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Abstract

Small-amplitude weakly coupled oscillators of the Klein—-Gordon lattices are approximated
by equations of the discrete nonlinear Schrodinger type. We show how to justify this ap-
proximation by two methods, which have been very popular in the recent literature. The
first method relies on a priori energy estimates and multi-scale decompositions. The second
method is based on a resonant normal form theorem. We show that although the two methods
are different in the implementation, they produce equivalent results as the end product. We
also discuss the applications of the discrete nonlinear Schrédinger equation in the context of
existence and stability of breathers of the Klein—Gordon lattice.
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1 Introduction

We consider the one-dimensional discrete Klein-Gordon (dKG) equation with the hard quartic
potential in the form

iy +aj+ ) = e(wjpn — 225 +wj), jEL (1.1)
where t € R is the evolution time, x;(t) € R is the horizontal displacement of the j-th particle in

the one-dimensional chain, and € > 0 is the coupling constant of the linear interaction between
neighboring particles. The dKG equation (1.1) is associated with the conserved-in-time energy

1 . 1
H = §Zx?+x?+e(1‘j+1 —azj)Q—i-ZZx?, (1.2)
JEZ JEL

which is also the Hamiltonian function of the dKG equation (1.1) written in the canonical variables
{zj,%;}jez. The initial-value problem for the dKG equation (1.1) is globally well-posed in the
sequence space £2(7Z), thanks to the coercivity of the energy H in (1.2) in £%(Z).
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By using a scaling transformation
(1) = (1420 2a(t), T=042)Y%, &= (1+2¢) e (1.3)

and dropping the tilde notations, the dKG equation (1.1) can be rewritten without the diagonal
terms in the discrete Laplacian operator,

Zj+x;+ DL? =e(xj1 +xj-1), JEL. (1.4)
Note that the values of € in (1.4) are now restricted to the range (0, %), because the map ¢ —
(1 + 2¢)~'e is a diffeomorphism from (0,00) to (0,3). This restriction does not represent a
limitation if we study the solutions of the dKG equation for sufficiently small values of e.

We comnsider the Cauchy problem for the dKG equation (1.4) and we aim at giving an approx-
imation of its solutions by means of equations of the discrete nonlinear Schrédinger type, up to
suitable time scales. This approach can be useful in general, but it may have additional interest
when particular classes of solutions of the dKG equation (1.4) are taken into account. In the
case of systems of weakly coupled oscillators, the relevant objects are given by time-periodic and
spatially localized solutions called breathers.

Existence and stability of breathers have been studied in the dKG equation in many recent
works. In particular, exploring the limit of weak coupling between the nonlinear oscillators,
existence [27] and stability |2, 4] of the fundamental (single-site) breathers were established (see
also the recent works in [30, 31]). More complicated multi-breathers were classified from the point
of their spectral stability in the recent works [1, 25, 33]. Nonlinear stability and instability of
multi-site breathers were recently studied in [11].

If the oscillators have small amplitudes in addition to being weakly coupled, the stability of
multi-breathers in the dKG equation is related to the stability of multi-solitons in the discrete
nonlinear Schrédinger (ANLS) equation:

2ia; + 3laj’a; = ajp1 +ajo1, jEL, (1.5)

where a;(et) € C is the envelope amplitude for the linear harmonic e supported by the linear
dKG equation (1.4) with e = 0. The relation between the dKG and the dNLS equations (1.4)
and (1.5) was observed in [29] and [33| based on numerical simulations and perturbation results,
respectively.

The present contribution addresses the justification of the dNLS equation (1.5), and its gener-
alizations, for the weakly coupled small-amplitude oscillators of the dKG equation (1.4). In fact,
we are going to explore two alternative but complementary points of view on the justification
process, which enables us to establish rigorous bounds on the error terms, over the time scale
during which the dynamics of the dNLS equation (1.5) is observed.

The first method in the justification of the dNLS equation (1.5) for small-amplitude weakly
coupled oscillators of the dKG equation (1.4) is based on a priori energy estimates and elementary
continuation arguments. This method was used in the derivation of the dNLS equation [8] and
the Korteweg—de Vries equation [5, 12, 13, 38| in a similar context of the Fermi-Pasta—Ulam
lattice. The energy method is based on the decomposition of the solution into the leading-order
multi-scale approximation and the error term. The error term is controlled by integrating the



dKG equation with a small residual term over the relevant time scale. The energy method is
computationally efficient and simple enough for most practical applications.

The second method is based on the resonant normal form theorem, which transforms the
given Hamiltonian of the dKG equation to a simpler form by means of near-identity canonical
transformations [3, 16]. The normal form, once it is obtained in the sense of an abstract theorem,
does not require any additional work for the derivation and the justification of both the dNLS
equation and its generalizations, which appear immediately in the corresponding relevant regimes.
Starting from the works [17, 18], the normal form approach for the dKG equation was recently
elaborated in [30] and applied in [31] for a stability result.

We hope that the present discussion of the two equivalent methods can motivate the readers
for the choice of a suitable analytical technique in the justification analysis of similar problems of
lattice dynamics. It is our understanding that the two methods are equivalent with respect to the
results (error estimates, time scales) but they have some differences in the way one proves such
results.

Besides justifying the dNLS equation (1.5) on the time scale O(e~1), we also extend the error
bounds on the longer time intervals of O(|log(e)le~!). Similar improvements were reported in
various other contexts of the justification analysis [8, 22, 24, 26]. Within the context of breathers,
we show how the known results on the existence and stability of multi-solitons in the dNLS
equation (1.5) can be used for similar results for the dKG equation (1.4).

We finish the introduction with a review of related results. Small-amplitude breathers of
the dKG and dNLS equations were approximated with the continuous nonlinear Schréodinger
equation in the works [6, 7, 36]. An alternative derivation of the continuous nonlinear Schrédinger
equation was discussed in the context of the Fermi-Pasta—Ulam lattice [19, 20, 21, 37]. In the
opposite direction, the derivation and the justification of the dNLS equation from a continuous
nonlinear Schrédinger equation with a periodic potential were developed in the works [34, 35].
The justification of the popular variational approximation for multi-solitons of the dNLS equation
in the limit of weak coupling between the nonlinear oscillators is reported in [9]. Bifurcations of
periodic traveling waves from the linear limit of coupled nonlinear oscillators was developed with
the use of symmetries of the dNLS equation in [14, 15].

The paper is organized as follows. Section 2 reports the justification results obtained from the
energy method and multi-scale expansions. Section 3 reports the justification results obtained
from the normal form theorem. Section 4 discusses applications of these results for the existence
and stability of breathers in the dKG equation.

2 Justification of the dNNLS equation with the energy method

In what follows, we consider the limit of weak coupling between the nonlinear oscillators, where
€ is a small positive parameter. We also consider the small-amplitude oscillations starting with
small-amplitude initial data. Hence, we use the scaling transformation z; = oY/ 253-, where p
is another small positive parameter. Incorporating both small parameters, we rewrite the dKG
equation (1.4) in the equivalent form

§G+8&+08 =€l +&-1), JEL (2.1)



The standard approximation of multi-breathers in the dKG equation (2.1) with multi-solitons
of the ANLS equation (1.5) corresponds to the balance p = e. In Sections 2.1-2.3, we generalize
the standard dNLS approximation by assuming that €2 < p < e. In Section 2.4, we discuss further
generalizations when p belongs to the asymptotic range €3 < p < €2.

2.1 Preliminary estimates

To recall the standard dNLS approximation, we define the slowly varying approximate solution
of the dKG equation (2.1) in the form

X;(t) = aj(et)e™ + aj(et)e ™. (2.2)

Substituting the leading-order solution (2.2) to the dKG equation (2.1) and removing the resonant
terms e at the leading order of O(¢), we obtain the dNLS equation in the form

2i(ij + 31/|aj|2aj = aj4+1 + aj—1, jEZ, (2.3)

where the dot denotes the derivative with respect to the slow time 7 = et and the parameter
v = p/e is defined in the asymptotic range e < v < 1.

With the account of the ANLS equation (2.3), the leading-order solution (2.2) substituted into
the dKG equation (2.1) produces the residual terms in the form

Res;(t) := p (aJe™ + aje ") + € (e + aje ™). (2.4)

The second residual term is resonant but occurs in the higher order O(e?), which is not an obstacle
in the justification analysis. The first residual term is non-resonant but it occurs at the leading
order of O(p) > O(€?). Therefore, the first term needs to be removed, which is achieved with the
standard near-identity transformation. Namely, we extend the leading-order approximation (2.2)
to the form

X (1) = aj(et)eit + a;(et)e " + ép (a3 (et)e™ + ad(et)e=) . (2.5)

For simplicity, we do not mention that X; depends on € and p. Substituting the approximation
(2.5) into the dKG equation (2.1), we obtain the new residual terms in the form

Resj(t) = ¢ (dje" +aje ™) — éep ((aly) +ad e + (@, +a3_p)e ™)
—I-gp2 (aje + C_Lje_it) (a3 33t 4 d3e_3’t) + %6,0 (m?aje“ zaQaje 3”)
_1_6?:1[)3 (aje’t +aje z)( 3 3n+a36—3zt)2+ ;e p( 3 3n+a36—3it)
+5%,0 ( ? 3”+a36_3”)3. (2.6)

Note that all the time derivatives of a; in the residual term (2.6) can be eliminated from the dANLS
equation (2.3) provided that {a;};ez is a twice differentiable sequence with respect to time. For
all purposes we need, it is sufficient to consider the sequence space ¢2(Z). Hence we denote the
sequence {a;};ez in [*(Z) by a.

The next results give preliminary estimates on global solutions of the dNLS equation (2.3),
the leading-order approximation (2.5), and the residual term (2.6).



Lemma 1 For every ag € (*(Z) and every v € R, there exists a unique global solution a(t) of the
dNLS equation (2.3) in (*(Z) for every t € R such that a(0) = ag. Moreover, the solution a(t) is
smooth in t and ||a(t)]|,2 = ||ao]|s2-

Proof. Local well-posedness and smoothness of the local solution a with respect to the time
variable t follow from the contraction principle applied to an integral version of the dNLS equa-
tion (2.3). The contraction principle can be applied because the discrete Laplacian operator is
a bounded operator on ¢2(Z), whereas (*(7Z) is a Banach algebra with respect to pointwise mul-
tiplication and the ¢?(Z) norm is an upper bound for the ¢°°(Z) norm of a sequence. Global
continuation of the local solution a follows from the ¢2(Z) conservation of the dNLS equation

(2.3). n

Lemma 2 For every ag € (%(Z), there exists a positive constant Cx (||ag||,2) (that depends on
llaol|g2) such that for every p € (0,1] and every t € R, the leading-order approzimation (2.5) is
estimated by .

IX(Blez + [1IX(Blez < Cx (lao]le2)- (2.7)

Proof. The result follows from the Banach algebra property of £2(Z) and the global existence
result of Lemma 1. "

Lemma 3 Assume that p < €. For everyag € (>(Z), there exists a positive e-independent constant
Cr(|laglls2) (that depends on ||ag||s2) such that for every e € (0,1] and every t € R, the residual
term in (2.6) is estimated by

IRes(t)ll;2 < Cr(llaoll2)e”. (2.8)

Proof. The result follows from the Banach algebra property of £2(Z), as well as from the global
existence and smoothness of the solution a(t) of the dNLS equation (2.3) in Lemma 1. "

2.2 Justification of the dNLS equation on the dNLS time scale
The main result of this section is the following justification theorem.

Theorem 1 Assume that p is defined in the asymptotic range € < p < e. For every 19 > 0,
there is a small €y > 0 and positive constants Cy and C such that for every e € (0,¢€), for which
the initial data satisfies

1€(0) = X(0)[|,2 + [1£(0) = X(0)[|,2 < Cop™"e?, (2.9)
the solution of the dKG equation (2.1) satisfies for every t € [—1op~ ', 70p™ 1],

l€) =X (D)2 + () = X(t)ll2 < Cp'e?. (2.10)



Remark 1 If p = ¢, the justification result of Theorem 1 guarantees that the dynamics of small-
amplitude oscillators follows closely the dynamics of the dNLS equation (1.5) on the dNLS time
scale [—T9, 0] for the variable T = et.

Remark 2 If p = 3/5, the error term in (2.10) satisfies the Op(€2/°) bound. The error term is
controlled on the longer time scale [—7'06_3/5, T06_3/5] for the variable T = €t of the dNLS equation
(2.3) with v = €3/°,

To develop the justification analysis, we write {(t) = X(¢) + y(t), where X(¢) is the leading-
order approximation (2.5) and y(t¢) is the error term. Substituting the decomposition into the
lattice equation (2.1), we obtain the evolution problem for the error term:

U +y; + 3pXJ2yj + 3pijJ2 + py;’ —€(yj+1 +yj—1) + Res; =0, jeZ, (2.11)

where the residual term Res(t) is given by (2.6) if a(t) satisfies the ANLS equation (2.3). Asso-
ciated with the evolution equation (2.11), we also define the energy of the error term

1 .
E(t) =5 S 05 +y3 + 30X 7y7 — 2eyy41] - (2.12)
JEZ
For every € € (0, 1), the energy E(t) is coercive and controls the £2(Z) norm of the solution in
the sense

Iy@Ol7 + ly ()7 < 4E(t), (2.13)

for every t, for which the solution y(¢) is defined. The rate of change for the energy (2.12) is
found from the evolution problem (2.11):

dE ) . ) .
- > [—ijeSj +3pX;X;y7 — 3pX;y30; — pyﬁ-’yj} : (2.14)
JEZ
Thanks to the coercivity (2.13), the Cauchy-Schwarz inequality, and the continuous embedding
of (2(Z) to £>°(Z), we obtain
dE . .
| < 282 [IRes(0) + 608 X Ol KOl + 120BIXOlla + 895 (2.15)

To simplify the analysis, it is better to introduce the parametrization E = Q2 and rewrite (2.15)
in the equivalent form

d .
]d‘f < [Res(D)]l2 + 6pQIX Ol 21X (1) 2 + 120Q%X ()] 2 + 80Q°. (2.16)

The energy estimate (2.16) is the starting point for the proof of Theorem 1.

Proof of Theorem 1. Let 79 > 0 be fixed arbitrarily but independently of ¢ and assume that
the initial norm of the perturbation term satisfies the following bound

Q(0) < Cop~té?, (2.17)



where Cj is a positive e-independent constant and € € (0, %) is sufficiently small. Note that the
bound (2.17) follows from the assumption (2.9) and the energy (2.12) subject to the choice of the
constant Cy.

To justify the dNLS equation (2.3) on the time scale [—~7op™t, 7op™ 1] for ¢, we define

te [—to,to]

Ty := sup {to € [0,70p '] : sup  Q(f) < CQP1€2} ; (2.18)

where Cg > Cj is a positive e-independent constant to be determined below. By the continuity
of the solution in the £2(Z) norm, it is clear that Ty > 0.

By using Lemmas 2 and 3, as well as the definition (2.18), we write the energy estimate (2.16)
for every t € [Ty, Tp] in the form

d
‘dctg‘ < Creé®+p (603( +120xCop~te® + 8C%p_264) Q. (2.19)

If € > 0 is sufficiently small and ¢ < p, for every t € [~Tp, Ty, one can always find a positive
e-independent kg such that

6C% + 12CxCop '€ +8CHp e < k. (2.20)

Integrating (2.19), we obtain

It / CR€2
Q(t)e PRl —Q0) < [ CgrePePholar < =2 (2.21)
0 pko
By using (2.17), we obtain for every t € [T, Tp]:
Q(t) < p e (Co+ ko 'Cr) eromo, (2.22)

Hence, we can define Cg := (Cp + kalCR) eo™ and extend the time interval in (2.18) by el-

ementary continuation arguments to the full time span with Ty = m9p~!. This completes the

justification of the dNLS equation (2.3) in Theorem 1. O

2.3 Justification of the dNLS equation on the extended time scale
Next, we justify the dNLS equation (2.3) on the extended time scale

[—A]log(p)|p~", Allog(p)|p~"], (2.23)

for the variable t, where the positive constant A is fixed independently of €. The main result of
this section is the following justification theorem.

Theorem 2 Assume that there is o € (0, 1) such that p is defined in the asymptotic range

2
elta < p<e.



For every A € (0, ko_loz), where kg is defined in (2.28) below, there is a small ¢g > 0 and positive
constants Cy and C such that for every e € (0,¢€p), for which the initial data satisfies

1€(0) = X(0)[|,2 + [1£(0) = X(0)[|,2 < Cop"é?, (2.24)
the solution of the dKG equation (2.1) satisfies for every t in the time span (2.23),

1€t) = X (B2 + () = X(B)ll2 < Cp~' €% (2.25)

Remark 3 If p = ¢, the extended time scale (2.23) corresponds to the interval [—A|log(e)|, A|log(e)|]
for the variable T = et in the dNLS equation (2.3), hence it extends to all times T as € — 0.

Remark 4 If p = €%/°, then the error term in (2.25) satisfies the Op(e2(0=4)/5) bound, which is

small if a € (0, %) The error term is controlled on the longer time scale

—70|log(e)|e /%, 70| log(e) [ ~*/°
for the variable T = et of the ANLS equation (2.3) with v = €3/5.

Proof of Theorem 2. We use the same assumption (2.17) on the initial norm of the perturbation
term. To justify the ANLS equation (2.3) on the time scale (2.23) for ¢, we define

te [—t() ,to]

1§ :=sup {to € [0, 4] log(p)\p_l] : sup  Q(t) < C'Qp_l_ae2} , (2.26)

where Cg is a positive e-independent constant to be determined below.
By using Lemmas 2 and 3, as well as the definition (2.26), we write the energy estimate (2.16)
for every t € [-T¢, 1] in the form

d

'd? < Cré® +p (603( +12C0xCop~ 72 + 8022,0_2(1+0‘)64> 0. (2.27)
If € > 0 is sufficiently small and €2 < p'*®, then for every t € [T, o T3], one can always find a
positive e-independent kg such that

6C% +12CxCop~ ' 7* + 8CHp 21T et < k. (2.28)

By integrating the energy estimate (2.27) in the same way as is done in (2.21), we obtain for every
t e -1y, Ty

Q1) 1€ (Co + ky ' C) efoAllos)l

< p
< p 7% (Co+ ko 'Cr) (2.29)
where the last bound holds because kgA € (0, ). Hence, we can define Cg := Cy + ko_lCR and
extend the time interval in (2.26) by elementary continuation arguments to the full time span
with T = Allog(p)|p~!. This completes the justification of the ANLS equation (2.3) on the time
scale (2.23). O



2.4 Approximations with the generalized dNLS equation

Extensions of the justification analysis are definitely possible by including more e-dependent terms
into the ANLS equation (2.3) and the leading-order approximation (2.5), which makes the residual
term (2.6) to be as small as O(e") for any n > 2. These extensions are not so important if
€2 < p < € but they become crucial to capture the correct balance between linear and nonlinear
effects on the dynamics of small-amplitude oscillators if p < €2.

To illustrate these extensions, we show how to modify the justification analysis in the asymp-
totic range €3 < p < 2. We use the same leading-order approximation (2.5) in the form

X;(0) = ag(et)e +aj(et)e™ + < p (al(en)e¥ + a(en)e ™) (2.30)

but assume that a(7) with 7 = et satisfy the generalized dNLS equation

.. € .
2mj + 36(5’0,]"2&]' =ajy1 +aj-1+ - (aj42 + 2aj + aj_g) , JEZ. (2.31)

2 ¢
Here we have introduced the parameter § = p/e? in the asymptotic range ¢ < § < 1. Substituting
(2.30) and (2.31) into the dKG equation (2.1), we obtain the modifications of the residual terms
(2.6) in the form

1 . 1 1 s _ — — —1
Res;(t) = 162 (4d; + ajio + 2a; + aj—2) e + 162 (4a; + ajyo + 2a; + CLJ;Q) e "
1 , 1,
—gep (@} r + @ )M 4 (@ + @l y)e™) + ep (e 4 ate )
3 . . 4 . 9
+§p2 (aje’ + &je*”)Q (a‘;?e?’“ + d?efglt) + 1P (iajzdje?’ o m] aje 3“)
3 it i 2 1 i\ 3
+6Zp3 (ajezt +aj€ i ) ( 3 3zt +a e 3’Lt) + 512p4( 3 Szt +a e 3zt) ) (232)

By using the extended dNLS equation (2.31), we realize that the residual terms of the Oy (e?)
order are canceled and the residual term in (2.32) enjoys the improved estimate

IRes(t)l2 < Cr(laolle2)e’, (2.33)

compared with the previous estimate (2.8). As a result, the justification analysis developed in the
proof of Theorems 1 and 2 holds verbatim and results in the following theorems.

Theorem 3 Assume that p is defined in the asymptotic range €3 < p < €2. For every o > 0,
there is a small €9 > 0 and positive constants Cy and C such that for every e € (0,€p), for which
the initial data satisfies

1€(0) = X(0)[|,2 + [1£(0) = X(0)[|,2 < Cop™"é?, (2.34)
the solution of the dKG equation (2.1) satisfies for every t € [—mop~ ', 70p™ 1],

€)= X(O)l2 + () = X(®)ll2 < Cp "%, (2.35)



Theorem 4 Assume that there is o € ((), %) such that p is defined in the asymptotic range

3 9
elte L p < €.

There is Ag > 0 such that for every A € (0, Ayp), there is a small €9 > 0 and positive constants Cy
and C such that for every e € (0, ¢€y), for which the initial data satisfies

1(0) = X(0) 2 + [1(0) = X(0) 12 < Cop™"é”, (2.36)
the solution of the dKG equation (2.1) satisfies for every t in the time span (2.23),

1€) = X(O)ll2 + [1E() = X(t)llz < Cp~' €% (2.37)

We note that X in Theorems 3 and 4 is defined by the leading-order approximation (2.30),
whereas a satisfies the generalized dNLS equation (2.31). The time scales in Theorems 3 and 4
are appropriate for the generalized dNLS equation (2.31) because § < 1 and ep™! > 1.

3 Justification of the dNLS equation with the normal form method

The purpose of this section is to show that the results of Theorems 1, 2, 3, and 4 can be obtained
with a different method relying on the resonant normal form theorem, mainly working at the
level of the Hamiltonians. This slightly different point of view, as we stressed in the introduction,
moves the main difficulties in the early steps of this approach, in terms of definitions and theorems
to get the normal form established. But after this effort, it is straightforward to get the desired
results of justification of the dNLS equation in many different regimes.

Another difference between this section and the previous one is in the dimension of the chain,
infinite for the energy method, and finite for the normal form method, but with estimates uniform
in the size of the chain. The main reason for this asymmetry in the presentation is that the normal
form theorems from the previous works [17, 18, 30| were developed for finite chains, and their
extension to the infinite case is beyond the scope of the present paper.

In what follows, we consider the dKG equation (1.4) on a finite chain of 2N + 1 oscillators
under periodic boundary conditions, where N is arbitrary large but finite. The finite dKG chain
is associated with the Hamiltonian H = Hy + H1, where

N

N

1 1

e Y [ -man), MLy o1
j=—N j=—-N

subject to the periodic boundary conditions x_x = 41 and y_ny = yn+1. 1t is quite clear from
the expression above that H is an extensive quantity, i.e. roughly speaking proportional to NV,
and more precisely, it is translation invariant and with a short interaction range (see Section 2 in
[30] for details). By preserving the extensivity, via a suitable normal form construction, we are
able to get uniform estimates with respect to N.

10



To be more definite, it was proven in [30] that for any small coupling e, there exists a canonical
transformation Ty which puts the Hamiltonian H = Hy + Hy, with Hy and H; in (3.1), into an
extensive resonant normal form of order r

H" = Hg + 2 + P+ | {Ho,2} =0, (3.2)

where Hgq is the Hamiltonian for the system of 2N + 1 identical oscillators of frequency Q (which
is the average of the linear frequencies [18]), Z is a non-homogeneous polynomial of order 2r + 2,
PU+1) ig a remainder of order 2r + 4 and higher, and r grows as an inverse power of €. Such a
normal form was shown to be well defined in a small ball B/ (0) € P of the phase space P,
endowed with the Euclidean norm (which becomes the ¢2(Z) norm in the limit N — oo), provided
rp'/?2 < 1. The linear part of the Hamiltonian Hqo = Qp is equivalent to the selected squared
norm (uniformly with N), thus the almost invariance of Hg over times [t| ~ (r2p)~" 7! is easily
derived since Ho = {Hg, PU+D}.

Looking at the structure of Z, the normal form Hq+ Z produces a generalized dNLS equation,
where all the oscillators are coupled to all neighbors and the coupling coefficients both for linear
and nonlinear terms decay exponentially with the distance between sites. To be more specific, Z
can be split as the sum of homogeneous polynomials Zg, Z1, ..., Z,, where Z; is of the order 2j + 2,
and r > 1. Each of these homogenous polynomials can be developed in powers of the coupling
coefficient €, where the term of order €” is responsible for the coupling between lattice sites
separated by the distance m. The key ingredient to obtain the normal form is the preservation
of the translation invariance (called cyclic symmetry in [18, 30]), which also allows us to produce
estimates that are uniform with V.

If we limit to r = 1, the transformed Hamiltonian (3.2) reads

HY =K +pP® | K:=Hq+ Zy+ 21 ,

where the quadratic and quartic polynomials Zy and Z; include all-to-all interactions, exponen-
tially decaying with e. Hence, K represents the Hamiltonian of the generalized dNLS equation.
If we truncate both Zy and Z; at the leading order in €, we recover the Hamiltonian of the usual
dNLS equation.

The linear transformation is analyzed in Section 3.1. The nonlinear normal form transforma-
tion is performed in Section 3.2. Approximations with the usual dNLS equation are obtained in
Section 3.3. Approximations with the generalized dNLS equation are discussed in Section 3.4.

3.1 Linear transformation

We start with the definitions of cyclic symmetry, interaction range, centered alignments and
exponential decay (see also [18, 30]).

The translational invariance of the model (3.1) is formalized by using the idea of cyclic sym-
metry. The cyclic permutation operator 7 is defined as

T(T-Ny o ZN) = (T-N41y - TN, TN)- (3.3)

This operator can be applied separately to the variables x and y. We extend the action of this
operator on the space of functions as (Tf) (z,y) = f(Tz, TY).

11



Definition 1 (Cyclic symmetry) We say that a function F is cyclically symmetric if 7F = F.

We introduce an operator, indicated by an upper symbol @, acting on functions: given a
function f, a new function F' = f¥ is constructed as

N

F=f%:=Y 7f. (3.4)

I=—N

We say that f®(z,y) is generated by the seed f(z,y). Our convention is to denote the cyclically
symmetric functions by capital letters and their seeds by the corresponding lower case letters.
It is worth to note that the Hamiltonian H = Hy + H; defined by (3.1) is clearly of the form
H = h®, generated by the seed h(z,y) = 3(y3 + 23) — ex120 + 174

Definition 2 (Interaction range) Given the exponents (j, k), we define the support S(x7y*) of
the monomials x/y* and the interaction distance £(x7y"*) as follows:

S(aiyk)y =4l : 1 #0o0r ki #0}, ((adyF) = diam(S(xjyk)) . (3.5)

We stress that, differently from what has been developed in [17, 18], it is possible to impose that
the seeds of all the functions are centrally aligned, according to the following definition [30].

Definition 3 (Centered alignment) Let F' = f% be a cyclically symmetric function, with f
depending on 2N + 1 variables, f = f(z_nN,...,20,...,2N). The seed f is said centrally aligned
if it admits the decomposition

N
F=>fm, S(f™) C[-m,...,m] . (3.6)
m=0

In order to formalize and control the interaction range, we introduce one more definition.

Definition 4 (Exponential decay) The seed f of a function F is said to be of class D(C}, 1)
if there exist two positive constants Cy and i < 1 such that for any centrally aligned component
) Gt holds

Hf(m)Hngum, m=0,...,N ,

where ||-|| is a standard polynomial norm®.

Remark 5 If we are dealing with an Hamiltonian, Definition 4 encodes, when the constant Cy
does not depend on N, the short range nature of the interaction; this, together with the translation
imwariance given by means of the cyclic symmetry constitute the extensivity of the Hamiltonian.

!Given a homogeneous polynomial f(z,y) = ZUH\MZS finx?y® of degree s in x, y and a positive radius R, we
define the polynomial norm of f by ||f||r := R’ Z\jHIk\:S | fi.k|; we often drop the subscript R.
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We can now focus on the harmonic part Hp of the Hamiltonian H. From (3.1), Hp can be
written as the quadratic form

1 1
HM%y)Igy'y+§Awwv (3.7)

where A is a circulant and symmetric matrix given by
A=T—¢r+7"). (3.8)

Here 7 = (7;;) is the matrix representing the cyclic permutation (3.3), i.e. with 7ij = &; j11 (mod2n+1)
using the Kronecker’s delta notation. The following proposition reduces the quadratic part Hy of
the Hamiltonian to the quadratic normal form and preserves the extensivity of Hy.

Proposition 1 For every e € (0, %) the canonical linear transformation ¢ = AY4z, p = A=/4y
transforms the quadratic Hamiltonian Hy to the quadratic normal form

HY = Ho + Zy | {Ho,Z0} =0, (3.9)

where Hog = hg and Zy = CSG are cyclically symmetric polynomials, with centrally aligned seeds
hq and (y of the form

Q
ho = < (46 + po) (3.10)
and
N
Go = Z C()m)a Cém) = bm[QO(Qm + qu) + pO(pm + p,m)}. (3'11)
m=1
Here Q and by, are defined by
1 N+1
2N +1 j:z:ij ’ ( )1,m+1 ’ (3.12)

where w; are the frequencies of the normal modes of Hy. Moreover, there exists a suitable positive

constant C¢, such that each component Cém) satisfies the exponential decay
6] < cat2erm.
hence (y € D(CCO, 25).

Proof. We give here only few ideas to grasp the exponential decay of the all-to-all interactions
due to the linear transformation. After applying ¢ = A4z, p = A=1/%y, we have

1 1
Hy = ipTAl/Qp + iqTAl/Qq. (3.13)

By defining T := 7+ 7', one can rewrite A'/2 as

A2 )2 = i <1/2> Jt

=0
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In order to obtain the decomposition (3.9), we separate the diagonal part from the off-diagonal part
A2 = QT+ B and insert this decomposition into (3.13). The exponential decay (2¢)™ comes from
the observation that (Tl)l,m—H = 0 for all 0 <1 < m and from the estimate [(T™);,, 4| < 2™.
One can restrict to consider only the first raw due to the circulant nature of all the matrices
involved (for all details see Appendix 6.1.1 in [18]). ]

The following proposition shows how the linear transformation in Proposition 1 changes the
quartic part H; of the Hamiltonian and preserves the extensivity of Hj.

Proposition 2 Under the linear transformation in Proposition 1, the quartic part Hy given in
(3.1) is cyclically symmetric (Hy = h$) with a centrally aligned seed given by

N
b= " . (3.14)
m=0

Moreover, there exists a suitable positive constant Cy, such that each component hgm) satisfies the

exponential decay
1)) < G20

hence hy € D(Ch,, 2¢).

Proof. The proof of this proposition includes some technical steps, similar to those in the proof
of Proposition 2 in [30] and Lemma 3.4 in [18]. We only stress here that there is no loss in the
decay rate (2¢) between the seeds of Zy and H; thanks to the different choice of alignment, as
proven in Lemma 5 of [30]. n

We can clarify the statements of Propositions 1 and 2 by saying that in a suitable set of
coordinates, the coupling part of the quadratic Hamiltonian Hy shows all-to-all linear interactions,
with an exponentially decaying strength with respect to the distance between the sites. Such a
linear transformation introduces similar all-to-all interactions also in the quartic Hamiltonian H;.
Moreover, in the new coordinates ¢;, the seed hq of the quartic term has the same exponential
decay as the seed (y of the quadratic term.

3.2 First-order nonlinear normal form transformation

By using Propositions 1 and 2, the Hamiltonian H in (3.1) is transformed into the form

We are now ready to state the (first-order) normal form theorem. This first-order theorem rep-
resents the easiest formulation of the more generic Theorem 1 of [30]. The idea is to perform,
by using the Lie transform algorithm explained in [16], one normalizing step, provided e is small
enough. Moreover, the normalizing canonical transformation is well defined in a (small) neigh-
borhood B /2 of the origin, where p is sufficiently small.

14



Theorem 5 Consider the Hamiltonian H = hg—l—(&a—é—h? with seeds hq, Co, h1, in (3.10), (3.11),
and (3.14). There exist positive 7y, €, < % and Cy such that for every e € (0,€), there exists a
generating function X1 = X? of a Lie transform such that TXIH(D = H, where HY is a cyclically
symmetric function of the form

HY = Ho + Zy + Z1 + P@) | (3.16)

with 0 = {Hq, Zo} = {Hq, Z1}, whereas Zy = (i is a polynomial of degree four whose seed (1 is
of class D (Cp,,2¢), and P®@ s a remainder that includes terms of degree equal or bigger than
siz. Moreover, if the smallness condition on the energy

1

<Py 1= o, 3.17
P=P= 9601 1 e)C, (3.17)

is satisfied, then the following statements hold true:

1. Xy defines an analytic canonical transformation on the domain ngl/z such that
3
B%p1/2 - TXlB§p1/2 - Bp1/2 B%p1/2 C T);llB%pl/Q - Bp1/2 .
Moreover, the deformation of the domain ngl/g 15 controlled by

3

2€Bau, = ||Tn(e) - 2l <4102, HT);j(z) - ZH < 440057 . (3.18)

2. the remainder is an analytic function on B2p1/2, and it is represented by a series of cyclically
3
symmetric homogeneous polynomials Hél) of degree 2s + 2

[o¢] @ ~
PO =S"HO  HO - (th) . D e DRCIC,,, V2e) . (3.19)
s=2

The interval (0,€,) with e, < 3 comes from the inequality

30 \ (1—2¢) [1 - (25)%}
fle) == < > > 1
64Cc, VZe
(see for reference formula (33) in [31]), and the constants C, and «y can be written as
4
C, = Chy . (3.20)
3y(1 — 2¢) [1 - (26)1}
and .
=2Q1— —— = Q<vy <20 3.21
v=22(1-57) 520
Since e is sufficiently smaller than %, the constants C, is essentially independent on e, i.e.
_ Cha
co(%)
which implies that the same holds true for the threshold p, so that

2Q

N — . 3.22
P 30 1+ e) (322)
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3.3 Approximation with the dNLS equation

We apply here the normal form transformation of Theorem 5 in order to approximate the Cauchy
problem Z = {H,z} of the finite dKG equation (1.4) with a small initial datum zo. Let us
denote with K := Hq + Zy + Z1 the normal form part of the Hamiltonian HY = £+ P®@ in
formula (3.16). Since Zp and Z; have centrally aligned seeds with the exponential decay (see
decompositions (3.11) and (3.14)), we have

N @D
Zo=Y 7" z5m = () (3.23)
m=1
and
) (m) (m)\
2=3 2, Zm = (glm ) . (3.24)
m=0

Note that the expansion for Zy starts at m = 1, while Z; starts with m = 0. By truncating the
€ expansion of each normal form term Z; at their leading orders, we define the effective normal
form Hamiltonian Keg as

Keg := Ho + 72" + 29, Kres = K — Kegt - (3.25)

As already stressed in [30], the truncated normal form K.g represents the Hamiltonian of the
dNLS equation. In complex coordinates ¢; = (g; + ipj)/ﬂ, the Hamiltonian e reads as

3
Ket = (2 + 2b1) Z [;l* = b1 Z 11— 5] + 3 Z il (3.26)
J J J

where by = O(e) < 0 is the same as in the expression (3.12) of Proposition 1. The corresponding

dNLS equation is
o 6Keff

i = 5+ by (g + 1) + Sl (3.27)

J

and it has the same structure as the dNLS equation (2.3).
We denote with z(t) the evolution of the dKG transformed Hamiltonian K + P, with z,(t)
the evolution of the ANLS model Keg and consequently with §(¢) the error

3(t) == 2(t) — za(t) . (3.28)
The two time scales over which we control the error of the approximation are given by

(0%

1 1
To:=—, Ty == —1In <) , (3.29)
p Kop \p

where a € (0, 1) is an arbitrary parameter, and kg = O(C, ) is given in (3.43). Similar definitions
are used in (2.18) and (2.26), in the proof of Theorems 1 and 2.
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Theorem 6 Let us take p fulfilling (3.17) and € € (0,¢x) as in Theorem 5. Let us first consider

the two independent parameters p and € in the regime €2 < p < €. Then, there exists a positive

constant C independent of p and € such that for any initial datum zg € By 172 with 60| < p~1/2€2,
3

the following holds true:
I5(t)]| < Cp™ 1%, It < Tp . (3.30)

2
Let us now consider the two independent parameters p and € in the regime eT+e < p < €, where
a € (0,1) is arbitrary. Then, there exists a positive constant C independent of p and € such that
for any initial datum 2o € Bz ;12 with ||| < p 122 the following holds true:
3

I6()I < p~ /2, |t < Tg (3.31)

Remark 6 The upper bound for the error 0 given in (3.30) and (3.31) refers to the time evolution
of the normal form (3.26) in the transformed variables v, which are near-identity deformations of
the original variables (x,y). Since the transformation Ty is Lipschitz, with a Lipschitz constant
L of order L = O(1), the same bound of the error holds also in the original coordinates. Thus,
from the analytic point of view, the nonlinear deformation of the variables does not affect the
dependence of the estimates on p and e: only the constant C is changed by the Lipschitz factor L.

Remark 7 The above estimates are equivalent, both in terms of error smallness and time scale,
to the ones obtained in Theorems 1 and 2, once the original variables x; = pl/zé’j are recovered.

Remark 8 The requirement €2 < p on the time scale Ty is needed in order to provide a meaningful
approzimation, which means that the error is much smaller than the leading approximation z,(t)

6]l < p~ 12 < p'2 ~ [lza(B)]]
2
The same reason lies behind the requirement e+ < p on the extended time scale Tj .

Before entering into the proof of Theorem 6, we need a further definition in order to control
the norm of vector fields. Given F an extensive Hamiltonian with seed f, we will make use of
the notation Xr to indicate the associated Hamiltonian vector field JVF, with J given by the
standard Poisson structure. The Hamiltonian vector field inherits, in a particular form, the cyclic
symmetry. Indeed, it was proved in [30, 31| that

On, F =170y F, 0, F =170, F, j=-N,...,N. (3.32)

As a result, a possible (but not unique) choice for the seed of Xp is given by the couple
(Oyo F, =04 F'). This fact allows us to define in a reasonable and comnsistent way the following
norm o

|Xe|, = 100 Fllg + 1020 Pl - (3.33)
As is shown in Proposition 1 of [30], the norm (3.33) allows us to control a natural operator norm.

@

Moreover, as is stated in Lemma 4 of [30], if F = f® with f of class D(C}, u), then HXFHR is
controlled by C'r. Both these properties will be used in the forthcoming estimates (3.38) and (3.41).
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Proof of Theorem 6. Following a standard approach, we first decompose the Hamiltonian
H = H; + Hy in its quadratic and quartic parts

Hy := Ho+ Zy, Hy:=27Z, +P?,

so that Keg = Hp + Hy — P® — K. Correspondingly, the vector field is decomposed as
Xn = Xpg, + Xn. Denote the linear operator for Xy, by £. The equation of motions for z(¢)
and z,(t) reads

{ ¢=La+ Xn(2), with  Res(t) := Xpe) (20(1)) + X, (2a(t)) - (3.34)

20 = Lz + XN (24) — Res(t) ,
The error 6(t) defined by (3.28) satisfies the equation
0= L35+ [Xn(2a +6) — Xn(2a)] + Res(t) , (3.35)
whose solution, with the initial value dg, is given by Duhamel formula
t
5(t) = Ltgo + Lt / L5 Xy (20 + 8) — Xn(za) + Res(s)]ds . (3.36)
0

Now, since {Hp, Hqg} = 0, one has that £ is an isometry. This allows to estimate

15 < 1[40l +/0 [ Xn(za(s) +0(s)) = Xn(za(s))]| + [[Res(s)][]ds . (3.37)

The second term in the r.h.s. can be estimated with the definition of the residual and using the
information that z,(t) preserves the norm, as a consequence of the conservation of Hg

C C*p5/2 C p1/262+ch ,03/26
IXpw o)l < €M I ol < L2 O (g

where the two contributions in the second inequality come from the truncation of Zy and 723
respectively. Thus, we obtain

1/2
P
||Res(s)|| S Cm [CCOGQ —+ Chlp€ + Chlc*pQ] . (339)
On the other hand, if
18]] < I|zall ~ "2, (3.40)

then the increment of the nonlinear field can be well approximated by

X (2a(s) +8(5)) = Xnv (za(s)] < [| X (Ca) |10}

where
Co:=2a+ A0, Ae(0,1).
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If the smallness condition (3.40) for § holds, then ||C,|| ~ p'/2, which implies
I X (2a(s) +8(s)) = Xn(za() < [[ X[, I0]] -
By using the decomposition X}y = X7 + X}, it is possible to obtain

Ch,

(1— vz’

By inserting (3.39) and (3.41) into (3.37), one gets a typical Gronwall-like integral inequality ,
which provides the time-dependent upper bound

X012 <G (3.41)

62

M@ngwwﬂ+qﬁﬂp+ﬁ+a4@Wﬁ4)
< eortpTHEE 4 Cpmt 2 (e — 1) [+ pet Cup?] (3.42)

where kg provides an upper bound for || XY, in (3.41)
= 0(Cy,) (3.43)

and C depends only on €, C¢,, Cp,. Then, the bound (3.30) follows from the assumption p < e.
The bound (3.31) is obtained similarly, just replacing the time span Tj; in the above (3.42),
which easily provides the factor p~ in front of the estimate. O

3.4 Approximations with the generalized dNLS equation

The standard dNLS approximation is no more valid when €2 ~ p. Indeed, in such a case, the
contribution €2p~! coming from the truncation of the linear field Xy, in (3.42) is of order one,

hence the error §(t) can be comparable with the approximation z,(t)
| .

In such a regime, it is then necessary to include in the Hamiltonian Kt at least the term ZéQ),
responsible for the next-nearest neighbourhood linear interaction:

16()]| < Cp'/% ~ lza(t)

Kegr := Ho + 2" + 2% + 72\ (3.44)

Following the same steps as in the proof of Theorem 6, it is possible to prove the following result,
which is fully equivalent to Theorems 3 and 4.

Theorem 7 Let us take p fulfilling (3.17) and € € (0,€ex) as in Theorem 5. Let us first consider
the two independent parameters p and € in the regime €3 < p < 2. Then, there exists a positive
constant C independent on p and e such that for any initial datum zo € Bz, with ||do|| < p~ 1263,
it holds true ’

l6(6)]| < Cp~/%e* it <Tp . (3.45)
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3
Let us now consider the two independent parameters p and € in the regime eT+o < p < €, where
a € (0,1) is arbitrary. Then, there exists a positive constant C independent of p and € such that
for any wnitial datum zo € Bz /> with 16o]| < p~1/2€2, the following holds true:
3

6@l < p'270 < Ty (3.46)

The result of Theorem 7 yields the Hamiltonian for the generalized dNLS equation:
3
Kot = (2+ 201 +2b2) 3 [ =01 Y _[0j50 = 057 =2 Y [jea — w52+ 5D [osl" (3.47)
J J J J

where by = O(e?) < 0 is the same as in the expression (3.12) of Proposition 1. The corresponding
generalized dNLS equation is

i); = Qj + by (Y1 + ¥j1) + ba(Wjeo + Yj_2) + 2%@;’!2 7 (3.48)

which has the same structure as the generalized dNLS equation (2.31). Indeed, remembering that
2 in (3.48) also has an expansion in €, and that the time variable is rescaled with € in (2.31), we
can rewrite the right-hand-side of the generalized dNLS equation (2.31) as follows:

€ €
5% + (aj41 +aj—1) + 1(@3‘—&-2 +aj_2) .

This shows an e correction to the nearest neighbour coefficient, which in the normal form approach
is embedded in the e-dependence of €2, b1, b and of the transformed coordinates.

More generally, within the normal form approach, different regimes of parameters can be
treated with no efforts: once the requested scaling between € and p is chosen, one easily derives
the minimal, and also the optimal, number of terms in the expansions of Zy and Z; to be included.
The estimates follows as easily as before. Here we give the estimates for a general choice of
truncation:

-1 n—1
Kt =Ho+ > 28+ 27, (3.49)
j=1 §=0
where N > 1> 2and N >n > 1. The error term J is now estimated similarly to (3.42) as follows:

!
16(2)]| < €0t ||6o || + Cp*/? [Ep +e"+ C*p] (e"ort —1) | 1>2, n>1. (3.50)

Hence one can deal with all the regimes and with the desired error precision in a compact and
flexible way. The extension to higher order terms in the nonlinearity would require further steps
of the normal form transformations, thus modifying thresholds €, and p,, following the general
version of Theorem 5 given in [30].
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4 Applications of the dNLS equation

We conclude the paper with a brief account of possible applications of the dNLS equations [see
(2.3) and (3.27)], and their generalizations [see (2.31) and (3.48)], in the context of small-amplitude
weakly coupled oscillators of the dKG equation (1.4).

Existence of breathers. Breathers of the dKG equation (time-periodic solutions localized
on the lattice) can be constructed approximately by looking at the discrete solitons of the dNLS
equation (1.5) in the form a;(7) = A;€®¥", where Q € R\[~1,1] is defined outside the spectral
band of the linearized dNLS equation and A € ¢*(R) is time-independent.

The limit € — 0 is referred to as the anti-continuum limit of the dKG equation (1.4), when
the breathers at a fixed energy are continued uniquely from the limiting configurations supported
on few lattice sites [27, 33|. Compared to the anti-continuum limit, the dANLS approximation is
very different, because the discrete solitons of the dNLS equation (1.5) are not nearly compactly
supported due to the fact that the dNLS equation (1.5) has no small parameter. Indeed, the
continuation arguments in [27, 33| are no longer valid in the small-amplitude approximation,
when the breather period T is defined near the linear limit 27, because the inverse linearized
operators become unbounded in the linear oscillator limit as T — 27. As a result, approximate
breathers obtained from Theorem 1 are no longer compactly supported.

The approximation of Theorem 1 and the construction of truly periodic solutions to the dKG
equation (1.4) can be extended to all times. To do so, we can use the Fourier series in time and
eliminate all but the first Fourier harmonic by a Lyapunov—-Schmidt reduction procedure. Then,
the components of the first Fourier component satisfies a stationary dNLS-type equation, where
the ANLS equation (1.5) is the leading equation. In this way, similarly to the work [34], one can
justify the continuation of discrete solitons of the dNLS equation (1.5) as approximations of the
truly periodic breathers in the dKG equation (1.4).

Within the same scheme of Lyapunov—Schmidt decomposition, another equivalent route to
prove the existence of breathers in the dKG equation (1.4) is obtained by means of Theorem 5.
Indeed, the discrete solitons of the dNLS equation (1.5) can be characterized as constrained criti-
cal points of the energy, which are continued, under non-degeneracy conditions, to critical points
of the true energy of the dKG equation (1.4), see [31] for details.

Spectral stability of breathers. The spectral stability of breathers in the dKG equation
(1.4) can be related to the spectral stability of solitons in the dNLS equation (1.5). By Theorem
1 with p = €, we are not able to relate stable or unstable eigenvalues of the dNLS solitons with
the Floquet multipliers of the dKG breathers, because the error term also grows exponentially at
the time scale O(¢~1) (the same problem is discussed in [12, 24] in the context of stability of the
travelling waves in FPU lattices). However, by Theorem 2 with p = €, the approximation result
is extended to the time scale O(e~!|log(e)|). Therefore, we can conclude that all the unstable
eigenvalues of the dNLS solitons persist as unstable Floquet multipliers of the dKG breathers
within the O(e) distance from the unit circle.

If the unstable eigenvalues of the dNLS solitons do not exist, we only obtain approximate
spectral stability of the dKG breathers, because the unstable Floquet multipliers of the dKG
breathers may still exist on the distance smaller than O(e) to the unit circle. On the other hand,
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if the spectrally stable dNLS solitons are known to have internal modes [32], then the Floquet
multipliers of the dKG breathers persist on the unit circle by known symmetries of the Floquet
multipliers [33].

Long time stability of breathers. By means of the normal form approach, it is possible
to prove the long time stability result for single-site (fundamental) breather solutions of the dKG
equation (1.4). Indeed, the variational characterization of the existence problem for such breathers
in the normal form essentially implies an orbital stability in the normal form, which is translated
into a long time stability in the original dKG equation [31].

In the case of multi-site dNLS solitons, nonlinear instability is induced by isolated internal
modes of negative Krein signature, which are coupled with the continuous spectrum by the non-
linearity [23]. By using the extended time scale O(e~!|log(e)|) of Theorem 2 with p = €, we
can predict persistence of this instability for small-amplitude dKG breathers. This nonlinear
instability was recently confirmed for multi-site dKG breathers in [11].

Also quasi-periodic localized solutions were constructed for the dNLS equation, in the situation
when the internal mode of the dNLS soliton occurs on the other side of the spectral band of the
continuous spectrum [10, 28]. These solutions correspond approximately to quasi-periodic dKG
breathers. It is still an open question to consider true quasi-periodic breather solutions of the
dKG equation (1.4).
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