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Abstract. — We prove the existence of infinitely many solitary waves for the nonlinear Klein-
Gordon or Schrédinger equation
Au—u+ud =0,

in R?, which have finite energy and whose maximal group of symmetry reduces to the identity.

1. Introduction

In this paper, we develop tools to construct infinitely many entire solutions of
(1.1) Au—u+u® =0,

which are defined in R? and in particular, solutions whose maximal group of symmetry (i.e.
the largest subgroup of isometries of R? leaving the solution u fixed) is discete. The solutions
we are interested in can be either positive, negative or may change sign but they have finite
energy in the sense that their energy

1 1
E(u) == 7/ (IVul?® + u?) dx — 7/ u' dz,
2 R?2 4 R2
is finite.

Equations like (1.1), in dimension 2 or in higher dimensions, have been thoroughly studied
over the last decades since they are ubiquitous in various models in physics, mathematical
physics or biology. For example, the study of standing waves (or solitary waves) for the nonlinear
Klein-Gordon or Schrédinger equations reduces to (1.1). We refer to [1, 2] for further references
and motivations on the subject.

Let us remind the reader of a few classical and well known results concerning the solvability
of (1.1) and the properties of the solutions of this equation. We will restrict our attention to
the results which are relevant to the 2-dimensional case and we have deliberately chosen not to
mention results which hold in higher dimensions since the list of results and contributors is by
now fairly long.

This work has been partly supported by the contract CO9E06 from the ECOS-CONICYT. The research of the
second author has been partly supported by Fondecyt Grant 1120151 and CAPDE-Anillo ACT-125, Chile. The
third author is partially supported by the ANR-08-BLANC-0335-01 grant. The research of the first and fourth
author is supported by an Earmarked Grant from RGC of Hong Kong and Oversea Joint Grant of NSFC.



2 WEIWEI AO, MONICA MUSSO, FRANK PACARD & JUNCHENG WEI

It is known [1] that there exists a unique positive, radial solution of (1.1). This solution,
which will be denoted by wug, has the property that it decays exponentially to 0 at infinity.
More precisely, it follows from [1] that ug behaves at infinity like one of the modified Bessel’s
functions of the second kind and hence, that there exists a constant C' > 0 such that

(1.2) uo(r) = Ce " r=1/? (1 +0 (i)) ,

as r tends to infinity. The classical result of Gidas, Ni and Nirenberg [8] asserts that any finite
energy, positive solution of (1.1) is (up to a translation) radially symmetric and hence finite
energy, positive solutions of (1.1) are all congruent to ug.

As far as sign changing solutions are concerned, Berestycki and Lions [2] have proved that
(1.1) has infinitely many radial solutions which change sign. Again, these solutions do have
finite energy. To complete this description, let us mention that it is proven in [16] that there
exists solutions of (1.1) which have less symmetry than the ones constructed by Berestycki and
Lions. In fact, given an integer k > 7, it is proven in [16] that there exist infinitely many
solutions of (1.1) whose group of symmetry is the dihedral group of symmetry leaving a regular
k-polygon fixed. Again, these solutions also change sign and have finite energy. In view of these
results, a natural question is the following :

Do all solutions of (1.1) have a nontrivial group of symmetry ¢
Surprisingly, the answer to this question is negative. In fact, we prove the :

Theorem 1.1. — There exist infinitely many solutions of (1.1) which have finite energy but
whose maximal group of symmetry reduces to the identity.

The proof of this result relies on an extension of the construction in [16]. As we will see,
we will be able to find solutions of (1.1) whose maximal group of symmetry reduces or not to
the identity and hence, our construction provides a wealth of non congruent solutions of (1.1)
which change sign and have finite energy.

Let us observe that solutions of (1.1) which have infinite energy do exist in abundance and it
is even known that positive solutions without any symmetry do exist in this context, i.e. if the
finite energy assumption is relaxed. Concerning infinite energy solutions there are two different
classes of interest depending on the behavior of

1 1
Er(u) := —/ (|Vu|* +u?) dx — f/ ut d,
2 Jp(o.r) 4 Jp(o,r)

as R tends to infinity, where the integrals are understood over the disc of radius R, centered
at the origin. For example, non constant, doubly periodic solutions are easy to construct using
variational methods. These solutions have the property that £r(u) ~ R? as R tends to infinity.
Non constant singly periodic solutions are also known to exist and they correspond to solutions
for which Eg(u) ~ R as R tends to infinity. Solutions sharing this later property have been
constructed by Malchiodi in [15] and geometrically different solutions were also obtained in [6]
and in [18]. One of the main differences between solutions of (1.1) with infinite energy and
solutions of (1.1) with finite energy is that (once the action of the group of isometries of R?
has been taken into account) the moduli space of solutions with finite energy is expected to be
discrete while the moduli space of infinite energy solutions is expected to have positive (finite)
dimension.

2. Description of the construction and comments

The proof of Theorem 1.1 is quite involved and, to help the reader, we now spend some
time to briefly describe the main ideas behind the construction, without paying much attention
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on technical details such as estimates and functions spaces which will be used. Since we are
working in R?, it will be convenient to identify R? with the complex plane C. The scalar
product in C will be denoted by (, )¢ so that
(z,2")c =R (z7).
In a nutshell, the idea of the construction is to start with two finite sets of points
Z+::{Z;-FEC:j:1,...,n+} and Z_::{zj*GC:jzl,...’n_}7

and define an approximate solution to (1.1) by simply adding copies of 4+ug centered at the
points z;r and copies of —ug centered at the points z; . More precisely, with these notations,
we define an approximate solution 4 by the formula

= Z up(-—z) — Z up(- — 2').

z€Z+ ez~
We set
Z.=7tuzZ",
and we agree that
{:= min |z — 2|,
z#z2'€Z

denotes the minimum of the distances between the points of Z (we assume that the points of Z
are all distinct so that ¢ > 0). Since the solution ug is exponentially decreasing to 0 at infinity,
the fact that @ is a fairly good approximate solution of (1.1) as £ tends to infinity should not
come as a surprise. Indeed, if
E = At —a+a°,
it is not hard to check that
|E|| poo(c) < Ce b0 1/2.

for some constant C' > 0 which does not depend on £ > 1.

The natural idea is then to let £ tend to infinity and to look for a solution u of (1.1) as a
(small) perturbation of @. Writing « = @ + v, this amounts to solve a nonlinear problem of the
form

(2.3) Lv+E+Q(v) =0,
where )
L:=A—-1+34%
is the linearized operator about 4 and where
Q) =%+ 3av?,

collects all the nonlinear terms. In order to solve (2.3), we try to invert L so that we can
rephrase the problem as a fixed point problem which we solve using a fixed point theorem for
contraction mapping. It turns out that this part of the argument is rather delicate due to the
presence of small eigenvalues associated to the operator L. Indeed, the bounded kernel of the
operator
Lo:=A—143u},

clearly contains the functions d,up and dyup and, transplanting these functions at any of the
points of Z, one can prove that there exist 2 (n* +n~) eigenfunctions of L which are associated
to small eigenvalues which in addition tend to 0 as ¢ tends to infinity (in fact, in absolute
value, these small eigenvalues can be seen to tend to 0 exponentially fast as £ tends to infinity).
As usual when this phenomenon happens, one is lead to work orthogonally to the space of
eigenfunctions associated to small eigenvalues of L since, on such a space, the operator L is
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invertible and has inverse whose norm can be controlled uniformly as ¢ tends to infinity. This
amounts to replace the equation Lv = f by

Lo+ {es, Vug(- — 2))c = f,
z2€EZ
where the solution is now the function v and the complex numbers ¢, € C. Once this is
understood, one can make use of a fixed point theorem for contraction mappings to perturb u
into u := @ + v (where v is a small function) solution of

(2.4) Au—u+ud = Z(Fz,vuo(. —2))c,
z2€Z

where, for each z € Z, the complex number F, € C depends on all the coordinates of the points
of Z.

At this stage, the solvability of (1.1) reduces to the search of a set of points Z (which become
parameters of the construction) in such a way that

(2.5) F,=0, forall zeZ

Observe that, a priori the number of equations and the number of unknowns are both equal to
2 (nt 4+ n~) which gives some hope for the solvability of the system (2.5), even if we will see
later on that the story is not that simple. This procedure is what is usually called a Liapunov-
Schmidt type argument : the solvability of a nonlinear partial differential equation is reduced
to the solvability of a system of equations in finite dimension.

As one can suspect, it is not possible to derive the exact expression of the complex numbers
F, in terms of the coordinates of the points of Z, but it is nevertheless possible to get a nice
expansion of F, as ¢, the minimum of the distances between the points of Z, tends to infinity
and we find, in essence, that

/
, 2=z
(2.6) F, ~ E 12 T(|2" = 2]) |2/ — 2|
z'eZ—{z}

)

where the interaction function Y, which will defined later on, is explicitly known and is known
to satisfy

T(s) ~e *s1/2,
as s tends to infinity and where 7, = +1 if, in the definition of @, there is a positive copy of
ug centered at the point z and 1, = —1 if, in the definition of @, there is negative copy of wug
centered at the point z.

At this stage, even if we assume that £ is large, finding the sets of points of Z in such a way
that F, = 0 for all z € Z seems to be a rather difficult and even hopeless task. However, in
view of the asymptotic behavior of T, one quickly realizes that, in the expression of F, given by
(2.6), only the closest neighbors of z in Z are of interest since the influence of the other points
will be of higher order and hence, will be negligible. This suggests that we should restrict our
attention to the sets of points Z satisfying the following condition :

27) There exists C > 0 and § > 0 such that, if z # 2’ € Z, then
’ either (<12 —z| <L+ C, or |2—z>(1+0)¢.

Here, ¢ is considered as a parameter which will be taken very large, while C' > 0 and § > 0
are constants which are fixed (large enough) independently of ¢ (in particular, we assume that
C < 6 4). Under this condition, we define, for all z € Z

N,:={e€eZ-{z}: |-z <t+C},
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to be the set of closest neighbors of z in Z and, for each 2’ € N,, we define A, € R by
|Z/ - Z| ={— Moot
Under condition (2.7) and using these notations, we find that, at main order

/

2 p1/2 A 2 TR

e/ F, ~ § Nz Mz €77 |Z/—Z|.
z'€N,

Therefore, in order to find a set of points satisfying (2.5), it is reasonable to perturb a set Z
for which

2=z
2.8 —0,
(2.8) > a 2 — 2]

z/€N

for all z € Z, where we have defined
Upr =1, 10 €27 € R —{0}.

In other words, the question reduces now to be able to find a set of points Z, as well as
parameters a,,» € R — {0} for each z, 2z’ € Z such that z’ € N,, in such a way that (2.8) holds.
But, we also need to require that

(2.9) |2/ —z| =0 —1Inla,.|,

for all 2 # 2’ € Z such that 2z’ € N,. As we will see, finding a configuration of points Z
satisfying (2.8) and (2.9) is not an easy task but there is an explicit algorithm that leads to
configurations of such points. This is what we will explain in sections 3 and 4 which, in our
opinion, constitute the most important and original part of the paper.

Once the construction of Z is understood, we proceed in the next sections with the proof
of Theorem 1.1 as an application of the material developed in sections 3 and 4. This starts
in section 5 with the construction of the approximate solution. In section 6, we proceed with
the analysis of the operator L. This analysis is by now standard and in fact, it borrows some
elements already present in [16]. In section 7, we use this analysis so solve (2.4) using a fixed
point theorem for contraction mappings. In section 8, we prove that the expansion of F, as given
by (2.6) holds. In section 9, we give the final arguments to complete the proof of a general
existence result, Theorem 9.1, which guaranties the existence of infinitely many solutions of
(1.1). This general result, together with the examples given in section 10, will complete the
proof of Theorem 1.1.

Let us emphasize that the Liapunov-Schmidt reduction argument we use in this paper has
already been used in many constructions in geometry, geometric analysis and nonlinear analysis.
In our context, it is close to the arguments already used in [16]. The main novelty in the present
paper is a general construction of the sets Z satisfying both (2.8) and (2.9). To our knowledge
this analysis is completely new and it can be used for many constructions which are, in essence,
similar to the ones we describe in this paper. Indeed, the material we introduce in sections 3 and
4 is common to the construction of constant mean curvature surfaces in Euclidean 3-space, the
construction of solutions to the Ginzburg-Landau equation with magnetic field, the construction
of solutions to the Chern-Simons-Higgs model, ... We shall return to this issue in section 11
and we shall give more applications of the material of sections 3 and 4 in forthcoming papers.

Our main theorem is very much inspired from the construction of compact and complete, non
compact constant mean curvature surfaces by Kapouleas [12, 10, 11]. Indeed, the construction
of networks Z satisfying both (2.8) and (2.9) which we will describe in the next sections can be
easily adapted to shed light on the configurations used by Kapouleas to construct both compact
and non compact constant mean curvature surfaces and in fact this provides a systematic
construction of flexible graphs used in [12, 11] or c-graphs used in sections 2 and 3 of [10].



6 WEIWEI AO, MONICA MUSSO, FRANK PACARD & JUNCHENG WEI

More precisely, what we call unbalanced flexible graphs are graphs which can be used to construct
complete, non compact constant mean curvature surfaces and they can also be used to generalize
the construction of infinite energy solutions of (1.1) by Malchiodi [15]. While, what we call
closable, balanced networks are the ones which can be used to construct compact constant mean
curvature surfaces.

As we will see, in our case and in contrast with the analysis of [12, 10, 11], we need to
restrict our attention to what we call embedded networks and we also have to handle some
delicate issue which will be described in section 5. These are two additional constraints which
are not present in the construction of compact (and complete, non compact) constant mean
curvature surfaces. We shall further comment on this in the last section.

We should also mention the work of Traizet on the construction of minimal surfaces which
have no symmetry [20]. In this paper, finitely many parallel planes are connected together by
small catenoids at specific points to produce complete, embedded minimal surfaces which have
finitely many ends and in particular to produce minimal surfaces which have no symmetry.
Even though the analysis of potential configurations of points is much easier in this context,
it has been a source of inspiration when we were looking for a criteria which would ensure the
existence of potential configurations of points Z for our construction.

3. Planar networks

We provide a general construction of the sets Z introduced in the previous section. The
aim being to be able to find a systematic procedure to construct configurations of points Z
satisfying both (2.8) and (2.9).

3.1. Definitions and basic properties. — We introduce some definitions concerning planar
networks and we also present the basic properties of the objects we introduce.

As already mentioned, it will be convenient to identify R? with the complex plane C. The
scalar product in C will be denoted by ( , )¢ so that

<Z> ZI>C =% (2 Zl)a
and the standard symplectic form in C will be denoted by A so that
2 N2 =(iz,2Ye =S (27),

for all z,2' € C.

By definition, a finite planar network .4 := (¥, &) in C is given by its set of vertices ¥ C C
and its set of edges & joining the vertices. If [p, q] € &, then the points p,q € ¥ are called the
end points of the edge [p, q]. Naturally, we identify [p, ¢] and [q, p]. The number of vertices of a
given network .#” will be denoted by n and its number of edges will be denoted by m (see Fig.
1).

For each p € ¥/, we denote by ¥, C ¥ the set of vertices ¢ € ¥ such that [p,q] € &, namely
(3.10) Vo :={qeV :[pq €&}

‘We have the obvious :

Definition 3.1. — A network A = (V,&) is said to be connected if any two of its vertices
i ¥V can be joined by a sequence of edges of &, i.e. if, given p # p € V', there exist an integer
k > 1 and a sequence p = qo,...,qx = p of points of ¥, such that [g;1+1,q;] € &, for each
j=0,...,k—1.
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[IH-I’S]

Fig. 1 : An example of a network with n = 7 vertices and m = 10 edges.

The second definition is also quite natural :

Definition 3.2. — A network A is said to be embedded, if two edges [p,q] # [p,q] € & are
either disjoint or only intersect at one of their end points (in which case {p,q} N{p,q} # &).

All the networks we consider in this paper are connected and embedded and we shall not
mention these properties anymore. For other applications, for example in the construction of
compact and complete non compact constant mean curvature surfaces, it is also interesting to
consider networks which are not embedded.

The length of a network .4 is defined to be as the collection of the lengths of the edges of
&, namely

Ly :=(lp- Q|)[p,q]eg .
We have the :

Definition 3.3. — A network A is said to be unitary if |p — q| = 1 for all [p,q] € &.

If /= (7,&) is a network and if a : & — R — {0} is a function, we will say that (.4, a) is
a weighted network. The image of [p,q] € & by a will be denoted by af, g
For all p € ¥, we define the force of the weighted network (A ,a) at the vertez p by

q—Dp
Fyap) = Z Upal Ty =l
q€Yp

and
Fva) = (Fra®) ey

is the collection of all forces at the different vertices of the weighted network (.47, a). When
there is no ambiguity, we will drop the index (.4, a) and simply write F(p) or F instead of
F( y.q)(p) and F( 4 ,). Observe that the force is homogeneous of degree 0 as a function of the
coordinates of the vertices and homogeneous of degree 1 as a function of the weights of the
edges.

The following simple result will be crucial in our analysis. It is a consequence of the definition
of the forces of a network.

Lemma 3.1. — The following two identities hold :
(3.11) > Fura) =0,

pEYV
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and

(3.12) > Fra) Ap=0.
peEY

Proof. — The proofs of both identities make use of the fact that ap, 4 = q;
to prove the first equality, we just compute

Z Za[p’fﬂu = Z (a[p,q]q_p"'a[pﬂ p_q>:0

_ _ 17, —
vy \iz, lg — pl relee lg — pl lp — ql

¢p)- For example,

Similarly, we have

q—p q—p p—q
2| 2 e lg —pl A=) (a[p’(” Ipfq\Ap+a[”’q] QIAq)

pEYV \q€Y¥p Ip,qle& Ip
qa—p
= Z (a[p,q] Te=pl A(p— q)> =0,
[p.qle€
which completes the proof of the result. O

We end this section by a last definition :

Definition 3.4. — A weighted network (A", a) is said to be balanced if F(_y o) = 0. Other-
wise, we say that the weighted network (A, a) is unbalanced.

3.2. Perturbed networks. — Assuming that we are given a network 4", we would like to
describe the possible perturbations of 4. Obviously, to describe nearby networks it is enough
to describe how the vertices of .4 are perturbed. More precisely, we have the :

Definition 3.5. — Given a function ® : ¥ — C, we define the perturbed network A :=
(Y8, 89) to be the network whose set of vertices is given by
Yo :={P, : p€ ¥},
and whose set of edges is given by
Ep = {[Pp, Py : [p,q] € £},
where we adopt the notation @, := ®(p).

It will be convenient to label the vertices and edges of the perturbed network by the vertices
and edges of the original network. Observe that the notion of connected network is preserved
under perturbation and, if a network is embedded, any small perturbation of the network is
again an embedded network.

Next we define the notion of homotopy between networks.

Definition 3.6. — We will say that two networks Ay and A1 are homotopic (respectively,
unitary homothopic) if, for each p € ¥, vertex of N, there exists a continuous function

[0,1] — C

s = Dy(s),
such that, for s =0 and s=1 :
(i) the set of vertices of N5 is given by
Vs i ={®y(s) : p € %}
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(ii) the set of edges of N5 is given by
Es = {[Pp(5), Py(s)] : [p,q] € &0}

This definition being understood, we then have a natural notion of homotopy class in the set
of networks as the set of networks which are homothopic to a given network.
Given a function ® : ¥ — C, we can define (with slight abuse of notation)

LCI> = L(/Vq> 5

which is the collection of lengths of the edges of the perturbed network .43. The components
of Ly will be denoted by Le([p, ¢]) so that

Lo = (Lo ([p. a]))p gce -

It should be clear that ® — Lg is smooth and, if s — ®(s) is a smooth one parameter family
of maps ®(s) : ¥ — C such that ®(0) = Id, we can identify

(i) = aS(I)|S:07

with a vector ((bp)pe«;/ € C™ and, with this identification in mind, we can view DLy4, the
differential of L at ® = Id, as a linear map

c" — R™

(.b — DLId((i)).

These notations will be illustrated in the proof of the following Lemma which is straightfor-
ward and follows at once from the observation that, if ® is the restriction to ¥ of an isometry
of C, then L<1> = LId~

Lemma 8.2. — The vectors (e)pey, for e € C, and the vector (ip)pey belong to the kernel
Of DLId.
Proof. — The proof follows from the invariance of L under the action of translations and

rotations in the plane. Indeed, for s € R, we define
O,(s):=p+se,
where e is a fixed vector of C to be the translation by se or we define
Pp(s) == e p,

to be the restriction of the rotation of angle s and center the origin in C. In both cases
Lg(s) = La, for all s € R and differentiation with respect to s at s = 0 yields

DL14(®) =0,

where, in the former case, Cbp = e, for all p € ¥, while in the latter case Cbp = ip, for all
peY. O

Similarly, we can define (with slight abuse of notation)

F,0) = Fs.a)

which is the collection of forces of the weighted network (.4#g,a). The components of F (g o)
will be denoted by F (¢ 4)(p) so that

F(<I>,a) = (F(é,a)(p))pe«//'

Again, it should be clear that (®,a) +— F (g 4) is a smooth map and, if s — a; is a smooth one
parameter family of maps a(s) : & — R — {0} satistying a(0) = a, we can identify

a:= asas|s:07
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with the vector (app q)(p.qes € R™ and, with this identification together with the identification
we have just used in the study of DLjq, we can view DF (14 ) as a linear map

C"xR™ — (O
(®,a)  — DoF(d,a)(®) + DuF (14,0) (),
where DgF (14,4) and DoF (14,4) denote the partial differentials of F with respect to ® and a.
Again, the following Lemma is straightforward and follows from the observations that, if ®
is the restriction of a translation in C, then F(¢ ) = F(14,q)-

Lemma 3.3. — The following statements hold :

(i) The vectors (e)pey, for any e € C, and the vector (p)pey belong to the kernel of DaF (14,q)-
(ii) The image of DF (14 4) is orthogonal to the space spanned by the vectors (e)pey, for all
ecC.

Proof. — The statement about the kernel follows as in the proof of Lemma 3.2 and also from
the fact that the force is homogeneous of degree 0 as a function of the coordinates of the vertices.
While the statement about the image follows from differentiating (3.11). O

By definition, when a weighted network (4", a) is balanced, we have F (14 oy = 0. Going back
to the definition of the forces, we see that F (4 4y = 0 if ® is the restriction to 7" of a rotation of
C and we check that F(®, Aa) = 0 for any A € R. Let us emphasize that these two invariance
only hold when the network is balanced. This, together with the previous Lemma, implies the :

Lemma 3.4. — Assume that the weighted network (A, a) is balanced, then the following state-
ments hold :

(i) The vectors (€)pcy, for any e € C, the vector (p)pey and the vector (ip)pey belong to
the kernel of Do F (14,q)-
(ii) The vector (ajp,q))p.qes belongs to the kernel of DoF (1q,q)-
(iii) The image of DF(14,q) is orthogonal to the space spanned by the vectors (€)pey, fore € C,
and the vector (ip)pey -

Proof. — The statement about the kernel of these linear operators follows the proof of
Lemma 3.2 and is left to the reader. The statement about the image of the operator
DF (14,)follows from differentiating (3.11) and (3.12). O

To summarize the above analysis, we assume that we are given a weighted network (A4, a)
and we define the linear map

A i C"xR™ - C" x R™
(3.13) . . :
(@,0) = (PFan(®.d), DLi(®)).

If the weighted network (.47, a) is unbalanced we have proved that A has kernel of dimension
at least 2 and cokernel of dimension at least 2, while, if the network (.4, a) is balanced, then
A has kernel of dimension at least 4 and cokernel of dimension at least 3.

We complete this section by the proof of the following result which will simplify some of the
statements to come :

Proposition 3.1. — The following identity holds

(DoF (14,0) (@), ®)cr = (a, DLiq(®))gm-

In other words, the linear maps DLig and DoF(1q,q) are adjoint of each other.
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Proof. — We have

=, lp—d o
and ' '
. —q,®(p)— @
lp —q
[p,qles

The result then follows from the observation that

(DaF 10,0 (@), &) cn Z< PR — ,<i><p>>

S\, Ip- q| . .
3 . (P—a.2(p) —2(d))c
= D p—ql
[p.gles
= (a,DL14(®))rm,
and the proof is complete. O
3.3. Flexible unbalanced networks. — There are two different notions of flexible networks

which will be needed in our construction depending whether they apply to balanced or unbal-
anced networks. We first introduce the notion of flexibility for unbalanced network since it is
the easiest to understand. We then give examples of networks which are unbalanced, flexible
and also unitary, since these are the (only) ones which are useful in applications. We keep the
notations introduced in the previous section.

As mentioned above, the first notion of flexibility applies to unbalanced networks :

Definition 3.7. — An unbalanced network (A a) is said to be flexible if the mapping A
defined in (3.13) has rank 2n +m — 2.

According to Lemma 3.2 and Lemma 3.3, the linear map A introduced in (3.13) has kernel
whose dimension is at least 2 and image whose codimension is at least 2. Therefore, asking
that the unbalanced network is flexible is nothing but asking that the rank of A is as large as
allowed by these lemmas.

For an unbalanced network to be flexible, it is necessary that

m < 2n — 3.

That is, the number of edges should not be too large compared to the number of vertices of
the network. Indeed, the dimension of the image of DLyq is necessarily less than 2n — 3 since
this mapping has at least a 3-dimensional kernel (see Lemma 3.2). Moreover, the dimension of
the image of DF (14 ,) is at most 2n — 2 (see (ii) in Lemma 3.3). And hence, the rank of A is at
most equal to 4n — 5. So, in order for the rank of A to be equal to 2n 4+ m — 2, it is necessary
that m < 2n — 3.

Before we proceed with examples, let us observe that the property of being flexible is an
open property among unbalanced networks. More precisely, we have the :

Proposition 3.2. — The set of flexible unbalanced networks in a given homotopy class (or in
a given unitary homotopy class) is Zariski open.

Proof. — Indeed, requiring that a network (or a unitary network) is flexible amounts to say
that the rank of A is equal to 2n+m — 3 and, in coordinates, this can be translated into the fact
that one of the square sub-matrix of A of size 2n 4+ m — 3 has non-zero determinant. Computing
the sum of the squares of all square sub-matrices of A of size 2n + m — 3 give an algebraic
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functions of the coordinates of the points of the network and the coefficients of the weights.
The set of weighted networks (or unitary networks) which are not flexible correspond to the
zero set of this algebraic function and hence its complement is (by definition) Zariski open. O

As a consequence, we see that the set of unitary networks which are unitary homotopic to a
given unitary, flexible network, is non empty and Zariski open.

We now give a series of examples of flexible, unbalanced networks which have in addition
the property of being unitary.

Example 3.1 : Given n > 2, the simplest unbalanced,flexible network one can imagine is the
network .47 whose set of vertices is given by

7/1 = {205"'3277.—1} - C7

where we assume that |z;41 — z;| =1 for all  =0,...,n — 2 and whose set of edges is defined
by
(o@] = {I:Zj7zj+1} : j = 0,...,TL— 2}

* ———o  — o — @ — = ... . Py Py

0 1 2 n—3 n—2 nvfl

Fig 2 : Example of a network .47 (here z; = j € C, for j =0,...,n—1).
This is by definition a unitary network and, if we are given a : &5 — R — {0}, this provides
an example of an unbalanced network. Indeed, the force at the point zg € ¥; or at the point
zn—1 € Y7 are given respectively by

F(4.0)(20) = apo1) (21 —20)  and  Fy;.0)(2n-1) = a2 n—1) (2n—1 — 22-2),

and they are not equal to 0 by definition of the weight function a, hence, the network (.47, a)
is always unbalanced.

Lemma 3.5. — We claim that the weighted unbalanced network (A7, a) defined above is flex-
ible in the sense of Definition 3.7.

Proof. — In this example, m = n — 1 and hence, we need to check that the mapping A defined
in (3.13) has rank equal to 2n 4+ m — 2 = 3n — 3. To keep the notations short, it is convenient
to write
Doy = Pz 1= (541 — 7)) Wy,
where w; € C for j = 0,...,n — 2 and we agree that w_; = w,—1 = 0. Also, we agree that
Q[z_,,z) and a, _, -] are both equal to 0.
With these notations, we find that

(3.14) DLy (®) = (%wj)jzov__’n_Q.
Also, we have a nice expression for
(3.15)

D<I>F(Id,a) ((I)) = (7’ (a[Zj,Zj+1] (ZjJrl - Zj) %wj Az _q,zj] (Zj - ijl)) %wjfl))j—o

’
s =1

and
(316) DaF(Id,a) (a) = (d[zj72j+1} (Zj+1 - ZJ) - a[zj,hzj] (Z] - Zj—l))j:07m)n,1 .

Now, if DLig(®) = 0, then Rw; = 0 for all j = 0,...,n —2. Next, if DF (14,,)(®, @) = 0, looking
at the component at the vertex 29, we get af;, .,; = 0 and Swp = 0. Arguing recursively, one
concludes that af,;,, .. = 0for all j =0,...,n —2 and w; = 0 for j = 0,n — 2. Therefore,
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as a function of w; and af,,_, .,], the mapping A is injective and this implies that A has rank
3n — 3. O

Example 3.2 : Given n > 3, we consider the network #p,; defined by an embedded polygon
with n sides of size 1. Hence, the set of vertices of this network is given by

Vpor i =1{z; : j=0,...,n—1}.

We agree to extend the sequence 2y, ..., 2,—1 as a n periodic sequence (z;);ecz. The set of edges
of this network is defined to be

Epoi :={[%,2j41] : §=0,...,n—1}.

being understood that [z,—_1, 2n] = [2n—1, 20] in agreement with the fact that we have extended
periodically the sequence zg, ..., zp—1.

22

23

25
2 #1

Fig 3 : Example of a network A4p,; with n = 8. All edges have length 1.

This is clearly a unitary network and, in this example, the number of vertices and the number
of edges are both equal to n. If we are given a : &p,; — R — {0}, this provides another example
of an unbalanced network. Indeed, the force at the point z; € ¥ is given by

F( tpora)(25) = QLo 2,000 (Zir1 — 25) = ey, 25 (25 — 2i-1),
which cannot all be equal to 0 and this implies that the network is not balanced. In this case,
we have the :

Lemma 3.6. — The unbalanced network (Npo,a) is flexible in the sense of Definition 3.7 if
and only if

— . ZJJFI ) el % Zj+1 )
= Z (41— 2)  and = (241 = 2)-
=0 Olzjzial =0 Ozl

are R linearly independent.

Proof. — In this example, n = m and hence we need to check that the mapping A has rank
3m — 2. When studying the rank of A, it is convenient to write

Csz_H - (I)z_j (Zj+1 ) w]’

where w; € C. We agree that we extend w; and af.,
Observe that

periodically to all indices j € Z.

Zj+1]

n—1

(3.17) Z(ZJJrl — zj) w; = 0.

Jj=0
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Therefore, to show that A has rank 3m — 2, it is enough to prove that A, as a function of w;
and ar,, .., ], is injective. So let us assume that

DLiy(®)=0 and  DF(qq)(d,a) = 0.
With the above notations, (3.14), (3.15) and (3.16) still hold. Now, if DF(Idya)((i),a) =0, we

see from the above expression that
(d[zjizj+l] +10a[z,251) %wj) (zj+1 — 2),
does not depend on j. This implies that there exists n € C such that
. n
(3.18) Az, 211 Swj =R (Zj.H — Zj) ,
forj=1,...,n—1.
Now, using these expression into (3.17), yields
ARn+BSn=0,

where
= R(z 2 i, S (z zi)
1— 1—
A=)y —I Dz —z)  and = > =T (24 — ),
=0 lzj.zil im0 Ylzjizieal]

If A and B are R linearly independent, we conclude that 7 = 0 and this proves that the rank
of A is equal to 3m — 2. O

Let us consider the special case where the network is a regular polygon with n edges of length
1. Hence, the set of vertices of the network Ageqpor is given by

J
A//RegPol = {Zjl |1i€| eC: 7 =0,. .,n—l},
where ¢ := e?™/". The set of edges of this network is defined to be
é’oRegPol = {[Zjvszrl] 2j=0,...,n— 1}a
where as usual z, := z5. We choose the weight function to be given by
Afzj,241] = 1,
forall 7 =0,...,n— 1.

¢ N
=] =]

Fig 4 : Example of a network Agregpor when n =6 (i.e. a regular hexagon with edges of
length 1).

In this case, Lemma 3.6 reads

Corollary 3.1. — The unbalanced network (Ngegpol, @), when the weight function a is con-
stant, is flexible in the sense of Definition 3.7.



SOLUTIONS WITHOUT ANY SYMMETRY FOR SEMILINEAR ELLIPTIC PROBLEMS 15

Proof. — In this special case where the network is a regular polygon and where the weight
function is constant, we have
n—1 n—1
A=) "REIE and  Bi=) S,
j=0 j=0

and is easy to check that A and B are R linearly independent. According to Lemma 3.6, this
shows that the corresponding unbalanced network is flexible. O

Another interesting application is the one where, given n > 3 and k > 1, we consider the
network Agregpor,i defined to be a regular regular polygon with n edges of length k. Observe
that ARegpo,1 corresponds to Aregpoi- The set of vertices of this network is given by

1 - _ |
Vicoporse = {2 = g (b€ 47 (@ —€)€Crj=0, . n-1,
f:owuw—1}

where £ := e2™/". The set of edges of this network is defined to be

gRegPol,k = {[Zj7j/,2'j7j/+1] . ] = O,. N e 1, j, = 0, .. .,k — 1}

/

N /

Fig 5 : When n =6 and k = 2, we get a unitary network which is an hexagon whose edges
have length 2.

This is clearly a unitary network and, in this example, the number of vertices and the number
of edges are both equal to kn. If we are given a : Egregporr — R — {0}, this provides another
example of an unbalanced network. To simplify the discussion, let us assume that the weight
function is chosen to be
1

Alzj 002550 41] = 5
forall j =1,...,n—1and for all 5 =0,...,k — 1. Then, we have the following result whose

proof is left to the reader :

Corollary 3.2. — The unbalanced network (Nregpoi,k,a) is flexible in the sense of Defini-
tion 3.7.

Again, Proposition 3.2 implies that the set of unitary, unbalanced networks which are unitary
homotopic to the network Aregpork is non empty and Zariski open and this is in agreement
with the result of Lemma 3.6 which gives a general condition to ensure the flexibility of such
weighted networks.

Example 3.3 : To illustrate further the result of Proposition 3.2, let us focus our attention
on the network Ageqgpor when n = 3. In this case there is only one homotopy class of unitary
networks corresponding to the equilateral triangle. Therefore, the question which remains is
the following : for which weight function a is the equilateral triangle flexible 7
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We consider the unitary network A7,.; defined by an equilateral triangle with vertices

o= fro = i S £
ri - . \/§’ . \/37 : \/g?

where ¢ := €2"™/3. The set of edges of this network is defined to be
&rri = {[20, 21, [21, 22], [22, 20] }-

Given a : &r,; — R — {0}, this provides an unbalanced network. We claim that :

Lemma 3.7. — The unbalanced network (N7, a) is flexible, in the sense of Definition 3.7 if
and only if

fzg,21] T Ozy,z0] T Ofzg,z0) 7 O-

Proof. — We keep the notations of the proof of Lemma 3.6. Starting from the fact that
(d[%zﬁl] T 20 Swj) (2741 = 2),
does not depend on j, we get
{ Uy 2] ST = Ay, 0] F Apsg,z] RE St
Alag,z0) SW2 = SCag,2] + Ozg,20] RES 0.
and taking the sum of these two identifies and using the fact that (¢ + ¢2) = 0, we get
Alzy,20) SWL + Alzy 2o S W2 = —qq

since R¢? = R¢ = —1/2. Moreover, (3.17) implies that

20,21] R} U:)Oa
S + ¢ Sy + ¢ Saig = 0.
Taking the real part and imaginary part of this last equation, we conclude that S wy = Sw; =
Swe. Hence, we have
(0fz0,2) + Az 0] F Uz z)) S0 = 0.

Therefore, we have proven that A has rank 7 if and only if aj;, .,) + @[z, 25) + Azy,2) # 0. O

Given 6 € R, we define the network .47,; y which is obtained from .47,; after a rotation of
angle § € R. Hence, the vertices of 47, ¢ are given by eiezj where z; are the vertices of A7;.
A natural question is the following : Given fy,f; and f3 € C, is it possible to find an angle
0 € R and a weight function a : &rri9 — R — {0} such that

FSirrigia) (€725) = £,

forallj=0,1,2 7

The answer to this question is given by the :

Proposition 3.3. — Assume that fy + f; + f5 = 0. Then, there exit 6 € R and a weight
function a : &y — R — {0} such that

F(JVTm,e,a)(eie Zj) = fj7
for j =0,1 and 2. Moreover, the choice of 6 and a is unique if and only if
fj 7& <2 fj_l,
for j =0,1,2 (observe that inequality for some j implies the inequality for all j).
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Proof. — We have to find # and a such that

¢ (ape (P =1 +ag (€ -1) = [1-¢|f,
e (e (1=¢) +ae g (C®=¢) = - ([f,
e (ap,e (1= ) +agzg (C—¢%) = [1—=(|f.
Using the second and third equations, we get
o—if
aga) —aez ¢ = [1=(h T—c
o—i0
e T AUCG T T [1—¢[f> 1-¢2

Taking the real part of each equation gives the formula for aj¢ 1; and ap ¢2) in terms of aj¢2 ¢
and 0. Next, taking the imaginary part of both equations we get

e—i9
aje2¢) SC=—[1-¢|S <f1 1—C> )

which gives a2 ¢ as a function of 6. But we also get

o C2f — £
%(619<11C22> :Oa

which determines the value of . Observe that this last equation is uniquely solvable if and only

if £, £ C2 ). O

Remark 3.1. — It is interesting to compare the result of Lemma 3.7 and the result of Propo-
sition 3.5. In the above Proposition, one can check that, if £; = (> £;_1 for j = 0,1,2, then

Aeib 2 010 2] + Qlei0 2y €0 2,] + Alei0 2y ei0 2] = 0,

and the non uniqueness of 6 and a in Proposition 3.3 is in agreement with the result of
Lemma 3.7.

3.4. Flexible balanced networks. — Let us now focus on balanced weighted networks for
which we also introduce the notion of flexibility.

Definition 3.8. — A balanced weighted network (A ,a) is said to be flexible if the mapping
A, defined in (3.13), has rank 2n + m — 4.

Again, according to Lemma 3.2 and Lemma 3.4, the linear map A has kernel whose dimension
is at least 4 and image whose codimension is at least 3. Therefore, asking that the weighted
balanced network is flexible amounts to require that the rank of A is as large as allowed by
these Lemma.

For a balanced weighted network to be flexible, it is necessary that

m < 2n — 2.

Indeed, the dimension of the image of DLyq is necessarily less than 2n — 3 since this mapping
has at least a 3-dimensional kernel (see Lemma 3.2). Moreover, the dimension of the image of
DF (14,4 is at most 2n — 3 (see (iii) in Lemma 3.3). Therefore, the rank of A is at most 4n — 6.
We conclude that, in order for the rank of A to be equal to 2n + m — 4, it is necessary that
m < 2n — 2.
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P

P3

Fig 6 : Example of a network which is not flexible. Here n = 5 and m = 10 and hence
m > 2n — 2.

Now, the key observation is that, if we have a balanced, weighted network (.4, a) which is
flexible in the sense of Definition 3.8, then A has a 4 dimensional kernel and hence, the image
of A has codimension 4. But, according to the result of Lemma 3.4, we know that the image
of A is orthogonal to the three vectors which appear in (iii) of Lemma 3.4. So, if the balanced
network is flexible, then the image of A will have codimension 1 in the orthogonal complement
of the space spanned by the vectors (e),cv, for e € C, and the vector (i p)pey .

In the applications, one of the important cases are the ones where we have a balanced network
for which m = 2n — 2. In this case, we show the :

Proposition 3.4. — Assume that m = 2n — 2. Then, the balanced network (AN, a) is flexible
if and only if DoF (14,q) (or equivalently DLiq) has rank m — 1.

Proof. — Simple linear algebra together with the result of Proposition 3.1. O

Let us insist on the fact that, thanks to Proposition 3.1, the linear maps D,F 14,4) and DLyq
have the same rank and hence, in the case where m = 2n — 2, it is enough to check that one of
them has the desired rank to check flexibility of the network.

We now describe some interesting flexible balanced networks. Further examples will be given
in section 10.

Example 3.4 : Given k > 3, we consider the network JVPO! defined by a regular polygon with
k sides, whose vertices are linked to the origin. Hence, the set of vertices of this network is
given by

Vpor = {0}U{E9 € C: j=1,...,k},
where & := e2™/k The set of edges of this network is defined to be
é%Pol :{[O’éﬂ] ]:175k}u{[€j+17fj] ]Zlavk}

In this example, the number of vertices is n = k4 1 and the number of edges is m = 2k. Hence
we have

m=2n— 2.
If we define a : (répol — R — {0} by
aes gi+1] = 1, and ap,es) = —2 sin(w/k).

we obtain a balanced network (</1}pol, a).
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& 4

apg =1

53

ajp,1) = —2sin §

E/I E:')
Fig 7 : Example of a network jpol. Because of dihedral symmetry the weights along all edges
can be determined from the weights along [0,1] and [1,£].
We claim that :

Lemma 3.8. — The map DoF (1q,q) has rank 2k — 1.

Proof. — We have

. q—Dp
DaF(Id,a) (a) = Z

el Tg —p|
qE“I/ peﬂj;

Assume that DoF(14,4)(a) = 0 and also that ap; ¢ = 0. Then, looking at the component of
DoF (14,0)(a) at the vertex £, we find that

: : £-¢
Q01 T ez g = O

since the vectors & and & — ¢2 are not R-collinear, we conclude that a0 = Ge,e2) = 0.
To proceed, one looks at the component of DyF(14,4)(@) at the point &, which gives (after
simplification by &/71)
2

. . §— £
Ger.01& T At [T g 5| e g T

One then proves by induction that ape; o) = ajgsei+1) = 0 for all j = 1,...,k, following the
arguments given in the case where j = 1.

We conclude that D F(1q,q), restricted to the hyperplane ap; ¢ = 0 is injective, and hence we
have proven that this map has rank at least 2k — 1. O

As a consequence, we have the :
Corollary 3.3. — The balanced network (jpol,a) is flexible in the sense of Definition 3.8.

Proof. — According to Proposition 3.4 and Proposition 3.1, it is enough to prove that D, F (14 q)
has rank 2k — 1 and this is just what we have proven in the previous Lemma. O
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3.5. Construction of non symmetric balanced networks. — All the examples of bal-
anced networks we have seen so far are invariant under the action of a non trivial group of
isometries in the plane. More generally, constructing balanced networks can be quite a difficult
task since the equation
Fya=0,

is highly nonlinear, specially when one is looking for balanced networks which have no symmetry.
Hopefully, the implicit function theorem comes to the rescue and allows one to deform a given
network keeping it balanced. More precisely, we have the :

Proposition 3.5. — Assume that (A, a) is a balanced network and further assume that m =
2n — 2 and that DoF (1q,q) has rank 2n — 3. Then, for all ® : 7 — C close enough to 1d, there
exists agp : & — R — {0} such that the network (Ne,aq) is balanced.

Proof. — By assumption, D,F (14,4) has rank 2n — 3 and, according to Lemma 3.4, the image
of DF(14,q) is orthogonal to (e 4+ it p),cy for all e € C and ¢t € R.
We define the mapping

G((I)7 a,e, t) = F(q’,a) + (e + it‘b(p))PE“f/a

where e € C and t € R. By assumption the differential of this mapping with respect to a, e
and t, computed at (Id, a,0,0), is onto and hence, the implicit function theorem implies that,
for all ® close to Id, there exists ag, € and te such that

G(<I>, ay,€o, tq>) =0.
In other words
F(3,05) + (€0 +its (p))per = 0.
In particular,
(F(®,00) + (€0 +ite ®(p))per, (s +ite P(p))per)cn = 0.
But, using (3.11) and (3.12), one gets
(F(@,00): (€0 +ite ®(p))per)cn =0,

hence eg + ite ®(p) = 0 for all p € ¥. This implies that es = 0 and t = 0 and hence
F(3,45) = 0. This completes the proof of the result. O

This last result, combined with the result of Lemma 3.8, implies that :

Corollary 3.4. — Any network which is close to the network (Ji%sol, a) defined in Example 3.4,
can be balanced and gives rise to a flexible balanced network.

In particular, there exists balanced networks which are flexible and which have no symmetry.
In fact, more is true and, in the spirit of the result of Proposition 3.2, we have the :

Proposition 3.6. — The set of flexible balanced networks in a given homotopy class is Zariski
open.

We will see in section 10, some explicit networks which are balanced and which have no
symmetry.

4. Applications

We now explain how the previous framework can be used to construct approximate solutions
to (1.1).
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4.1. The interaction function. — We define the interaction function T by

(4.19) T(s) :=— //C up(z — se)div (uj(z)e) dzdy,

where e € C is any unit vector (and z = z + iy). Since the function ug is radial, it is easy to
check that Y(s) does not depend on the choice of e. If the exact formula for Y is not known, its
asymptotic behavior as s tends to infinity is well understood and, for example, we know that
there exists a constant C' € R such that

1 1
(4.20) —lnT(t):t+21nt+C+(’)(t),

at infinity and also that

T(t) 1 1
(4.21) —T,(t)—l—%JrO(tQ),

at infinity.
For all £ > 0 and a € R — {0}, we define, if it exists, a := ay(a) € R by the identity

(4.22) T (¢(1 — a)) = |a] T(£).

The asymptotic behavior of the function T at infinity implies that the function a — ay(a) is
well defined for all £ > 0 large enough. Moreover, we have the expansion

(4.23) ao(a) = mf' +0 (412) :

which holds for all a in a given compact of R — {0} and for all £ > 0 large enough. Finally,
differentiating (4.22) yields

2601 o 1)) 1
(4.24) 8a1n(1ae)—<%2+g+o<g3>) @’

when «a is in a given compact of R — {0} and for all £ > 0 large enough. In both (4.23) and
(4.24), O(€*) are smooth functions of a and € > 0 such that e % O(¢*) extends smoothly at
e=0.

4.2. Perturbations of unbalanced networks. — We assume here that we have a flexible,
unbalanced unitary network (.4, a). Recall that the fact that the network is unitary just means
that the lengths of the edges are all equal to 1. Everything applies to networks which are not
unitary but it turns out that, in applications, only unitary networks are used. The results of
this section will not be directly used in the paper but should be understood as a warm-up.

As usual, we agree that n denotes the number of vertices and m the number of edges of
the network .#". To begin with, let us prove the following result which states that, modifying
slightly the vertices and the weights of the network (.47, a) it is possible to perturb the forces
at the vertices of the network and it is also possible to change the lengths of the edges of the
network. More precisely, we have the :

Proposition 4.1. — There exists €. > 0 such that, for all o := (app,q)p.qes € R™, for all
f:=(f))per € C", satisfying

|fp| + ‘a[p,q]| < ey,
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there exists ® : ¥ — C, a: & — R — {0} and e € C, all depending smoothly on the f, and the
Q[p,q); Such that

Faoa() = Faaalp) +1+e, forall pe?,
LCI’([ 7Q]) = lia[p,q]v fOT’ all [ 7q] € ga
Z (®p—p) = 0.
peEYV

Moreover, ® = 1d and a = a when the £, = 0 and the ay, 4 = 0.
Proof. — We define the mapping
G (@.0:£,0) = (Fias) ~ Fa) ~ (©)yey ~ FiLo — (e — )
where & : ¥ — C, a: & - R — {0} and e € C. Certainly,
G (Id,a,0;0,0) = 0.
The fact that the network is flexible in the sense of Definition 3.5 implies that
A(‘I)v CL) = (DF(Id,a) ((1)7 CL), DLId((I))> s

the differential of G with respect to ® and a, computed at & = Id and a = a, has rank 2n+m—2
and this, together with (ii) in Lemma 3.3 implies that

N*(@,,€) i= (DF(q,0)(®,0) + (€)pers DLia(®))

the differential of G with respect to ®, a and e, computed at ® = Id, @ = a and e = 0, is onto
and has kernel of dimension 2 spanned by the ((e)pey,0,0) € C* x R™ x C, for all e € C. In
particular, when trying to solve
G (?,a,e;f,a) =0,

it is enough to restrict our attention to space of mappings ® such that

Z (®p —p)=0.

pEYV
since A’ is an isomorphism from the space of (<i>, a,é) € C" x R™ x C such that

peEYV

into C™ x R™ x C. The application of the implicit function theorem implies that there exists

¢:7 = C,a:& — R~—{0}and e € C, all depending smoothly on the f, and the «y, 4, such
that ® = Id and @ = a when the f;, = 0 and the ay, =0,

F.a)(P) = Faaa(p) +e+ 1,
for all p € ¥, and

Lq)(LP? Q]) =1- Alp,q]>
for all [p,q] € &. O

In applications, it turns out that the oy, 4 are parameters which are not independent of the
other parameters but rather depend on the ay, 4. More precisely, in applications, we have

Alp,q = e(afp,q)),
where a + ay(a) is the function defined in (4.22) and hence the «y,, are functions of the

a[p.q (and of the parameter £ > 0). A straightforward modification of the proof of the previous
result, yields :
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Proposition 4.2. — There exists £, > 0 and e, > 0 such that, for all ¢ > ¢, and for all
f:=(fy)pey € C", such that

|fp‘ S 6*7
there exists @ : ¥ — C, a: & - R — {0} and e € C, all depending smoothly on the £, and the
Q[p,q), Such that

FoalP) = Faaak) +f +e, forall pe?,
Lo([p,q]) = 1—aulap,q), for all [p,q] € &,
Z (®p—p) = 0.
peEYV

Moreover, ® =1d and @ = a when ¢ = 400 and when all the f, =0, forpe V.

As explained above, we will not directly make use of this result in this paper. However,
this result can, for example, be used to generalize the examples of solutions of (1.1) which
infinite energy constructed by Malchiodi in [15] or it can also be used to construct complete
non compact constant mean curvature surfaces in the spirit of [12, 11].

4.3. Perturbation of balanced networks. — We assume now that we have a flexible,
balanced network (.47,a). As usual, n denotes the number of vertices and m the number of
edges of the network 4. Again, as a warm up, we would like to modify slightly the vertices
and the weights of the weighted network (.4, a), in such a way that, as above, the forces at
the vertices of the perturbed network are prescribed (small vectors) and also we would like to
slightly alter the size of the edges of the network in such a way that, the length of each edge
[p, q] of the perturbed network, dilated by a factor £ > 1, is an integer multiple of 1 — ayp 4.
More precisely, we assume that we are given

o= (ap,q)pqges € R,

small enough,

f = (fp)pe“Ify
small enough and x> 1. For all [p, q] € &, we define the integer mp, 1 € N by
lp —4q| lp — 4|
kLI <oy <k LTI Lo
L=ap,q il L=apq

We would like the perturbed network close to (.4, a) to satisfy the following properties :
(i) the forces at the vertices of the perturbed network are given by

F(@.a)(p) = f;
(ii) the lengths of the edges of the perturbed network satisfy

kLa([p,q]) = 2mppq (1 — apq)-

In other words, the forces at the vertices are prescribed and the lengths of the edges of the
original network, which is dilated by &, are integer multiple of a prescribed quantity close to 1.
As in the previous section, we start with the definition of a nonlinear map

o

G(@,aetif,a) = (Faa—(e+tid),, —f;

Ly — (MM (1 - a[p,q]))

: )

[p.qle€



24 WEIWEI AO, MONICA MUSSO, FRANK PACARD & JUNCHENG WEI

where ® : ¥ = C,a: & — R—{0}, e € C and ¢t € R. This time G (Id,a,0,0;0,0) is not
equal to 0 but is close to 0 (at least when & is large). Indeed, by definition of my, 4, we have

p—q| - L—apq)| <

2mip.q) (

K
which is small since we assume that x > 1. As in the previous section we would like to
apply some implicit function theorem or more likely some fixed points argument for contraction
mappings, to solve

G (®,a,e,t:f,a) =0,

for all f and « small enough and for all k large enough. Unfortunately, this time, the situation
is more complicated since the flexibility of the network (.4, a) implies that the linear map

A, a) = (DF(Id’a)(é,d) ;DLId(<i>)) :
has rank 2n + m — 4 and it also implies that the linear map
A (D, a,é,f) = (DF(M,@)@,@) —(e+iip) ;DLId(i))) ,

which is the differential of G with respect to ®, a, e and ¢, computed at ® =1d, a =a,e =0
and t = 0, has rank 2n+m — 1. In particular, A* is not onto and this prevents us from applying
any fixed point theorem for contraction mappings to solve the above equation.

In some sense, the fact that A has rank 2n +m — 1 can be interpreted by saying that, by
perturbing the weighted network (.4, a) we can ensure that f, is indeed the force at the vertex
®,, and we can also ensure that the lengths of the edges of the perturbed network are exactly
what we want them to be, except for one of them. Hence, we are missing one extra degree of
freedom to ensure that all the lengths of the perturbed network are what we want them to be.

The problem seems to be hopeless since we have exhausted all possible parameters to perturb
the weighted network. Surprisingly, the solution comes from the fact that, in applications, the
parameters qa, , are not arbitrary but are functions of the weights ay, 4. Moreover, dilation
of the weight is in the kernel of A. These two facts combine and turn out to be the key to our
problem.

To explain this further, we need to introduce the notion of closable network. Given a weighted
network (.4, a), we define

(4.25) T := (]p—q| 1n|a[p-,q]|)[p,q]eg € R™.

We have the :

Definition 4.1. — A flexible, balanced network (A, a) is said to be closable if
A, a,3) = (DF(M,@)(@, @) ; DLig(d) + T) ,

has rank 2n +m — 3.

Observe that the notion of closable network, just like the notion of flexibility, only depends
on the network .4 and on the weight function a.

Remark 4.1. — While the definition of a closable network is independent of the problem we
are looking at, the definition of T depends on the problem we are studying. For example, in
the study of constant mean curvature surfaces in Fuclidean 3 space, the definition of T would
rather be T = (|p — a[qu])[p,q}eg instead of (4.25).
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Example 4.1 : Given k£ > 3, we have already considered the network </1}Reg po; defined by a
regular polygon with & sides, whose vertices are linked to the origin. Its set of vertices is given
by

%RegPol = {O}U{gj eC: ]: lvak}
where ¢ := e2™/k_ Let us now check that this network is also closable in the sense of Defini-
tion 4.1 provided k # 6. We need to check that T is not in the image of DLjq. Therefore, we
need to check that there does not exist ® # 0 such that

(€T — ¢, gy — D)o =0
for 5=0,...,k—1 and
(€7, @es — Bo)c = In|2sin(n/k)|.

Observe that (|p — q|)[p dl€énegpor is always in the image of DLyg since it is the image of &
: g Po

defined by <i>p = p for all p € Pregpor. Therefore, by linearity, it is enough to check that there
does not exist ® such that
(€ =€ b — bg)o =1,

for j=0,...,k—1 and

<§j, (bgj — ¢’0>C =0.
Observe that we have implicitly used the fact that In|2sin(w/k)| # 0 for k& # 6. Now, the
second equation implies that

(bgj —fbo Zixjéj,
for some z; € R. Inserting this information in the first set of equations, we conclude that

sin(n/k) (zj41 —z;) = 1.

Summing these equalities from j = 0 to j = k — 1 and remembering that we identify x) = z,
we reach a contradiction. Therefore, the network is closable and so are all nearby networks.

Remark 4.2. — The above example corresponds to the construction in [16] where the condi-
tion k # 6 also appears in to be a necessary condition for the construction to be successful.
Indeed, at the end of section 5 in [16], one needs Dy, the determinant of some 2 by 2 system,
not to be too close to zero. It is also shown that the leading order in the expression of Dy is
equivalent to In|2sin(w/k)| # 0 and hence one concludes that Dq is not too close to 0 precisely
when k # 6.

To see how the notion of closable network enters in our analysis, let us recall that, in appli-
cations, the parameters o, o are not independent of the other parameters but rather depend

on the ap, 4, namely

Alpg) = e(afp,q)),
where a — ay(a) is the function defined in (4.22). This time, given £ > 0 very large, for all
[p,q] € &, we define my, 5 € N by

lg — pl lg — pl

— <o <k 42
1—as(ap,q) (7 1—asap,qg)
We consider the nonlinear map
G (®,a,0,t:f) = (F@@4%e+M©w%V—f;
2m
_ ( ,[ipth] (1 —ag(a[p,q]))> ),
[p.ql€€
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where @ : ¥ — C,a: & — R— {0}, e € C and t € R. Observe that G which was introduced
above and G are related by the identity

G(@,d,e,t;f) = é(@,d,e,t;f,a)
where, on the right hand side, oy, g = ay(ap,q)-

Again, C?(Id7 a,0,0;0) is not equal to 0 but it is close to 0 when & is large and we would like
to apply some fixed point theorem for construction mappings to solve G (®,a,e,t;f) =0 at
least when f is small and when k and ¢ are large enough.

The differential of G with respect to @, a, e and ¢, computed at & =1Id, a = a, e = 0 and
t =0, is given by the formula

A, a,e,i) = (DF(M@)(@, a)— (e+iip) _, ;DLua(®) + S(a)) 7

peYV
where
S(a) := (S[p,q] a[mz]) [p,qle€’
and where
2m
Sip,q) = 2,d Oacve(app,q)-
It follows from the definition of my, , that
2mp,q] _ Ip —q| Lo (1>
K 1 —ayap.q) k)’

and, using the expansion of 9,y given in (4.24) together with (4.23), we conclude that

B 20—1 Injap.g 1 1 1
S[pﬂ] =—|p—¢ ( 202 + 72 +0 3 +0 P a/[p’q]'

Now, it is convenient to decompose

. . .
(4.26) Alp,q) = Alp,q) — el Qlp,q)

where ¢ € R and where ¢+ and a are orthogonal. Similarly, we decompose

L T |
(4.27) cI>,,=<I>j+<d— 5 é) D,

where d € R and where &+ and (p)pey are orthogonal. With these decompositions at hand,
we have

DF (14,0) (P, @) = DF (1q,0) (¥, 0™),
since a is in the kernel of D,F (195 and (p)pew is in the kernel of DeF (;4,4), while
DLy1g(®) + S(a) = DL1g(+) + S(at) + dLig + ¢ T+ O <|;|> +0 <€,|:> ,
where the vector T is the one defined in (4.25). Now, by assumption, the mapping
No(dt,at ed,ed) = (DFgan (@ at) = (6+ip),0p
DLig(®4) + S(at) + d Liq + éT),

has full rank and we are in position to apply some fixed point theorem to solve G (®,a,e,t;f) =
0. This leads to the :
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Proposition 4.3. — There exists £, > 0, ke > 0 and e, > 0 such that, for all ¢ > ¢, for all
K > ki 03 and for all (£,),ev € C", such that

63 ‘fp| S €

there exists ® : ¥ — C, a: & - R— {0}, e € C and t € R all depending smoothly on the f,
such that

Foalp) = f,+te+itd,, forall pe?V,
kLa([p,q]) = 2mpq (1 — ag(d[pyq])) , for all [p,q] € &,
Z(q)p—p) =0 and Z(q)p—p)/\p:().
peEY peY

Moreover
- 1
Csup | @, —p|+ sup |ap,qg — ap,ql < C? (sup £, + > ,
peV [p.ql€& peY K
for some constant C > 0.

Proof. — This time, we apply a fixed point theorem for contraction mapping. The proof does
not offer any difficulty but we shall nevertheless comment on a couple of issues.

Since we start with a balanced network, the kernel of the linearized map A contains (e)pey
and (ip)pey, therefore, it is enough to restrict our attention to the space of mappings @
satisfying

Z(Cbp—p):() and Z(@,,—p)/\pzo,

pEY pEYV
since A is an isomorphism from the space of (®, @, &) such that
Zépzo and Zd)p/\p:O.
peY peEYV

In geometric terms, this amounts to require that we do not translate or rotate the initial
configuration before we prescribe the small forces.
In agreement with the decomposition of a and ® given in (4.26) and (4.27), we write

1
C> p+ @y,

d, = <1+d—%_

where ¢ and (p),ey are orthogonal and ¢,d € R, and
Afpq = (1 = cl?) apq + a[Jz_),q]’

where a and a are orthogonal. Hence, the unknowns are now ®*, a, ¢ and d.

We now apply a fixed point theorem for contraction mappings, to obtain a solution of
G((I),&,e,t;f) = 0. Inspection of the nonlinearities shows that, in order to obtain a con-
traction mapping, we need to assume that ¢3 < k and £3 |f| < 1, and then we obtain a solution

which satisfies
1
1, sl +fa-al <08 (e +7),
for some C' > 0. O

Some important comment is due on the parameters of the construction which are free con-
tinuous parameters. At first glance it might appear that ¢ and k are continuous parameters
which are free to be specified close to a given value and hence, Proposition 4.3 provides a 2-
dimensional (smooth) family of solutions. This is not the case and to explain this one needs
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to go back to the decomposition of ® and a. Indeed, infinitesimal modification of x amounts
to apply some dilation (with factor close to 1) to the set of vertices of the network and close
inspection of the expression of ® given in (4.27) shows that we need to allow dilations of the
set of points in the fixed point argument. Therefore, in some sense, it is not possible to con-
sider k as a free continuous parameter since a slight change of x will be counterbalanced by a
dilation of the vertices of the network. Similarly, to understand why ¢ is not a free continuous
parameter, we refer to (4.26) where one can see that an infinitesimal change in the value of ¢
will be counterbalanced by a dilation of the weight function. Therefore, the parameters ¢ and
K are somehow quantized by the choices of the my, ;.

In principle, thanks to the above result, we should be close to the end of the construction of
the set of points Z+ and Z~ which are mentioned in section 2.

Indeed, we can now dilate the network N by k¢ and, since the perturbed network is con-
structed in such a way that

K|y — | = 2my, g (1 - af(d[p,q])) )

we can insert exactly 2my,  — 1 points between x{®, and x{®,, in such a way that the
distances between two consecutive points are exactly equal to ¢ (1 — ag(d[pyq})). In the case
where a, o > 0 we decide that these points, together with the end points x ¢ ®, and x { ®, will
be points where we center copy of +ug and hence these points will belong to Z+. While, if
app,q < 0 we decide to put copies of +ug with alternative signs at these points. More precisely,
we can label the points we evenly distribute along the edge £ [®,, ®,] as

[p.q] : Qg — Py
! =kl D +_]£ 1—0{4(& , ) )
J p ( [p,q] ) |‘I)q o (bp|
for j =0,...,2m, 4 (observe that zgj;f[]p.q] =k {®,). Then, we decide to put copies of (—1)7ug
centered at the points z;p’q], for j =0,...,2mp q-

This is not the end of the story since there is yet another issue we need to take care of. It
should be clear that ¢ ®, has as many closest neighbors, in the sense defined in section 2 as
the number of vertices meeting at ®,. In fact, the set of closest neighbors of x ¢ ®,, is explicitly
given by

- o, — O
Nito, = {/@%I)p 4/ (1 — ag(a[p)q])) 4P .4c "//p}
|‘I)q - (I)p

We would like to guarantee that the points we evenly distribute along the edges [®,, D],

dilated by k£, have exactly 2 closest neighbors, in the sense described in section 2. Namely, we

[p,q]

would like to guarantee that, for j =1,...,2my, 4 — 1, the only closest neighbors of z;"™ are

P54
zj[»zﬁql} and zﬁ‘i]. It is easy to see that this is only possible if the angles between two different

edges meeting at the same vertex is larger than 7/3.

Unfortunately, given a balanced network, it never happens that all the angles between edges
meeting at a common vertex are larger than /3, for all the vertices. This is the reason why we
need to alter the previous construction by replacing vertices of the network by more complicated
structures which turn out to be unbalanced networks. We explain this extra construction in
the next section.

5. Construction of approximate solutions

5.1. Networks and sub-networks. — Assume that we are given a closable, flexible bal-
anced network (.47, a) and two parameters &, £ > 1.
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For each p € ¥, we assume that we are given either a flexible, unitary network (4P, a?) or
we define a 4P to be the network reduced to {0} (in which case we agree that the set of edges
is empty). These networks (4P, aP) which we call sub-networks, should be chosen to satisfy
certain properties we now describe carefully. First, for each edge [p, ] € &, we assume that we
have identified a vertex 72 € #? (one should not confuse #* which is the set of vertices of .47
with ¥, which is the set of vertices ¢ € ¥ such that [p,q] € & and which has been defined in
(3.10)) and a vertex ] € #9. Since a given vertex r € ¥? might be associated to many edges
of &, we define

Vor = {qE”// : r:ré’},
which can be either empty, in which case we call such a vertex an internal vertex of the sub-
network (4P, a?), or can contain only one point or can contain many points, in which case we

call such a vertex an external vertez of the sub-network (AP, a?).

For all p € ¥, we define
&P =&P U {RY, = Vre VP, Nqge& ¥}

ext * T

where the ray RY . is defined by

Rff,q = {r—|—t a-» :t>0}

lg — pl

q1

g3

T2

[>_r1

T3
NP

Fig 8 : Example of a vertex p € ¥ with the edges of & ending at p, a sub-network 4P and
the same sub-network where the rays are drawn.

q2

T3
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Fig 9 : Example of a vertex p € ¥ with the edges of & ending at p, a sub-network 4P and
the same subnetwork where the rays are drawn.

We require that the following properties hold :
(i) The barycenter of the vertices of A7 is equal to 0, namely
Z r=0.
reyr
(ii) (Embeddedness of the sub-netkorks with rays) For each p € ¥, any two distinct elements

of &%, (which might be edges or rays) are either disjoint or intersect at their end points.

(iii) (Internal vertices are balanced) If » € #P is an internal vertex, i.e. is not equal to any of

the r?, then
/ —
[r'r] |’I"/ _ ,,,| ’
rley?
where ¥/P is the set of vertices ' € #P such that [r',r] € &P.
(iv) (Balancing conditions for external vertices) If r = 72 € ¥? is an external vertex, then

o o
Z afr’r] |:/ _ :l + Z Alp,q’] |Z/ _gl =0.
rley? qEVpr

(v) (No other closest neighbor conditions) If r # ' € ¥? and if |r' — r| < 1, then [r,7'] € &P

and hence |[r' —r| = 1.
(vi) (No other closest neighbor conditions for rays) For all [p,¢q] € &,

.q4q—p
r—J

lg —pl
and we also require that, for all [p,¢'] € & distinct from [p, ¢, we have

!
R el BN e .
E lg —p| * lq — pl

(vii) (Sign compatibility) It is possible to define a function #? : ¥? — {£1} in such a way that

ey = sign(ag, ),

in min > 1.

m T
r'€VP, r'#r jeN—{0}

> 1.

min
J,j'€N—{0}

for all r,r’ € ¥P and
po_ .
T}Tg - nrg7
for all [p,q] € &.
Let us give a couple of examples of such configurations.
Example 5.1 : We assume that the network (.47, a) is the one described in Example 3.4.
Namely, the regular polygon with k sides together with the origin and the edges joining the
origin to the vertices of the polygon. The vertices of this network are given by
¥o={0tu{¢ : j=0,...,k—1},

where £ := e2i/k

and the weight function a is chosen to be
ajo,ei) = 2 sinw/k,
and
ajgi gi+1) = —L.
The angle between the edges [0, 1] and [1,£] is given by 7/2 — w/k and hence, when k > 7 this

angle is larger than /3. In particular, if we chose the sub-network .4 ¢ to be equal to {0},
conditions (vi) will be fulfilled.
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In contrast, at the origin, the angle between the edges [0,1] and [0,¢] is less than 7/3 when
k > 7 and condition (vi) will not be fulfilled if we chose the sub-network .#° to be equal to
{0}. This is the reason why, we choose the sub-network (.#°,a®) to be the polygon described
in Example 3.3. Namely, the network whose set of vertices is given by

o[, . & .
V= z].—|1_£| 2 j=0,...,k—1%,

and where the weight function a® is chosen to be

a[zj,zjﬂ] =1.
This time (vi) is fulfilled.
Nl
N ¢
+ 3
3 3
a[1,¢) <0
£4 ajo,1) >0 !
& &

66

Fig 10 : Example of a network .#” and sub-networks at the points 0 and 1. The sign of the
weight function is mentioned as well as the signs associated to the vertices of the sub-networks.

We leave to the reader to check that all properties (i) to (vii) are fulfilled with these choices
of sub-networks. This is the example which was originally considered in [16].

Example 5.2 : Again, we start with the network (.4, a) which is the regular polygon with k
sides together with the origin and the edges joining the origin to the vertices of the polygon.
This time we assume that k = 4 or k = 5 to ensure that the angle between the edges [0,1] and
[0,¢] is larger than /3. Hence, we can choose the sub-network (.49 a°) to be equal to {0}
and (vi) will be fulfilled with this choice.

However, since k < 5, the angle between the edges [0, 1] and [1,£] is less than 7/3 and we
cannot take 4" to be equal to {0} since (vi) would not be fulfilled. Therefore, this time, to

construct a sub-network .4¢’ satisfying (vi), we consider the example described in Example 3.3,
with vertices zg := 1/v/3, 21 := (/V/3, 29 := (?/\/3 where ( is the 3-rd root of unity.
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N1—+—i

1+ 1+i

a<0

a>0

-1-i 1-i >< A0

Fig 11 : Example of a network .#” and sub-networks at the points 0 and 1+ ¢. The sign of the
weight functions are mentioned as well as the signs associated to the vertices of the
sub-network.

We define the weight
I
QAlz0,21] = za,20] = _% sﬂl(ﬂ'/k),

and )
[z, 2] = cos(m/k) + —= sin(m/k).

V3
Then, we define the sub-network (4#¢",a¢") to be the network (A7, a) which is rotated by
7w+ j2n/k. Observe that (vi) requires that k¥ > 4 and flexibility of the unbalanced triangle
requires that k # 3. We leave to the reader to check that all properties (i) to (vii) are fulfilled
with these choices of sub-networks.

Remark 5.1. — These two examples are particularly interesting because, according to the re-
sult of Corollary 3.4, any small perturbation of (A, a) can also be balanced and it is easy to see
that for small perturbations, one can deform (</V5],a5]) in such a way that the networks still
fulfill assumptions (i) to (vii). In particular, this leads to configurations which have fewer or
even which have absolutely no symmetry (for exzample, one can just move the vertex 0 to ee®
for some 0 € (0,7/k) and some € > 0 small, to produce networks which have no symmetry).

Given x> 1 and [p,q] € &, we define mp, 5 € N by

(5.28) . lg — pl lg — pl

<2m <K——— + 2.
1 —ay(ap,q) (- 1= au(a,q)

‘We have the :

Proposition 5.1. — Assume that (A ,a) is a closable, flexible network, and, for each p € ¥,
assume that (AP, aP) is a flexible unitary network, such that properties (i)-(vii) in § 5.1 are
fulfilled. Then, there exists £, > 0, ks > 0 and €, > 0 such that, for all { > L., for all Kk > k. (3
and for all sets of forces (fP),cyr € C™, where n, is the number of vertices of VP, such that

fP| < e,
there exists :
(i) ®:¥ ->Canda:& —R—-{0};
(ii) P : ¥? — C and a? : 8 — R — {0}, for eachp e ¥ ;
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(ili) e € C and t € R close to 0,
all smoothly depending on the £P such that :
(a) For allp € ¥ and for all [r,7'] € &P, we have
[F—7'=1- Ol[(d][jrr,]),
where 7 := O and 7' := PP,
(b) For all [p,q] € &, we have
(5 G+ 75) = (kD + 7)) = 2mppq) (1= (@) »
where p = @y, §:= Oy, 71 := 0, and 7P := OV,
(¢) If r € AP is an internal point of ¥'P, then
Z N fp e + th
Qi) |~/ _ ~| n ?
r'evy P
where 7 := ®P and 7 := P,.
(d) If r € AP is an external point of ¥'P, then
7 (kg +7]) — (kD +71) et+itp
Z [rr f—?"‘+ Za[pq K/~+f(1)_<ﬁ~+7~;p)|:f7?+ " 5
rleyP q€EVp,r q p p q P

where 7:= O, 7' := ®F, ji= ), §:= D, 70 := PP, and 7% = P,
(e) Forallpe ¥,
S -0
rey’r

where 7 := ®F.
(f) Finally

pEY peEY
where p := ®, and

/ sup Ip—p|l+ sup |ap.q — dpp,ql + sup (sup |r — 7|+ sup \a[r ] Ezfm,]|
[p.ale€ pEY \revr [r,r']e&n
1
<O P2 <|f| + ) .
K
Proof. — The proof is a simple modification of the proofs of the previous related results. The

key observation is that, letting x tend to infinity and summing the equations in (¢) and (d), we
get
Foap) = Z ff +e+itp,
reYr
which shows that the system in the main networks and the sub-networks is somehow in diagonal
form. O

Let us briefly comment on this result. Starting from a balanced network (A4, a), we first
replace each vertex p € ¥ by a subnetwork (¥?,aP) and build a network whose set of vertices
is the union of the vertices of each subnetwork .#". The result of proposition 5.1 asserts that
we can move the vertices of the subnetworks in such a way that the resulting force at each 2%
is given by f? (modulo %)
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5.2. Construction of the approximate solution. — We build on the result of Proposi-
tion 5.1. As in the statement of this Proposition, we assume that (JV, a) is a closable, flexible
network, and, for each p € V4 , we also assume that (JV P gP) is a flexible unitary network,
satisfying properties (i)-(vii) in §5.1. For all £ > /,, for all k > k. ¢3 and for all sets of forces
fP € C, such that

CIE7] < e,

we denote by (A4, a) and (AP, aP), the weighted network and sub-networks whose existence
follow from the result of Proposition 5.1 (with slight abuse of notations, we have used the same
notations for the vertices of ¥ and ¥). Let us insist that these networks and subnetworks do
depend on the choice of f7.

We dilate the network .4 by a factor £ and, for each p € ¥, we replace the vertex x ¢ p by
the sub-network 4P which in turn is dilated by a factor ¢ and translated by x¢p. We get a
new network whose vertices are given by

z = L(kp+r),

for p € ¥ and r € #? and whose edges are either of the form [22,2%] for some r,r" € ¥? and
some p € ¥ or of the form [22, z{,] for some external vertex 7 = r# € ¥? and some external
vertex 1’ = rd € 77 for some p # q € ¥. Therefore, the number of Vertlces of our new network
is equal to the sum over p € ¥ of the number of vertices of each 4P, while the number of edges
of our new network is equal to the sum of the number of edges of .4 plus the sum over p € ¥
of the number of edges of each 4P,

Observe that, by construction, the length of the edge [2P, z

P zP] where 1,7’ € ¥P for some
p € ¥ is given by

|22 — 2P| =4 — )\[M]
where

)\fm,] = Kag(afr’T,]),
while the length of the edge [2F,2,] where r = 7P € 7 and where 7' = 74 € 79 for some
p # q € ¥V is given by

|Z7“7 r" - Qm[p q] (E - A[p,q])7

where

Alp.g) = Lae(app.q)-
In particular, we can insert exactly 2my, , — 1 points between 2P v and 22 e in such a way that

the distance between two consecutive points is exactly equal to . Alp,q]- "More precisely, if we
define

rd —rb
e,, =
- |7'p - rq|

we can label the points we evenly distribute along the edge [zf s z‘rzq] by
q p

zfq = zfp +j— )\[p,q]) €pg>

o P P _ 4 :
for j =0,...,2mp, 4. Observe that, by definition 21 = =z and Zomy, = Zra- Moreover, since
€pg = —eqp, we have
pq _ 4P
Z”L[P,q]'i'j - Zm[p,q]_j’
for j = —mppq), ..., Mppq)-

We define the set Z as the union of the sets of vertices we have just defined

Z:={z£ :VpeyP Vre¥PIu{? :Vp,gle &, Vi=1,....2mpq—1}.
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Ny

£~ /\[—l+x,l+i]i

TY—1+4,14i] (5 - /\[—Hi,HxJ)

D/;* Aj0,1+4]

*  Copie of —uy e Copie of +ug

Fig 12 : The blue and red dots correspond to the set of points Z which one obtains starting
from the network and sub-network described in Fig 9.

We now need to distinguish, among the points of Z, which are the points that belong to Z+
and the points that belong to Z~. Recall that, each sub-networks NP enjoy property (vii) and
we can also equip the sub-networks AP with a function n? : ¥? — {£1} satisfying (vii) by
choosing that n? at the vertex r € ¥P is equal to the value it had at the corresponding vertex
in VP, Hence, for each p € ¥ and for each r € P, we define

N:p =1y
Now, for each [p,q] € & and each j =0,...,2my, g, we define
npe = (=17 0,
when a, 4 < 0, while we define
M2t = N,
when ap, s > 0. Observe that property (vii) implies that this is well defined. In particular,

when Ap,q < 0 we have

v =
™p,q] TI "[p,q] 7

for j = —mp.q), .- mpp,q-
By definition
ZFr={2€Z:n, ==+1}

We recall that, when constructing the approximate solution, we will center copy of +ug at each

of the points of ZT and copies of —ug at the points of Z~. By construction, the points of Z

which belong to the edge [zf s zgq] and which are not the end points, are balanced in the sense
q p

that

2=z
(5.29) > nama Y(|2 = 2)) T

=0,
! 2:|
z'€N,

where, as in section 2, N, is the set of closest neighbors of z in Z. In fact each of such a point
has only two closest neighbors 2’ and z” such that 2z’ — 2 = z — 2” and the identity follows at
once.
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While, at points z € Z of the form z = 22 € ¥?, we have

/

> e X0 = 2 S =10 (174

= - 2|

where n,, is the cardinal of #”. Indeed, it follows from the definition of o given in (4.22) that,
if z = 2P and 2’ = 2, are closest neighbors, where r,r’ € #? | then

N Y= Np) = T(O) b,

e+1itp
np '

while, if z = 257 and 2’ = 20, then
=2 V(|2 = 2]) = T(O) ap g

and the identity follows from (c) and (d) in Proposition 5.1.

s[p,dl

Now, for each [p,q] € & and for each j =1,...,2mp, 4 — 1, we choose a point Z; close to

p,4]
the point zj[p 4 and we define

7= {zF : Vpe%p,VreVp}U{égp’Q] 2 V[p,q] € &, Vj:l,...,2m[p7q]—1}7

We will assume that, for all [p,q] € & and for all j = 1,...,2my, 4 — 1, we have

P4
(5.30) g ) < 7ot

for some 9 > 0 which will be fixed later on. Observe that we do not modify the points z € Z
of the form 2P but we only modify the points on the edges [zf p,zfq]. We define a function
q P

7 Z — {£1} by requiring that 7, = 7, if z = 2P for some r € ¥* and Mzlp.al = 1) [p.al -
The approximate solution @ is then given by ’ ’
(5.31) U= Zﬁz uo(+ — 2),
2€Z

where 7], is the sign assigned to the vertex z € Z. The set of closest neighbors of z in Z will be
denoted by N,.

6. Linear analysis

In this section, we keep the assumptions and notations introduced in §5.1 and we study the
operator

L:=A—-1+3ua,
where @ is defined in (5.31).
The mapping properties of all the linear operators we will consider rely on the following :

Lemma 6.1. — The bounded kernel of Lo := A — 14 3ug is spanned by Oyug and Oyug.

We refer to [17] for a proof of this result.
Given § € R, we define the weighted space

L$°(C) := 2 VT [oo(C),

and agree that

o]l e () = He—é,/1+|z|5 “H .
s L>(C)

We have the :
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Proposition 6.1. — Assume that § € (—1,0). Then, for all f € L3 (C) there exists a unique
v € Lg°(C) and ¢ € C such that

Lov + (¢, Vug)c = f,

//v@xuodxdy:// v Oyup dz dy = 0.
c c

vz () + lel < C |l fllze (e,
for some constant C > 0 which does not depend on f.

in C and

Moreover,

Proof. — We consider the Hilbert space

H = {veHl(C) : // awuovdxdy:// 3yu0vda:dy20}.
c c

Assume that we are given h € L?(C). Standard arguments (i.e. Lax-Milgram’s Theorem) imply
that

ve H— % //c (IVo]* +v* —vh) dzdy,

has a unique minimizer v € H (here we implicitly use the fact that § < 0 so that the last term
is a continuous linear functional defined in H). Then, v is the unique weak solution of

Av—wv—h e Span {J,up, dyuo} ,
which belongs to H. In other words, if we define the operator

Ly (v,¢) == Av — v+ (¢, Vug) e,
we have obtained the existence and uniqueness of a solution of

Li(v,¢) =,

with v € H and ¢ € C. The solvability of

Av —v+3udv+ (¢, Vug)c = h,
in H x C can then by rephrased in the invertibility of the operator I + K, where by definition
(6.32) K(v,¢) = (L) *(3udv).

Using the fact that ug decays exponentially at infinity, it is easy to check that the operator K
is compact, hence the invertibility of (6.32) follows from the application of Fredholm theory.
Since injectivity follows from the results of Lemma 6.1. Fredholm alternative implies that I+ K
is therefore an isomorphism.

So far, we have obtained a function v solution of Lgv + (¢, Vup)c = h which belongs to
H'(C) but elliptic regularity implies that v € L>°(C) and that

[vliz=c) < ClfllLz (o)

for some constant C' > 0. We need to check that the solution v has the correct behavior at
infinity. To this aim, just remark that if we define

ve(r) = e +ee0",

then

(142
2

on the complement of the ball of radius 7y, provided is fixed large enough. Hence, the function

Love > — Ug

(”UHLOO + 2= ||f||Lgo> v, is certainly a super-solution for our problem on the complement of
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the disc of radius 7y > 0 and, passing to the limit as € tends to 0, this proves that there exists
a constant C' > 0 such that

[vllzeec) < CllfllLge(c)s
This completes the proof of the existence of the solution. The uniqueness and the corresponding
estimate follow at once from the result of Lemma 6.1. O

Building on the previous result, we prove a similar result for the operator L (see also [16]
for more details). First we need to define weighted spaces adapted to L. Given § < 0, we define

the weighted space
Lgo(c) — <z 65 1+-z|2> LOO(C),

z€Z
with the natural associated norm which is defined to be

-1
||UH]L§°(C) = (Z 66 1+|'Z|2> v

z€Z L>(C)

Observe that we could have used the points of Z instead of the points of Z to define these
spaces and this would not have changed anything since the respective norms would have been
uniformly equivalent independently of ¢ > 1.
We define a cutoff function
1 if s<—1
x@%={

0 if s>1,
and, for all 5 > 0 we define
Xs(s) = x (s —5).
We also define for all z € Z, the vector field
(6.33) E. = Xea(] - =2]) Vg (- = 2),

being understood that we identify vectors in R? with complex numbers.
The main result of this section reads :

Proposition 6.2. — Assume that 0 € (—1,0). Then, there exists £, > 0 (larger than or equal
to the one defined in Proposition 5.1) and, for all £ > £, there exists a linear operator

G :L&(C) — LE(C) x C,
where n is the cardinal of Z, such that, for all f € L3 (C), G f=:(v,(cs).ez) satisfies
-Z/’U"_ Z<CZ7EZ>C = fu
2€Z

in C. Moreover,
[vllLee(c) +suple:| < Cf| fllze(c)s

z€Z
for some constant C' > 0 which does not depend on f and, if, for i = 1,2, G s the right
inverse corresponding to Ej[-p’Q]’(z), we have
(634) |||é(2) _ é(l)m < C sup sup Z[P,Q]’(z) _ 2[_17,11]7(1)

. J J ’
[p,ql€€ j:l,...,Qm[p,q]—l

for some constant C > 0.
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Proof. — We decompose f as

= <1— ZX@/‘*("_Z‘ ) f+ZXe/4 —z|) f

z€EZ z2€Z

For each z € Z, we use the result of Proposition 6.1 to solve

Lov. + (c., Vuo)c = Xe/a f(- + 2).
We know that we have
[vallzge ey + lez| < C N fllLge(cizys

with similar estimates for the first partial derivatives of v,.
Next, we solve

(A—]. Voo = (1—2)([/4 _Z|)> f_Z[L07X€/2] Uz('_z)v

z€Z z€Z

where [A, B] denotes the commutator of A and B. Since (A—1)1 = —1, the maximum principle
implies that
V5ol oo () < Ce®/* [ fllLe= (c)-
Now, observe that, provided ¢ is chosen large enough, the function
— Z 65\ /1+]|z—2"|2 ,
z'eZ
satisfies
(1-20%)

(A— ].)’Ul S —T’Ul,

away from the discs of radius £/4 centered at the points of Z and the maximum principle implies
that

e |va L= (0) + ol (o) < CllfllLg (o),

with similar estimates for the first partial derivatives of v.
We then define

= (1_ZXZ/8(|'_Z| > Uoo"‘ZXZ/Z _Z‘ Jvs(-+ 2).

z2€Z z2€Z
Using the equations satisfied by v, and v, one gets
Lv — Z<Cz7 E.)c — f = [L, xeyslvee + 363 (1 — Xe/8) Vo0 + Z 3(a* — u?)xe/2vs,
2€Z 2€Z

and, using the estimates satisfied by v, and v, one checks that

Lv—=> (c.,E)e— f < Ce ™| fllLg (o),
“eZ L3 (0)

for some k > 0 and also that

[vllLee (o) +suple:| < Cf| fllze(c)s
z€Z

for some constant C' > 0 which does not depend on f. The result then follows from a simple
perturbation argument, provided /¢ is taken large enough. O
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7. Perturbation of the approximate solution

In this section, we keep the assumptions and notations introduced in §5.1 and we assume
that ¢ > £, and x > k, £3 so that the results of the previous sections do hold. The solution to
(1.1) we are looking for has the form u = @ + v, where v is a small function, in a sense to be
made precise later on and where @ is defined in (5.31). We have already defined

L:=A—-1+3@?,
and we now define the error
E:=Aua—a+a°,
as well as the nonlinear functional
Q) := (u+v)> —a® - 3a%wv,
which, given our nonlinearity simplifies into
Qv) := 3av* 4 v,

With these notations, the solvability of (1.1) reduces to find a function v and complex numbers
¢, for z € Z, solutions of the nonlinear problem

Lo+ E+Q) =) (c:E:)c.

2€Z

where =, has been defined in (6.33). Then, we will explain how to find the points sledl o,

~ J
defined in (5.30) and the forces f? € C so that F, =0 for all z € Z.
For the time being, the main purpose of this section is to prove the :

S

Proposition 7.1. — There exists £, > 0 (larger than or equal to the one defined in Proposi-
tion 6.2) such that for all £ > (., there exists v € L$°(C; Z) and, for each z € Z there exits
F, € C such that the function u := u + v solves

Au—u+ud = Z(Fz, E.c,
z€Z

and

[v[lLge (o) + sup |F:| < CY(),

z€Z

for some constant C' > 0. Moreover the function v and the vectors F, depend continuously on
the forces £P given in the statement of Proposition 5.1 and depend smoothly on the points ng’Q]
satisfying (5.30). In particular, if the function v s the solution corresponding to the points

2;p’q]’(l), we have

)

(735) ||'U(2) — v(l)”Lgc(C) S CT(f) sup sup 2][?@]1(2) _ 2][?7‘1]7(1)

[p,q]eg j:l,m,2m[p‘q]71

for some constant C > 0.
We begin with the :

Lemma 7.1. — Assume that § € (—1,0) is fized. Then, there exists a constant Co > 0,
independent of £ > £, and all parameters of the construction, such that

||E||Lg°(0) < CoY(4).
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Proof. — We start from the fact that
3

~ 3
E= Y noul-=2) | =D (mruo(-—2))".
ez ez
We then estimate F near a given point z € Z. In a ball of radius ¢ /2 centered at z, we can

write
3

E={nauo(-—2)+ Y nuo(-—2) | — (ol —2)° =Y (arug(- — 2))°,

24z 22
and hence, we get
Bl <cr@el—l<ore Y el
2eZ
for some constant C' > 0. While, away from the balls of radius £/2 centered at the points of Z,
we take the advantage that ug decays exponentially fast to 0 at infinity, to prove that

Bl <CY 323 < ore)y el
2€2 27

for some constant C' > 0. The ‘estimate for E then follows at once. Observe that the estimate
is achieved near the points of Z. O

We will also need the

Lemma 7.2. — Assume that § € (—1,0) is fized. Then, there exists a constant C; > 0,
independent of £ > £, and all parameters of the construction, such that

1Q(") = Q)=o) < CL Y () [V = vllLg(o)s
provided ||v’||]L§c(c) <2C, T(¥),
Proof. — The estimate follows from the expression
Q(U) =3 + 3002,
we leave the details to the reader. O

The result of Proposition 7.1 then follows from these two results, the result of Proposition 6.2
and a simple application of a fixed point theorem for contraction mappings in the closed ball of
radius 2Cy Y(¢) in L$°(C), provided £ is chosen large enough. Proofs with all details are given
in [16]. The estimate (7.35) follows from taking the difference between the equations satisfied
by the two solutions and using (6.34).

8. Projection of the error

Again, we keep the assumptions and notations introduced in §5.1 and we assume that £ >
l, and Kk > k.03 so that the results of the previous sections do hold. As explained in the
introduction, we now give the expansion of the vectors F, as £ tends to infinity. In the above

statements, quantities of the form O(e~7*) depend continuously on the forces f? and depend

smoothly on the points Zj[-p al,

We start with the general :
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Lemma 8.1. — There exists 1 > 0 such that, for all z € Z, we have
/
_ ’ Z =z —v14
F, = -C. ZN n= Y(|2" = z]) 7= +T() O(e™),
Z’E z

where N, denotes the set of closest neighbors of z in Z and C\, > 0 is explicitly given by
1
o= //c |0, uo|? dx dy.

Proof. — We start from the fact that, by construction, the solution u given by the result of
Proposition 7.1 can be decomposed as u = @4 + v where @ is defined in (5.31) and where v is a
solution of
LU+E+Q<U) = Z <Fz’7Ez’>C-
ez
To obtain the expansion of F,, it is enough to integrate the above equation against =, , for some
given z € Z. One immediately gets from Proposition 7.1, that there exists v > 0 such that

//C Q) (¢, B ) dudy = Y(0) O(e™Y).

for any unit vector ¢ € C. Next, an integration by parts leads to

// Lv(¢,B)cdrdy = // v L{c,2,)¢ dx dy.
C C

Since Lo({c, Vug)c = 0, we can write

//c Lv(c,E.)cdrdy = 3 //Cv(a2 —u3(-—2)) (e, Xe/a Vito(- — 2))c da dy
+ //C“i (1 = xe/a) (¢, Vug(- — 2))c) dz dy,

and it is then easy to conclude that there exists v > 0 such that

//c v (e, 26 dady = T(0) O(e=),

for any unit vector ¢ € C.
Finally, to estimate the last term, we write
3
- 3
E=| > meuo(==) | = (ruol-=21)
ez ez

Since =, is supported in the disc of radius ¢/4 + 1, centered at z, we distinguish the closest
neighbors of z and the other points of Z. Hence, we can write

E=3u(-—2) Z nauo(- — 2') + Y(£) O(e™ ),

2’€N,
in D(z,¢/2), for some v > 0. The result then follows from the definition of Y. Then ; in the
statement of the result is the least of the v which appear in the above estimates. O

There are two different consequences according to whether z € Z is one of the vertices of zP

for some r € ¥P or one of the 2][_p,q] for some [p,q] € ¥ and some j =1,...,2mp, o — 1. In the

former case, we have :
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Corollary 8.1. — There exists v1 > 0 such that, if z € Z is one of the zP for some r € ¥P
and some p € V', then

e+itp

F,=-Cin, YT (ff + ) + 1) ((’)(e*’YOZ) + O(e*’hl)) .

Tp
Observe that, in this expansion, according to the result of Proposition 5.1, the f? are vectors
which can be prescribed arbitrarily while e € C and ¢ € R cannot be prescribed. Also, n, is
the number of vertices of #?.
Now, when z € Z is one of the z = zj[-p’q] for some [p,q] € ¥, then, because of (5.29) and
(5.30), the estimate in Lemma 8.1 reduces to

F.=Y() (0(e ) +0(e "),

where v is the constant used in (5.30). Hence, in this case we need to be more precise and
expand the first term in the estimate of Lemma 8.1.
Recall that we have defined in section 5.2

D _ g
e — Tq —Tp
pq T P q|°
Irq — 75|
We decompose
z[p.d] [pal _
Z;00 =z = 2 epg,
where z; € C. We set zg = Z.Qm[p)q] = 0 in agreement with the fact that we do not want to

modify the end points 78 and r]. Finally, we set
Up.q) = (1 = aulap,q))-
Then we have the :

Corollary 8.2. — There exists v1 > 0 and C' > 0, such that, if we assume that z € Z is one
of the éj[-p’q] for some [p,q] € ¥ and some j =1,...,2my, o — 1, then

T4
F, = 4C, (T/(f[p}q]) R (Zj41 — 2%+ 2j21) + 14 M S (%41 — 2% + 2:’]‘_1)) €pq

CIp.q)
+ X0 (O(e ) + O(e=))
where the + depends on the sign of n. where 2’ is one of the closest neighbors of z in Z.

s[p,al

Proof. — Observe that z has only two closest neighbors which we denote by 2’ = z; 27 and
2" = Ej[’ﬁ]. According to Lemma 8.1, we have
r 7
F.=-C, (nz/ X! ) gy + e T = 2) ) +Y(0) O(e ).
2=z 2l — 2z

The result follows at once from the expansions of T given in (4.20) and (4.21), the + which
appears in the statement of the Lemma depends on the sign of 7,,. For a more detailed proof
of this expansion, we refer to [16], Section 5. O

[p,a] z[p.q]

As a consequence, the set of equations F, =0, for z = ;7% ..., Zampy g —10 reduces to solving

a system of the form
Z’j+1 - 22.7' + Z’j_l = O(E 6_’“6) + O(f 6_2’)’()[),

where we recall that, by assumption, zg = 2o, =0.

[p,a]
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For all m > 2, we define the m x m matrix

2 -1 0 ... 0
-1 2 :
(8.36) T=1¢ . . . 0o]€Muixm
.20 —1
0 0o -1 2
It is easy to check that the inverse of T is the matrix T~! whose entries are given by
TY = - .
min(i, 7) o

Hence, the above system of equation can also be written as
2= 0O(mle ) + O(mle 210,

where
m:= max M, 4.
(paleé [p,4
‘We choose
Yo :=71/4.

As a consequence, it is easy to apply a fixed point theorem for contraction mappings to prove
the :

Proposition 8.1. — There exists £, > 0 (larger than or equal to the ¢, which appears in
Proposition 7.1) such that if £ > £, and if m < e"/* there exist 2£p’Q], for [p,q] € & and
J=1,....2mp 4 — 1, such that

Fz = 07
for all z € Z of the form %p,q] for some [p,q] € & and some j =1,...,2mp, 4 — 1. Moreover,

zlpal _ [pal —0l
25 25 <e .

and the %p,q] depend continuously on the fP.

Proof. — Tt is enough to choose vy > 0 close enough to 0. This result is then a consequence of
a fixed point theorem for contraction mappings. O

9. The existence of infinitely many solutions of (1.1)

As usual, we keep the assumptions and notations introduced in §5.1 and we assume that
0> {, and Kk > k. £ so that the results of the previous sections do hold. Building on the
previous analysis, we prove the :

Proposition 9.1. — There exist fP for all p € ¥ and all r € VP and there ezists e € C and
t € R, such that

F= v

for all z € Z of the form 2z € VP for somep € V. Moreover,

|£7] < e7st,

e+t itp
np '

for some constant 3 > 0.

Proof. — This result is just a consequence of Brower’s fixed point theorem. O
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To complete the proof of the existence of a solution of (1.1) close to @ given by (5.31), we
use a Pohozaev type argument. To explain this, let us assume that the function u solves

(9.37) Au—u+u’ = f,

in C and further assume that both v and f are tending to 0 exponentially fast at infinity. Then,
we have the following result which is a consequence of Pohozaev identity.

Lemma 9.1. — Given any Killing vector field 2 (i.e. a vector field which generates a group
of isometries of C), the following identity holds

(9.38) / /C (=, Vu)o f dz dy = 0.

Proof. — Multiplying (9.37) by Z - Vu and using simple manipulations, we get

1 1
div ((E - Vu) Vu — 3 (|Vul* + v?) E + 1 u E) = (Z,Vu)c f,

Then, the divergence theorem implies that

//C<E,vu>c Fdudy =0,

provided uw and f decay fast enough at infinity. O

In our case,

f = C* Z Z nTT(e)XE/ﬁl <e—;7ltp,VUO( —T)>

pEY TEYP P C

Plugging this expression into (9.38), one concludes that € = 0 and ¢t = 0 provided ¢ is chosen
large enough.
Let us describe the general existence result we have obtained.

Theorem 9.1. — Assume that (/,&) 1s a closable, flexible network and further assume that,
for each p € ”/}, there exists a flexible unitary network (Ji;p, aP) such that properties (i)-(vii) in
§ 5.1 are fulfilled. Then, there exists {x > 0 and Ky > 0 such that, for all € > {, and k > K, €3,
there exist a network (A, a) and subnetworks (AP, aP) and a solution of (1.1) which is close
to the approxzimate solution @ defined in (5.31).

Remark 9.1. — Observe that, in our construction, we need to assume that the integers mp, 4
which appear in (5.28) do satisfy
03 < max Mip,q <K et
[p,al€€

for some v > 0. The inequality on the left comes from Proposition 4.3 while the inequality on
the right comes from Proposition 8.1. The constraint my, g < e is purely technical and can
be removed in the case where one is dealing with (1.1), however, for other applications it is not
clear that this constraint can be removed.

10. Examples

We give here some examples of balanced, closable networks which can be used in the con-
struction. In particular, this will complete the proof of Theorem 1.1. Checking the flexibility
of such networks is not so difficult. However, checking whether such a network is closable or
not might be a complicated task which have to be done using for example Mathematica.
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Example 10.1 : An interesting example with symmetry group of order 3 is given by the
following. Given 0 < 6 < /4, the set of vertices of the network .44, is given by

Yy = {0,tand, — tanf,i, —i},
while its set of edges is defined to be
& = {[O,tan 0],10,4], [0, — tan 0], [0, —d], [tan 0, 1], [i, — tan 0],

[ tan 8, —i, [, tan a}}.

Observe that the network is invariant under the symmetries with respect to the x-axis and the
y-axis.

P3 Po D1

y2

Fig 13 : The network 43, .
We define the weight function a : &y — R — {0} by
a[o,tan 0] = A[0,— tan 6] = —2 sin b, ajo,i] = ajo,—q) := —2 cos b,
and

Qltan §,i] = A[i,—tan§] = A[—tan0,—i] — Q[—i,tanf] ‘= L.
It is easy to check that the network (47, a) is balanced. We also have the

Lemma 10.1. — The balanced network (N, a) is flexible in the sense of Definition 3.8 and
closable in the sense of Definition 4.1.

Proof. — In this example m = 8 and n = 5 and hence 2m = n — 2. Therefore, to prove that
the network is flexible, it is enough to show that D,F 14,4 has rank equal to 7.

Let us assume that Do F(14,4)(@) = 0 and also that aj,, ,,] = 0. Then looking at the compo-
nent of D,F(1q,4) at p1, we find that

Po—P1 . pPs—P1

10.39 a =
( ) [po,p1] |p0 — p1| [p1,pa] |p4 _

1l
Since po —p1 and py — p; are not R-collinear, we conclude that ap,, .| = @[p, p,) = 0. Then one
looks at the component of DoF 14,4y at p2, we have
Q Po — P2 a b3 — P2 _
[Po,p2] lpo — p2| [p2,p3] ps — p2|

Since pg — p2 and pa — p3 are not R-collinear, we conclude that af,, p,] = G[p,,p,] = 0. Arguing
similarly at p3 and p4, we conclude that @ = 0 and hence DF (14,4, restricted to the hyperplane

(10.40)
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afp, p,] = 0, is injective. Therefore, this map has rank at least equal to m—1 = 7. By Proposition
3.4, this shows that the network is flexible.

Now, it remains to check that the network is closable. This amounts to check that the image
of DL14 does not contain the vector T. Namely, that the only solution of

DL1g(®) = AT,

is A\ =0 and ® = 0. Writing p; — po = z; and <i>pl. — <i>p0 = %;, this amount to check that the
only solution to

(1,21)c = X tan6 In(2sin6) (22— 21,22 —21)c¢ = 0
(i,22)c = X In(2cosf) (23 — 22,23 —22)c = 0
(1,23)¢ = —Xtan6 In(2sin6) (24 — 23,24 — 23)c = 0
(1,24)c = —XIn(2cosb) (21— 24,21 —Z4)c = 0

is given by 2; =0 for j =1,...,4 and A = 0. Using the second system together with the fact
that z3 = —21 and zo = —z3, we get

(20— 21,61+ 233 —2a —Za)c = (3 — 22,51 + 23 — 220 — Z4)c =0
and, since z5 — 21 and 23 — 29 are R-independent, we conclude that
(10.41) 21 4 23 = 2o + Z4.
Using the first system, we get
(1,214 23)c = (i, 22 + 24)c = 0

and, together with (10.41), this implies that 21 + 23 = 29 + 24 = 0. Using this information back
into the system yields

(1,21)c = Xtan@ In(2sin#)
(i,22)c = Aln(2cosb)

(22 —21,22—%1)c = 0

(23 — 22,22+ 21)c = 0

Since z1 — zo = tanf — i and z3 — z3 = tan 8 + 4, the sum of the last two equations implies that
tan® (1, 21)c + (i, 22)c =0,
using the first two equations, we conclude that T is not in the image of DLjq unless
sin? § In(2sin 0) 4 cos? 6 In(2cos h) = 0,

which never happens. So, by Definition 4.1, the network is closable. O

In the next picture we illustrate the variety of applications of our construction. We start
from the network .47, and assume that 6 € (0,7/4]. We give examples of subnetworks which
can be used at the vertices pg, p1 and ps (similar subnetworks can of course be constructed at
the other vertices). The color code is the one we have already used with copies of +ug centered
at the blue points and copies of —ug centered at the red points.
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NP
NP2 J
o Po NP

NPo

NPo

Fig 14 : The network .44, with possible subnetworks which can be used at the vertices pg, p1
and po.

Some comments are due. First observe that the signs of the different subnetworks are com-
patible with the signs of (44, a) (see (vii) in the list of properties a subnetwork should fulfill).
Let us now concentrated on the subnetworks we can insert at py. There are two possibilities :
either 4?2 or AP2. Observe that one can only use A#P2 when 0 > 7/3 since otherwise property
(vi) is not fulfilled for this subnetwork. For the same reason, N P2 which is the unbalanced
network described in Example 3.3, can only be used when § > /6. Analyzing the situation at
p1, we see that we can use AP if 7/2—6 > 7/3 and we can use AP1 if 7/2— 60 > 7/6. Finally,
we concentrate on the subnetworks which can be used at the point po. Here, independently of
the value of 8, one can make use of .#P° or one can make use of .4#P° which is the unbalanced
network described in Example 3.2 (namely the network A4p,; ) for any even integer k). To
summarize, given the zoology of subnetworks we have at our disposal, we need to restrict

0 € (n/6,7/3).
But there are certainly infinitely many other choices of subnetworks one can use.

Example 10.2 : Here is an example of balanced network for which m < 2n — 2. Given
0 < v < p, the set of vertices of the network .45 is given by

AI/Y = {N+iaﬂ_i7_ﬂ+i7_ﬂ_Z.’Va_y}’
while its set of edges is defined to be
Sy = {[_Vay]v vop+il v, p =], [=v, —p 4+ i, [y, —p =] [+ 0, o — ],
[~ +1, —u+i],[—u+i7u+i]7[—u—i,u—i]}-

Observe that the network is invariant under the symmetries with respect to the z-axis and the
y-axis.
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—p+1 mti

—p—i pn—1

Fig 12 : The network A5 .
We define the weight function a : &y — R — {0} by

Uf—pp] =2 €080, Qputi] = Qppti] = G—v,—ppi] = Oep,—pti] = 1
Apti—i] = O—pti,—p—i) ‘= sin, and A ptipii] = O—p—i,u—i] ‘= cos b,
where
— 1
(10.42) cosf = ——H 2 and sinf = ———.
1+ (p—v)? 1+ (p—v)?

It is easy to check that the network (.45, a) is balanced. We also have the

Lemma 10.2. — The balanced network (Ny,a) is flexible in the sense of Definition 3.8 and
closable in the sense of Definition 4.1.

Proof. — In this example, m = 9 and n = 6 and hence we need to show that the rank of A is
equal to 2n +m — 4 = 17. We set
z1:=p+t, zoi=p—i, 2z3:=—p+i, 24:=—p—1i, 20: =1V, Zp:i=—U.

Since we know that A has at least a kernel of dimension 4 spanned by the infinitesimal
translations, infinitesimal rotation and the dilation of the weight function, we can assume that
we only consider perturbations such that

(10.43) $,, = —d;, €R,
which takes care of the invariance with respect to translations and rotations, and
(10.44) (AL[ZO’gO] =0,
which takes care of the invariance with respect to dilations of a. For such perturbations, we
need to show that A is injective. So, let us assume that ¢ and @ are chosen is such a way that
A(®,a) =0.
and also that (10.43) and (10.44) do hold. We adopt the notations
,éj = q.)zj,
and é’() = (i)go.
We first exploit the fact that DL(®) = 0. Looking at the component of DL(®) corresponding
to the edge [Zo; 20, we get
<20 — 20,2?0 — 2O>C =0.
Because of (10.43), we conclude that 2y = 29 = 0. Looking at the component of DL(®) at
(20, 21], we get
<Zl — 20, 2.:1>C = 0
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and hence, there exists x1 € R such that
21 = i:l?l (Zl — ZQ).
similarly, we find that 2o = ixa (20 — 20), 23 = @3 (23 — %0) and 24 = i x4 (24 — Zp), for some
To,r3, x4 € R. _
Looking now at the component of DL(®) corresponding to the edge [21, 22|, we get
(22 — 21,42 — 21)c = 0,
pluging into this identity the information we already have concerning Z, and Z; and using the
expression for zo and z9, on gets

(—2i,ixe (p—v—1i)—ix (p—v+1i)c =0,

and this implies that that zo = x1. Arguing similarly with the edges [z3,24], ..., [24, 21], We
conclude that 1 = xo = x3 = x4. Let us call by x this common value.

We now exploit the fact that DF{14 ,) = 0. Summing the components corresponding to 2, 21
and z4 we get

Zo — % (20 — 21,22 — 21)C . 29 — 21
A[zy,21] 1Oy

|22 — 21 - |20 — 21|? ZI]|22 -z
Z3 — 24 (23 — 24,23 — Z1)c : %3 %4
. . ey ) et = 0
[23,24] (|2’3 — 24 |23 — 24/ ) el |23 — 24

Using the information we already have on the Z; and using the fact that zo — 21 = 23 — 24, we
conclude that
. . . 22 — 21
(a[%Zl] F Azy,2q] T Z2$) 7|Z2 " =0.
and we conclude that = 0. Therefore, we have proven that d =0.
The proof now proceeds as in the proof of Lemma 10.1. For example, looking at the compo-

nent of DFd,q) corresponding to zg, we get

. Z1 — 20 . 24 — 20
Ay zo) T, 7+ Uzaszol T, — 7 = 0
|21 — 20 |24 — 20
and, since 21 — 29 and z4 — zp are R-independent, we conclude that af,, ., = [,z = 0.

Proceeding similarly for the other components of DF{1q 4), we prove that ¢ = 0. This completes
the proof of the fact that the network is flexible.

It remains to check that the network is closable. This amounts to check that the only solution
to DLq(®) = AT is ® = 0 and A = 0. Now observe that the equations in this system are of
the form

(z—2,®, - )¢

!

|Z —Z| :)\|Z/_Z| 1n|a'[z’,z]|7
or equivalently
(z—2,®, - )c =\ —z*In lag 4]
This is this last system we will consider.
We write

b, =1 +iTe, P =w3+iT4, Doy =5 +iT6, Doy = 37+ T8,

and
Pz, = w9 +ix10, Q. =211 + 1212
and we identify the image of DL1q with RY starting by labeling the edges in the following order

[20, 20, [20, 24], [20, 21], [20, 22, [20, 23] and next [z1, 22], [21, 23], [23, 24], [22, 24] tO give a vector in
9
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We recall that cos 6 and sin 6 have been defined in (10.42). We need to check that the vector
of R? whose coordinates are given by

(V2 In(2cos 9),0,0,0,0,In(sin @), u? In(cos ), In(sin @), u? In(cos 9))

is not in the image of

0 0 0 0 0 0 0 0 —2v 0 2u 0

v—p —1 0 0 0 0 0 0 p—v 1 0 0
0 0 p—v 1 0 0 0 0 0 0 v—p -1
0 0 0 0 p—v -1 0 0 0 0 v—p 1
0 0 0 0 0 0O v—p 1 pu—v -1 0 0
0 0 0 2 0 -2 0 0 0 0 0 0
0 0 2u 0 0 0 —2u O 0 0 0 0
0 -2 0 0 0 0 0 2 0 0 0 0

-2 0 0 0 2u 0 0 0 0 0 0 0

This can be checked using Mathematica. O

Example 10.3 : Finally, we give an explicit example of flexible closable network whose sym-
metry group reduces to the identity. The set of vertices of the network A4¢ is given by

Yo :={a+ib1+i,—-144i—-1—1i,1—i},
for 0 < a < b < 1, while its set of edges is defined to be

- {M+MJA%LM+M;J+ﬂJa+w;J—ﬂja+wﬂ—ﬂ,

[1+@—1+ﬂ4—1+@—1—ﬂ4—1—@1—ﬂ41—@1+ﬂ}

—1+41i 144

a+ib

—1—i 1—14

Fig 14 : The nonsymmetric network 43,.

Observe that this network has symmetry group which reduces to the identity.
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We define the weight function a : & — R — {0} by

B L, 1
a[a+zb,1+z] - (1 — a) (1 - b)
B L,
CL[a-‘,—'Lb,—l—O—l] - (1 ¥ CL)Q (1 — b)
. [ 1
[a+1,b,—1—z] - (1 +a) (1 +b)
R
a[a+7,b,1—z] - (1 . a) (1 + b)
and
1 1 1 1

Ofti—14i] = 70 Olal—i] = Aotri—1—d] = 7y Amt=il= = T

With this choice, it can be checked that the network (A4¢,a) is balanced. We also have the :

1—a’

Lemma 10.3. — The balanced network (N, a) is flexible in the sense of Definition 3.8 and
closable in the sense of Definition 4.1.

Proof. — Since m = 8 and n = 5, we have m = 2n — 2 and we only need to check D,F 14,4 has
rank equal to 7. The proof of this fact is identical to the corresponding proof in Lemma 10.1.

Therefore, it remains to check that the network is closable. This amounts to check that the
only solution to DLg(®) = AT is ® =0and A =0. As in the previous proof, we need to show
that the system

(z—2,8, - )c =X —2*In lagr 21,
has no solution except d =0and A =0.
We write
iy =a1 +ive, Py =a3+ivy, P =a5+ivs, Py =7 +ivs,
and
‘i’a+ib = X9 +iT10.

and we identify the image of DLiq with R® starting by labeling the edges in the following order
[@+ib, 1 +1],[a+ b, 1 — 1], [a+ ib,—1 — ][a+zb—1+z}andnext[1—i,1+i],[1+i,—1+
il,[-1+1i,—1—1i],[-1 —i,1 —1] to give a vector in RS.

Therefore, we need to check that the vector of R® whose coordinates are given by

(((1—a)2+(1—b)2)1n<\/(1_1a2+(1_1b)2>7

(1+a)?+(1-0)*)In

)
1
\/1+a + 1—b)2>
1
\/1+a +b)2>’
+

—41n(1 —b), —41In(1 — a),—4In(1 + a) 4ln(1 b))

(1-a)?+(14+0b)?) In

(
(1+a)? + (1 +b)? (
(o
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is not in the image of

l—a 1-0 0 0 0 0 0 0 a—1 b-1
0 0 —1—a 1-0 0 0 0 0 l14a b-1
0 0 0 0 —1—a —-1-0 0 0 14a 1+0
0 0 0 0 0 0 l—a —-1-b a—-1 1+%b
2 0 -2 0 0 0 0 0 0 0
0 2 0 0 0 0 0 —2 0 0
0 0 0 2 0 —2 0 0 0 0
0 0 0 0 -2 0 2 0 0 0

This can be checked using Mathematica. O

The question is now the following : whether or not can we use this network to complete the
proof of Theorem 1.1 7 When a + ib = 0 this network corresponds to the network we have
already studied in Example 5.2, for which we have found subnetworks which are flexible. By
perturbation, one can use subnetworks similar to the one described in this example at least
when a + b is close enough to 0. This completes the proof of Theorem 1.1.

11. More general nonlinearities and higher dimensional problems

As already mentioned in the introduction, our result does not only hold for the equation
(1.1) but applies to a broader class of equations. For example, it applies to the equations of
the form

Au—u—+ f(u) =0,
defined in R?, where the nonlinearity f is odd, at least C''* for some u € (0,1) and satisfy the
following conditions :

(H.1) £(0) = 9u.f(0) = 0.

(H.2) The equation

(11.45) Au—u+ f(u) =0,
has a unique positive (radially symmetric) solution ug which tends to 0 exponentially fast
at infinity.

(H.3) The solution ug is nondegenerate, in the sense that
(11.46) Ker (A — 1+ 0, f(uo)) N L>°(R?) = Span {9y, uo, Op o} -

Typical example of nonlinearities f satisfying all the above assumptions are given by the

function
Flw) = ([P~ = clul®™" ),

where ¢ > 0 and 1 < ¢ < p. In this case, the existence of w; is standard and follows from
well known arguments in the calculus of variation while the uniqueness follows from results
of Kwong [12] and Kwong and Zhang [13]. Concerning the nondegeneracy condition (which
essentially follows from the uniqueness of the solutions), we refer to Appendix C of [17].

For example, when ¢ = 0, the nonlinearity is just given by

F(w) = JuP

In the general case, the function Y given in (4.19) for the nonlinearity u — u?, has to be
replaced by

t(s) = [ /C wo(z — se) div (f(uo)(2) €) da dy.
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Let us emphasize that our construction also generalizes to nonlinearities which are not neces-
sarily even (see [16] for a precise description of the nonlinearities which are allowed). However
in this case, we need to define 4 different type of interaction functions and then the statement
of Proposition 5.1 become even really involved. This is the reason why, we have chosen not to
follow this route even though the constructions are still possible.

Also, we should emphasize that constructions in higher dimension are also possible. Obvi-
ously, if all the network under consideration is included in a plane, one can work equivariantly
and extend to construction (we again refer to [16] for a description of the nonlinearities which
are allowed for such constructions. Also, the notions of balanced, flexible and closable networks
can be extended to higher dimensions in a rather natural way. However, the construction of
examples becomes quite difficult and we believed that this was not worth the effort.
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