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Abstract

We introduce and study a family of lattice equations which may be viewed
either as a strongly nonlinear discrete extension of the Gardner equation, or a
non-convex variant of the Lotka—Volterra chain. Their deceptively simple form
supports a very rich family of complex solitary patterns. Some of these pat-
terns are also found in the quasi-continuum rendition, but the more intriguing
ones, like interlaced pairs of solitary waves, or waves which may reverse their
direction either spontaneously or due a collision, are an intrinsic feature of the
discrete realm.
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1. Introduction

As their importance has progressively been realized, strongly nonlinear lattices started to attract
in the recent decades an ever growing attention [1—12]. This may be seen as a natural scien-
tific evolution following in the footsteps of what may arguably be considered as a dawn of a
nonlinear science: the Fermi—Pasta—Ulam (FPU) problem which, as envisioned by von Neu-
mann, used for the first time the newly born computer to carry a Gedanken experiment, to test
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the long standing hypothesis of energy equipartition of modes in solids due to nonlinearity.
Though, given the primordial state of affairs, the studied chain, as solids model, was relatively
very simple and short, their results after few years in hibernation led to the birth of the soliton
and the chaos theories and, as computational facilities have advanced and spread around the
globe, to ever more evolved theories and applications. Chains of coupled elements were intro-
duced and used to simulate more realistic molecular interactions, micro-mechanical arrays,
electrical transmission lines, optical lattices or photonic crystals, to name a few. A succinct
overview is presented in reference [13], and references therein.

A common feature of the aforementioned systems is the presence of a weakly nonlin-
ear regime wherein the dynamics is determined by both linear and nonlinear parts. For such
states one may employ simple nonlinear expressions, though one can hardly expect that the
quadratic force assumed by FPU could, apart of very small excitations, reproduce realistic
molecular interactions. In fact, the numerical experiments carried a few years later have very
clearly revealed that as the employed nonlinearity gained in strength, the recurrence of the
initial excitation within the FPU had to be replaced by a far more complex structure. If fur-
ther arguments were ever needed, those results have clearly pointed to the necessity to probe
deeper into the nonlinear regime. In the spring—mass context this amounts to exploration of
the truly anharmonic domain which in its ultimate form results in a system without linear
waves (the so-called sonic vacuum), with all perturbations of the ground state being genuinely
nonlinear. Differently stated, a true understanding of the impact of nonlinearity necessitates
a full engagement of the nonlinear regime, rather than as an extension of a weakly nonlin-
ear limit. Using an analogy, to the extent that the infra-red and ultra-violet regimes represent
opposite ends of the visible spectrum, the linear/weakly-linear and the genuinely nonlinear
regimes may be looked upon as conceptual opposites, each of which should be addressed on
its own terms. As a typical signature of a genuinely nonlinear system one may consider the
absence of a non-scalable intrinsically small parameter to serve as a reference for a weakly
nonlinear dynamics.

Let us recall that aside from the conceptual importance of the genuinely nonlinear limit,
many systems by their very nature are ab initio essentially nonlinear. The Hertz-like inter-
action of elastic beads is perhaps the simplest mechanical realization of such a system [1,
2, 14—-18]. And whereas in mechanics one typically deals with lattices described by coupled
second-order differential equations, strongly nonlinear systems have been also explored within
the framework of amplitude equations given via discrete Schrodinger-type equations which are
first-order in time [4, 9, 12].

In yet another setup, closer to our present studies, a genuinely nonlinear conservative system
emerges in a chain of coupled dissipative oscillators with a limit cycle. In a strongly dissipative
regime, where the amplitudes of the oscillators are very stable, one may neglect their variations
and derive a closed conservative system for their phases only [3, 6]. Such systems fall under
what could be referred to as Kuramoto-type setups and in a clear distinction from the Newton-
like chains, are systems that are first order in time. In a similar spirit, the Lotka—Volterra chain
[11] which originates in prey—predator system is another first-order in time strongly nonlinear
lattice.

The problems to be addressed here are a direct offspring of the Kuramoto family of strongly
nonlinear first-order in time lattices [3, 6, 19]. Instead of considering lattices of phase variables,
with 27-periodic coupling terms, we focus on lattices with polynomial nonlinearities. For the
present purpose we shall restrict our attention to nonlinearities which are the sums of two
monomials of opposite signs. In this form they are a discrete analog/extension of the Gardner
equation, which is a mixture of the Korteweg—de Vries and the modified Korteweg—de Vries
equations [20—22]. The lattice we address may be viewed as a simplified version of a generic
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phase lattice, allowing us to cope with some of the difficulties we have encountered there, and
sure enough similarly to their original antecedents did not fail to produce new and surprising
features which we believe are of independent interest.

The plan of the paper is as follows. In section 2 we introduce the basic model. In section 3
we present an analytical treatment of the travelling waves akin to the quasi-continuous, QC,
approximation. In sections 4 and 5 we return to the full lattice setup and explore numerically
simple and interlaced travelling waves. Simulations of the travelling solitary waves in a lattice
are presented in section 6 and reveal a number of fascinating phenomena not seen in the QC.
We conclude with a discussion in section 7.

2. The basic model

Consider a genuinely nonlinear conservative lattice with nearest-neighbour interactions:

%:F(ukJrl)—F(uk,l), k=...,—-1,0,1,2,..., (1
where F(u) is a smooth nonlinear function, to be specified in equations (3)—(5) below. To put
the addressed problems in perspective, we note that our studies were motivated by chains of
conservatively coupled self-sustained (autonomous) oscillators wherein the state variable u is
the phase difference between neighbouring oscillators reducing in the simplest case [3, 6, 23]
to F(u) = cos(u). With that particular choice the lattice (1) becomes genuinely nonlinear: lin-
ear waves are absent. The evolution of a localized initial wave packet is dominated by solitary
waves, the compactons and the kovatons, which are almost compact (they decay at a doubly
exponential rate) essentially nonlinear entities. Notably, the model (1) has been recently suc-
cessfully used to describe complex states in a network of nano-electro-mechanical oscillators
[24].

In a previous work [19] using a more general setting for phase waves in a chain of
autonomous oscillators, it was assumed that F(u) = sin(a — u). Though numerical simula-
tions posed no particular difficulty, their direct analysis turned to be challenging, forcing us
to turn to their quasi-continuous representation and the resulting partial differential equation
(PDE). Yet even there we had to further restrict ourselves to a small amplitude regime which
turned to be given by the Gardner equation. This approximation, surprisingly enough, provided
aremarkably good qualitative description of the o < 7/2 domain. Since the periodic nature of
F(u) seemed to be the source of the encountered difficulties, we adopt in this paper a simpler
setup of a polynomial F(u), which replicates two of the vital singular transitions in the periodic
case.

In passing we also note that in a lattice of a finite length N and open boundaries, system (1)
is Hamiltonian (the proof, due to Dullin, follows reference [6]). Since for odd N system (1)
has an additional integral K = ZEZJ{U/ 2142,-_1, defining the ‘potential’ Q(u) = [ F(u')du/, the
Hamiltonian of the lattice reads

m m—1
Qg + > 0p) + > 0giv1 —q) + QK —s,) N=2m+1,

H(qgi, pi) = ol = 2)
Qg+ 0+ > 0Gi1 — q) N =2m.
i=1 i=1

The canonical variables are related to u; via p; = up;, q; = Z;.:lug j—1. In the original
variables the conserved energy can be thus expressed as E = . O(u;).
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Returning to our specific problem, we assume a strongly nonlinear Gardner-type lattice as
Fu)=mu" —nu", 1<m<n, 3)

with integer m, n (the values of the coefficients are arbitrary and were specified to simplify the
analysis). Two typical cases will be analysed:

du

(naafzzﬁH—3ﬁH—2@4+3ﬁ4, F(u) = 2 — 3u?, (4)
and
.%_ 5 &3 a5 3 25 &3
G35: ” =3upyy —Sup g — 3wy + 5u;_y, F(u) =3u’ —5u’. (5)

The G23 model is a direct replica of the original Gardner equation. The G35 model has different
symmetries, with its resulting properties being quite different from those of the G23. Note the
non-monotone nature of F, with the corresponding potentials Q being non-convex. This will
emerge as an essential feature of our model. In the case of strictly convex Q, existence of
periodic waves in (1) was established in reference [25].

At this point we note the simple stationary solutions of (1). Since F(u) vanishes at u* =
(ﬁ) 1/ ("_m), any sequence of zeros and u* forms a stationary solution on the lattice. In particu-
lar, one can have stationary ‘pulse’ solutions ..., 0,u*, u*, ..., u*0,... of an arbitrary length.
While the construction of these solutions is trivial, their stability properties are rather complex
and depend on both the total length of the lattice and the boundary conditions at its ends. Since
we focus on travelling waves, we shall not pursue further these solutions.

In addition to the standard conservation features, the G23 model is invariant under

uy — 1 — ug, (6)
whereas G35, and any Gmn if both m and n are odd, is invariant under

Uy — —uy (7
and under

g — (—=D*u and 1 — —1. (8)

This generates from any given solution an alternating sign solution, referred to as a stagger-
ing solution in section 5.1 below. Note that whereas the first two invariant features extend
to the quasi-continuum, the third (equation (8)) is obviously an exclusive feature of the
discrete realm.

We stress that the novel features of the presented problems are due to the non-monotonic
nature of the assumed F(«) which is to be contrasted with, say, the widely studied integrable
version with F' = exp(u) (the so-called ladder equation equivalent to the Toda lattice), see [26,
27]. More relevant to our problem is the discrete K(«, ) equation with the monomial F = ~yu®
(cf reference [28]):

duk

5 =7 (upy, —ug_y), wherey is a const, &)

which may be viewed as a limiting case of the generic lattice (1) and (3), either for large u,
where v = m, o = n, or for small u, where v = —n, a = m.
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Similarly to the previously studied case F(u) = cos(u), equations (1) and (3) have a decep-
tively simple appearance. Their numerical integration is straightforward, but the understanding
of the underlying dynamics is a very different matter. Indeed, our ability to analyse nonlinear
discrete systems, or better yet, to unfold their coherent structures, is very limited, and far more
inferior to our ability to analyse systems represented by PDEs. This naturally leads us to repre-
sent the discrete system via the quasi-continuum [28, 29], QC (section 3). Yet this approach has
its difficulties, for whereas in weakly nonlinear systems the stationary solution provides a ref-
erence level with respect to which one carries the asymptotic expansion, as aforementioned, the
present problem, lacks an essential small parameter (the distance between the discrete nodes
may be scaled out). Therefore, the adopted QC ‘approximation’ is not truly asymptotic and
its value can be judged only by its utility. In the following sections we will demonstrate that,
in certain regimes, QC provides an excellent approximation of its discrete antecedent, though
elsewhere it turned to be of far more limited use (for discussion of quality of QC in other
contexts see our previous works [3—6]).

3. Travelling waves in a quasi-continuum

3.1. The quasi-continuum representation

Replacing the finite differences of the discrete lattice equations with continuous spatial deriva-
tives up to a third order yields the QC representation of the original problem (see references [28]
or [29] for a detailed exposition of the desired QC approach and its limitations) of equations (1)
and (3):

100, , 1

Similarly to their discrete antecedents, we have the following conservation laws of

equation (10):

I = /udx and I3 = /Q(u)dx where Q(u) = /uF(u’)du’, (11)

and an unusual Lagrangian structure

1
Lagrange - // |:4¢x¢t + Q(‘wa):l dx dt, (12)

where u = L1,, which results in the conservation of the momentum f z/ﬁ( dx, and in the original
variables

L= /u[,_zudx. (13)

3.2. Solitary waves in QC

We now turn our attention to solitary waves u(s = x — ). Since F(0) = 0, then upon one
integration we have

2

Lt (1429 Fuy =0 (14)
M 6dsz ) "MW T
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Figure 1. Panel (a): the effective potential Pa3(u)/(1 — u)? for six values of velocity
(A = —2.5 (red), A = —1.5 (green), A = 1 (blue), A = 1.9 (magenta), A = 2 (brown)).
Note that only in the last case the effective potential remains bounded. Panel (b): com-
pacton profiles for A = —2.5 (magenta), A = 1 (red), A = 1.5 (green), A = 1.9 (blue);
the basic kovaton (26) (cyan), and kovaton (27) with sy = 3 (brown).

or

1 1d
Z F _—
2)\u+ (u)+6 s

du
F'(u)— = 0. 15
(u) ds (15)
A crucial role is played by the zeros of F'(u) = mn(u"~' — u™~") wherein equation (15)
becomes singular at both u = 0 and u = 1.
Multiplying (15) with F' (#)u, and integrating once yields the energy integral (since we are
after solitary waves the integration constant was discarded)

A m—+1 n+1 m n\ 2
F2uud +6P@) =0 whereP=— "~ (X ) 4 (" _") | (6
h mm \1+m 1+n m n

and P(u) is the potential. Cancelling u”"~2 on both sides leads to

2.4

mn nA n+1 n 2
1 — n—my2 2 _ o n—m 3—m _ o n—m 2 = 0. 1
6 (=™ ug (m(n+l)) <m+l " )u +<m “ )u 0. a7

The singularity at # = 0 which causes degeneracy of the highest order operator and a local loss
of uniqueness, allows us to construct compactons—solitary solutions with a compact support.
Indeed, since the uniqueness of solutions of (16) is violated at u = 0, one may ‘glue’ there
the nontrivial solution of (17) with the trivial # = O solution. This generates the compactons
depicted in figures 1 and 2.

Now, for # = 1 to be an admissible solution we need the ‘total force’ in (15)

A
= —u+F
f > u+
to vanish there. This defines the critical velocity

M

S =n—m (18)

Turning to equation (17), which is singular at u = 1 as well, for u = 1 to be admissible as
a solution, the potential has also to vanish at this point. This imposes an additional constraint
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05 -

0 Fiy---
-3

2)2
(A =1 (red), A =2 (green), A = 3.1 (blue), A = 3.199 (magenta), A = 3.2 (brown)).
Note that the effective potential remains finite only at the limiting velocity A = 16/5,
thus enabling the corresponding solution’s trajectory to cross the u = 1 level. Panel
(b): compacton profiles for A = 0.5 (red), A = 2.5 (green), A = 3 (blue), A = 3.199
(magenta), A = 3.2 (brown). Note the support of the limiting solution which is much
wider than its velocity-wise close neighbours.

Figure 2. Panel (a): the effective potential P3s(u)/(1 — u*)* for different values of A

on the velocity

A (n—m)(m+ Dn+1)

= 19
2 2nm (19)
Consistency demands that A\ = \,, which constrains the admissible powers in F(u):
1
n— & (20)
m—1

Thus, since 1 < m < n, the case (m,n) = (2, 3) emerge as the only pair of integers for which
the constraint (20) holds and thus supports formation of solutions incorporating singularities
at both u = 0 and u = 1 (the so-called kovatons [3, 6]).

In fact, since P = F'f and P" = F"f + F'f', then at u = 1 where F' = 0 and P’ = 0, for
P’ to vanish as well, we need that both f and P vanish there with the same velocity. When
these conditions are satisfied, u, vanishes, and both compact kink/anti-kink and u = 1 become
admissible solutions, which underlines the formation of kovatons (their explicit construction
will be provided shortly). Formally,

—i| = P(u) _Pw=Fy _ [
*u=l F,Z(u) u=1 2FIFN u=1 2F” u=1
Since F” = —nm(n — m) # 0 at u = 1, therefore if both f and P vanish at the same velocity,

u, will vanish as well.

On the other hand, if the potential and the force vanish at u = 1 at different speeds, then
u; # 0, u = 1 is not a solution, and kovatons cannot form.

The existence of kovatons may be embedded into a bit more general framework via the
invariance of the equations of motion, whether discrete or QC, under

u—1—u and F(u)— —F(1 — u)+ const., 21

or simply into the condition F'(u) = F'(1 — u). If F is a polynomial of degree n, one may
deduce the constraints for this condition to hold. For n = 3 we obtain the G23 model. Among
quintic choices the used F(u) in the G35 model provides a counterexample, whereas F' =
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u?(1 — u)? supports kovatons. A more general class admitting kovatons is provided by F ' =
g(w)g(1 — u), g(u = 0) = 0, where g may be any smooth function or, by F = sin**(7u), etc.

3.3. The G23 case

Let m = 2 and n = 3. After cancelling of the common u? factor, equation (17) reads
3 2.2 A 3 2 3., 4
5(1 —u)u; + P»(u) =0, where Py(u) = —Eu + §(6 +Mu” =3 +u. (22)

For A < 2, equation (22) enables one to find numerically the shape of the solitary TW (com-
pacton) and, due to the singularity at u = 0, to ‘glue’ the periodic solution at the throw with
the trivial state. Several such solutions are displayed in figure 1.

When the amplitude is either large or small, we may derive explicit approximate expressions
for the solitary waves. For small amplitudes, neglecting the cubic part in the equation of motion,
the resulting compacton takes a simple form

u= 2 cos? (‘/fs> H(ZW—\/EM), (23)

where H(-) is the Heaviside function. Invariance under u — 1 — u, generates compact drops
hanging from the u = 1 ‘ceiling’. Assuming 0 < v = 1 — u to be small, we thus have

2\ 6
u=1- cos (Q) H (27r - \/6|s\) . (24)

In the limiting A = 2 case, where Py3(1) = P5;(1) = P4;(1) = 0, the problem simplifies to
(1 —u)? [3u; —2u(l —u)] =0 where s = x —2t. (25)

Clearly, the singularity at # = 1 is now accessible and we obtain a kink and/or anti-kink of a
finite span. Tied together back-to-back they form the basic kovaton (see figure 1)

U = cos? (\%)H <\/§w— |s>. (26)

Better yet, since u = 1 is now solution as well, we may insert its segment into the centre and
form a combined ‘triplet’ entity, a flat hat kovaton (see panel (b) of figure 1):

3
A for —\/;rgersogO,

ton(s) = ¢ 1 for |s| < so, 27)
3
A forO0<s—s9 </ =,

where A = cos® (L\/%“) H (\/;r + 50 — \s|) and 0 < s¢ is an arbitrarily chosen constant,

determining the width of the top. Again, due to the invariance of the problem underu — 1 — u,
we also have an anti-kovaton

Uanti—kov = 1 — Uxoy- (28)
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Comparing the basic width of the kovaton (26) with its small amplitude ‘sibling’ in (23), we
notice that the kovaton is ~ 50% wider. The property that the width grows with the amplitude
indicates that the dispersion—convection balance shifts with amplitude toward the dispersion.

For a later use we also record the regime of large amplitude waves, wherein F has already
changed its sign and its quadratic part may be ignored, leaving us with only the cubic part. In
the resulting problem

duk
dr = 2(”2+1 - “13(—1)’
the solitary waves propagate to the left (A < 0) and their shape is easily derived via the

corresponding QC equation

1/2
u(s) = j:<3|8>\> cos (\/ger) H (77 - \/§|s+> where s = x + |A|t. (29)

The =+ sign expresses the reduced equation’s invariance under u, — —uy.

3.4. The G35 case

We now consider the m = 3 and n = 5 case. Following the reduction by a common factor u*
in (17), we obtain

2 2
(1 — u*)u? + P3s(u) = 0 where P3s(u) = A (1 — gu2> + 2 (1 — §u2> . (30)
10 3 3 5

Its compact solutions are displayed in figure 2. As in the previous case, the singularity at u = 0
and the associated local loss of uniqueness enables one to glue the periodic solution with the
trivial state to form a compacton which, though continuous, has a jump at # = 0 in its first
derivative.

As in the other case, for small amplitudes one keeps only the lower order part in F(u) with
the explicit form of compactons, up to a normalization, given via (29). In the opposite case of
large amplitudes solitary waves, keeping only the quintic part, we have

1/4 2
u(s) = i(ié') cos'/? <\5/6s+> HQnV6 —10]s,|) where s; = x + [Ar. (31)

As in (29), the resulting compactons propagate to left, A < 0.

We now turn to address the behaviour near the u = 1 singularity. From (30) we have
P3s(u=1) = (16/5 — X)/30. At the critical velocity A = 16/5, P3s(1) = P45(1) = 0 (since
f #0, P{s(1) # 0). At the limiting velocity we thus have

4 16
(1 —u?)? {25143 -6 (3 — uz)} =0 wheres=x— 5t (32)

Though in the present case kovatons cannot form, at the limiting velocity, and only at this
velocity, the singularity at u = 1 allows the regular solution trajectory to ‘sneak through’ and
cross it (in u = 1 vicinity u ~ 1 + as + bs* 4 ... where a = % and b is a constant) and the
limiting solution takes a simple form

2 V6
u(x,0) = = cos (Tx> H(Sw—Z\/g\x\). (33)
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Notably, in addition to this exceptional solution, the singularity at u = 1 admits also a solution
which is non-smooth at its top

u(x,0) = % cos (2 + \/65|x|> H (57r - 3\/6\x\) , (34)

attained at u = 1 and is thus a compact peakon: it has a finite support, is everywhere continuous,
but its first derivative at the peak switches its sign 4-1/+/3. From figure 2 one also notes that
whereas the support of the exceptional solution undergoes a sizeable jump with respect the
support of its speed-wise close neighbours, the support of the peakon solution is a continuous
extension of the support of its velocity-wise close neighbours and may thus be considered as
their natural extension.

3.5. The relevance of quasi-continuum based analysis

Before leaving the QC realm we need to clarify the role of the QC in elucidating the dis-
crete patterns, but first some basic facts. Whereas the singularity at # = 1 bounds the domain
accessible by the PDEs, as we shall shortly see, the discrete antecedents have no such barrier
and at u = 1 there is merely a ‘road sign’ of things to change. In fact, both the G23 and the
G35 discrete problems have large amplitude solutions which are far beyond the access of their
respective QC PDEs representations. Yet though those PDEs failed to cross the u = 1 barrier,
the QC approach may be still of use if applied separately to the small and large amplitude
domains, see equation (9) and solutions (23), (29) and (31). This is not a contradiction because
the singularity is a barrier of the PDEs and not of the original problem. We may bypass the
‘barrier’ at u = 1 by splitting the PDE representation into a ‘sub-critical’ domain, valid up to
the singularity, and a ‘super-critical’ QC description, applied at large amplitudes, equation (9),
where both F and F have already changed their signs, with the corresponding large amplitude
solitary solutions recorded in (29) and (31), respectively.

And yet, though the discrete problems appear formally to be oblivious of the singular barri-
ers, nonetheless those barriers appear to be somehow implicitly imprinted in the system (similar
phenomenon was also observed in [5]). We shall find again and again that the more interesting
action in the discrete realm takes place in a close vicinity of those singular transitions unfolded
by PDEs which per se are no longer valid there!

Existence of a thin layer where the discrete effects are essential, is analogous to the emer-
gence of shock waves in an ideal gas in a boundary layer. There, whenever the Euler equations
break down, one has to restore the viscosity, or better yet, to evoke the original gas-kinetic
description. Yet away from the breakdown zone, the Euler equations work well. Notably, in
both gas dynamics and in our problem, the more complex and intriguing phenomena occur in
the transition zone, marked by the ideal PDEs, yet described only via the original kinetic or
the discrete setup to be unfolded next.

4. Basic travelling waves, TWs, on a lattice

4.1. Integral formulation

Returning to the original discrete problem, we seek solitary travelling waves on the lattice (1)
of the standard form

up(t) = U(t — ka) where a=1/\.
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Substitution in (1) yields a delayed-advanced equation

dUu
Fr FIU(t —a)] — FIU(t + a)].

Assuming that U(+o00) = 0, we integrate the last equation and set ¢ = as to simplify the
resulting nonlinear integral equation

1
AU(s) + / F[U(s + sH]ds' = 0, (35)
-1
which will be explored next.

4.2. The Newton—-Raphson algorithm and linear stability analysis

Equation (35) is in a form which enables application of the Newton—Raphson algorithm using
the standard continuation approach [30]. The free parameter A was used to search for branches
of solutions. Assuming a given (), Up) solution, to find a new one we append equation (35)
with an auxiliary equation

(A — Xo)? + (N[U] — N[Up])* = A%,  where N[U] = / U(s)ds

is the integral of the solution, and A a (small) shift parameter. A solution pair (A, U) of the
extended system is then sought via the Newton—Raphson algorithm. In practice, we have used
A = 1072 —107%, and the integral in (35) was evaluated using the Simpson formula, with
a typical step of As = 0.02. Solving the joint system for U(s) and A\ we advance along the
solutions branch. Since the TW tails decay at a doubly-exponentialrate [2, 6, 8], for all practical
purposes their span may be considered finite. Therefore in choosing the integration domain we
take |s| < L; with L assumed to be an integer and chosen such that |[U(L — 1)| < 10716 (if this
condition was violated, the range was extended to L — L + 1).

Once a solution was found (only symmetric solutions, U(—s) = U(s), were explored), its
stability was tested. Since it is difficult to explore stability of travelling waves on an infinite lat-
tice, we have exploited the strong localization of solutions and examined them on a finite size, /,
lattice appended with periodic boundary conditions. The resulting travelling wave is a periodic
orbit of a finite-dimensional system having a period //\. We have constructed numerically the
corresponding monodromy matrix and found its eigenvalues—the characteristic multipliers of
the periodic orbit. A stable solution has all its multipliers on a unit circle, whereas the insta-
bility may be detected by calculating the logarithm of the absolute values of the multipliers.
To enhance our confidence in the derived results, we have also examined stability via a direct
numerical simulation of the original lattice equations on a small lattice. Both methods yielded
the same results.

4.3. Basic TW branches in the G23 model

In figure 3 we present the branches of the TWs found in the G23 lattice (4). Their features may
be summarized as follows:

e There is a branch of solutions which is very well described by the QC, section 3.3 (marked
with brown crosses in figure 3). The displayed solutions are noted at lettered points (d),
(e) and (f) in figure 4. All waves along this branch are stable. For small amplitudes
equation (4) may be approximated via (9) with & = 3. Being at this regime invariant under
u — —u, t — —t, implies that small-amplitude compactons are nearly symmetric.
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Figure 3. Basic travelling wave branches in the G23 model, equation (4). Panel (a): the
field at the centre + = 0 vs velocity; panel (b): the integral of the profile vs velocity.
Solutions at marked points are depicted in figure 4. Green bold lines: stable waves, red
thin line: unstable waves. Brown crosses: values predicted by the QC theory. Note the
green colour which hides behind the red in the upper branch of the panel (a) and the
solutions a and ¢ which have the same amplitude and velocity, but different integrals
(masses). Though we have depicted the branches only in a finite range of parameters,
there is an ample numerical evidence to assume that these branches could be prolonged
ad infinitum.

e At large amplitudes wherein F(u) has already changed its sign, the unfolded branch has
negative velocities. Equation (29) may be viewed as its QC representation. This branch
relies on F(u) being positive and cannot be extended to small amplitudes/velocities. The
patterns corresponding to lettered points (a), (b) and (c) are depicted in figure 4. Notably,
only waves with a larger integral are stable (in the upper amplitude—velocity diagram
(panel (a)) the stable and the unstable branches nearly overlap, a much clearer distinction
between these branches is provided by the integral-velocity panel (b)). Note also that on the
presented large amplitude branch, the quadratic part of F' though small is not completely
negligible, which affects the proximity between the analytical and the numerical results.
It may also affect the stability of a wave, for unless the pulse is truly large, for a sizeable
part of its profile F(u) is positive with this part’s tendency to propagate to the right. Values
of u have to be considerably over F’s transition value 3/2 for the dynamics to enforce a
stable propagation to the left.

4.4. Basic TW branches in the G35 model

We now address the basic solitary TW in the G35 model (5). Due to the ¥ — —u symmetry,
it suffices to display in figures 5 and 6 only waves with positive amplitudes, and to skip their
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Figure 4. Basic travelling waves profiles U(¢) at the corresponding lettered points on the
diagram in figure 3. Red lines: profiles as function of time. Blue circles: snapshots on
the lattice. Note that TW velocity in cases (a), (c) and (d) is the same, though with case
(c) being unstable, see figure 3, one may not be able to observe its propagation. In panels
(d) and (e) we also display with black dotted lines the profiles of the QC representation
for the same .

symmetric negative amplitude counterparts. For the unfolded solitary waves we have found
that:

e As in the G23 case, the G35 small amplitudes regime is very well described by the QC
(section 3.4). However, at larger amplitudes as one approaches the transition zone the fea-
tures of the found waves diverge considerably from their QC representation. To recall,
the QC yields a continuous branch of solutions with amplitudes ranging from zero to
one and the corresponding velocities in the [0, 16/5] range, with one exceptional solution
which attains the maximal velocity 16/5 and the maximal amplitude 2/4/3 and a much
wider support. However, unlike the QC, the solution branch of the discrete antecedent
bridges continuously between the disconnected QC solutions (see panels (d) and (e) in
figure 6). Furthermore, we also find an entire branch of discrete solutions, of which the
QC is completely oblivious, with amplitudes hovering slightly below the exceptional QC
amplitude 2/+/3 and the velocity 16/5, with widths which may be chosen at will (see
panel (f) in figure 6). An enlarged display of the layer in the vicinity of point (e) in
figure 5 is shown in figure 10. Clearly, in this layer there is a very strong interaction
between the nonlinearity and the discreteness which has an essential impact on the result-
ing dynamics which the QC does not seem to be able to reproduce. Moreover, whereas
in the G23 model both the discrete problem and its QC representation yield kovatons
residing on the singular manifold, as a flat-top solutions of arbitrary width, the pre-
sented almost flat-top solutions on the G35 lattice (though they appear to be unstable),
occur only in the discrete model. Notably, their amplitude is close to 2/ /3, the max-
imal QC amplitude and their speed to a high accuracy is 25/8, i.e. slightly below the
maximal QC speed.
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Figure 5. The basic TW branches in the G35 model, equation (5). Panel (a): the field
at t = 0 vs velocity; panel (b): the integral of the profile vs velocity. Green bold lines
and circles: stable TWs, red thin lines: unstable TWs. Solutions at marked points are
depicted in figure 6. Brown crosses show the corresponding values of TW in the QC
representation. The upper panel clearly shows an amplitude gap which may cause TW
located close to the right edge of the left branch to ‘hop’ to the right branch, with a con-
sequent switch of direction, whether due to inner instability or collision, if the resulting
amplitude falls below the minimal admissible value of the left branch. Such scenarios are
displayed on figures 13 and 14. Figure 15 shows a reverse scenario: collision between
waves on the right branch causes one wave to hop to the left branch and then hop back.
Although depending on the direction of hopping, the amplitudes of waves may increase
or decrease, their masses hardly change. Though we have depicted the branches only
in a finite range of parameters, there is an ample numerical evidence to assume that the
branches could be prolonged ad infinitum. To demonstrate this feature we zoom up the
vicinity of marker ‘c’ and display it in figure 7.

e Asbefore, at large amplitudes one finds another branch of discrete solutions (figure 6, pan-
els (a), (b) and (c)) which may be approximated by the large amplitude QC solutions (31).
We have then extended these solutions to smaller amplitudes/velocities where they start
to resemble multi-oscillatory wave packets. Figure 7 focuses on this part of the bifurca-
tion diagram. Presumably, extending this branch will yield solutions which are ever more
oscillatory.

e Similarly to the G23 case one notes the almost inverse relations between the integral
(which up to a sign is the mass of the wave) and the sensitivity of the amplitude to
the changes in the wave velocity. This comes out in figures 13—16, where we display
waves hopping from one branch to the other. The jump from right (left) branch to the left
(right) results in amplitude increase (decrease), but as figure 5 clearly shows, hardly in any
changes in its integral.
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Figure 6. Display of the basic G35 TWs located at the corresponding lettered points in
figure 5. Red lines: amplitude as a function of time. Blue circles: amplitude snapshots
on the lattice. Surprisingly enough the amplitude of the flat-like case (f) is not \/5/3
where F(u) vanishes, but much closer to 2//3, the amplitude of the only QC compacton
solution, see figure 2, that sneaks through the u = 1 barrier, though its velocity 25/8 is
slightly under the maximal QC speed 16/5. In panels (d) and (e) we also display in black
dotted lines the corresponding profiles obtained via the QC representation.

5. Interlaced travelling waves, ITW

We now proceed to unfold a more evolved class of solitary travelling waves which have dis-
tinct profiles at odd and even sites and appear as two interlaced solitary waves. They may be
considered as a simple form of moving breathers, and will be referred to as interlaced travelling
waves, [TWs. Denoting

2k 2k + 1
uy(n) =U (t - 5) , uy1(t) =V (t - T) ,

gives a system of two coupled equations

CL—[IJ = F[V(t— A" = F[V(t+ A ],
C;—‘: = F(U(@t— XY = F[UGt+ A Y]

Setting r = A\~ 's and following the same procedure as in section 4.1, yields a system of two
coupled integral equations

1
AU(s) + / F[V(s +s)]ds' =0,
N (36)

1
AV(s) + / F[U(s + s)H]ds' = 0.
-1
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Figure 7. Panels (a) and (b): a magnified part of the diagram in figure 5 for small neg-
ative velocities; notations as in figure 5. Bottom panels (A)—(C): profiles of solutions
at marked places on the diagram; notations as in figure 6. Note that whereas the central
part of the solutions is nearly the same, their oscillating tails expand, presumably ad
infinitum. Marker ‘c’ on the left in panel (b) is at the same location as in figure 5 above.

5.1. Staggered compactons

In systems with an F(—x) = —F(x) symmetry, a simple interlaced solution may be derived
from the basic TW. Setting V = —U reduces system (36) into one equation

1
(=\NU(s) + / F[U(s + s))]ds' = 0,
—1

which coincides with (35). Thus any basic TW in a symmetric system produces an ITW with
an opposite velocity. Because the profiles at the odd and even sites are equal and opposite
in sign, we shall refer to such wave as a ‘staggered compacton’ in analogy with staggered
solitons, cf [31].
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Figure 8. Branches of the ITW in the G23 model (4). Green bold lines: stable waves, red
thin lines: unstable waves. The basic TW branch is also shown (in cyan, it is also marked
as BTW to be distinguishable in a black and white form). Though we have depicted the
branches only in a finite range of parameters, there is ample numerical evidence that
these branches could be prolonged ad infinitum.
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Figure 9. Display of the G23 ITWs at the corresponding lettered points on the diagram
in figure 8. Blue and magenta lines: profiles at even and odd sites as functions of the time.
Green squares and red circles: snapshots on the lattice (when the centre passes even and
odd sites). Note the more intriguing patterns in @ and ¢ which emerge in the vicinity of
the QC critical speed.

5.2. Interlaced travelling waves, ITW

Applying the same numerical procedure, including analysis of stability, similarly to the basic
TW case, we now proceed to unfold the less obvious branches of the interlaced travelling

waves,

The G23 model. Figures 8 and 9 display the ITWs in the G23 lattice. Our understand-
ing of these waves is based on their large amplitude domain wherein the waves have nega-
tive velocities (thus propagate to the left) residing on a corresponding branch in figure 3. In
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Figure 10. The interlaced TW branches of the G35 model. Note that the main action
takes place in the vicinity of the critical transition. Green bold lines: stable waves, red
thin lines: unstable waves. The presented waves do not seem to be related to the sym-
metrically staggered compactons for, unlike the G23 model, the amplitudes of U and V,
being both are positive, are far from being reflection of each other, see figure 11. The
basic TW branch is also displayed for comparison (stable TWs with large filled circles
in cyan, unstable TWs with small circles in magenta).

Figure 11. Profiles of the interlaced TW corresponding to the lettered points in figure 10.
Blue and magenta lines: profiles at even and odd sites, respectively, as functions of the
time. Green squares and red circles: snapshots on the lattice (when wave’s centre passes
the even and the odd sites).

addition, since at large amplitudes the system is anti-symmetric in «, in this limit it also supports
staggered compactons which propagate to the right. This corresponds to the ITW solution in
figure 8, where at large positive velocities the solutions are seen to be nearly staggered (panel
(a) in figure 9). At smaller velocities/amplitudes, return of the quadratic part in F(u) to the
game ruins the symmetry between odd and even sites (panel (b) in figure 9). Formally, since
the staggering ansatz leaves the (—1)* factor in front of the quadratic part, its sign and thus
its impact changes with the parity of k, causing the resulting amplitudes of odd and even sites
to be different. Notably, this branch of solutions extends to velocities slightly under 2, where
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Figure 12. G23 lattice. Space—time diagram of the evolution of an interlaced TW (case
(c) in figure 9). It preserves its shape for about 75 periods (about 2250 sites). Panel (a)
shows the stroboscopic (with a period equal to travelling time on a lattice of length 30)
frames, and in this representation the moving travelling wave looks like a steady-state
solution. Panel (b) which has 30 x 10* ‘pixels’ shows the last stage of travelling wave’s
existence and its subsequent disordered decomposition.

it co-exists with the basic TW branch, also depicted in figure 8. There seems to be some sort
of ‘resonance’ between these waves which induces large-integral solutions at a velocity of
~ 2, with the resulting pattern having a remarkable flat-like appearance with a quasi-staggered
compacton riding on its top (panel ¢ in figure 9).

The G35 model. Figures 10 and 11 display the branches of the ITWs in the G35 lattice. The
first thing to note is that the whole action takes place in a strip close to the critical speed 16/5,
where F(u) is still positive. As already aforementioned few times, in this domain the discrete
effects play an essential role. However, this ITW branch does not appear to be a staggered
version of the basic TW. Instead, it seems to be a result of a certain symmetry-breaking in
(36). At its tip, this branch touches the basic TW’s branch. Close to the tip the profiles at even
and odd sites appear to be similar (panel (a) in figure 11). Along the ITW branch the difference
between the even and odd sites profiles increases, but never becomes large: they look like mirror
cases of the flat-top solitons; one amplitude is above 1 whereas the other under it (panels (b)
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Figure 13. Reversal of soliton’s path in the G35 model. Top panel: space—time diagram
of a weakly unstable TW to the left. Due to its instability and proximity to branch’s edge,
when wave’s amplitude becomes too low to be sustained by the left branch, it hops to
the other branch with a corresponding change of propagation direction. The lower panel
displays the corresponding scenario for its staggered twin with its propagation in the
opposite direction. Each diagram consists of 30 x 5000 ‘pixels’.

and (c) in figure 11). Though it is tempting to relate the last pair with the basic TW in figure 6,
the later attains a higher velocity on the threshold of the critical speed.

Finally, we note that due to the anti-symmetry of the G35 lattice, any interlaced solution
(U, V, \), like the ones in figures 10 and 11, always has an associated staggered counterpart
u,-Vv,=N.

6. Direct numerical simulations

In the numerical simulations of the lattice (3) all the unfolded TW can be easily observed: stable
waves exist on an extremely long time intervals, unstable solution gets eventually destroyed.
Though most of the unstable TWs decompose within few time units, in direct numerical simula-
tions of the interlaced TW of the G23 model (figure 8), several weakly unstable waves persisted
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Figure 14. Collisions of a left-propagating (with amplitude 1.4024) and right-
propagating (amplitude 1.097) solitary waves in the G35 periodic lattice of length
N = 50. After two collisions the left-propagating wave reverses its direction resulting
in two right-propagating waves and some debris due to the collisions.

for a long time. For instance, a wave with the maximal velocity of A ~ 12 decomposes only
after t = 400 (i.e. traversing for about 4800 sites while preserving its shape).

The ITWs on the left side of the diagram in figure 8, with velocity A = 2 and large inte-
grals, are also relatively stable or, differently stated, only weakly unstable. This is demonstrated
in figure 12, where the waveform (displayed on a lattice of size 30 at each period of revolu-
tion, 30/\ = 15) remains intact for at least 75 revolution periods (i.e. up to ¢ ~ 1150). We
stress here, that in all space—time plots below we display the field on a lattice and thus no
‘smoothness’ is expected in the space coordinate. The discreteness of the spatial coordinate
makes the resulting drawings appear as being of ‘poor quality’, but this is in earnest an intrinsic
feature of the spatio-temporal representation of solutions of lattice equations. The space—time
plots in figures 12—16 should therefore be interpreted as collections of N horizontal stripes,
where N is the length of the lattice.

We emphasize here, that in all explored cases, an instability of a travelling wave lead ulti-
mately to a disordered (chaotic) pattern (cf figure 12), or to a travelling wave from another
branch (cf figure 13). Close to a stability threshold, we have never encountered a stable regime
close to the found basic travelling wave solution.

6.1. Reversal in propagation direction

A far more intriguing manifestation of the weak instability emerges in numerical simulations
of TWs in the G35 lattice (figure 5), where we have noticed that a weakly unstable left-
propagating wave, A = —2.004 67, see figure 13(a), after propagating for about 8 time units,
comes to a halt, wobbles for a while, and then reverses its direction and turns into a stable right-
propagating TW. The same phenomenon is observed in the corresponding staggered case (see
figure 13(b)).

The key to the understanding of the reversal of the direction is implicitly embedded in
figure 5 with its two panels complimenting each other. The upper panel displays an ampli-
tude/velocity gap between the two branches wherein no propagation is admissible, with the
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Figure 15. G35 periodic lattice of length N = 80. Collisions of a right-propagating wave
(with amplitude 1.097) with its staggered twin. (Note that the dynamics depends cru-
cially on the initial distance between the two waves. Shift by one lattice site shown in
figure 16 results in a very different dynamics). On panel (a), a collision at 7 ~ 10 trans-
forms the right moving wave into a left-propagating wave on the left branch. With an
opposite effect on its staggered twin. The next collision at r ~ 20 brings them back to
their original branch. To visualize the ‘bouncing’ impact on waves shape, we display
in panel (b) time series at two neighbouring points pairs; kK = 10 (red dotted line) with
k = 11 (green dash-dotted line) and k = 50 (blue solid line) with k = 51 (brown dashed
line). The red and green profiles at neighbouring sites k = 10, 11 have opposite signs;
consistent with the staggered nature of the wave, whereas the blue and brown profiles
at sites kK = 50, 51, being merely shifted, indicate a basic travelling wave. The chosen
times cluster prior to the first, the second and the third collision. Though each encounter
is accompanied by amplitude change—the mass (integral) itself hardly changes.

waves propagating in opposite directions on each side of the gap. However, the lower panel
reveals that the amplitude/velocity jump is a non-event from the integral point of view, for
the integral hardly changes after the event (note the almost opposite amplitude—velocity and
integral-velocity relations). The jump merely reshapes the wave’s profile, and thus its ampli-
tude, with the resulting direction of propagation being a consequence of the branch on which

it has landed.
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Figure 16. Set-up similar to figure 15, but with the initial separation between the waves
shifted by one site. Now after one collision the right-propagating wave turns into a fast
left-propagating wave, but its staggered (left-propagating) twin stays the course and turns
into another left-propagating staggered wave.

With this understanding we may readily follow figure 14 where the two collisions between
the right and the left moving waves suffices to relegate the left-moving wave into the other
branch. Figure 15 is a natural continuation of this scenario: here we have a back and forth
bouncing between the opposite branches, starting from the right branch on figure 5 and being
pushed after one collision to the other branch. Following the second collision both waves are
back at their original, right, branch and the game continues. This could have gone indefinitely
would it not be for the fact that the collisions are not entirely elastic with some debris created
after each event.

Unfortunately, as figure 16 attests, the interaction is very sensitive to the collision phase of
the TW and its staggered twin. A shift by merely one lattice site in the initial position of one
of the waves causes the bouncing effect to disappear.

In the G23 model, things are much simpler; no reversal of direction was ever observed. A
weakly unstable TW located close to the right edge of the left branch, propagates for a while
but then decomposes into disordered pieces with no observable coherent structure.

7. Summary and closing comments

In the presented paper we have studied the travelling patterns of our strongly nonlinear lattice
versions of the Gardner-like model equations G23 and G35, equations (4) and (5), respectively.
Three distinctive classes of travelling and non-travelling solitary patterns were unfolded:

(a) Basic travelling waves, TW.
(b) Interlaced travelling waves, ITW.
(c) Stationary solitary states.

Of the three classes, the second and the third have no quasi-continuum, QC, counter-
part, which is to say that space-wise these are essentially discrete phenomena, unlike the
first class which in part was very well replicated via the quasi-continuum. Yet in spite of
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what may seem as a limited success of the QC, it did play a vital role in delineating the
road map without which most of the first and the second class solutions would not have
been unfolded. To be clear, we stress that we do not claim that all TW and ITW were
found. In fact, since our method relies on the Newton-Raphson procedure, a good initial
approximation is vital, and to this end we have used direct numerical simulations to gen-
erate the initial approximation. Therefore, we could unfold only solution branches which
have at least one stable segment, leaving the completely unstable branches beyond our reach.
Moreover, we can say nothing about the potential existence of other solutions apart the ones
presented.

The utility of the QC extends well beyond its direct applicability, for though formally the
original discrete system seems oblivious of the singularities, a hallmark of the QC, it appears
that those singular manifolds are somehow implicitly embedded in the system and both con-
trol and determine the crucial transition zone, in spite the fact that the underlying PDEs are
not valid there. Consider, for instance, figures 3 and 8 of the G23 model and figures 5 and
10 of G35 model, respectively. The role of the critical velocity A = 2 which emerges in the
QC is clearly seen in figure 3, but its role is even more significant in figure 8. This figure
describes the quintessentially discrete ITWs, for though there is no corresponding QC coun-
terpart (and thus there are unrelated to the breathers found in the original Gardner equation),
yet the most interesting phenomena cluster around the critical values. The same effect is seen
in the G35 model with A = 16/5 emerging from the QC as the critical velocity. Besides its
role as the edge of a ‘QC’ branch in figure 5, the more impressive scenario is reserved for
figure 10, where all ITWs cluster in a narrow velocities strip located just under the criti-
cal velocity, whereas in the G23 model the ITWs in figure 8 surround the critical A = 2
line from both sides, with a respective zoo of patterns, see figure 11. All in all, we have
obtained an amalgam of essentially discrete patterns concentrated around the macro constrains
set by the QC.

As a motivation for the present work we have stated that the polynomial force was adopted
because of the difficulty to treat the periodic cases. Indeed, we were greatly helped by the
existence of large amplitude regimes in the polynomial cases which enabled us to unfold both
new branches and new types of waves. Unfortunately, in the original periodic cases there are
no large amplitude regimes and with everything being eternally coupled, the presented results
seem to provide only a limited help.

It might be of some interest to compare the compactons in the Gardner-type strongly non-
linear lattices explored in this paper with those emerging in the Hertzian version of FPU [1, 2,
14-18] and other similar fully-nonlinear models [4, 5, 8]. Apart from the obvious difference
that one is of first order in time whereas the other of second order, the fundamental difference
is in the nature of their underlying potential: in the Gardner lattice the potential is non-convex,
and in the cited explorations of fully-nonlinear lattices as a rule only a convex potential was
used. The riches of our model are due to this non-convexity. Indeed, in the Gardner-type lat-
tices only the small amplitudes compactons, where the non-convexity does not yet play a role
(see, for example, the solutions depicted in figures 6(d) and 4(d) and (e)), are close in form to
the corresponding solutions of the Hertz-type and other monotone stress lattices. A plethora of
the phenomena unfolded in the present work, like the existence of critical amplitudes at which
kovatons and peakons emerge, the oscillating compacton profiles, the existence of branches
of compactons, or of interlaced travelling waves, relies essentially on the non-monotonicity of
the nonlinearity and therefore cannot occur in the Hertzian lattices, or for that matter in any
Newtonian-like systems endowed with a convex stress.

The closing comments are reserved for the discrete stationary solutions briefly outlined
in section 2. They span a finite plateau defined by the roots of F(«) = 0 and initially vanish
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elsewhere (unlike the TWs and the ITWs which are associated with the roots of F' /(u) =0).
However, studies of their stability have revealed a very sensitive dependence on both their
initial width, parity, and the width of the lattice, which did not yield itself to a manageable
characterization. We leave this topic for future studies. Finally, we also note a class of kink-
like excitations, that were not discussed in the paper, for which the roots of F”(u) = 0 play a
key role.
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