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Abstract

This work is concerned with Hamiltonian networks of weakly and long-range coupled oscillators with either variable or constant on-site
frequencies. We derive an infinite dimensional KAM-like theorem by which we establish that, given any N-sites of the lattice, there is a positive
measure set of small amplitude, quasi-periodic breathers (solutions of the Hamiltonian network that are quasi-periodic in time and exponentially
localized in space) having N-frequencies which are only slightly deformed from the on-site frequencies.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

During the past two decades or so, there has been an increasing interest in the study of coherent structures in spatially-extended
Hamiltonian systems. By studying coherent structures, one is led to the understanding of solutions that are localized in space but
with relatively long lifetimes. Perhaps the simplest and most studied examples of structures of this sort are solitrons which one
typically identifies as localized traveling-wave solutions to solitary equations which arise in many problems of physical relevance
such as in the formation of surface water waves or in long-distance signal transmission over optical fibers. Another important
examples of coherent structures are those which, in an appropriate moving reference frame, are time-periodic and spatially localized.
These types of solution, named breathers, have been known for over thirty years in the context of the sine-Gordon equation which,
among other cases of physical interest, has applications in the study of transmission lines made out of Josephson junctions. In fact,
the modified Korteweg—de Vries (KdV) and sine-Gordon equations are well-known to be able to support both types of solutions,
soliton-like and breather-like (cf. [1,2]).

The first numerical account we know of regarding the existence of coherent structures of the type we are concerned with in this
paper can be found in [46] within the context of pure anharmonic crystal lattices with two distinct types of quartic anharmonicity
(fourth-order self-interaction). In this early work it was established (via rotating-wave approximation and lattice Green-function
techniques) that stationary localized vibrational modes can occur at any point along the lattice. Prior to this work, the existence of
localized vibrational modes had already been established for lattices with impurities and the vibrations had been shown to occur
around the impurity. Therefore, this new type of vibrational modes were indeed a feature of the (pure) lattice itself and for this
reason they were called intrinsic localized modes (ILMs). The name discrete breathers was later coined in [14] for the type of ILMs
just described. However, as we pointed out above, the term “breather” had already been in use for some time [1] in the context of
the sine-Gordon equation.
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The importance of breathers or discrete breathers resides in that it is generally believed that their understanding will shed light
into the mechanisms of formation of more general coherent structures as well as of localization and transportation of energy in
infinite dimensional Hamiltonian systems.

Breather-like coherent structures with two or more incommensurable frequencies are referred to as quasi-periodic breathers.
More precisely, breathers or quasi-periodic breathers are time-periodic or quasi-periodic, spatially localized solutions of infinite-
dimensional Hamiltonian systems. In the case of Hamiltonian networks (or Hamiltonian lattice systems), by localization (or self-
localization) we will understand that the solutions, (g, ),c7, oscillate with amplitudes that decay at least exponentially as |n| — oco.
Besides being called ILMs, breathers have often been called discrete solitons, discrete breathers, or dynamical solitons, particularly
so in the physics literature. We prefer to use the term breather since, as opposed to solitons, breathers may exchange energy during
their interaction and ILMs is too generic a term for our purposes.

To put ideas into context, consider an 1-dimensional infinite lattice of oscillators with unit mass, embedded in a medium with
which the oscillators interact. In appropriate dimensionless variables, this corresponds to a Hamiltonian system associated with the
standard symplectic structure ), 7 dp, A dg, and real analytic Hamiltonian of the form

2
H=Y" (”7 + Vn<qn>) + W(lgn))- (L.1)

nez

In the above, W is the coupling potential that models the interaction among the lattice points and V,, is the on-site potential that
models the interaction between the medium and the lattice point with coordinate g,. It is usually assumed that, for all n € Z,
Vu(0) = V;(0) = 0and V,(0) = ,3,21 /2 > 0, as it is the case in most physical systems. The Hamiltonian (1.1) or its associated
equations of motion is referred to as a Hamiltonian network or a Hamiltonian lattice system in which B,’s are called on-site
frequencies.

Among the Hamiltonian networks of the type (1.1) is the celebrated Frenkel-Kontorova (FK) model which describes an 1-
dimensional chain of identical atoms as a dynamical system of lattice points which, in equilibrium, lie equidistant to their nearest
neighbors. Furthermore, every atom is assumed to interact with the substrate or medium in the same way as every other atom in
the lattice and thus the on-site potential is assumed periodic. As for the interaction among lattice points, only interactions among
nearest neighbors is considered. More precisely, the on-site and coupling potentials of the FK model are

Vox) =Vrg(x)=1—cosx, neZ
and

W= Z Wrk (qn+1 — qn)
neZ

respectively, where Wk (x) = gx?/2 and g is the elastic constant of the system. The lattice spacing in equilibrium and the period
of the substrate potential are taken to be the same (equal to 27); moreover, there is one and only one atom per energy well of the
potential. Observe that the FK model can be obtained from (1.1) under the following simplifying conditions: uniformity in the atom-
substrate interaction, i.e., V,(x) = V(x) foralln € Z and V(x) = V(x + 2m); expanding V in its Fourier series and considering
only the first harmonic (Vg ); restricting inter-atomic interactions to nearest neighbors and expanding W in its Taylor series only
to consider second-order (harmonic) terms (Wgg ). The result is the simplest nonlinear type of interaction one can consider. Never-
theless, since it first appeared, nearly seventy years ago, the FK model has proven to be a paradigm for a broad class of Hamiltonian
systems capable of sustaining oscillations such as those arising in the adsorption of mono-atomic layers by crystal surfaces, in the
insertion of a single atom (“kink™) in a perfect crystal lattice, or in metals with dislocations (cf. [13] and references therein).

However, there is still a large class of discrete physical and biological systems that cannot be described by the FK model. To
model the general structures and atom dynamics of a crystal lattice, extended FK models of the type (1.1) have been frequently
considered with respect to both short and long range couplings of not necessarily identical oscillators. As an illustration of systems
that fall out the FK model, we mention the case of vibrational modes in micromechanical cantilever arrays which require the
incorporation of damping and driving terms (in case one wants to consider their manipulation) as well as an interaction potential
that takes into account influence among lattice neighbors that reaches farther than the simple nearest neighbor (cf. [35,42,43]).
Another relevant application of Hamiltonian networks of the type described by (1.1) can be found in modeling of the dynamics
of the structure of DNA, in particular, DNA denaturation, i.e., the fluctuations in the opening of base-pairs of double stranded
DNA (cf. [13,18,19,40,51]). For example, [18] introduces the idea that concentrated vibrational modes in DNA are responsible
for the melting of the bonds within the DNA structure and presents a model for the dynamics of the displacements of nucleotide
pairs with a quadratic nearest-neighbor interaction and an attractive-repulsive on-site potential. Hamiltonians that fall within the
category described by (1.1) can also be obtained from the discretization of Hamiltonian PDEs such as Klein—Gordon, KdV and
nonlinear Schrodinger (NLS) equations. But the physical interest in Hamiltonian networks really comes from dynamics which are
far away from those of Hamiltonian PDEs. For instance, condensed matter physics is an area in particular where discreteness plays
an important role.
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Although breathers are well-known in Hamiltonian PDEs like the sine-Gordon equation and the cubic NLS equation, they
appear to be rare and non-robust objects in Hamiltonian PDEs. On the contrary, numerical studies of many physical models find
that the existence of breathers and quasi-periodic breathers is a general phenomenon in Hamiltonian networks, suggesting that the
localization property is due to the discreteness and the nature of nonlinearities rather than disorder (see the recent review [21] and
references therein).

Indeed, there is substantial experimental and numerical evidence (obtained from diverse mathematical models) of the existence
of breathers (or ILMs) in many physical lattice models, for instance in superconducting arrays such as Josephson junction (JJ)
arrays and Josephson ladders (cf. [36,47] and references therein). Another example is that of antiferromagnetic spin lattice systems
(cf. [44] and references therein). Spectroscopy methods have also been used in the detection of breathers within (quasi-) 1D crystals
(e.g., [45] introduced a mathematical model with a four-site interaction term). Other works describing vibrational states in crystals
include [15,29]. A common numerical iterative scheme to determine the existence of breathers is the so-called Rotating Wave
Approximation (RWA). RWA was used in [41] to determine the existence of breathers in 1D monoatomic and diatomic lattices
of N particles in the absence of a substrate potential (V,, = 0) and under a two-body central (anharmonic) interaction potential
of physical significance such as the Lennard-Jones or the Born—-Mayer plus Coulomb, and under the action of an external driving
force provided by a harmonic (sinusoidal) electric field. The results of [41] are in contrast with previous work in the undriven
case which showed that the development of breathers is impossible when considering higher than fourth order terms in the Taylor
expansion of the interaction potential. The RWA method however, becomes inapplicable when the range of the interaction is longer
than nearest-neighbor and even in the nearest-neighbor case, the complexity of the RWA scheme increases rapidly if one wishes to
consider higher than second-order Taylor approximations of the interaction term.

The need for mathematical models that can incorporate various systems of the types described above became an important
research subject over the past decade, and rigorous methods for the study of breathers in Hamiltonian networks have been developed
recently. Below we will mention only those works which are of relevance to this paper.

The existence of breathers in Hamiltonian networks of the type (1.1) was obtained in [34] for the nearest-neighbor interaction
potential via an anti-integrability (or anti-continuum) method (cf. [3,4]). More precisely, the authors considered the Hamiltonian
(1.1) associated with the coupling potential

Wya = %Z(Qn—i-l —qn)?, nel,
nez

where ¢ is the (sufficiently small) coupling constant. Even though the proof presented in [34] involves identical oscillators
(i.e., V, = V for all n), the authors point out that this condition is not necessary, provided that the excited sites are uniformly
anharmonic and the non-excited sites are uniformly nonresonant. Furthermore, the authors state that their method is also applicable
for interactions that reach farther than the nearest-neighbor interaction. Existence of breathers for the interaction potential Wy, 4
is established near a fixed periodic orbit of the uncoupled Hamiltonian via an implicit-function argument, provided that one either
restricts oneself to work in a space of time-reversible solutions, or the phase is “quenched”, in addition to that, one must impose
conditions of non-resonance (the frequency of the anharmonic mode to be continued as well as the frequencies of all of its harmonics
must lie outside the phonon band) and of anharmonicity (the frequency of the mode must be a non-constant function of its action
(ct. [5D)).

Motivated by proving the exponential stability of breathers conjectured in [34,6] also presents a slightly different proof of their
existence by combining Nekhoroshev normal-form and Poincaré continuation-theorem ideas to develop a general theorem which
gives a local normal form without requiring the use of action-angle variables. The idea presented in [6] is strong enough to prove
the existence of breathers in the case of identical oscillators (V;, = V) with a long-range coupling potential; i.e., a system with
Hamiltonian (1.1) and interaction potential

£ 1 5
Wg=— ————(gm— )
B I m—n|* Gm — qn)

m#n

where o > 1 and ¢ is sufficiently small (note that when ¢ — oo the interaction becomes nearest-neighbor). The existence of quasi-
periodic breathers for the nearest-neighbor interaction potential is established later on in [7] for certain systems with symmetries
using the same type of Poincaré—Lyapunov continuation techniques.

In light of the previous results, work started to emerge on interaction potentials of order higher than two. A KAM
(Kolmogorov—Arnold—Moser) method for establishing the existence of quasi-periodic breathers with respect to any finite number
of incommensurate frequencies was developed in [50] for the system (1.1) of identical oscillators with third-order nearest-neighbor
interaction, i.e.,

&
Wy = § Z(Qn+1 - C]n)sy
nez

where ¢ is sufficiently small. This work overcame difficulties arising from the infinite multiplicities of normal frequencies, contrast-
ing with previous work on the existence of quasi-periodic solutions in infinite dimensional Hamiltonian systems which required
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finite multiplicities (cf. [31,32,37,38,48]). We mention that the proof of the main result in [50] relies heavily on the assumption that
the interaction potential is third-order, which is important in avoiding the appearance of the continuous spectrum associated with
linearization of the system. The anti-continuity method can also be applied to show the existence of quasi-periodic solutions, but
for systems with no more than two incommensurate frequencies; e.g., for the discrete nonlinear Schrodinger equation (cf. [28]).

For the long-range coupling potential

1 «
Wianh =3 D" lgn — gal’
m#n

the existence of N-quasi-periodic breathers was shown in recent work of the first and the third author [27] with respect to variable
on-site frequencies (i.e., treating N of the §,’s as parameters) under certain gap conditions among the frequencies.

Almost-periodic breathers, i.e., spatially localized solutions to (1.1) with infinitely many incommensurate frequencies, have also
been investigated. Associated with the third-order, nearest-neighbor interaction potential Wy, [22] contains a study of the case
when frequencies are non-negative random variables with smooth distribution of fast decay at infinity and showed that there is a
set £2 C RS° of positive probability measure, such that each w € 2 corresponds to an almost-periodic breather (see also [39] for
spatial structures of a more general type).

The present work is concerned with proving the existence of quasi-periodic breathers in an 1-dimensional lattice of oscillators
with weak coupling of a long-range type; i.e., in a system with Hamiltonian

2
H=Y" ("7 + mqn)) +eW({ga), (1.2)

neZ

2
where V,,’s are on-site potentials satisfying V,,(0) = V,,(0) = 0 and V,/(0) = %” > 0, ¢ is sufficiently small, and W ({g,}) is the
interaction potential of the form

1
W({gn}) = — Y Clm.n)(gm —qu)’. p =3, (13)
m#n

in which C(m, n)’s are either exponential coupling coefficients, i.e., C(m,n) = O P"="l) as |n — m| — oo with respect to
a fixed constant 8 > 0, or power-law coupling coefficients, i.e., C(m,n) = O(W) as |[n — m| — oo with respect to a fixed
constant o > 1.

Our choice of Hamiltonian above is motivated by the need to model physical systems, such as the adsorption of atoms (adatoms)
on crystal surfaces, which can exhibit different types of excitation depending on the charge of the adatoms, the nature of the
substrate, etc. In such a system, atoms at the equilibrium states are assumed to be a distance a; apart from their nearest neighbors
just as in the case of the FK model. More precisely, the medium is described in terms of a single smooth, periodic-like potential

V satisfying V (nay) = V'(nag) = 0, V' (na;) = %’% >0,n € Zeg, Vi) =1-cos i—”x), which has energy wells each
occupied by one single atom (thus the wells are also a; units of distance apart). In [13] the distinction is made among four types
of interaction potential: exponential potential, power-law potential, Morse potential, and double-well potential, that model a large
class of physically relevant systems involving long-range interactions of identical neutral atoms that interact with one another via
their electron clouds. The first two potentials are convex and repulsive, whereas the other two are nonconvex. Here we will focus
on the first two potentials, i.e., the exponential potential

Wexp(d) = Woe PUU=®) g5 0 (1.4)
and the power-law potential

Wo

Wpi(d) = m,

o>1, (1.5)
where Wy is the strength of the energy of interaction between nearest-neighbor adatoms and d > 0 is the distance between any two
adatoms (not necessarily adjacent) in the chain at a particular (fixed) time. Observe that if d < a,, which can be the case when
two adatoms are vibrating in adjacent energy wells, then the system is at a higher energy configuration in regards to its equilibrium
configuration. Thus, in order to lower their energy, it is necessary for adatoms to move farther apart, at which point the interaction
with the other adatoms in the chain becomes relevant.

2
To derive our Hamiltonian, we let V,,(¢) = V (nas + ¢). Then V,(0) = V,/(0) = 0 and V,/(0) = % for every n € Z. Let x,,, be
the absolute position of the mth adatom with respect to a fixed origin and let g,, be its relative position with respect to equilibrium;
i.e., x, = mas+qm. Thendy, , = |x, —x,| = |m —nlas+0(qm —gn) Where o = sign(m —n), and, with respect to the exponential
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Fig. 1. Mono-atomic lattice with interaction potential of exponential type.

potential, we have

1
W = 5 Z Wexp(|Xm — Xnl)
m#n
1 1
— _ —B(m—nlas+o(gm—qn)—as) _ _ —B(m—n|-1)as ,—Bo (gm—qn)
=3 Z Woe =3 Z Woe e
m#n m#n
— % e*ﬂ(‘mflﬂ*l)as(l _ (,8(7)( _ )"f‘ l( 2 _ 2 _ l 3 _ 3 +
=5 Gm = gqn) + 5, (BO) (G = qn)" = 3 (BO)(qm = gn)” + ).
m#n : :

Thus our coupling potential (1.3) with exponential coupling coefficients corresponds to considering only the pth-order interaction
terms, where p > 3, in the Taylor expansion of Wey;, in relative coordinates. The interaction of adatoms in relative coordinates are
demonstrated in Fig. 1. This idea of identifying various types of dominating factors out of a fundamental interaction potential
via Taylor expansions has been frequently used in physics. For instance, if in the expansion above one considers only the
nearest-neighbor cubic terms together with all (m # n) quadratic terms, a potential of the so-called Kac-Baker form is obtained
(cf. [13] p. 54).

Based on a similar Taylor expansion of the power-law potential W, we can also obtain the interaction potential (1.3) with
respect to the power-law coupling coefficients.

Our main results will lie in two categories: one for a family of long range Hamiltonian networks and the other one for a fixed
Hamiltonian network. The former case typically occurs when long range coupling of harmonic oscillators is considered, for which,
due to the lack of parameters, a finite set of on-site frequencies B, s need to be treated as parameters in order for quasi-periodic
breathers to exist. The later case concerns the coupling of a fixed family of anharmonic oscillators. For each n € Z, because the
on-site potential V,, is assumed to be locally convex, for any 0 < & < 1, the equation

2

%+Vn(p)=h

defines a simple closed curve, I}, (h), on the pg-plane, that encloses the origin. Let

pon(h) =f pdq (1.6)
Iy

be the area enclosed by I},(h). Then p,(h) = O(|h]|) is real analytic and p,,(h) # 0 for all 0 < & < 1. The potential V,, or
the corresponding oscillator is said to be anharmonic if p)/(h) # 0 for all 0 < h < 1. An anharmonic oscillator admits a set of
frequencies near O which gives parameters needed for the problem. A typical example of anharmomic potential is the sinusoidal
one.

This paper is organized as follows. In Section 2 we state our main results into two theorems and also introduce an abstract
infinite-dimensional KAM theorem which implies our main results. Sections 3 and 4 are devoted to the proof of the abstract KAM
theorem. More precisely, in Section 3, we give a detailed construction of the KAM iteration for one KAM step. The proof of
the abstract infinite dimensional KAM theorem is completed in Section 4 where we provide an iteration lemma and show the
convergence and measure estimates. Some technical lemmas are included in the Appendix.

2. Main results
2.1. Quasi-periodic breathers for Hamiltonian networks

Consider the Hamiltonian network (1.2) with the long-range interaction potential (1.3). Let N > 1 be a prescribed integer and
J = {n1,...,ny} be a given set of N-sites. In the case of power-law interaction potential, we further assume that the power « in
the power-law coupling coefficients is greater than N + 80.
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We first consider the case with variable on-site frequencies that w = (B, . .., Bny) is treated as parameters in a bounded closed
region @ in RY, while the remaining 8,’s are fixed.

Theorem A. Consider the Hamiltonian networks (1.2) with the interaction potential (1.3). Let N, J be as the above and assume
that |B,| > # as |n| > 1. Then there exist a family of Cantor sets O, C O for |e| < 1 with meas(O \ O,) — 0, and Whitney

smooth maps 2 : Oy — RN, such that for every w € O, the Hamiltonian network {(1.2), (1.3)} associated with o admits a small
amplitude, linearly stable, quasi-periodic breather q(t) = ({q,(t)}) of N — frequency w, = (2. (w) that is slightly deformed from w.
Moreover, as |n| > 1, |gn| ~ e P"l in the case with exponential coupling coefficients and |q,| ~ |n|~% in the case with power-law
coupling coefficients.

For the case with constant on-site frequencies (i.e., all 8,’s are fixed), we have the following result.

Theorem B. Consider the Hamiltonian network (1.2) with the interaction potential (1.3), in which all on-site oscillators are

anharmonic. Let N, J be as the above and assume that |B,| > In% as |n| > 1. Then for any given 0 < ro < 1, there exist

r1 > ro depending on J, a family of Cantor sets O, C O =: {§ € Rj\_] cro < |E] < 1} for le] < 1 with meas(O \ Og) — 0,
and Whitney smooth maps 2 : Oy — RV, such that every & € O, corresponds to a linearly stable, quasi-periodic breather
q() = {gn (O of { (1.2), (1.3) } of N— frequency 2 (€). Moreover, |q| = O(JIE]), and as |n| > 1, |g,| ~ e P"| in the case
with exponential coupling coefficients and |q,| ~ |n|~% in the case with power-law coupling coefficients.

Remark. (1) Theorem B clearly holds when B8,, = B, for some constant 8, > 0, which is particularly the case for the coupling of
identical anharmonic oscillators.

(2) Using essentially the same proof, Theorems A and B can be shown to hold for Hamiltonian {(1.2), (1.3)} defined on a higher
dimensional lattice (i.e., n € 78.d > 1). But at this time, the power « in the case of power-law interaction potential need to be
bigger than N + 40(d + 1) for the existence of N-quasi-periodic breathers.

(3) In both cases considered in Theorems A and B, the interaction potential (1.3) starts from third order terms in g, — g;,. In
fact, the quadratic interaction potential may cause the appearance of a continuous spectrum — an obstacle for the existence of
quasi-periodic breathers. Thus in this sense, Theorems A and B seem to be sharp.

(4) The normal variables {w,} in the nearest-neighbor coupling case considered in [50] grow at most linearly in n, which in
turn produces breathers that are super-exponentially localized in space. To the contrary, for the long-range couplings we consider,
normal variables grow at most exponentially in z in the case with exponential coupling coefficients and grow super-exponentially in
n in the case with power-law coupling coefficients, which in turn only produces breathers that are exponentially localized in space
in the exponential case and algebraically localized in space in the power-law case.

(5) Theorem A generalizes the main results in [27] because the on-site frequencies B, in the present case are allowed to
accumulate at any non-negative point as n — 0.

2.2. An abstract KAM theorem

The abstract KAM theorem that we will formulate can be applied to any type of Hamiltonian network of weakly coupled
oscillators with a long-range interaction potential with variable or constant on-site frequencies.

We start by introducing some necessary notation. Given an integer N > 1 and real numbers r, s > 0, we let D(r, s) be the
complex neighborhood of TV x {0} x {0} x {0} ¢ TN x RN x ¢! x ¢!;ie.,

D(r,s) = {0, I, w,w) : Im6] <r,[I] <5, wll <s, @] <s),

where | - | is the sup-norm of complex vectors and || - || stands for the the £!-norm. Let @ c RY be such that |©O| > 0. Hereafter,
for simplicity, we use the same symbol | - | to denote the Lebesgue measure of a set.

Let F (0, I, w, w) be a real analytic function on D(r, s) which depends C l-Whitney smoothly (i.e., C ! in the sense of Whitney)

on a parameter & € (. In the rest of the paper, all dependencies on & are assumed of class C!-Whitney, thus all derivatives with
respect to £ will be interpreted in this sense. The Taylor—Fourier series expansion of F in 6, I, w, w is given by

F@O. 1w, 0) =) Fypw’,
«p

wherea = (...,0,...), 8 =(..,Bu,...), a, By € N, are multi-indices with only finitely many non-vanishing components, and
Fop = Z Fraap(&)1'e'®0),
keZN 1eNN
We define the weighted norm of F as
IFDgs.0 = sup > || Fapll [w] [5P]. @.1)

[lwll<s
lwl<s %P
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where
0 Friap

Sl

In the case of a vector-valued function, G : D(r, s) x O — C", n < oo, we define its weighted norm simply as

1Fupll =Y I Fuaglos™ e, |Fugglo = sup {|kaﬁ| + ‘
k,l £€O

n
1G 1 p@rsy.0 = Y IGill Dirs).0-

i=1
The weighted norm of the Hamiltonian vector field
XF = (Fls _F97 {iFwn}v {_IFII)n})

associated with a Hamiltonian function F, on D(r, s) x O, is defined by

1 1
IXFllpe.s).0 = IF1lp6.9.0 + 5 1Fallpe.0 + < | D2 1Fullpes.0 + 3 I1Fa, g0 | -
n n

Associated with the symplectic structure dI A d6 +i)_, 7 dw, A dw,, we consider the following family of real-analytic,

parametrized Hamiltonians
H=N+7P,
N = (@ (), I) + Z 2wy,

nez
P = P(07 I? w? 11}7 s)?

2.2)

where (1,0, w, w) € D(r,s),E € O C RN, w: O - RV is Cl—Whitney smooth, {2,, n € 7Z, are positive constants independent

of &, and P is real-analytic with respect to phase variables and C'-Whitney smooth in parameter &.

Clearly, when P = 0, the Hamiltonian reduces to A" which is completely integrable and admits a family of quasi-periodic
solutions (6 + w(£)¢, 0, 0, 0) corresponding to invariant N-tori in phase space. To show the persistence of some of these N-tori, we

need the following assumptions on w(§), {2, and the perturbation P:
(A1) Non-degeneracy of tangential frequencies: w : @ — RY is non-degenerate in the sense that

dw
det<¥> #0, £€0.

(A2) Asymptotic condition of normal frequencies: {{2,} are positive and satisfy the asymptotic condition that

2, >

> W7 [n] > 1.

(A3) Decay properties of the perturbation: P = P, and if we write P = P + P + P, where
P=P0O. 1w & =P0O,1,008+ > PO LW w,

nez
an+pn=1
P=Pwd. &)= Y  Bu@uylwio,
n,meZ,n#m

oan+PBn.om+Pm=1

an+Pn+am+Pm=3
N » - 3
P=Pw, & =Y O0(wl),

nez

then for each n, m lying in the range above, either there is a constant § > 0 such that
12260, 1,8)] < e PV,
| B )] < el

or there is a constant « > N + 80 such that

. 1
PO, 1,5 = —,
1Pa (0. I, )l [

, 1
I Pam ()] < ———
In —m

|«

2.3)

(2.4)
2.5)

(2.6)

2.7)
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Our abstract KAM theorem states as follows.

Theorem C. Consider the Hamiltonian (2.2) and assume (A1)—(A3). Then for each y > 0 sufficiently small, there exists a positive

constant ¢ = (O, a, N, y,r,5) ~ y%z such that if || Xp|p.s),0 < & then the following holds. There exist Cantor sets O,, C O
with |0\ O, | = O(y) and maps

v:TV x 0, — D(r,s), @&:0, - RN, (2.8)

which are real-analytic in 6 and C'-Whitney smooth in & with | ¥ — %”D(%,O),Oy — 0 and | — wlo, — Oasy — 0, where

Wy is the trivial embedding: TV x O — TN x {0, 0, 0}, such that each & € Oy and 0 € TN correspond to a linearly stable,
N-frequency quasi-periodic solution ¥(0 + w(§)t,&) = (0 + w(&)t, 1(t), {w,(t)}) of the equations of motion associated with
the Hamiltonian (2.2). Moreover, |w,| ~ e Pl under the conditions (2.4) and (2.5) and |w,| ~ |n|~% under the conditions
(2.6) and (2.7).

Remark. (1) Theorem C is rather different from those for Hamiltonian PDEs. Under the perturbation decay condition (A3) which is
natural for Hamiltonian networks, Theorem C allows the normal frequencies to have infinite multiplicity and polynomial decay. On
the contrary, Hamiltonian PDEs like NLS, wave, beam and KdV equations always have normal frequencies with finite multiplicity
and linear or super-linear growth, and do not satisfy perturbation decay conditions like (A3) in general. The lacking of such a
perturbation decay condition in Hamiltonian PDEs makes the respective infinite-dimensional KAM or CWB theory much harder
especially in higher space dimensions because the usual failure of the second Melnikov conditions during KAM or Newton iterations
(see [8-12,16,17,20,23-26,30-32,37,38,48] and references therein).

(2) The assumption (A3) clearly holds in the case with short-range interaction potential considered in [50]. Thus, Theorem C
generalizes the main result of [50] to the case with long-range interaction potential. Due to the iteration scheme we adopt in this
paper, the proof of Theorem C is even simpler than that of the analogous theorem in [50].

2.3. Proof of Theorems A and B

We will use the standard procedure to derive action-angle-normal variables for the Hamiltonian (1.2) and show that, in these
variables, H is of the form described in Theorem C, from which Theorems A and B will consequently follow.

The desired normal form in the case with variable on-site frequencies (i.e, the case considered in Theorem A) was derived
in [27].

To derive the normal form in the case with constant on-site frequencies (i.e., the case considered in Theorem B), we fix a
0 <rgoklandlet J = {n1,...,ny} be a set of prescribed N-sites. Then a second-order Taylor expansion of the terms of the
on-site potential associated with the set Z1 = Z \ J yields

2 2
H= Z (% + Vn(qn)> + Z ( > /32 | )) Z C(m, n)(gm — qn)?. (2.9)

neJ nezy p m##n

Let pj(h), j = 1,..., N, be as in (1.6). Then it is clear that there exists a r; > ro such that the inverse Ho ; : [ro,71] — Ry:
pj = hjof p;j(h)is well-defined foreach j = 1,..., N. Alsolet (g, pn) = (- 5 s ~/ Bnvn) for n € Z1 be the normal-coordinate
change. A standard action-angle-normal coordinate- reductlon procedure leaves (2 9) in the form

H= ZHo,(p,>+ Z—(v + 07+ 0ol + = 3 Clmon)(gm — )"

neZy p m#n

where ¢, g,’s are understood as functions of the new variables. Now let v,, = (w, + w,)/ /2 and v, = (wy, — wy) /i\/§ for every
n € Z1. Then

H= ZHoj<p,>+ > Buwnivn + 0wy + Bl + = 3 Clm.n)(gm — )" (2.10)

j=1 nezy m#n

Again, in the above, g, g, s are understood as functions of the new variables. In order to write (2.10) in normal form as described
in Theorem C, we first introduce parameters &; by setting p; =&;+1;, j =1, ..., N, then expand Hp ;(§; + I;) into Taylor series
about /; = 0 and disregard constant terms that do not affect the dynamics. Then (2.10) becomes

= (&), 1) +ZO(|I B+ 3 Buwniion + 0wy + B + = 3 Clm.n) (g — gu)?

j=1 nezy m##n
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where w(§) = (Hé CSD s Hé n(&n)). Since each V,; is anharmonic, we can assume without loss of generality that  is a
diffeomorphism from O = {£ € Rﬁf trg < €] < r} to w(0), i.e., the condition (A1) is satisfied. Now introduce the rescaling

I — sl/zlj, (wn, Wy) = (Y4, eV/*w,), H— ¢~Y2H, and ¢!/* — &. The rescaled Hamiltonian reads

p=3 N
@@, D)+ > fawgin +e [ =3 Conm)@n —a)? + 3 0wy +wal) + > 001D

H =
neZy m#n ne’Zy j=1
= (&), 1)+ Y Bawaiby + &P, 0, w, 1, §).
nEZl

With 2, = B,, Vn € Zl the condition (A2) is clearly satisfied. It is also easy to see that P =P, and P can be decomposed into a
sum of three terms P, P, P of the form

P=PI0,w & =P0,1,008+ > PO LW v

nezy
an+Pn=1
P=Pw &= Y  Pu@urafwlrol

n,me%y ,nF#m

an+Pn.om+Pm=1
an+PBn+om+pm=3

P=Pw .= 0(uwl),

nEZl

in which }3,1 ©,1,§), f’nm (&), respectively, satisfy (2.4) and (2.5) (or (2.6) and (2.7)), respectively, in the case that C(m, n) are
exponential coupling coefficients (or power-law coupling coefficients). Hence the condition (A3) is also satisfied.
Thus, Theorems A and B follow from Theorem C.

3. KAM step

The remaining sections are devoted to the proof of Theorem C. For simplicity, we only treat the case when P satisfies (2.4) and
(2.5) with g = 1.

In this section we present the KAM iteration scheme applied to (2.2). This is a succession of infinitely many steps (KAM steps or
iterations) whose purpose is to eliminate lower-order 6-dependent terms in P. At each KAM step the perturbation is made smaller
at the cost of excluding a small-measure set of parameters. It will be shown that the KAM iterations converge and that, in the end,
the total measure of the set of parameters that has been excluded is small.

To begin the KAM iteration, we set ro = r and yp = y.

3.1. Normal form

In order to perform the KAM iteration scheme, we will first write the Hamiltonian (2.2) into a normal form that is more
convenient for this purpose. For simplicity, we only outline the derivation of the normal form. Detailed construction and estimation
of terms in the normal form is similar to those for the general KAM step which we will show later.

Choose &, ~ 84 and let K, = |Iney|, Ko = 5K, &g = 8* Also let sg be such that 0 < sg < min{gg, s}.
Observe that, using (2.3)—(2.5) in assumption (A3) and Cauchy inequality (Lemma A.2 in the Appendix), one can make sg
smaller if necessary such that

”X}S_,_P l D(rg,50)xO = Ex.
We now consider the term P. According to (2.4) and the definition of norm (2.1) we have

P=P0O,1,0,0,6)+ Y PO, 15wl

nez
an+pn=1
— Z Pk[]lel<k’0> + Z Prlld‘xnﬂn Ilel(kse)wzn wr/?n ,
k,l nk,l
an+pn=1

where

ﬁ < e_|k‘r0’ ﬁklanﬂn < e_|k|rOe_‘"|' (31)
[l P | "
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Let
R= 3 Bylldhd) 4 3 plontngico)yongfn

k<1 [n|<Kx.k
I<ap+pn=2

It is clear that
P—R= Y Blubr®Oymipf 4+ 0(11?) + 0(wP).
|n|>Kx

an+pn=1

It thus follows from (3.1) and Cauchy inequality (Lemma A.2 in the Appendix) that one can make sg small enough so that
1X5_pll < e

To handle the term R, we will first construct a symplectic transformation @, = @ 11;* defined as the time-1 map of the Hamiltonian
flow associated with a Hamiltonian F of the form

FomFo= Y Falld®® i Y (FEu, 1 FR0,)e0)

k#0,|11<1 k,|n|<K,
+ Y (FPw,w, + FPwm)eC Y FE e 0
k.Inl<K, k50, [n| <K,

such that al} resonant terms ﬁklllei<k’9), k#£0, <1, Pf“"ﬂ”e“k’e)w,‘f’l Lbf”, k #0,|n|l < Ky, oy + B < 2 will be eliminated,
and terms Py [ ! 1 < 1; P,?nllwn Wy, |n| < K, will be added to the normal form part of the new Hamiltonian. More precisely, let
F satisfy the homological equation

W.E}+R=Y Pyl + Y B wyi,.
=t inl=Kx

One can show that this homological equation is solvable on the parameter set

= : ka Qn 2—9
0.= {0 lko)+ 2z Lo
k, 2| > ———

|k, w) + 202, T

In this way we obtain the transformation @, which transforms the Hamiltonian (2.2) to

Ho=Hod,=N,+ P, +P+P=N,+P,+P+P,
N*—e*+ (w4 (§), I) Z Q*wnwn"" Z yw,wy,

[n|<Kx [n|> Ky

where o, = w + Py (|I| = 1), 2% = 2, + PO, and

}’ll’l’

Py = P*0, I, wa(ni<k,)» Wn(ni<K)» €) + Y PO, I, Wn(mi<K.)» Om(im|<K,)» E) W 05"
|n|>Kx
an+pn=1

satisfies
PO, 1, Win(m)<K.)> Dm(iml <K E)II < e~ 1=K,
The first and secongl terms in the above expression for 15* come from P o &, and Po b, + Po &, respectively. Moreover, the
decay property of P follows from the fact that @, depends only on 7, 6 and wy,, wy, for |m| < K,.
Now let us write the second term in P, as

Yo PO wangmi=ke)s Dm(ml<K.)s )Wh D]
i
= Z PX, 1, Win(jm|<Ky) > Wm(m|<Ky)» E)Wh nipbn 4 Z PXO, 1, Win(jm|<Ky)» Win(jm|<Ky)s &)Wy nipbn,
|n|>Kq Kx<|n|<Kg
an+pn=1 an+pn=1

It is easy to see that, on D(rg, s9) x Oy, the norm of the vector field associated with the first term above is bounded by sz.
However, due to the condition (A2), terms of the form P, w,w, + P, w,W,, in the second term will not be canceled by solving
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a homological equation, hence they need to be included in the normal part of the Hamiltonian. More precisely, let

R#< = Z P,:lll€1<k’0) + Z Pr;lk];%nﬁnel<k,9>(w;7‘nm wl/,?n + wl‘;‘lm wr,fl}n)
k,|l<1 [m|<Kx,|n|<Kgy.k
l<am+pn =<2
and

Fi = F** = Z fkleuk’mll + Z (frf{lown + r{(Oli)")ei(k’e)
k#0,|11<1 k,In|<Ko

k20 k02 = - i(k,0 k11 - k11 - i(k,0
+ Z (frim wnWin + Frm D)l 00 4 Z i W + fopg )€l
k,lm|<Ky,|n|<Ko k£0,|m| <Ky, In|<Ko

k20 k02 - - i(k,0 k11 - i(k,0
+ Z (fnn Wy Wy + fnn wnwn)el< ) + Z nn Wn w”el( )
k,Kyx<|n|<Kg k#0, Ky <[n|<Kg

satisfy the homological equation
W Fud +Re= Y Pl + Y (B wpiby + By wing) + Y B wy.
=1 Im|<Ky,|n|<Ko Ki<|n|<Kop

It is easy to see that the above equation is solvable on the domain

[k 0a)| 2 S K #0
(k. i) + 27| = |k|fn|2, nl < K.
e 00) + Dl = Ty Il > K
o geO*:|<k,w>.<>+9,;’;+9,;"|z T Il = K
(k. w3) + 2 m| < Ky In| > Ko

[N [Pp——
* "'—|k|f|n;)2|n|2 =

* *

[k, i) + $0y — 20| > k #0,|m| < Ky, |n| > K

|K[* m|?|n]?

In| > K

k, 20, > ——,
[(k, wy) + | > |k|T|n|2

Now under the symplectic transformation @, = QB}V**, we have

Hy = Hy 0 &, = Ny + Po = Ny + Po.
No = e+ (wo(®), 1) + (A°%°, 2% + >~ 2yw,ib,

In|>Ko
where
ey = ey + f’é"o,
Wy = Wy + IV’S}(|1| =1),
(A%2°,2% = 3" 2w, + > (B iy + PO wy i),
In|<Ko |m|<Ky,|n|<Ko,m#n

0 = 0 + B,
Po= P+ Py + Py
s 3 0 =0 30 - »0 - an = Bn
Py = P©0,1,2°,2°,8) = PO, I, wa(mi=<Ko)» Wn(ni=ko)» €) + D PO, L Wn(mi<Ko)» Wm(ml<ko)» )W 0

[n|>Kq
an+pn=1

= PO 1000+ ) FO.1L0 2w,

[n|>Kg
an+pn=1
126, 1,2°,7%, &) <e =Ko |n| > Ko,
Po=Pw, &)= Y P @Euwindfrwiriblr,

n#m
an+Pn.om+Pm=1
an+PBn+am+pm=3
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120, ©) <e ",
Po=P(w,w,&) =Y O(w,l).

nez

In the above,

0 -0 .
Z = (-es Wy, .. )in|<Kos Z =(.., Wy, ...)in|<Ko>

5
and A° is a Hermitian matrix with dim(A®) < Ky and 1 X2, | D(ro,50),00 < €x = €0
Suppose that after the vth KAM step one arrives at the following Hamiltonian,

H=H,=N+P=N+P=N+P+ B+ P,
where

N =N, = (0@, )+ (Az,2) + Y Quwyibn,
|n|>K
P =P =P0O.1,2,5,6)+ Y PO, 127wyl

In|>K
an+Pn=1

— ];V(Q’ I, ZV’ zv’ E) + Z ﬁnl)(e’ I, ZU, zv’ S)wgnwrl?n

[n|>Ky
an+Pn=1

are defined on a domain D(r, s) x O = D(r,, s,) x Oy, K = K, is a positive constant,
z2=2"=(.., Wn, .. )n|<K" 2=2"=(.., Wn,..)n|<K,

P = P, is such that || Xp|| < ¢ for some ¢ = ¢, and
1P (0. 1.2, 2, 5l prsr.0 < e "5l > K.

In what follows, we will show how to construct a symplectic transformation, & = ¢&,, which, in smaller frequency and phase
domains, carries the Hamiltonian H = H, into the next KAM cycle. In the remaining part of this section, all constants labeled
c] ... cqp are positive and independent of the iteration process. We will denote the tensor (or direct) product between two matrices,
A = (a;j) and B = (by), of sizes m x n and k x [, respectively, as A ® B. Recall that this product results in a new mk x n/ matrix
given by

anB - auB
A® B = (Cl,'j B) = :
amB -+ ap,B
We will also adopt the following definition for the operator norm of a matrix A: if A = (), then [JA|] =

maX{Supi(Zj laijl), sup ; (Zl |aij|)}'

Let K1 = 5K. In the KAM step detailed below, terms w,,, w, with K < |n| < K will be added to the new normal components
z T, z*. To facilitate the calculations when solving a homological equation later on, we will also adopt the following notation when
writing NV,

N=-/\_[= e+{w@), 1)+ (Az,z) + Z Dyw,w, + Z 2w, w,
K<|n|<K4+ n|>K4

Lot (@), D)+ (AzH 2N+ Y Quwain,
|n|>K4

where A is a Hermitian matrix with dim(A) < K given by

~ A 0
=5 a)
0 & K<|n|<K4

and zt = (..., w,, .. Jnl<Kqs T =(.., Wy, .. Jnl<Ky-
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3.2. Truncation

Let us start by expanding P, as obtained after the vth KAM iteration, into its Taylor—Fourier series,

]; = Z ﬁklaﬁei<"’9>llz“2ﬂ + Z Pklnaﬁe Il . ﬁwgnwgn’

k,l,a,ﬂ k.n.ap
|n|>K,an+pp=1

where k € ZV, 1 € NV and the multi-index & (8) runs over the set & = (..., @n, - - ) jm|<K > O%m € N (1esp. B= (..., By - - ) jm|<K>
Bm € N). Now let R be the following truncation of P:

RO.1.z.2.w, ) = Y Pye "9>1’+Z( BRO 2y + (PO z)el® 4 N (PHOy, 4+ PRV, )0
k<1 kK<n|<K4

n Z( (PR202 2y 4 (PR 7) 4 (PRO2z, 7))eitho)

+ Y (B2 wa) + (B 2 ) + (PEOILZ wy) + (B2, )P

kK <n|<K.
+ Z (P,]f,?ownwn + P,{‘,:lwni)n + P,/l‘ W, Wy, )e itk 0
k,K<|n|<K4

i.e., R consists of all terms on the right hand side of P of the above form.

Remark 3.1. We observe that, due to their decay property, terms in the Taylor—Fourier expansion of P corresponding to n| > K
are small enough to be postponed to the next KAM step. Similarly, due to the decay property of P and the fact that Po starts from

third order terms, there are no coupling terms of the form > wzm Wy Wy, in R. If Po started from second-order terms, then the
K<|n|,Im|<K4

couplings between different oscillators would be so strong that there may be the appearance of continuous spectrum.
Associated with terms in the normal form N, we rewrite R as

RO,1,z7,7") = Ro+ Ri + R,

— Z Pkle i(k,0) Il_’_Z( RklO Z+ (Rk01,2+))ei<k'9>
k,|l=<1

+ Z( Rk202+, Z+ + (Rk11Z+, Z+> + <Rk022+, z+))ei(k,9>’

S

Ko pk10
R < Ukl ) ’
n/ K<ln|<Ky

“kOl) ’
n/ K<nl<K4

o 1

. k20 5 (PR20)T

RK0 = ,
1151(20 5k20
2" n K <|n|<K4+

Rkll_ f,kll ([",rg—k)ll)T

—\ prnt pkit ’

n nn K<|n|<K4
. 1

- (Pk02 5(Pr{coz)T

R =1
2 pko2 pko2
2" m K<n|<K4

- — —_— —— J—— —T
Since R = R, it is clear that P_g); = Py, RCP10 = RIOI REOT — RKIOS (=020 — RAO2 R(=HIT" — RKI1 apnd
R(—K)02 — RK20

Now, if we write H = N 4+ R 4+ (P — R), then, from our definition of norms, it follows that

I XrlIDers),0 < N XPlpers),0 < ¢
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Letry =5 + 0 andn = e, Since

P—R= Y  PO.1z.z2.6wrdf + oI+ |1]lw| + lw)
[n|>Ky an+Ba=1

and

1Pu (0. 1.2, 2, 5)] < e "=,
one has by Cauchy inequality (Lemma A.2 in the Appendix) that

1Xp-Rllpy gt 0 = 2 ¢ TR +06) < cred,

[n|>K4

provided that
(CO) s <e.

3.3. The homological equation

2879

3.2)

Below we show that one can find a Hamiltonian function F, defined on a domain Dy = D(r4, s) such that, the time-1 map
¢ = <I>}p associated with the Hamiltonian vector field X r, is a (symplectic) map from D4 to D which transforms H into H, the

Hamiltonian of the next KAM cycle. Let
F=F®, 1,777 =Fh+F A +F
satisfy the homological equation
{N.F}+ R = Py + (o, I) + (RO 2+, 1),

where

Fy= Z Fklei<k’0>11

k#0
[11=1

Fr=3 " (w4 %0 0 = 3 ((FH1O, 2ty 4 (PR, 24))efh),
k

k
In|<K4

Fr= > (2w + B + Y (R

k,Im|<K,|n|<Ky k70, |lm|<K,|n|<K4

2 2 = = i 11 - i
+ Z fy{cnownwn + f,f,? wnwn)el(k’w + Z fk wywpe'™

k,K<|n|<K4 k#0,K <|n|<K4+
— Z( FkZOZ , Z <Fk022+, z-‘r))el(k,@) + Z(Fkllz+, Z+>el<k,0)’
k#£0

, apP
w = Y 0|zt == 0,1=0-

Lemma 3.1. Eq. (3.3) is equivalent to the following system
(k. w)Fuy =iPy, k#0,]l| <1,
((k, w)I — A)F¥10 = iRMO,
((k, w)I + A)F*O1 = {RkO1
((k, )] — A)F¥20 _ pK0Z — {gk20,
((k, )T + A)FFN — FFITA = iRM1 k0,
o)l + A + A = iR*02,
k I A Fk02 FkOZA Rk02

Proof. (3.3) is equivalent to the following system of equations

(N, Fo} + Ro = Poo + (o', I),
{N,F1}+R1 =0,
(N, B2} + Ry = (RO, zH).

— k11 — ik,
WnWim + fipy WimWn)e

(3.3)

34

(3.5)
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By simple comparison of coefficients, we see that the first equation in (3.5) is equivalent to the first equation in (3.4). Also note that

W, Ry =1 (ke o) FEO, ) — (A2, RO OO 103 (k) FEOU 2F) 4 (AZF, FRO))el )
k k
=1) (ko) — AFFO 25l 413 *(((k, w) T + A)FFO!, zH)el 0,
k k
and
{N, FZ} — 12(( <k, (D>Fk20Z+,Z ) _ (Fk20Z+, A~Z+) _ (A~Z+, (FkZO)TZ+>)ei(k,9)
k

+IZ(( <k, CU)FkllZ+, z+> + (Fk“Z+, A~Z+> _ <A~Z+, (Fkll)TZ+))ei<k’9>
k#£0

+IZ(( <k, C!))Fk()22+, Z+> + (Fk022+, A~Z+> 4 (AZJF, (FkOZ)TZ+))ei(k,0)
k
_ 12(( (k, (,())Fk202+, Z+) _ ((A~Fk20 + FkZOA)Z+, Z+>)ei(k,9)
k

+i2(( (k, w) F*U 2 70y 4 ((AFKTT — FRIL Q)T 7H))elkd)
k0

+IZ(( <k, w)Fk022+, Z+> + ((AFkOZ + FkOZA)Z"', Z+))ei<k,9>

k
— 12(((](’ C())szo _ AFkZO _ FkZOA)Z+’ Z-‘,-)ei(k,@} +IZ<((k9 CL))Fkll + AFkll _ FkllA~)Z+, Z+>ei<k,9>
X k=0

+i 3k, @) FR2 4 AFRO2 4 phO2 )zt ik,
k

From the second and the third equations in (3.5), we see that F¥10, pKOl  pk20 " pkil = k02 gaticfy the corresponding equations in
34). O

Let
_1, _ kIT
Ik, )" | = —.k#0
-1 4 kT
I((k, )T +A)"" || < Ky—,
O+: .‘;:EOZ " 3/_1 8|k|f
[k, )] +ART+IQA)T'| <K v
7 -1 g IkI®
[((k,o)] +ART-T®A) | <K » k#0

Then the first three equations in (3.4) can be solved in this region. Solvability of the remaining equations in (3.4) is a consequence
of the following elementary result from matrix theory.

Lemma 3.2. Let A, B, C be n x n, m x m and n X m matrices, respectively, and let X be a n x m unknown matrix. Then the matrix
equation

AX —XB =C,
is solvable if and only if I, ® A — B ® I, is nonsingular. Moreover,
IXII < 1Un ® A= B& L)™' - ICI.

Proof. See [33,49]. O

Note that (F¥?9)T satisfies the same equation as F*?°. Hence by uniqueness of solutions, F¥0 = (F*20)T  Similarly,
FRO2 _ (phO2yT

Observe that, taking the conjugate transpose of the fourth equation in (3.4) and replacing k with —k, one obtains

(k@) + (AHFOO)T 4 (FERDT(A)T = i(REOD)T,

Using the fact that (Z)T = A, (FER020)T — F(=Kk)20 gpd (R(-020)T = (RKOZ)T — RkO2 pe has that
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(k, )T + A)F=020 4 p(=h)204 — jRKO2;
i.e., F(—0)20 satisfies the same equation as FX0%2, Thus F(-k20 = fk02,
In an entirely analogous way one can also show that F(_yy = Fj, (FCROIN)T = kI pE0H10 — pkOLE P01 — FkI0 anq
F(=002 = Fk20 Thys
F=F.
We will now proceed to estimate the norm of X r and to study properties of 451],. To this end, we will need the following

Lemma 3.3. Let A = (a;j(§))kxk be an invertible matrix depending differentiably on a parameter & € O, and A= < L,
|0 All < M. Then

9 A7 < LPM.

Proof. Because AA™! = I, then (3s A)A™! + A(@:A~') = 0, hence s A~! = —A~1(3: A)A~!. Thus
oz A~ < NIAT P18 Al < LPM. O

Lemma34. Let D; = D(ry + 5(r —r3), £5), 0 <i <4.If

1

18 -3
€1 K} <74,
then there is a constant ¢y > 0 such that

-2 —QT+N+1) .3
IXFllps.0, <2y 2(r —ry) @V Des,

Proof. From the definition of O we see that

sup |19 (k, w)|l < |kl
£€04

sup |10 ((k, w)1 + A)|| < (k| + K),
£eO0y

sup |3 ((k, )] + A® [ +1® A)|l < (k| + K2),
£eOy

sup (|9 (k. )] + A® 1 —1® A)|| < (k| + K7).
§eO0y

Then, according to Lemmas 3.1-3.3, we have
|Fulo, < |k, o)|2kl1Pulo, <y 2 kPP Pulo,, k#0, | <1;
IFF o, <y 2K kPR oy, i#j, 1<i+j <2
IF* o, <y 2K BT RN o, Kk #0.

It follows that

1 1 pll kl(r=4e— kij kl(r=%0—
—2||F9||D3,(’)+§—2<Z |Fl - 2 (k| - eKIO=30=ro) 4 Z Z|IF‘-’II-|IZ+|I-|/€|-6| Ir—§(r=rp))
$ 57 \er=1 l<itj<2 &

—2 418
K o .
< 14 ; + ( Z | Byl - s200 . k272 elkl(r—%(r—hr)) + Z Z IRET| - 124 - [k 2F+2 - elkl(r—}l(r—hr)))
§ k=<1 I<itj<2 k

_ _ _ _ 3
<3y 20 —ry) T FTNIDK X R < 03y 72 — )T ETTN DR,

A similar derivation yields

1 3
IF1lps.0, = Z | Fale®l0=30=r0) < )0 =2( — )~ QrtN+D o5
=1

1 1
nxﬂm%a__;(2]m%u+§jwum>5;mme+nﬂﬁm
n n

— - — - 3
csy 2 —r) T CTNEDE X R || < esy TR —rp) TN DR,

A

IA
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A

1 1
IXplpy0, = - (Z 1P, I+ Y 1Py, ||> < P I+ 1P 1)
n n

— — — — 3
< oy 2 =) CTVIVK S| X, || < coy T2 — ) TOTFN e,

Putting together the estimates above, Lemma 3.4 follows. [

Now let Dy = D(rq + £ (r —r3), £1s),0 <i < 4.

Lemma 3.5. If
(C2) cay=2(r — ry)~CQTHN+Dgs <
then
@' : Dy — D3, —1<1<1,
and moreover,

_ — 3
1D & = Illpy, < c77 72 (r —ry) " GTFNFDeR,

Proof. Let
glil+H+Hal+Bl
001913 (zH)*a(z )P

i+ + el +1Bl=m > 2¢.
DO,

71, =

We note that F is a polynomial of order 1 in I and of order 2 in z*, z*. It thus follows from Lemma 3.4 and Cauchy inequality
(Lemma A.2 in the Appendix) that

-2 —@Qt4+N+1D) 3
ID"™Flip, 0, <cgy 2(r —ry) @tV TDed,

for any m > 2.
Using the integral equation

t
@}:id+/0 XF o Ppds
and Lemma 3.4, one sees easily that 45; : Dy — D3y, —1 <t < 1. Moreover, since

D& =1d + /Ot(DXp)Ddi‘}ds =1Id+ /0[ J(D?*F)D &}.ds,
where J denotes the standard symplectic matrix, it follows that
ID®y — 1)l < 2AD?FI| < c7y~2(r — ry)~ TN D,
where ¢7 = 2¢g. [
3.4. The new Hamiltonian

Let & = &L, 5, = gns, Dy = D(ry, s4) and

N+ =e4 + ((,()+, I) + (A+Z+, Z+> + Z \annwn7

[n|>K4
Py =P, + P+ P,
where
er =e+ Py.
ot =+ Pyl =1),
At = A 4+ RO
r = we D=k, h = Wa, e D=k

1 1
P+=/ {(1—t){N,F}+R,F}o@}dt+(P—R)o@};4—/ {Py+ Py, F}o ®ldr.
0 0
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Then @ : Dy x Oy — D and, by Taylor’s second-order formula,

H =Hod=WN+RodP+(P—-—R)od

1 1
=N+{N,F}+R+/ (1-;){{N,F},F}o¢;dt+/ {R, F}o ®.dt + (P — R) o &L + (Py+ Pp) o D
0 0

= N+{N,FY+R+ P+ B+ Py
= Ni+ Py + (N, F}+ R — Py — (o, I) = (R 2T, 2)

‘We now show that H has properties similar to those of H.

2883

Observe that, since (A)T = A and (RO')T = RO we have (AT)T = A", ie., A" is a Hermitian matrix. Then, from the

assumptions on P, we further have that there is a constant cg > 0 such that
o —owlo, <coe, AT = Ao, < coe.

It thus follows that, if

(C3) oK% <y —yy,

then whenever |k| < K,
[(k, )1 - |k|*
(k, ) eolkle = yy
AV—1 T

| ({k, )1 +:4) l < Ki Lq

1 — [|((k, @)I + A)~lcolkle Y+
(ko) +ART+I@A! g kI

L= (k) +ART+1®A)eolkle ~ v+
Ik, )l +ART —1® A7

(k.04 Po) ™! = 1 k #0,

I((k,  + Po)T + AT <

’

I(k,w+ Po) I+ AT@T+T®ADH) ™| <

k]

(k. + Py}l + At @I — 1@ AT < - _
1 —]|€|(T(k, N +ARQI —1® A)_1||C9|k|8
< Kiu, k #0.
Y+

The above implies that, in the next KAM step, small denominator conditions are automatically satisfied when |k| < K.

Let R(t) = (1 — t)(My — N) + tR. Then P, can be rewritten as

1 1
Py = / (1 —O{{N, F}, F} o ®L.dt +/ {R,F}o &4di + (P — R) o &},
0 0

= /Ol{R(t), F}o ®.dt + (P — R) o ¥,
Hence
Xp, = /01(¢%)*X{R(zmdf+ (1) XP-p)-
By Lemma 3.5, if

(C4) c7y2(r — ry)~CTENDEE <

then

b}

ID%lp, <1+ 1Dz —1Ilp, <2, —l1<t<I.
Furthermore, by Lemma A.4 (see Appendix) and (3.2), we also have

-2 —QT4+N+1),—2_7
IX (@), Fill Dy, < clo0y ™ 2(r — rg) " GTENED =263,
5
I Xp-r)llD,, < c1é%.
Let ¢c9 = max{cy, ..., c10, c11, 12}, Where c11, c12 will be defined later on, and let

5
ey =deoy 2(r —ry)"@THNFDgR
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Then

20— r ) QT+N+1)

5
I1Xp, lIp,,0, <2c18% +2c107~ i < £,

The reality of P, is verified easily because, if F' satisfies F = F and G satisfies G = G, then their Poisson bracket {F, G} also
satisfies {F, G} = {F, G} = {F, G}.
We now examine the decay property of 15+. More precisely, write

Py=Pre.1.zt.zt 6+ Y. PrO.LZN.ZT. ouwiwf
|n|>K+van+/Sn21

We will show that

1B ©. 1,225, 8,0, <e KD n > k.

Since F only involves the normal components w,,, w, for |n| < K, so does {N, F}. Therefore, fol(l —D{{N, F}, F}o @;dt only
involves the normal components wy,, w, for |[n| < K. Since

Py="Y" 0w,
n

we conclude that { 150, F} also only involves normal components w,, w, for |n|] < Kj. Consequently, the same is true about
fol {Po, F}o @}dt. Now, since R is a truncation of f’, in order to establish the decay property above, it suffices to consider the
following two terms: (I; — R) and fol{f’ + 150, F}o @}dt. Let us consider the first term. Recall that

P=PO.1,2,2.6)+ Y. PO, 1z 8uwinl,
|n|>K,an+pr>1

o _ K.
”Pn(e, I’Z’Z’é—':)”D(r,s),(’)+ <e (|n] )’
5 0 an e b
o= Z P G wymwym wmwhm
n#m
an+Pn.am+Pm=1
an+Pn+am+Pm=3

e~ In—ml

1P, G Dirs). 04 <

Since R only involves normal components wy,, w, for [n| < K, terms corresponding to normal components w,, w, for |n| > K
in P — R are those corresponding to |n| > K4 in P, for which we already have the decay property

||ﬁn(67 I) 2, Z? ‘i:)llD(r+,s+),O+ E e_(lnl_K) E e_(ln‘_K+)'

It remains to obtain decay estimates for fol (P+ 130, F}o @'.dt. Once again, we only need to consider terms corresponding to normal
components w,, w, for |n| > K. Note that F is independent of such components and thus so will be

1
/ P@®,1,z,2,8) + Z P,0,1,2,7, "g‘)w“”wﬁ" F ¢t o dhdr.
0 K<|n|§K+san+ﬁnZl

By the same token,

1
fo oo P E i wirwhr F o Prdt

n#m,|n|,lm| <K
an+Pn.om+Pm=1
an+Pn+om+pm=3

is independent of normal components w,,, w, for |[n| > K. It only remains to consider the following terms

1
f B0, 1,2,7, &)wnwbr F 1o dldr = / {Py(6,1,2,%,8), F}o & wwbrds
0 \in>Ky antpa=1 0 \n|>K+,an+ﬁn>1
1 ~
= > f{&(e,l,z,z,s),F}o@;dr wr b, (3.6)
n|>K 1 on+pu=1 \’0
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and
1
f Z Py (g)wa" wﬁn _r%n’ F ¢ o @pdr
0 n#m,|n|>K4,|m|<K4
an+Pn.om+Pm=1
oan+PBn+am-+pm=3
/ > PO (©wlmiwhn F Yo @Lwnipbrde
0 n>K4 Im|<K
oan+Pn.am+Pm=1
an+Bn+oam+pm=3
1
— Z / Z PO (Ewemwbn F Yo dhdr | wirwh,
In|>K4 | /0 Im| <K
an+Pn.am+Bm=1
an+Bn+om+pm=3
Let
Py=P,0,1,2,7&) + > PO (&)wmphn
n = WU, 1,2,2, nm m Wp -
|m|<K4
an+Pn.om+Pm=1
an+PBn+am+pm=3

We will combine (3.6) and (3.7) to obtain the decay property of

1
Z (/ (P, Flo ¢;dt> w P
0

[n|>K4,an+Bn>1

By relaxing decay properties of e ~("I=K) e=In=ml g ¢=("1=K+) we have, by Lemma A.3 in the Appendix that

~ — _ 1 =2 3 _(n|-
”{PnyF}”D(rfo.’%S) Scll)/ Z(r_r+) (2‘[+N+l)o. 1S 284e (Inl K+)-

It follows by Cauchy inequality (Lemma A.2 in the Appendix) that

R B

Therefore, by Lemma 3.5, if

3
(CS) eny 2(r —ry) "I 2ed < 5,

(C6) craca(y=2(r — ry) =GN+ =263)2 < L

then

< {Pu, F} o P%llp(ry50)
D(F+,S+)

< P, FYID(ry ) + 1{Pa. FY 0 @ = {Po FHID(ry5p)
1P FYIDG+s) + 11X, 02, 19 = i,

1
/ {Py, F} o $Ldt
0

IA

+)—(2r+N+1)n—28%e—(\n|—K+)

IA

ey Hr—r

3
+C12C2()/72(r _ r+)*(2r+N+l)n7281)267(|n|*[(+)
< e~ (nl=K4)

2885

3.7

Note in this KAM step, the normal components w,, w, with K < |n| < K are involved but, at this time, the perturbation is of

order O(e), which means
—Inl

lwp| ~&~e

This completes one step of KAM iterations. [

(3.8)
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4. Proof of Theorem C

Let ro, 50, €0, Y0, Ko, Oo, Ho, No, Py be as given in the beginning of Section 3. For each v = 0, 1, ..., we will label all index-
free quantities by v and all +-indexed quantities by v + 1, in Section 3. This defines, for allv = 1, 2, ..., the following sequences:
v+1 )
ry = Fo (1 — ZZ’) ,
i=2
5
& = 4COVU__21 (ry—1— rv)_(2T+N+l)83_1,

v+1 )
Yo =0 (1 —Zzl>,
i=2
1
1 v—1 4 1
S = ghuo1syoy =27 <]_[ 85) S0, v =&,

i=0
K, =5K,_1,
D, = D(ry, sv),
~ 1 1
D, =D|(ry+1 + Z(rv —rysl), Z’?vsv >
HV =I:Iv ZNV+PU7
Ny =Ny =ey+ (@), 1)+ (A2, 2) + Y Quwpidy,
|n|>K,
_ |k|*
|(kvw\)—l> 1|§ vk#o

v—1
~ k|
1tk o) + A1) < k4
0,=1&£€0,_: ~ Vl)—l e ’
Ik, wp—)] + A" '@ T +T® A )7 < K§y :
-
- _ ks
Ik v )T+ A @1 — 1@ A1 < k8 p 20

v—1

where

= (0 0) |
0 £ Ky_1<In|=K,

4.1. Iteration lemma
The preceding analysis may be summarized in the following

Lemma 4.1. Given y to be sufficiently small, there is an ¢ sufficiently small such that the following holds for allv =0, 1, ....
(a) H, is real analytic on D, x O,,
No=Ny=ey+ (@), 1)+ (A2 2+ 3 Dby,
[n|>Kyq1
Pv="Py =P, + P+ P,
and moreover;

lwv1 — wvlo, =< cosv,
1A — A%, < coev,
1Xp,llp,0, < v
By=P0.1.2".2".6)+ Y PUO.1.2°. 2 Hugrwfr,
1> Ky =1
Po= > P@uwiwbruwirwl,
n#m

an+Pn.am+Pm=1
an+Pn+om+Bm=3



J. Geng et al. / Physica D 237 (2008) 28662892

Po=Y"O0(lwal),
n

with
1Py ©. 1,2, 2", §)lip, 0, < e "=,
1B0n ®llp,, 0, < e,
(b) There is a symplectic transformation
@, : D, x Oy+1 = D,
with

IDPy —Ip,x0,41 =< &v

v+l —

such that

Hyi1 = Hyy1 = Hyo0 9,.

Proof. It suffices to verify conditions (C0)—(C6) forallv =0, 1, ....

2887

By the choice of s, the condition (CO) clearly holds for v = 0. By induction, suppose it hold for some v — 1. Then it is easy to

see that one can make y = yp small enough so that

1

Sy = gMv—185v—1 <
8

Hence (CO0) holds for all v.

5
i
g, < &y

0| =

To verify the conditions (C1)—(C6), we note that these easily follow from conditions:

_L
(D) Kyy1 <&y ™,

1
(D2) coyy 2(ry — ryp) " FTHNFDgE < 1

forallv=0,1,....

Let us first take ¢ (hence ¢q) sufficiently small such that

10..5Qt+N+1)

Y0 "o a8
25(2r+N+1)CS (#(ro)) 20

£y < min

where
o) 4
V(o) = [ [Lorioy = r) ETHNID)D)
i=1

which is easily seen to be well-defined. Then

1 1
) _
coyy (o —r) " FTHNTDgd < X

i.e., (D2) holds for v = 0. Since Ky = _45'1 In e, we see that (D1) also holds for v = 0.
Using an induction argument, one can show that, in fact, for any v > 1,

1 5
-2 —Qt+N+1) 7 -2 —(2t+N+1 -2 —Qt+N+D_ 7 2
covy 2y — rog) " FTN el = oy — 1) TETV D (egy 2 (rmy — )T BTENTD G ya

< (24(21:+N+1)

5QT+N+1)
o

< ~
- ( 22t+N+1

and

1
Kp1=5""Ky<e, ¥,

i.e., (D1) and (D2) hold true. [

_ 1 _ 15\
]0(’,])_1 _ ru) 5(2t+N+1)8:7])4 < (24(2‘E+N+1)ng0 10 W(r0)80)4(4)

);(3)“ 1
= ;N
-2
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4.2. Convergence

Let ¥V = ¢go P1o0---0 ¢,_1,v=1,2,.... Aninduction argument shows that ¥" : D, x Oy41 — Dy and
Hy o !—/v:Hv =Nv + P,
forallv=1,2,....

Let O = N52y Oy. Using Lemma 4.1 and standard arguments (e.g. [31,38]), one can conclude that H,, e,, Ny, Py, ¥ and w,
converge uniformly on D(%ro, 0) x 1) t0, say, Hoo, €00s Noo, Poo, P and weo, respectively, in which case it is clear that

Noo = e + (00, I) + (A2, 2%).
Since
ey = 4oy, 2 (r-1 — rv)_(2T+N+l)8§—l < (4coyy ? U (r)e) 3",
we have, by Lemma 4.1, that
XPOOID(%rO,O)x@ =0.
Let iitH denote the flow of any Hamiltonian vector field X . Since Hy o ¥V = H,,, we have
¢;‘10 oV =VVo @i%' 4.1)
The uniform convergence of ¥¥ and X g, implies that one can pass the limit in the above and conclude that
¢§_10 o U® =Yxo @;Iw,
on D(%ro, 0) x O. It thus follows that
Bl (U(TN x {gh)) = U B, (TN x {g}) = #=(TV x {£)),

forall £ € O. Hence ¥*°(TVN x {£}) is an embedded invariant torus of the original perturbed Hamiltonian system at & € O. The
frequencies wqo (€) associated with ¥ (TN x {¢}) are slightly deformed from the unperturbed ones, w (£), and moreover, it follows
from the constancy of the normal matrix A® = A (&) that the invariant torus ¥>°(TV x {&}) is linearly stable.

Let® € TN and ¥ (0 + &(&)t, €) = (0 + &(&)t, I (1), {w,(¢)}). Then it follows from (3.8) that |w,| ~ e~ . O

4.3. Measure estimates
Foreachv =0, 1,2, ..., recall that, for |k| < K, 41, small denominator conditions are automatically satisfied. For |k| > K41,

let us consider the most complicated case, (k,w,)l + A” @I — 1® AV, Since A" is Hermitian with dim(AY) < Kyi1,
(k,w))] + A” ® I — I ® A is also Hermitian with dim((k, w,)I + A* @ I — I @ A") < K2

v+1°
Lemma 4.2. Let u1, ..., g be the eigenvalues of a Hermitian matrix A and let P with PTP = I be such that A = PT AP, with
A= (uj=j<k-If
min{|u1l, ..., lukl} =1,
then
o, K?
A7 < T

Proof. Since PT P = I, we have || P|| < K, and hence

2

_ _ K
e e 1 R
Let u be an eigenvalue of ((k, w,)I + A"® 1 —1® AY). According to Lemma 4.2, as long as |u| > —\k\fln);ulz\nlz for some

|m|, |n| < K1, one will have

~ -~ kl’
Ik, o)+ A @ T —T® A" < Kgﬂ%_

v
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As a consequence of this, we need to exclude the following parameter set

Yv
Ryl cO,_1: — .
ko {5 vt |k|f|m|2|n|2}

Similarly, we will also need to exclude the following parameter sets

= {g €Ot [{k, m)] < |Z‘|)T } s

o . Vv
= {s €Ot ¢l < |k|r|n|2},

Yv
R4 _— e A —_—,
ko {"’& v = |k|f|m|2|n|2}

where ¢, A denote eigenvalues of ((k, w,)I + A”), ((k, wy) T + AQRI+I1® A"), respectively.
Now consider the resonant sets

vo_ v2 v3 v5
R'= [ U =e|UrRUl U =aJUl U Rro. )URS)
[k|> K41 Iml,|n|<Ky4 [n|<Kyy Im|,|n|<Ky+1
where

[k, wv) + 2,1 <

Vv
,|n| > K
|k|f|n|2 | | U+l
RP =16e€0,y: ko) + 2, £02,] <

v

|7 m 2 [n|? v v

Ik, wy) +202,] < m In| > K,41

It is clear that
o\Oc | Jr"

v>0

Lemma 4.3. For fixed k and v, there is a constant C1 > 0 such that

U kmn URILJZU U ,R’Zfz U U kmn UR SCIW%'H'

|m|»|n‘§Kv+l |n|SKv+l |m|s‘"‘§Kv+l

Proof. Let i is an eigenvalue of the Hermitian ((k, w,)I + A’ Q@I — I ® AY). It is well-known that depends on & smoothly and
there exists a unit eigenvector i associated with u which smoothly depends on £ (see e.g. [17]). It follows that

1= ((k, o) + A" @I — 1 ® A )y, ¥),
and hence

et = (3 ((k, ) + A" @ T — I @ AV)Y, ¥).
Thus

|9 11| = (3 (k. wo) + 25 — QW Y1) — eolk| = O (k).
The cases for R}, RY3, R4

kmn>

;c)rlnn UR‘QU U Rzi U U kan UR;()S

lml,[n| <Kyt [n|<Kyt1 lml,[n| <Kyt

72,‘:5 can be handled in an entirely analogous way. Thus

14 14
= O ) e = O

This proves the lemma. [J
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Lemma 4.4.

07\0)| = = 0(y).

Ur’

v>0

Proof. Let t > N. By Lemma 4.3, we have that

v| 14 _ 14 _
UR =0 Z Z |k|T+1 _0<ZKU+1)_O(V)' -

v>0 v>0 |k|>K 41 v>0

o0

The measure estimate is now complete.
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Appendix
Lemma A.1.
1FGlpe,s),0 < IFllpes),0lGllpe.s),o-

Proof. Since

(FG)riap = Z Frwiva—o.p-pGrrap,

Kl
one has that
21 - k
IFGlpgs)0 = sup D [(FGuapls™ |w*||iP "
Il kdop

20y, ,,000).7 k|r
< sup Z Z | Fi—t 11— p—pp Grorrar |57 [w* |07 e
llwl<s klo k1o B

lwl<s

< “F”D(r,s),O”G”D(r,s),o' O
Lemma A.2 (Generalized Cauchy Inequalities).
1
||F9||D(r—o,s) =< ;”F”D(r,s)y
4
”Fl”D(r,%s) = S_ZHF”D(r,s)’
2
”Fw”D(r,%s) = ;”F”D(r,s),
2
”F@”D(r,%s) = ;”F”D(r,s)'

Proof. See [38]. [

Let {-, -} denote the Poisson bracket, i.e., for smooth functions F, G,
oF 0G oF 090G ) dF 0G dF 0G
{F’G}: a7 anl " \Aan ar +IZ — - — .
al a6 00 ol — \ 0w, dw,  dw, dw,

Lemma A.3. There exists a constant ¢ > 0 such that if

||
K

”Fn”D(r‘s) <e ”G“D(r,s) <g,

then

1Fu. G lp—o,15) < €0 s 2N Fall D IG Dy < co™'s™2pe .
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Proof. By Lemmas A.1 and A.2,
1Fnys Goll g, 1) < 40 s 2IEul - G

(Fogs Gl g1y < €0 s2IFull - G,

3s
Z Fy wm G Wi
m

IA

> W E, pg, 191G, g 1)
D(r,%x) m

A
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Lemma A.4. There exists a constant ¢ > 0 such that if
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Proof. See [23]. [
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