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Abstract

We consider travelling wave solutions on a one-dimensional lattice,
corresponding to mass particles interacting nonlinearly with their nearest
neighbor (Fermi-Pasta-Ulam model). A constructive method is given, for
obtaining all small bounded travelling waves for generic potentials, near
the first critical value of the velocity. They all are solutions of a finite di-
mensional reversible ODE. In particular, near (above) the first critical ve-
locity of the waves, we construct the solitary waves whose global existence
was proved by Friesecke et Wattis [1], using a variational approach. In
addition, we find other travelling waves like (i) superposition of a periodic
oscillation with a non zero averaged stretching or compression between
particules, (ii) mainly localized waves which tend to uniformly stretched
or compressed lattice at infinity, (iii) heteroclinic solutions connecting a
stretched pattern with a compressed one.

1 Introduction and Formulation of the problem
We consider the dynamics of the classical one-dimentional lattice given by
X, =V'(Xpp1 — X)) = V(X — Xp_1),n€Z (1)

where X, (%v), t € R, gives the position of the nth particle, V is the potential due
to nearest-neighbor interaction. We are interested in travelling waves solutions
of (1). The system (1) has a special physical importance, mainly due to its
apparent simplicity, and to the discovery from Fermi, Pasta, Ulam [1] about the
(numerically found) time behavior of solutions with sinusoidal initial condition,
having recurrence properties, meaning that it does not mix different modes, de-
spite of its a prori non integrability. Important results on its localized solutions
are given by Friesecke &Wattis in [2], using a variational approach. We refer
the reader to references in [2] for numerical results on localized waves in one
dimensional lattices. In the present work, we follow the lines of the method
initiated by Iooss and Kirchgéssner [4] on a similar system. With the ansatz



X, (t) = Z(nt — 1), after scaling the time as ¢ = ¢, and denoting z(t) = Z(rt),
system (1) is transformed to

B(t) =72 (V'[a(t +1) — a(t)] = V'a(t) — 2(t - 1)]) (2)

which is a scalar "neutral” or "advance-delay” differential equation. We refer to
the basic paper [4] for general references on advance-delay differential equations,
related to our type of problem (second order differential). However, we give
a constructive original method for obtaining the ”small” solutions of (2) for
velocities of the waves close to the first critical value (called the ”sound velocity”
in [2]). We show that they all belong to a finite dimensional center manifold, and
are given by the small bounded solutions of an ordinary differential equation.
This reduction result follows from the work [4] on a similar problem, which
was inspired by the analogous reduction available for elliptic systems in strips
(see the seminal work [6] of Kirchgéssner ). We do not reproduce here the
complete proof of this reduction process, refering the reader to [4] for details.
The additional difficulty here is the invariance property of our system under
addition of a constant, which leads to a systematic double zero eigenvalue for
the linearized operator, for all values of the parameters (velocity of the waves,
curvature at 0 of the potential). We solve this difficulty and concentrate on the
extensive study of all types of small bounded solutions of (2). Our results are
summed up in 3 theorems, valid for generic potentials. The first one gives the
localized solutions, and is the result analogous to the one of theorem 1 in [2]. The
second theorem gives ”mainly localized” solutions, which are asymptotic to a
stretched or a compressed lattice (”stretched” means that X,,11— X, is enlarged,
”compressed” means the opposite). Depending on the local properties of the
potential, we also show the existence of an ”heteroclinic” solution connecting a
stretched lattice with a compressed one. The last theorem gives large families
of periodic solutions (&(t) is time periodic), where the pattern has time periodic
oscillations around a stretched or a compressed uniform state (this averaged
state may be the basic uniform state (x = 0).

The reversibility symetry given by x(t) — —x(—t) plays a capital role in
what follows. An important remark is that this system is invariant under the
transformation x — x + q for any ¢ € R. Moreover we have to keep in mind
that there is a family of "trivial” solutions given by x(t) = at + b for any a and
b in R. They correspond to uniformly stretched or compressed patterns in (1).

In what follows, we need to specify the behavior of V'’ near 0:

V'(x) = ax + fa® + ya® + 6zt + ...,
the essential assumption being that
V"(0) =a > 0.

For obtaining non trivial results, we also need that, at least one of the higher
order coefficients of the Taylor expansion of V' at the origin is non zero. We
shall concentrate our analysis to the cases when 3 or v are non zero.



We are now ready to look at this system with the eyes of the work [4].

Instead of treating (2) directly, we introduce a new variable v € [—1,1]
and functions X (¢, v) = z(t +v). The notation U(t)(v) = (z(t), £(t), X (¢, v))T
indicates our intention to construct U as a map from R into some function space
living on the v-interval [—1,1]. We use the notations £(t) = @(¢), §1 X (¢, v) =
X(t,1),and 61X (t,v) = X (¢t,—1). Equation (2) can now be written as follows

U = LU + M (U), (3)

where p = ar?, and L, is the linear, nonlocal operator

0 1 0
Ly=1| —2u 0 p'+6h |,
0 0 o

and
M (U) =72 (0,9(6'X — 2) — g(x — 6'X),0)"

where we define g(z) = V'(x) — az = O(z?) as z — 0. Moreover, we require
that X (¢,0) = z(t).
As in [4], we introduce Banach-spaces H and D for U(v) = (x, &, X (v))T
H = R? x (C[-1,1])
D = {UeR?x (C'[-1,1])/X(0) = =}
with the usual maximum norms. The operator L, then maps D into H con-
tinuously. The nonlinearity M, is supposed to satisfy M, € C*(D,D), k > 1,

and
M- (U)|lp < elp)||U]13

for all U € D with ||U|lp < p; p being an arbitrary positive constant. In our
particular case V' and g € C?(Q) suffices for the validity of the assumption on
M.;  denotes an open neighborhood of 0 € R.

The operator L, acting in H with domain D, has a compact resolvent in H.
Moreover, L, and M., both anticommute with the reflexion S in H, given by

Sz, &, X)T = (—x,6,-X 0s)7, (4)
where X o s(v) = X (—v). Therefore, (3) is reversible.

2 The spectrum of L, and its resolvent
To determine the spectrum ) = >~ L, of L, the resolvent equation
(M- LU =F (5)

has to be solved for any given F' = (fo, f1, F2)T € H, with A € C, and U =
(z,&,X)T € D. This is possible provided that N (\; i) # 0, where

N(\;p) = =22 + 2u(cosh A — 1). (6)



Indeed, we obtain

2= [N O fo + fi + 1fr), (7)

€= —[NO )] HIN + N )l fo + M1+ pAfal, (8)

X(v) = e Mg — /U MV By (s)ds, (9)
0

with

1

B / [—eA0=9) By () 4+ e~ 219 Fy (— )] ds.
0

Since N(A; ) is an entire function of X for every p € R, the spectrum > L,

consists of isolated eigenvalues X. They are roots of N();u), and thus have

finite multiplicities.

Remark, that L, is real and that SL, + L,S = 0 holds. > L, is then
invariant under A — X and A — —\. Thus, }_ L, is invariant under reflexion
on the real — and the imaginary axis in C. Thus, we can restrict the following
considerations to A = p + ig with nonnegative p and gq.

The central part ), = >, L, = Y L, NiR of the spectrum is determined
by N(ig;u) =0,q9 € R, i.e.

q* + 2p(cosq — 1) = 0. (10)

Using the same type of proof as in [4] (quite elementary here, with the function
g~ 2(1 — cosq)), we have the following

Lemma 1 (i) For each pi > 0, there exists po > 0, such that all X € - L, \>,
satisfy | Re \| > po.
(i) Let A\ =p+iq € > then

lg| < 2v/p+ 4e~2 cosh(p/2)

holds.

(i1i) For 0 < u < 1, 0 is the only eigenvalue on the imaginary axis. It
has multiplicity two. There are only two real eigenvalues £\ , moreover these
etgenvalues tend towards 0 as p — 1. For p > 1 the eigenvalue 0 is the only one
on the real axis.

(iv) For p =1, the eigenvalue 0 is quadruple, with a 4 x 4 Jordan block.

(v) There is an increasing unbounded sequence pn,m = 0,1,2, ... of (critical)
values of the parameter p (see figure 1), such that uo = 1 and for p = pin,n >
1, there is one pair +iq, of double non semi-simple imaginary eigenvalues in
addition to the double non semi-simple eigenvalue at 0, and 2n — 1 pairs of
simple imaginary eigenvalues :tiqg, such that 0 < qg» < qn (see figure 1).

Since the bifurcations in system (2) will only occur when the cardinality
of >, L, changes, the first relevant case occurs for p near 1, which means

that the velocity 1/7 of these bifurcating travelling waves is close to 1/V"(0).
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Figure 1: Position of eigenvalues of L, near the imaginary axis.

Using the center manifold reduction as in [4], we obtain in this simplest case
a 4-dimensional reversible ODE. Next bifurcation, for u near uq, leads to a 8-
dimensional reversible ODE, and so on. The reduction argument follows exactly
the same lines as in [4], so here we concentrate on the specific results on the
reduced ODE, in the simplest case (4-dim).

We now need to construct the projection P on the 4-dimensional subspace
of H, belonging to the quadruple eigenvalue 0 (u = o = 1), and which comutes
with L,,. This projection is given by the Laurent expansion in L(H) of its
resolvent operator near A =0 (see [7])

D3 D! D P

T-1 T2
EVERE +_+__Luo_)\LH0 oo (11)

-1 _
()\]I - LMO) - \ )\3 )\2 Y

where P is the projection we are looking for, and D = L, P is nilpotent (D* =

0), and E;J is the pseudo-inverse of L,, on the subspace (I — P)H. The 4-
dimensional subspace PH is spanned by the following vectors

¢ = (1,0,1)7,
¢ =(0,1,v)T,
(2 = (0,0,0%/2)",
G = (0,0,03/6)7,

which satisfy

LuyCo =0, S = —Co,
L, ¢ =¢C, SG=C¢,
LG =C, SG=—C,
LuyC=C, SGG=C(.

After elementary computations, we obtain the following expression for the pro-



jection P:

PW = ((PW),, (PW)e, (PW)x)"
= (PW)ao + (DW)yC1 + (D*W)aGa + (D*W )y Cs,

W)= 2= 10 -9) =500 - 97s) + Pt}
<Dwu=<mmg=é{ﬁ—éwrﬁml—gﬂ&@wJR—ﬂw},
<WW»=um%=—m{ﬁ—47uwwwg+&emw}
<mwn=uﬂw&=—w{ﬁ—éhwﬁ—&emw}

where W = (fo, f1, F»)T € H. The expression for D follows now immediately
from its definition. In what follows, for sake of clarity, we denote by (; the
linear continuous forms on H given for any W € H by

Go(W) = (PW)a,

GW) = (DW)a = G (L, W),
G (W) = (D*W)a,

GW) = (D°W)a,

and we check easily that
GG SW) = (1) ¢ (W),

CGe(Gs) = Oy kyj=0,1,2,3,

where 0,5 = 1 if k = j, and = 0 otherwise.

3 Reduced system
The system (3) is invariant under the following shift operator
Tq : Ur— 1,U=UH+4q(, VqekR,

which corresponds to the invariance of (2) under  — x + ¢. Indeed, we check
easily that
Lytq=L,, M.o71,=DM..

It is then natural to decompose any U € H as follows

U=W g, GW)=0, (12)



and we denote by H; the codimension one subspace of H where W lies.We use
the similar definition for the subspace D; of D. Noticing that ¢ (0, f1,0)T =0,
the system (3) becomes

dg _

o = G0 (LugW) +0 = (W), (13)
% = LW + M. (W), (14)

where EuW =L,W — (§(W)(o. The operator E#O as an operator acting in Hjy
has the same spectrum as L,, except that 0 is now triple instead of quadruple.
Indeed we check that

L6 =0, LuG=¢C, LuyG=C, GL,W)=0

Mo

holds. We now use the center manifold reduction on the system (14) in Dj;.
Applying a proof identical to the one given in [4], we know that the ”small”
solutions are contained in a center manifold which is as regular as V' in the
original system (2), of the form

W:AC1+BC2+CC3+(I)H(A7370)7 (15>

where p is near pg and (A, B, C) near 0, and ® is regular and at least quadratic
in its set of arguments, taking values in Dy, and such that ®(0,0,0, ) = 0. Now,
we observe that the linearized operator for u = pg, is a 3 x 3 Jordan block, with
0 on the diagonal, and we notice that the reversibility symmetry S reduced to
the 3-dimensional invariant subspace has the following representation

So:(A,B,C)— (A,—B,C).

It then results from normal form theory [see for instance [3] p.25 and p.31
(exercice 1.18 for the reversible vector field)] that we can choose coordinates
A, B,C in choosing a suitable form for ®, up to a certain order, such that for
any fixed p smaller than the degree of regularity of V’, the system reads

dA _

e 16
= =B, (16)

dB 9 9

E :C+A¢u(A,B 72AC)+RB(A,B ,C,,LL), (17)

dc

== Bé, (A, B* —2AC) + BRc(A, B%,C, ), (18)
where ¢, is a polynomial in its arguments, of degree p in (4, B, C), and

|Rp|+|BRc| = O {(|A| +|B| +|C)P*}.
For the sake of completeness we add the equation for g
dq x



In the appendix we compute the principal part of polynomial ¢,

¢u(A,B? —2AC) = v+ aA+b(B? — 2AC) + cA® + ... (20)
v=06(1—p)+O[(1 - p)?, (21)
a=—87°43[1 +O(v)], (22)

and, if =0, and v#0
a=0, b= (3/10)72y[14+0®W)], c=—-97%y[1+O(v)]. (23)

In ¢, we consider all coefficients (a, b, ¢, ..) as functions of v instead of p, for a
better comfort. A nice property of (16,17,18) is that if we suppress the higher
order terms Rp, Rc which are not in normal form, then this ”truncated” system
is integrable. Indeed, we have the two first integrals

B? —2AC =K,
C—-V(AK,v)=H,

where A
V(A K,v) :/ du(s, K)ds.
0
For (H, K) fixed, all trajectories in the (A4, B,C') space are given by

B? = fuk(A),

fux(A) Y K+ 2HA+249(A, K, v),

C=H+VU(AK,v).

Let us start with the case when a # 0,which corresponds for the potential V'
to assuming that 8 # 0. The corresponding curves B? = fy i (A) are deduced
from figure 2, depending on the values of first integrals (H, K). In all cases we
have a family of equilibria implicitly given by

B=0, C+A¢,(A —2AC)=0, (ie. dafux(A)=0),

which correspond to the curve in the (H, K) plane at figure 2. These equilibria
may be elliptic or hyperbolic depending on the branch I'. or I'j, where (H, K)
is sitting. On the right branch, for v > 0 and H = K = 0, there is one solution
homoclinic to 0, and, on the same branch of the (H, K) plane, the equilibria
(then non zero) are also limit points of homoclinics. Other small bounded
solutions are periodic, corresponding to the positive part of fg x when the
curve intersects transversally the axis B = 0.

In the case a = 0, we need to consider the curves of the (A, B) plane given
by

2
B? = gcA4 +20A2 +2HA + K,

which is the principal part of fi x(A), and where v = v + bK. We give at
figure 3 a sketch of the curve of equilibria T" in all cases when ve # 0 (denoting
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Figure 2: Different graphs of A — fr x(aA) for v > 0,a # 0.

aH

2v73

by I'. and I'j, as above the elliptic or hyperbolic equilibria). We also draw the
various graphs in the plane (B2, A) necessary for the study of small bounded
solutions of (16,17,18), truncated to its normal form. Notice that the sizes of H
and K are respectively O(|v|3/2), and O(v?), which shows that 7 ~ v. At figure
4 we give the phase portraits for non trivial cases (ii) ¥ > 0,¢ < 0, and (iv)
v < 0,c > 0, where we concentrate on bounded solutions for ¢ € R, and we notice
that a change H — — H is equivalent in these graphs, to the changing A — —A.
We notice that there are various homoclinics, two of them having a decay at
infinity in 1/¢? instead of exponential (v > 0,¢ < 0,H = +H,,, K = K,,). We
notice one heteroclinic cycle connecting two equilibria (both invariants under
the reversibility symmetry) (v < 0,¢>0,H =0, K = Kj).

Before giving a proof of the persistence of the various solutions we found
on system (16,17,18) truncated to its quadratic or cubic normal form, let us
describe the form of the corresponding waves solutions of the original system
(2),(1).

An equilibrium with A, # 0, gives z(t) ~ ¢(t) = Aeqt—i—qo, where Aeq is close
to Aeq. This corresponds to solutions of (1) of the form X,,(t) = (A eq/'r)(nr —
t) + go. Observing that a consequence is X, 1(f) — X,,(f) = Agq is constant,
these solutions represent a uniform stretching (if A.q; > 0) or contraction (if
Acq < 0) of the lattice of particles.

A periodic solution in (A4, B,C) gives z(t) ~ q(t) = wt + Q(t), with Q
periodic, i.e. a superposition of the uniform stretching (or compression) with



a periodic oscillation. Notice that there are cases (choosing suitably (H, K))
where w cancels (w is close to the average of A). In these last cases, this leads
to time periodic solutions of (2).

A solution homoclinic to 0, corresponds to a localized solution of (2), since
¢ also tends to 0 exponentially in time. We obtain such homoclinics for § #
0,v > 0, and for 8 = 0,7 > 0, > 0. this last result is in accordance with the
results of [2], only interested into localized solutions.

We also obtain solutions homoclinic to non zero equilibria (for 8 # 0, Vv # 0,
and for 3 = 0,y > 0), corresponding to the family of uniform stretching or
compression between particles at infinity. The particular cases H = +H,,, K =
K,, give a convergence in 1/t? at infinity for A. Then the convergence to a
constant of z(t) — /th as t — too is in 1/t.

Finally, the heteroclinic solution connects two elements of this basic family
of solutions of stretched type at one infinity, and of compression type at the
other infinity!

4 Persistence of Homoclinics

In this section, we give details of the proof of existence of homoclinics close to
the homoclinic solutions of the normal form.

4.1 Casea#0,v>0

For the normal form truncated at quadratic order, let us make the rescaling

213/2 212
VW W T
a \V2v

A=2AB=
a a

which gives the homoclinic solution under the form
H(T) = [A(T)7§(7_>7Q<T)]T = [h(T)7 h(T)’ hC(T)]T’
h(r) = =2/ cosh® 7/2,h¢ = h/2 4+ h? /4.

This basic homoclinic H satisfies SH(—7) = H(7) (it is a "reversible” solution).
We are now looking for a reversible solution of the full system (16,17,18) close
to H.

Let us pose [A(7), B(),C(7)]" = H+Y, then Y = (u,v,w)T satisfies

dy

e LT)Y =M(v,7,Y) (24)
with
0 1 0 1 0 0
Lr)= 3+h 0 11, S=|0 -10],
h/2  i(1+h) 0 0 0 1

10



and

SM(v,7,Y)=-M(,—1,5Y),
M(v,7,0) =0, DyM(v,7,0)=0,
1M (v, 7,Y)[| = O(w (| H|| + [[YI)* + [IY]]*).

Let us define Banach spaces Cg)\ﬁs and CQM, for any A € R :
Cg,\,s = {Z c CO(R, R3);SZ(—7-) = Z(T),SU§||Z(T)||6)“T‘ < Oo},
re
CENA = {Z € C°(R,R?); SZ(-7) = —Z(T),su%HZ(T)He/\ITI < oo} ,
re

equipped with the norm || Z||x = sup||Z(7)||e* .
T7€R

We look for Y solution of (24) in C?, 5. We notice that ¥ — M(v,-,Y)
is as regular as the given function V' (analytic for example) in (2) from C? ¢
into 0927 g (see the estimate on M). The existence proof of the homoclinic
solution follows directly from the implicit function theorem, once we prove that
the linear operator % — L(7) has a bounded inverse from CBXA to 091,A for
any A > 1.

For inverting this linear operator, we need three independent solutions of
the linear homogeneous system

dY
= - L)Y =0, (25)

with no restriction on symmetry and behavior at infinity. This system is inte-
grable, as the original normal form, and we already know a solution which is
H(7), due to time shift invariance. We notice that

SH(-7)=—H(r), HeC? ,.
It is easy to find two other solutions of (25):

u1

P: [Ul,dl,?(l-"h)]’r,
. U2 T
Q= [U2,U2,?(1 +h)+1]",

with
ui (1) = h(r) /OT [572 — h*Q(s)} ds + h(t)/,
ug (1) = h('r) /OT up(s)ds — h(m)u1 (7).

11



We notice that u; and wug are regular and even, u1(0) = 1,u2(0) = 2, uy (1) ~
el uy(1) — —1, as 7 — +oo. It results that

SP(—1)=P(r), PeC{g,
SQ(-1) =Q(r), QeCys.
Let us show the following

Lemma 2 Let A > 1, then the linear operator % — L(7) has a bounded inverse
from C’g/\,A nto C’gl’s.

Proof. We first notice that for any 7, {H, P, Q} forms a basis of R?, this is
a consequence of the wronskian identity which gives here

(H,P,Q):det(H,P,Q):—l

Let us decompose Y as follows, which is always possible for functions having
values in R3 :

Y =rH + pP + qQ,
then the unique solution Y € CQLS of

dY
E —;C(T)Y = G (S CgA,A

is given by

q(t) = /OO(G(S),1‘](5),P(s))ds7 (even)
/OT(G(S),P(S),Q(S))dS (odd).

It is clear that there is a positice number c) such that
Y1 <eallGllx, VA>1

holds. Notice that A = 1 is not good because of the estimate on r(7) which
would lead to a growing in |7| at infinity. Observe that we only need A = 2 here,
because of a complete account in H of the linear terms in system (16,17,18).
This ends the proof of the lemma.

4.2 Casea=0,v>0,c<0

The two homoclinics to 0, obtained for v > 0 on the cubic normal form, are as
follows

H(t) = (A, B,C) = (h,h,he)7,

ht) = /=3v/c (cosh @t)_l ,

hc = vh + ch®/3.

12



The cubic normal form linearized at H(t) is again integrable (this comes imme-
diately from the integrability of the normal form). We then proceed with the
same method as at previous section. The properties of the basis of solutions of
the homogeneous linear system are identical, concerning their symmetries and
exponential behavior at infinity (modulo adapting the exponent). We notice
that the term with the factor (B? — 2AC) may be pushed into the rest, since
its size is smaller than the principal part (once scaling are made, the rest M is
here O(y/v[(J|H||+|Y||)?+|Y||?) ). The proof of persistence is then the same
as above. We then established the following

Theorem 3 For ¢ > 0 small enough, we consider the system (2) for 1 —e <
72V"(0) < 1, i.e. for velocities of the waves slightly above the first critical value
(”sound velocity” ).

(i) In the case when V'"'(0) # 0, there exist one and only one "small” lo-
calized solution of size O[1 — 72V"(0)] with an exponential decay at infinity. If
V'"(0) < 0 the localized wave is of "local compression” type, while if V"'(0) > 0
it 1s of "local stretching” type. Moreover, this solution is odd, and we can give
its Taylor expansion in powers of the bifurcation parameter 1 — 72V"(0).

(ii) In the case when V""(0) = 0,V (0) > 0, there exist two and only two
"small” localized solutions of size O([1—72V"(0)]'/2). They are both monotonous
and odd. One wave is of "compression” type, while the other is of ”stretched”
type. Their decay at infinity is exponential, and we can give the Taylor expansion
of these solutions in powers of the bifurcation parameter [1 — 72V"(0)]. In the
case when VW (0) < 0 there is no small localized solution.

The oddness of these localized solutions comes from the reversibility of the
solutions projected on the z component. We have z(t) ~ fot A(s)ds , hence since
the sign of A is constant for each of the homoclinic solutions (see figures 2 and
4), x is a monotonic function and the results about compression or stretching
follows directly from an examination of the sign of A. At +o00, z(t) tends towards
opposite limits.

Remark 4 Our theorem above should be compared with theorem 1 of G.Friesecke,
J.A.Wattis [2]. These authors used a variational approach for obtaining nice
global results on existence of localized solutions which have the properties of our
local solutions. Our method is only local, but its advantage is that it is construc-
tive, and valid for generic potentials V. In addition, as we see below, we obtain
ALL 7small” waves, solutions of (2), i.e. not only the localized ones.

4.3 Other homoclinic solutions

We observed on the normal form, at section 3 that there are hyperbolic equilibria
other than the origin, which are the end points of homoclinic orbits. We show
below how to prove the persistence of corresponding solutions for the system (2),
which are localized if we forget the uniform compression or expansion between
particles at infinity. We include here the study of the special cases where the
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equilibrium is a saddle-node and the homoclinic has just a polynomial decay at
infinity (cases v > 0,¢< 0, K = K,,, H=+H,,).

In the case of hyperbolic equilibria (invariants under .S), the method is ex-
actly the same as the one we follow when this point is the origin (previous
section). The only technicallity comes from the necessity to take into account
the full vector field (16,17,18) for defining the new origin and the full linear
terms around this new origin.

Let us consider for example the case a # 0. Equilibria of (16,17,18) are of
the form (Ap,0,Cy) where Cj is determined via the implicit function theorem
from equation

Co + A, (Ao, —2A0Ch) + Rp(Ap,0,Co, ) =0,

which leads to
CO = 71/A0 - aAg + O(Ag)

The linearized operator at these equilibria is now given by

0 1 0
v+ 2aAp + O(A3) 0 1+ O(A43)
0 v+ ClAO + O(A%) 0

which anticommutes with S and which has a zero eigenvalue. Moreover it is
a regular perturbation of the 3 x 3 Jordan block matrix. Hence, we use again
normal form technique to transform the linear part as well as the nonlinear part
of the vector field into a quadratic normal form close to the quadratic normal
form we had originally in (16,17,18). Since Ay is at most of order v coefficients
of the new normal form are at order v close to the old ones. This may be a
big change for the status of eigenvalues near 0, but we already know the status
of such eigenvalues from the previous study (see figure 2). Redefining a new
parameter v’ to mimic the proof of previous section, we can then proceed in
exactly the same way for proving the persistence of all the homoclinic orbits we
found on the normal form, provided they end to a hyperbolic equilibrium, and
provided that we are not close to the singular case of the heteroclinic orbit for
the cubic normal form of the case a =0,¢ > 0,v < 0, H =0, K = K.

Now arises the special case when the equilibrium is not hyperbolic. We found
that, for a = 0, > 0, ¢ < 0, this situation happens when Ag is a triple root of
fH,..k,,(A) = 0. This corresponds to a linearized operator at this equilibrium
with a triple 0 eigenvalue and a full 3 x 3 Jordan block. Let us use the same trick
as above. First we show that such type of equilibria still exist for the full vector
field (implicit function theorem for solving in (C,v) as a function of Ay, then
invert Ao in function of v, in choosing its negative root Ay = —/v/(—2¢)+O0(v)
(which corresponds to the case H = H,;,). The linearized operator at this equi-
librium has a triple 0 eigenvalue by construction.Using the same technicalities
as above, we can produce a new cubic normal form which is a perturbation of
the one in (16,17,18), but with an unperturbed linear part (corresponding to
v = 0 in this previous system). This new normal form introduces a quadratic
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coefficient of order /v. This forces to consider also cubic coefficients which lead
to terms of the same order, and which are small perturbations of the cubic
terms of (16,17,18). Now the truncated system is integrable, as before, and
the homoclinic solution is still even for its A component denoted by A with
A(t) = A(t) — Ag ~ \/%Wt_Q as t — Fo0o. Now we use the method we de-
veloped in [5] on another example of reversible system with a non hyperbolic
limit point of homoclinic solution. The proof follows roughly the same lines
as above, except that we need adapted spaces of continuous functions with the
suitable decay at infinity, (here polynomial), specially in a lemma analogous to
our lemma 2 above.

4.4 Heteroclinic cycle

In the case a = 0,¢ > 0,v < 0, we find for the cubic normal form in (16,17,18)
the heteroclinic cycle

B? =204% + %A“ + Ko,

C=vA+ §A3,

with Ko = 22 and ending at points (+ A4, 0, £Co), Ag = \/—31/2¢,Co = £ Ag.
Notice that one branch is the image of the other by the symmetry S. In the
above expressions, we did not consider in (16,17,18) the terms with the factor
(B? —2AC) = K , because this factor is of order O(v?), and the corresponding
terms in the normal form are of higher order than the main ones (so we push
these terms in the rests Rp and R¢). The above end points belong to the one
parameter family of equilibria for system (16,17,18), given, via implicit function
theorem, by

A=A, B=0,C. =C(A,),
0=C,+vA, +cA® + Rp(A,,0,C.).

For proving the persistence of the heteroclinic cycle for the full vector field, the

idea is to study the intersection points of each unstable manifold of the equilibria

near (—Ag, 0, —Cp) with the plane A = 0. These intersections describe a curve

I'_ when A, varies near —Ag. In the same way we study the intersection points

of each stable manifolds ending at equilibria near (Ag,0,Cy) with the plane

A = 0. They also describe a curve I'y when A, varies near Ag. We then prove

that these two curves intersect transversally.

Let us consider the family of unstable manifolds of equilibria close to (— Ag, 0, —Cj).

For the cubic normal form, these curves, parameterized by A, are given by

2
B2 = 20A% §CA4 1 24H + K,

C:VA+§A3+H,
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where H, and K are linked by the fact that for A,

4
H=—20A, ECAS;,
K:%%

3

holds. In the plane A = 0, the curve I'_ is then given by (B, C) = [/ K (Ae), H(A.)]
for A, close to —Ag. In the same way, the curve I'; is given by the same form,
but for A, close to Ag. The two tangents to I'_ and I'y at the intersection
point (B, C) = (v/Kjy,0) are parallel to the following directions: (42v/—v,4v).
This shows the transversallity of the intersection of I'_ N T'; for the cubic nor-
mal form. We need now to prove that the perturbation introduced by taking
account of the full vector field (16,17,18), does not break this transversallity.
This is not obvious since the size of the perturbation is fixed, and not arbitrary
small. However, after a suitable rescaling, letting the heteroclinic cycle of the
normal form of order 1, as well as the exponential decay at infinity, the pertur-
bation terms of the rescaled system are O(/v), and the proof of persistence is
straightforward with the transversallity argument. Let us sum up our results
with the following

Theorem 5 For ¢ > 0 small enough, we consider the system (2) for 1 —e <
72V"(0) < 1+ ¢ (velocities of the waves near the "sound velocity”).

(i) For V' (0) # 0, there is a one parameter family of "mainly localized”
small solutions. Their size is O(|1 — 72V"(0)|). The function t — z(t) is not
always monotonous, and at 0o we have x(t) — At — x§ ,the convergence being
exponential. For A. > 0, the limit at both infinities is a uniform stretching,
while if A. <0, the limit at both infinities is a uniform compression.

(ii) For V'""(0) = 0, and V) (0) > 0,72V"(0) < 1, or V®(0) < 0, 72V"(0) >
1, there is a one parameter family of "mainly localized” solutions. Their size is
O([L — V" (0)['/?).

(iii) For V'"'(0) = 0, and V¥ (0) > 0,72V"(0) < 1, there are two “mainly
localized” solutions, of the type above, but whose convergence at infinity is in
1/|t| (then not exponential). One of these solutions has a uniform stretching
limit, the other has a uniform compression limit.

(iv) For V"'(0) = 0, and V) (0) < 0,72V"(0) > 1, there is a heteroclinic
cycle of two solutions. One of them has a uniform compression at —oo and a
uniform stretching at +o00. It is the opposite for the other solution.

5 Persistence of periodic solutions

We consider the system (16,17,18) in the case when the normal form truncated
at quadratic order if a # 0, or at cubic order if a = 0, ¢ # 0, possesses periodic
solutions. They constitute a two-parameter family because of the arbitrariness
of the choice of (H, K). Notice that B cancels twice on each of these solutions,
the branch for B > 0 being mapped by S into the branch B < 0. The idea is
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then to only consider half of these solutions, i.e. their branch such that B > 0.
We then complete the solution by applying the symmetry S, like this, we build
”reversible” periodic solutions.

We first eliminate time and consider the corresponding solutions parameter-
ized by A, in the plane (B2,C), for B > 0, passing through end points such
that B = 0. Let us consider, for instance the case a # 0, > 0, and rescale as in
section 4.1. Setting B? = u, we obtain the following system in the (u,C) plane:

ac 1

@ = 5(1 +A) +Vp1(A7an7V)?

du 2

d_A = 2Q+A+A +VP2(A7an7V)a

where p; and po are regular functions in their arguments. Now consider one
solution of the unperturbed system

1
u=A2+§A3+2HA+K,
1 1
C=-A+-A>+H
C=gA+ A"+ H,

for values of (H, K) such that this solution connects two points given by A =
A, C=C, and A= A,,C = C, where u = 0, and where u > 0 in between (see
the form of the cubic at figure 2). We also assume that these end points are not
equilibria, since we deal with periodic solutions (not homoclinic). This means
that 2% does not cancel at A = A, or A,. Now consider the full (perturbed)
system, and start at point A = A; with (u,C) = (0,C;). The classical pertur-
bation result on ordinary differential equations, shows that there is a trajectory
near the unperturbed one, and reaching after a finite interval of A’s (A near
A,) the line u = 0, near C' = C,. This proof is valid as soon as we are not too
close to a homoclinic curve, i.e. the starting point has to be not too close to
an equilibrium. Completing the trajectory in the (4, B, C) space by symmetry
S, then gives a reversible periodic solution. So we indeed have a two parameter
family of such solutions in all cases, except for a = 0,v > 0,c¢ > 0 (see figure 3
case (i)). Let us sum up this result in the following

Theorem 6 For ¢ > 0 small enough, we consider the system (2) for 1 —e <
72V"(0) < 1+ ¢ (velocities of the waves near the "sound velocity”).

(i) For V''(0) # 0, there is a two parameter family of periodic small solu-
tions. Their size is O(|1 — 72V"(0)]).

(ii) For V'"(0) = 0, and V) (0) > 0,72V"(0) < 1, or 72V"(0) > 1, there is
a two parameter family of periodic solutions. Their size is O(|1 —72V"(0)[*/?).

The average of each periodic solution is a uniform compression or a uniform
stretching of the lattice or the basic uniform state (x = 0).

6 Appendix

In this appendix, we compute the coefficients of ¢,, as mentioned in (20).
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6.1 Linear coefficients

The linear operator for the system (16,17,18) takes the form

o X O
RO =
O = O

whose eigenvalues are 0 and ++/2v. A simple identification with the eigenvalues
A close to 0, given by the dispersion relation N(A; u) = 0, for u close to 1, leads
to

v = 6(1— )+ O[(1 - w)?.

In fact, we can also compute the linear terms of order v in ®, denoted by

VA<I>%)O + VB<I>E)11)O + I/C(I)E)B)l. They are solution of the following system, obtained
after identification between linear terms in (14), after using (15) and (16,17,18)

=~ 1 1 —~ 1
G — Ly (I)go)o V(bfn)o -V L(l)q)go)()v (26)
G+ @4 — Ly @81y +7(0,1,0)7 = —va@fg) —varMafl,  (27)
1 =~ 1 —~ 1
q)g)l)o L#O(I)(()O)l V,L"L(l)q)(()o)l’ (28)

where i = (1—p)/v and where we defined L) by L, = L,,, — vii(v)L™®). Notice
that we already know that 12(0) = 1/6.

All coefficients are functions of v, and they are uniquely determined by the
implicit function theorem, once we add the conditions (§(®;jx) = (7 (Pijn) = 0,
i+j+k=1,and S®;;, = (—1)1®;;;, We obtain for v =0

®lop = G,
() = kCo + (0,0,0%/12)T, k= 13/12600,
o) = kG + (0,0,v°/60)7.

6.2 Quadratic coefficients

Defining quadratic coefficients of @, by >=,, ;1o ®iji A'BIC* where, as above,
®,;1. are functions of v, we identify quadratic terms in the same way as above

o P200 — via(v )L(l)fl)goo —v®y19 — GV‘I)(()11)0a

(19110 — Z//L( )L(l)(l)llo — V(Dl()l — 21/(1)020 — au@é%))l
+(0,2728,0)7 +2MP (uGs, G + vOfyy) + 2wMP (G, D),

aCQ

L,
als + 2Popp = E
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D10 = E}Lo(pOQO - Vﬁ(V)Z(l)‘I)ozo —v®p11,
®y19 = Em@lm —vii(W) LV @15y — 1D,
2@020 + @101 == Euo(I)OH - Vﬁ(l/)z(l)q)on - 21/(1)002 + (0, 7‘25/3, 0)T+

+2MP (WD), G + v, ) + 20 M) (G, 0,
Dp11 = E;LU‘I)ooz — Vﬁ(V)E(l)‘I)oom

where MT(Q)(V7 V) =pBr0, (6*'X — m)2 — (x—671X)2,0)T. Solving the system
for v = 0, leads to a unique solution {®;;,a, k1} satisfying

G(®ije) =0, i+j+k=2, and SP; = (1) 0, (29)

G(@ijk) =0, i+7+k=2, i #2, (§(Pa0 — k1(1) = 0. (30)
Indeed we obtain

Pago = as + k11, a(0) = —8723, k1(0) = —(4/15)7°3,

®110 = 2k1C2 + 211060 + (0,0, av*/8)T, 2119 = 13a/8400,

Boag = P11 = 2110C1 + 2k1C3 + (0,0, av®/40) T,

P11 = 3z110C2 + 01160 + (0,0, kyv* /4 + av®/80)7,

P02 = 32110G + 2011C1 + (0,0, k1v°/20 + av” /560) T

It then results by the implicit function theorem, that quadratic coefficients
{®ijk,a, k1} are uniquely solvable in function of v, and satisfy (29,30). It also
results that in the case when 5 = 0 (no quadratic term in V), then all quadratic
coefficients cancel, as well in the reduced system (16,17,18), as in ®,, (¢ = 0 and
Qi =0,i+j+k=2).

6.3 Cubic coefficients

In this section we assume that the quadratic coefficient 8 in V' cancels. It is
then necessary to compute the coefficients b and ¢ in ¢, (20). The cubic term
in (14) is then given by

MOV, V,V) = (0,77[(8' X —2)® — (x — 67 X)%,0)" .

Here below we only compute the principal part for v = 0, of the cubic coefficients
b and c of the normal form (16,17,18). Identification of the coeffients of A%, A%2B,
A2C, AB?, ABC, B? leads to the system

cGa = Zuo D309, (31)

(3 + 3P300 = Zuo ®a10 + (0,37%7,0)7, (32)

—2bCo + Pa19 = Zuo D1, (33)

bCo + 2P219 = Zuo‘buo, (34)

—2b(3 + 2Pz01 + 2P120 = Zuoq)lll +(0,727,0)7, (35)
bCs + ®120 = Ly @os0 + (0,727/4,0)" (36)
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The first equation leads to ®309 = ¢(3 + k1(1, and applying (5 to equation (32),
we obtain
c=—97%.

Now combining (33) with (34), and (35) with (36) we have

—5b(2
—5b(3 4 2P201 — P12

0 [2P201 — P120],

=L,
= Euo (@111 — 3®o30] + (0, 77v/4,0)7.

Proceeding as above for ¢, we obtain immediately

3
b=—17.
10
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Figure 3: Curves I' of equilibria in (H, K) planes, and graphs of fu x(A).
(i) v > 0,¢e > 0, (ii) v > 0,c < 0, (iii) » < 0,c < 0, (iv) v < 0,¢c > 0.

Hyp ~ AUy /3%, K ~ — %, Ko ~ 30%/2¢.
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Figure 4: Phase portraits in the (A4, B) plane in the case a = 0 (8 = 0) for
system (16,17,18). (i) v > 0,c < 0,H =0, (i) v > 0,c < 0,0 < H < H,y,, (iii)

v>0,c<0,H=Hp, iv)v>0,c<0,H, <H, (v)v<0,¢c>0,H=0, (vi)
v<0,c>0,0< H< H,,.
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