# (| — h(z)Hcg’“(R;R’“) +[let - e(2)||63’“(R;Rk))‘

Proof. Tt is not hard to show that the main order terms in the projection of the
function X7 ;k; onto wy ; come from the projection of X ;(x;5(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 asymptotic 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 compli-
cated notations. We will compute first the projection of X ;(x1.5(w)) onto wg ;.
Expressing A in local coordinates, using the notation (3.13)—(3.14), and neglecting
the higher order terms (in «) we get

(4.46)
/X;l()(lS(w)w('m) dxq ~ / b171(3X1w0,1)2 dxq er/ wgzlw072<9xlw0,1 dxy.
R R R



26 M. DEL PINO, M. KOWALCZYK, F. PACARD, AND J. WEI

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:

(4.47)
/ b1,1(3x1w0,1)2 dx,
R

— /(axlwo’lf[—ka,lA;l — a?W{ AT + &2 (1)) ?ka,1 — a(x1 + h)hiK), 4] dx
R

= =0} + 1) [ (@) d+ O oy @)l + 13 g e
where we use (3.12) to replace ko1 by fi. Notice that the exponential weights
we take are like (coshz)?. In other words in estimating P we take Cg’” (R) norm
instead of Cg(’f (R), which is the norm we in which we have actually measured the
errors. This entails loss of a power of a hence the remainder is a factor of a7 *.
This small detail, which we have already mentioned in (3.4) will be present in all
subsequent calculations. Finally we remind the reader that above all functions of
the arc length z; are taken of the scaled argument az;.

To compute the second term in (4.46) we will use a refinement of (3.9) which
reads:

X2 = [qa,1(z1) + h1(0z1) — qa2(z1) — ho(az1)] (1 4+ O(a®H))
(4.48) . . 1 .
+O0(a"")zy + O(a"* log E) +x1 (14 O(a®*™#)).

Using this we can write:
(4.49)

/ W a0 20y w0 1 dxy = / WP ()0 (51 )w(x1 + Gat (21) — daa (1)) dxa
R R

+ / wpfl(xl)w’(xl)[w(xg) — w(x1 + qa,1(21) - qoz,2(zl))] dxy,
R

where Ga,j(21) = ¢a,j(21) +hj(az1). To evaluate the first integral above we observe
that its leading order behavior comes from integration over the set where |x1| <
%log %, which means x5 < —% logé + O(1). Using the asymptotic formula

w(z) = e 1*l + O((coshz)7?),

and denoting:

¢ = (p/pr_l(x)w’(x)emdx),

we get:
[0 G + () - doaz:) - hafoz)) de
R
= C1 eXp ((jml(zl) — (jmg(zl)) (1 -+ OC?’“(R) (04%7/1«))
(4.50) — c1a2e N1(0z1)~f2(0z1)
+ cpa?efrlez)=2(020) (b (azy) + v1(azy) — ha(azy) — va(azy))

+ OC?’“(R) (CY2+U1 ) .
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The second term in (4.49) is estimated in a similar way. Notice that since w'(x) < 0,
2 > 0 therefore the factor ¢; = f wP~L( (x)e®dz < 0.

In combining (4.47), (4.49) and (4. oO) we use the fact that f is a solution of the
Toda system (1.11). In this manner we get:

Cp(hl + 'U])H + efl_f2 (hl + v — h2 - ’Ug) = OCS’“(R) (ayl)-

Analogous calculations can be done of course for the projection onto w(w. This
gives the assertion 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, Lemma 4.1, Lemma 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:

A
(4.51) ¢+ 5e=Q,
where
(452) ||QHC2”’L(R;R’“) S CaVl.

In addition statement (/.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)

(4.53)
/ X 0 SG)Xe 2y [ 08+ 52, + gy e o2 2005)), 2005 .

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 a?. We have in particular
interaction terms similar to the ones considered in (4.49) but with Z(x;)Z(x;) in

—aplelas |2z| — oo with

place of the products wg jwo ;. Because we have Z(z) ~ e
ap > 3 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 afj + g, (w(x;)). This gives immediately

/Xaj XS (W)X ;75 dxj ~ (aze;’(azj) +)\16j(azj))(/RxZ2 dz).

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

Now we recall that from our considerations in section 2.3 it follows that problem
(4.51) is solvable in exponentially decaying class if in addition to (4.40) the following
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conditions hold:

|| [ Xeathi2)205) cos(Avz) dxyz; =0,
/R/RXZJ(ij)Z(xj)sin(\/xzj)dxjdzj = 0.

We will now show that (4.54) leads to conditions on 44, and 74+. Let us denote
the first integral above by 1;. We have (see section 9 for details):

(4.54)

= / / X7 (x5S (w)) Z(x5) cos(v/ Miz;) dxjdz; + O(a' ),
R JR
where w; is defined in (3.20). With the notation (3.13)—(3.14) we get
(4.55) X5 i (S(az)) ~ [0, + 8z, 1w + gp(wy),

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

[5}%] + ﬁfj]wj -+ gp(wj) ~ OéQ[EiJ’UJ_hj —+ E(l)/’jwovj —+ Eﬁﬁjw_d]

+ 20[[53_’]»62],’[1)4_7]' + E(’),]ﬁzjww + E’_J@Zj w_J]
= ?[EY j(wyj —woy) + EY j(w-,j —wo)]
+ 2a[5’+,j82jw+’j + 5'77j82jw,,j].

We note that by (3.3) we have:
Oz, j ~ \/ MZ[=0+ jsin(y/ Mz;) + T2 j cos(v/ A1z;)],
W4 5 — Wo,5 ~ Z[aj;j COS(\/ )\12]‘) + T+,5 sin(\/ )\12]‘)],

where the neglected parts are of order Ocee (r2)(|0+ ;% + |74,5]*)(coshx;) 1) and
consequently their contribution is relatively smaller. Denoting

(4.56) Oy =101, COS(\/EZJ‘) + 74 sin(\/xzj)]a Go = /RXZ27
we calculate:
T, ~ Co /R[a251,j9+,j +20=, 6, ] cos(v/Aiz;) dz;
+ (o /R[OFEZ)]-@fJ +2a=" 0" ] cos(v/Aiz;) dz;
= VMiGo(ry =7 )

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:
Tj = VMilo(ry; — 7 5) + Oa't™),

(4.57)
Ay =V NG04y — 0 ;) + O(a' ™).
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For future references we will denote:
T =2 — vV iCo(rey — 7-5),
Aj = A5 =/ XGo(645 — 6 5),
and ¥ = (11,...,T%) and A = (Ay,..., Ay).
4.8. Solution of the reduced system. We will now complete the proof of The-

orem 1.1. To this end we have to solve the following system of equations (see
Proposition 4.5, Proposition 4.6 and Lemma 4.4):

(4.58) cp(h+v)"+Nth+v)=P(v,h,e,ds,71),
(459) e’ + %e = (Q(V7 h,e, 5i77-i)

{ﬁco(u —7_)=7(v,h,eds,T4),
\/ZCO(5+ - 6*) = A(Vvhvea(sﬁ:v‘ri)'

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.) € Rk,
and k components of the vector (T_,7.) € R?* this system has a solution for the
remaining 2k components of (6_,04), (T—,74) and the functions v, h e.

(4.60)

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

3
min{1l — p, 251 — p, 262 — i, 1 + K4 — 1, Ko + K4 — 1, Vi p} =vp > max{k;}.
Second we fix k components of (§_,d) € R?*. For simplicity we assume that the
fixed components correspond to the lower ends of the bump lines, however it is
easy to see that any combination of k ends will do. We will denote them by d_.
Similarly we fix 7_. We assume that the fixed vectors satisfy

1
(4.61) 104] + |7l < ot

(c.f. (3.18)). Now we will solve the system by a fixed point argument following the
three steps below.
Step 1. We fix v,h, &8, 7 satisfying, respectively, (3.1), (3.3), (3.17) and (4.61).
We set 5+ =06+06_ and 7, = 7 + 7_ and use these functions and parameters,
together with d_, 7_ to calculate the right hand sides of the equations (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 é and continuous as functions of v and d4,7 4.
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)"+Nh+v)=P(¥,hed_,7_,6_+,7_+7),
VMG =Y, h,e,d_,7_,6_+6,7_+7),
V166 = AV, h,e,6_,7_,6_+6,7_+7T),
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Using the theory developed in section 2 we find in addition that
(4.62) ”h”‘jg'“(R;Rk) §2 C||PHcg~ﬂ(R;Rk) < C;a”l,
lell ez ) < CO? Qg pr) < Ca?™™,
and that v, 9, T satisfy

[vlle < Ca™,
8] + [I7|| < Cattr.

Step 3. We notice that the map

(4.63)

(v,8,7): E xRF x R¥ — £ x RF x R¥,
(07 5777-) — (V7 5’ T)7

is continuous and, because of the choice of v and (4.63), we can use Browder’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 demonstrated 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 (1.11) 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.

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
ie. k= 2 Recall that we have g,(t) = —t + ¢!, p > 2. Let us consider the error
restricted to the set:

Uy :={x1 +x < O}DV%.
In this set it s convenient to write (with the notation (3.20)):
S(w) = A(wy +w2) + gp(w1) + gp(w2) +[A + g, (w1 +wa)](e1 21 + e225)

E1 E2
+ gp(w1 + w2 +e1Z1 + eaZs) — gp(w1) — gp(wa) — gy, (w1 + twz)(e1 21 + e225) .

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

= p

W+ Sogwg; + E-jul,
(wo,a Eyi(wg i —wo,j) +:—,j(w—,j —wo ;)"

= Sy j(wo s + (wij —woy))" = Zojuwh ;= E-j(wo; + (w-j —wo ;)
= 2wl + Sowh; + E- jub
+ Oco.n(wy) (162,51 + |72 517) (coshx;) ~*(cosh z;) ™),
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since the Oth and the 1st order term in (w4 ; —wp ;) in the two middle lines cancel
out, and the the quality w? = w% ; holds whenever 5. ; = 1. Using this and
denoting by P; the differential operator (A — 95, — 93,) we can write:

2
By = [Pj(E1jwi ;) + Pi(Z0 w0 ) + Pi(E- jw_ ;)
j=1

5.1) +2) [0, 54 02w j + O, 50,0z, w0 5 + O, 5 02,0 ]
: —

2
J
2
§ 2 = L= ) 2= )
+ [az]-“+a]'w+’j + az]-‘ﬁoa]wod + azj-‘ﬁfdw*’]]
j:

1

+ Ocoo (w) ((|5i,,j 24 |Ti’j|2)(COShXj)_Q(COSth)_ﬁa).

We observe that the term involving P; above is, because of (3.15), of order o and
in addition it decays in x; and z; exponentially, like (coshx;)~?(coshz;)~%¢, for
any o0 < 1. In making this claim we use of the asymptotic form of the Dancer
solution and also estimates (3.3), (3.18). Similar estimate can be proven for the
two following terms since for example we have

8Zj5+’j(0[2j) = OZELJ-(OZZ]'), 822j5+’j(0£2j) = OéEi’j(OZZj)
and 0 j, T4 j ~ al't*4 while on the other hand Oz, wo,; = 0. Thus we get:
(5.2) HElHCS?’JQ(Ul) < Ca?.

The second term denoted by FEs above satisfies an estimate of the same type by
(3.17). We observe also that for any o < 1:

3a
(5.3) 1Bl o, ey < Ca®+i7,

since in Uy N V2 we have |x1]| > 3log 1. It is important that in (5.3) we take the
exponential weight in the norm only in the z; direction. Again, same estimate is
true for Es.

Finally, we estimate the term denoted by FE3. 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:

B3 ~ gp(w1 +w2) — gp(w1) — gp(w2)

2B D) (¢, 4+ (1 = Q)23

1W2—Wg+p 5

= pwzf_
~ pw} _1w2,
with some ¢ € (0,1). The last relation is easily justified, since in U; we have

w1 > wo. We need to consider the product wf_le. We use (3.9) to express xg in
terms of x; to get, as z; — Foc:

1
X =x1 + (@11 — ax 2)az; — 2log 5 + (%1 +21)0(a?) + O(1),

where the coefficients a4 ; satisfy (2.17). From this we find:

(5.4) lwiwa| < Ca?(cosh xl)w‘2 (cosh 21)*’9‘”60‘2,
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with some ¢ > 0. In all we have then, with 0 < o <p —2:
(5.5) [ ty| < Ca®(coshx;) ™ (coshz,)~0%,
hence, with 6 < 9,

(5.6) 1Esllcon (0, < Ca®.

From this (4.16) it follows in the set U; Nsuppy:. Exactly same argument can be
carried out in the set

U, = {Xl + Xo >O}QV%

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

To conclude (4.18) restricted to the set U; NV, we observe that as x; > %logé
in Uy N V2 from (5.5) we get:

-1 243
Hw]i. WQHC;"Q“(Ulquo) <Ca tao,

Finally in the complement of U; U Us in V. we have for instance the following
terms to estimate for each j =1, 2:
07 (X3 in) (X7 ) + 200, (X5 o) 0x, (X7 jw;) < Ce™ 9l = Ceolale ==kl

a,j

In the support of 851_ (X5 im6)s Ox; (X5 ;mc) we have

S
%l = 5-4/1+ 1252,

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

S1
a

C
e~ (1=0)n| < o= —Plal < Cn2e—P0ll

provided that « is taken sufficiently small. It follows from this:
(5.7) ‘aij (Xc*y,jm)(X;,joﬂ + ‘26}9 (X;,jni)axj (XZ,jo)l < Caleolxile 0otz

We obtain (4.18) noting that in V? we have
3 1

(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 the formula (3.9), through terms of order 2. In particular
the leading order term for S(-,h"))—S(-, h(?)) comes from estimating an expression
similar to (5.4). This gives the factor a? in the first line in the estimate (4.17).
As for the the Lipschitz dependence on e we observe that the leading behavior of
S(-,eM) —S(-,e®) comes form the linear term (in e) denoted above by E,. Thus
the second part of the estimate (4.17) follows. We omit somewhat tedious details.
Again using (5.8) we conclude (4.19).
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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 R2:

Uj = {Xj +xj-1 2> 0} n {Xj +xj41 < 0} N V%,

U, .= {Xl < 0}0{X1+X2 < O}OV%,

U = {Xk +Xp_1 > 0} n {Xk > 0} n V%

Since, by (3.22), w=w in Vs we can write

k
(5.9) S(w) = Z xu, (@) + S((1 = no)w)),

where xy, denotes the characteristic function of the set Uj.
We fix a j and consider the error restricted to the set U;. Setting for convenience
gp(t) = —t +t} and using the notation (3.20) we have in Uj;:

S(w) = Awj + gp(w;) + Alej(az;) Z5) + g, (w;) (ej(az;) Z;)

Ey Ea
+ZAWZ+9P (w;) —|—ZA (az;)Z —l—gp(wz)(ez(azj)Z)
(510) 73 Ey; 79 Ez,i
—l—gp(ZWl—l—ez az;) ) ng W;) ng wi)(ei(az;)Z;) .
=1
E3

All the components above can be estimated using the same argument 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:
(6.11) (A—1) =h, inR?
where h € C%*(R?) is such that
(6.12) [[7(cosh z;)?* | co.u(re)y < o0,

for j = 1,...,k (here z; = z;j(2) via (3.2)). Since by assumption h € C**(R?) as
well, by maximum principle and elliptic regularity theory we get the existence of a
unique solution ¢ such that

[¥]lc2n g2y < Cllhllcow g2).
We will now prove:

(613) ||’¢(COSh Zj)gancz,u(ﬂp) S C”h(COSh Zj)ganco,u(ﬂp).
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As we will see (4.21)) will follow from this. Using (3.2) we see that functions of the
form:

V9., = (cosh zj)*eo‘ + I/[COSh(g) + cosh(g)],

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

1
(A - 1>w9a,l/ S _Zwea,u-
Considering now the function

Woa,vy,M = MHI’L(COShZ]‘)eaHco,u(Rz)wga,V — ¢,

where M large is to be chosen, we get:
M
(A - 1)0-)0(1,1171% < _ZHh(COSh Zj)ga“COvH(R2)’L/}0a,V +h

M
< *ZHh(COSh ;)% con (r2) Vo,

+ || (cosh z;)?* || o.u (m2) (cosh z;) 0«

<0.
By letting v — 0 we get the upper bound:
¥(coshz;)? < C”h(COShZj)9a||co,u(R2).

The lower bound and the rest of the proof of (6.13) follow by a straightforward
argument and are left to the reader.

Next we need to examine the size of the function ) and also its dependence on
¢ and h, e and other parameters. We will now assume ¢ to be given and of finite
C2# (R%) norm. We will show that

o0
k
O 2434 35 * )
[Q(eosh )% (e < Ca™ 37 1 Cat? 3 (126 ao
j=1
from which, using (6.13) the required estimate will follow. In the remainder of the
proof we will use the fact that in the supp @ we have

3 1
|Xj‘ Z Zlogaa

(c.f. (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 — Zle pi)S(w) and has already
been estimated in (4.18). To estimate the remaining terms involved in @) we observe
that they depend on the functions ¢ and v, see (4.10). For example, using the fact
that the derivatives of the functions p; are supported in the set where

3 1 1
ZIOgE < |x4 §10gaa
we get forall j =1,...k

« §(7' *
1(Lgs5) — piL(¢5)) (coshz))*lco () < Cat?| X7 djlley (goy-
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Finally we will use (5.8) and the fact that L— A4+ 1= pwf’,:1 with p > 2 to get:

k

[(1- Zpl) (L—A+1)y] (coshz;)? HCO n(r2) < C’a4"||1/z(cosh z)? ezon 2y
i=1

Summarizing, we have found:
1Q(, ¥)(cosh z;) " lco.n m2) < CQ%UHWCOSth)eaH@ (R2)

(6.14) 30
+Cas +Z”X ¢]||C2“ R2}

Now assuming that ¢ is given, using (6.11)—(6.13) and a standard fixed point ar-
gument we find a ¢ = ¢(¢) that satisfies (4.13). Moreover we have:

k

3 *

(6.15) 1(#) (cosh z;)**|czn(mz) < Cai?[a® + Y IIXG jb5llczn o]
j=1 ’

Since the function Q(¢, 1)) is a uniform contraction (as a function of ) and it is
continuous (as function of its parameters, assuming of course that ¢ is continuous),
we conclude that 9 is a continuous function of v, h,e, 4+, 74. It is also easy to see
that 1 (¢) is Lipschitz as a function of ¢ and in fact we have:

(6.16)

11w (6™) — (™)) (cosh z;)° |wszz<:0a4“§jHX*J D — 6| g2

i ooa (B2)’
Final estimate in Lemma 4.1, namely (4.23) follows from (4.19).

Remark 6.1. We observe that a slight modification of the proof of (6.13) gives
(6.17) Iib(cosh 2)(c0s 2)° lezun(a) < Clhlgons

In the case at hand we have, with o, < o, 0, < 6
||Q‘|cg~:9* ®2) = Cai?™ 7D [o +Z||X ¢j||c§;ga(R2)L

because of (4.38). Therefore when ¢ is the true solution of (4.4) we get:
HQHCS’HQ a(Rz) S 6(042—0*(164-1)7

which is the same type of estimate as (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

L0(¢) = Py + g;(w)¢a g;)(w) = pwp_l -1
We recall some well known facts about Lg. First notice that Lo(w’) = 0 i.e. has
one dimensional kernel. Second we observe that
w(p+1)/2

A /f]R wp"rl’

M= - 1p+3), 7=
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correspond, respectively, to principal eigenvalue and eigenfunction of Ly. Except
for A\; > 0 and Ay = 0 the rest of the spectrum of Lj is negative. This means in
particular that there exists a positive constant g such that

(7.1) (Lo(9),9) = 0ll¢l172(m)»

whenever

(¢, 0') =0=(¢,2).
From (7.1) it also follows that there exists a v > 0 such that:

(7.2) (Lo(9),9) = (a2 + 1¢1172®))s
As another consequence of these facts we observe that problem
(7.3) Lo(¢) — &6 = h,

is uniquely solvable whenever ¢ # ++/)1,0 for h € L?(R). Actually, rather standard
argument, using comparison principle and the fact that Lg is of the form
Lo() = dos — & +a(2)9,  |g(x)] < Ce™el7),

can be used to show that whenever h 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((yb) + @2z,
defined in the whole plane (z, z) € R2. Using (7.1) we get that
(7.4) (L(9),8) = 10l 8ll72(we)»

whenever

/(Z)xz dm—O—/qﬁxz dx, for all z.

Equation L(¢) = 0, has 3 obvious bounded solutions

w'(z), Z(z)cos(v/Az), Z(z)sin(v/A1z2).
Our first result shows that converse is also true.
Lemma 7.1. Let ¢ be a bounded solution of the problem
(7.5) L(¢) =0 in R
Then ¢(z,2) is a linear combination of the functions w'(z), Z(z)cos(v/A1z), and
Z(z)sin(v/A12).
Proof. Let assume that ¢ is a bounded function that satisfies
(7.6) P2z + Gug + (puP ™ — 1) = 0.

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

(B, ) mhr = (B, ), A)m = /R o, €)A(€)de,

where p(-) is any smooth rapidly decreasing function. Let us consider a smooth
rapidly decreasing function 1 of the two variables (x, ). Then from equation (7.6)
we find

/R<(ZA5($7 )ﬂpmx - 5271) + (pwp_l - 1)’(/J>Rdx =0.
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Let p(x) and p(€) be smooth and compactly supported functions such that

{V/A1,=V/A1, 0} N supp (1) = 0.

Then we can solve the equation

Voo — EV + (puP™' = 1) = p(e(z), z€R,

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

/R ($(x, ), wypep(e) dz = 0,

so that for all z € R, (@(z, ), u)r = 0, whenever {v/A1, —v/A1,0} Nsupp (1) = 0, in
other words

Supp (QZ)(I, )) C {\/E’ _\/E’ 0}

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

d(x,2) = po(z, ) + p1(z, ) cos(v/A12) + p2 (2, ) sin(y/ A1 2),

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

Lo(po) =0, Lo(p1) — Mip1 =0, Lo(p2) — Aip2 =0,
and the desired result follows. ([l
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

(7.7) L(¢)=h, inR?%

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

(7.8) /qu(x, 2)w' (x)de =0 = /R¢(;v,z)Z(ac) dzx, for all z € R.

With these restrictions imposed we have the following result concerning a priori
estimates for this problem.

Lemma 7.2. Assuming that ¢ is a bounded solution of (7.7) satisfying (7.8) we
have

[0l Lo m2) < Cllh]| oo (2).-

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

[énllc =1, llhnllec =0,
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and

(7.9) L(¢n) = hyn, in R27

(7.10) / On (2, 2)wy(x)de =0 = / On(x,2)Z(x)dx, forall z € R.
R R

Let us assume that (x,,2,) € R? is such that

[P (@0, 20)| — 1.

We claim that the sequence x,, is bounded. Indeed, if not, using the fact that
Lo = Ap—¢p+0(e=1*1)¢ and employing elliptic estimates we find that the sequence
of functions

q}n(sc, Z) = (bn(xn + 2,2 + Z)a
converges, up to a subsequence, locally uniformly to a solution ¢ of the equation
Ap—¢ =0, inR?
whose absolute value attains its maximum at (0,0), This implies é =0, so that z,
is indeed bounded. Let now

an(xa z) = ¢n(x, 20 + 2).
Then ¢,, converges uniformly over compacts to a bounded, nontrivial solution ¢ of

L(¢) =0 inR?
/ b(x, 2)w, () de = 0 = / o(x,2)Z(z) dx, forall z € R.
R R

Lemma 7.1 then implies gz~5 = 0, a contradiction and the proof is concluded. ]

Using Lemma 7.2 we can also find a priori estimates with norms involving expo-
nential weights. When the weights involve only the = variable we have the following
a priori estimates.

Lemma 7.3. Assuming that ||(cosh 2)7hl|co.n(gey < +00, 0 € [0,1), then a bounded
solution ¢ of (7.7)-(7.8) satisfies

(r.11) I(cosh )" llca 2y < Cll(cosha)hlleo.ceo)
Proof. We already know that
6]l (®2) < Cll(coshz)hljcon(r2)-

We set ¢ = ¢||(cosh a:)"h||501,“(R2). Then we have

L(¢) = h, where ||(coshgc)”l~z||co,u(Rz) =1,
and also Hq3||Loo(Rz) < C. Let us fix a number Ry > 0 such that for © > Ry we have
1—o0?
5
which is always possible since w(z) = O(e~¢*l). For an arbitrary number p > 0 let
us set

pwPH(x) <

¢(x,z) = p[cosh(z/2) + e + Me™°7,
where M is to be chosen. Then we find that,
M(]' — 02) —ox

for x > Ry.
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Thus R
L(¢) < h, forz > Ry,

if
M(1 -2

4 2 H(COth)UBHCO:u(]W) =1.

If we also also assume ~
Me R0 > ||¢||<>07

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

¢ < Me™°%, forxz>0,

hence
¢ < M||(coshz)?h||co.umzye 7", for x> 0.
In a similar way we obtain the lower bound
¢ > —M]|(coshx)? | co.nr2), for x> 0.
Finally, the same argument for x < 0 yields
| (cosh 2)7 9| = 2y < Cll(cosh )7 hllco.sas).

The required estimate now follows from local elliptic estimates and the proof is
concluded. (]

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 ||h(cosh x)7 (cosh 2)*||co.n(r2) <
+o0, 0 € (0,1), a € [0,1), for any bounded solution ¢ to problem (7.7)-(7.8) we
have

[| (cosh )7 (cosh 2)*¢||c2.ur2) < Col|(cosh x)? (cosh 2)*hl|co.n(r2).

Proof. We already know that
| (cosh )7 @ c2.n(r2y < C|(cosh x)? (cosh z)*hl|co.u g2y
Then we may write
w(e) = [ ¢.z) da,
R
and differentiate twice weakly to get
v =2 [ ¢da+2 [ 6ode
R R
We have
(7.12) /¢zz¢>dx = / P2 dx + /(1 — pwP™1)p? der/ he.
R R R R
Because of the orthogonality conditions (7.8) we also have by (7.2) that,
[Sars [a-praezy [ +)an y>0
R R R
Hence we find that for a certain constant C' > 0

"’ Tob(z) — 2(z,2) dx
W) 2 J0) = C [ M) da,



40 M. DEL PINO, M. KOWALCZYK, F. PACARD, AND J. WEI

so that o
’Y —za|z o a
() + T0(2) < eI | (cosh o) (cosh 2) Ao e
Since we also know that 1 is bounded by:

C o a
[(2)] < ;H(cosha:) (cosh 2) hHgo,u(Rz),

we can use a barrier of the form ¢ (z) = M||h||2 ,e™2*% 4 pe***, with M sufficiently
large and p > 0 arbitrary, to get the bound 0 < ¢ < ¢T for z > 0 and any
a < L = agp. A similar argument can be used for z < 0. Letting p — 0 we get

/ ¢*(x, z) dz < Cye= 2%l (cosh )7 (cosh 2)"h||con(r2y, @ < ao.
R

Elliptic estimates yield that for Ry fixed and large
lp(z, 2)| < Cge_“lzl||(coshx)"(coshz)“h||co,M(Rz) for |z| < 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

Q_ﬁ x,z) = M||(cosh 2)? (cosh 2)*h||co.u(r2 e~ (owtaz) | e%+5,
(R?) P

with p > 0 arbitrarily small. Fixing M depending on Ry we find the desired
estimate for |(cosh )7 (cosh 2)%¢| in this quadrant by letting p — 0. The argument
in the remaining quadrants is similar. The corresponding bound for the C%*(R?)
weighted norm is then deduced from local elliptic estimates. This concludes the
proof. O

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

Proof. We will argue by approximations. Let us replace h in (4.24) by the function
h(z,z)x(—r,r)(2) 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 Hy, C H!'(R?) of functions that 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

(L(¢r)n / / Vi - Vi dadz + / / pwP~Vm dadz,

we have
(L(6r),n / / i dad

for all tests functions n € H*(R?) which are 2R periodic and which satisfy

/ w' (z)n(z, 2)de =0 = / Z(x)n(z,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}13 and consequently there exists a unique ¢p € H}%
which satisfies

[e's) R
a(dr,n) = / / hndxdz, for all n € Hp.
— J—R
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Given that ¢g satisfies the orthogonality conditions we check that also for any
smooth, compactly supported in (—R, R) function 7j(z) we have

a0 (@)i(2)) = / / hao! (2)ii(2) dudz,
a(Pr, ()()—o_/ / hZ(z)ii(z) dadz.

This proves that ¢ is the unique weak solution of L(¢r) = h in the space of
H'(R?) functions which are 2R periodic in z. Letting R — +o0o and using the
uniform a priori estimates valid for the approximations completes the proof of the
Proposition. [

8. ESTIMATES FOR THE INTERACTION SYSTEM
We begin by proving Lemma 4.2.

Proof. We will use the definition of X; ;k; in (4.12) to estimate term by term. First
we observe

X4, (x;S (W))”cglga(n@) < Ca?,
by (4.16). Next we will consider the nonlinear (in ¢; and 1) term. Since by
assumption
e 2o
||Xa,j¢]||cizga <ot )
therefore by (4.21) we have

(8.1)
k

3 X 3

X2 (g0 (cosh )™ ez re) < Cat? (o + D I1XZ ;d5llc2p (sey) < Cad.
i=1 '

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

k
XiN =N pidi + ) = x;N(p;b; + ),

i=1
using (4.7). Let us observe that N is a ”quadratic” function of its argument. Indeed,
with p > 2 we have for any t,s € R, t > 0:

(s + ) — 7 — pt?~'s| < Cmax{t’~2, |s[P~?}|s|?,
Then it follows:
X5, 06N < CUX0 ;057 + X5, () )
We have in supp X, ;(x;):
15 1
2 <=1

(82) il < 12 log ~
hence, by (8.1)

g o3 * — 155 [e% *
I(cosh x;)7 (coshz;) " X7, ; (xj)Igo.n ey < Ca™ 57| (coshz;) X5 ; (¢9) [Zo.mr2)

k
< Coz_%U(Oé2 + Z \|X;,¢¢iHc§:ga(R2))2'

=1



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

Using this we find:

(8.3)
k

. _34 . 3,
||Xa,j(XjN)||Cg:ga(]R2) < C[a4 7+ ||Xa,j¢j||3§:le‘a(ﬂg2) +as (Z X5, ¢1Hc2 " (]R2))]
i=1
The next term we need to estimate is
X2, (G (L~ A+ 1)) = X2 (oxw o)
Using the fact that X, ;(x;w 4:1) is an exponentially decaying function (in x;)
HXa j(XJW+ )||C2:ZQ(R2 S CH(COSh Zj)gaX;,j (Xj'(/l)Hco.u(Rz)
(8.4)

34

at?(a +ZII X5 a9illezs g2))-

i=1

To estimate the last term we observe that using (3.15) we get :
1X2 00 (A = 82— 2)0,1ll < Call X2 j05llc2p ey
and also
12,5 T () — ap(wo )15 | < Call Xz jd5lleas e,

making use of (3.3), (3.17), (3.18). The proof of the Lipschitz property (4.33) is
standard and is omitted. g

9. THE REDUCED PROBLEM: ERROR OF THE PROJECTIONS

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

/Xa] XJ wOj)dXJa

which in particular gives rise to the Toda system, see (4.46)—(4.50). In particular
we have neglected terms denoted by P;(Z4 jw+ j), Pj(Z0,jwo,;) in (5.1). Among
these lower order terms we will concentrate on one, representative term, namely,
using the notation (3.13)—(3.14) and (4.56),

/Rau’jEi’ij(8§j’zjwi’j)w0,j dxj ~ —a\/):h;@’i’jEi,j /Ru/Z' dz.
Now we observe that
lan/MhGOL ;Zs jlleon gy < Ca’tratmat < Ca®t,
as long as (3.3) and (3.18) hold. Another important term comes from

(9-5) X506 =A+1)9) ~ X2 (px; ()5 ).

Using Lemma 4.1 we get
24+30— 2
H/Xa] XG0 O)wh s gy gy < Ca®T3770 < 0,

Other calculations can be done a similar way.
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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 this
component of k; that depends on the unknown function ¢; linearly, namely:

=X 0GL(99)) + (X5 jx)[02, + 02, + gy (wo 5)] X3 ;5

Although perhaps not immediately obvious but rather straightforward is the fol-
lowing relation

/R[—XEJ- (GIL(8)) + (X x) (02, + 02+ gy (wo5) | X0 ;0512 (%) da;

J
~ X O ) = gy 0)0,) 2005 ;.
Then we get
H /RX;J (Xj(g;(woyj) — g;)(wj))qSJ)Z(x]) dxj”Cg’”(R) S Ca3+f€4fﬂ S Ca2+V1.

Let us now consider some of the terms we have neglected while considering 77;.
One of them is

‘/R/RX;,J‘(Xj(g;(wo,j)_g;,(Wj))%)Z(Xj)cos(\/xzj)dxjdzj’

1+ sh 2) ¢
< Cat™ 0yllzy, soy [ (cosh2) =0 s
< Ca?tr,

Another, similar in type term, is (c.f. (9.5)):
|/R/RXZ,J~ (06 ()5 ) Z(x;) cos(v/ M zy) dx;jdz; |
< C|[(cosh z;)? || cou (2) /(Cosh z) 70 dz
R

3
< Caltio,

These terms are bounded by a!™** for sufficiently small a. The rest of the calcu-
lations follow the same scheme and are omitted.
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