QUASI-PERIODIC BREATHERS IN HAMILTONIAN NETWORKS OF
LONG-RANGE COUPLING
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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.

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 solitons 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.
This type of solutions, 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
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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.

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, (¢, )nez, oscillate with amplitudes that decay
at least exponentially as |n| — oo. 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 vari-
ables, this corresponds to a Hamiltonian system associated with the standard symplectic structure
> nez @pn A dg, and real analytic Hamiltonian of the form

2
(L1) H = Y (24 Valaa) + W({an)):
ne

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 ¢,. It is usually assumed that, for all n € Z, V,(0) = V,/(0) = 0 and
V/(0) = B%2/2 > 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 3,’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

Vo(x) = Vg (x) =1 —cosz, neZ

and

W = Z WFK(Qn-i—l - Qn)
nez

respectively, where Wrg (z) = 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 2m); 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;,(z) = V() for all n € Z and V (z) = V(z + 27); expanding
V in its Fourier series and considering only the first harmonic (Vpg); 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
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consider. Nevertheless, 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 requires 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 the 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.

Although breathers are well-known in Hamiltonian PDEs like sine-Gordon equation and cubic
NLS equation, they appear to be rare and non-robust objects in Hamiltonian PDEs. To 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 math-
ematical 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 sys-
tems (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 com-
mon 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 poten-
tial. 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.
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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

Waa = % Z(%H —@)? nez,
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 W 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 (cf. [5])).

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 9
4 |m_n|a(qm Qn) I
where o > 1 and ¢ is sufficiently small (note that when o« — 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,
ie.,

Wy = % Z(QnJrl - )’
nez

where ¢ is sufficiently small. This work overcame difficulties arising from the infinite multiplicities of
the normal frequencies, contrasting with previous work on the existence of quasi-periodic solutions
in infinite dimensional Hamiltonian systems which required 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 continuous
spectrum associated with the 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 Schrédinger equation (cf. [28]).
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For the long-range coupling potential

{Qn Z ei|n ml® |q _Qn|3
m;én
the existence of N-quasi-periodic breathers was shown in a 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 in-
commensurate frequencies, have also been investigated. Associated with the third-order, nearest-
neighbor interaction potential Wy, [22] contains a study of the case when the frequencies are
non-negative random variables with smooth distribution of fast decay at infinity and showed that
there is a set 8 C RS° of positive probability measure, such that each w € € 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 weakly coupling of long-range type; i.e., in a system with
Hamiltonian

(1.2) H = 37 (2 4 Valga) + =W ({an}),
nez

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

(1.3) W({an}) = Z C(m,n) —qn)’, p=>3,

m;én

in which C(m,n)’s are either ezponential coupling coefficients, i.e., C(m,n) = O(e PI"=ml) as
|[n — m| — oo with respect to a fixed constant 5 > 0, or power-law coupling coefficients, i.e.,
C(m,n) = O(m) 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 excitations
depending on the charge of the adatoms, the nature of the substrate, etc. In such a system, the
atoms at the equilibrium states are assumed to be a distance as apart from their nearest neighbors
just like 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(nas) = V'(nas) = 0, V" (nas) = %2‘ >0,n€”Z
(e.g., V(z) = 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
potentials: 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

(1.4) Wexp(d) = Woe Pld=a) g0
and the power-law potential

Wo
(d—as)™
where W) 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 < as, which can be the case when two adatoms are vibrating

(1.5) Woi(d) = L a>1,
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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.

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 q,, be its relative position with respect to equilibrium; i.e., x,, = mas + ¢». Then
dmn = |Tm — xn| = |m — nlas + 0(gm — gn) where o = sign(m — n), and, with respect to the
exponential potential, we have

1
W= ) Z Wexp(|2m — nl)

m#n
1 1
— 5 ; Woe*ﬁ“m?nlas“rd(qm7(1n)*as) — 5 ; Woefﬁ(‘mfn‘71)a567ﬁg(qm—qn)
W —B(Jm—nl—1)as 1 1
=2 e Al =1 *(1=(Bo)(gm — an) + 5(60)2(‘1771 - qn)2 - g(ﬁo)g(qm - qn)3 +).

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 Wy, in relative co-
ordinates. The interaction of adatoms in relative coordinates are demonstrated in Figure 1 below.
This idea of identifying various types of dominating factors out of a fundamental interaction po-
tential 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).

v (a)
—as —— /
N e e N
a, .
° e ® °
w

FIGURE 1. Mono-atomic lattice with interaction potential of exponential type

Based on a similar Taylor expansion of the power-law potential Wp;, 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 (/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 < h < 1,

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

(1.6) pn(h) :7{ pdg

be the area enclosed by I',(h). Then p,(h) = O(|h|) is real analytic and p},(h) # 0 for all
0 < h <« 1. The potential V,, or the corresponding oscillator is said to be anharmonic if pl!(h) # 0
for all 0 < h < 1. An anharmonic oscillator admits a set of frequencies near 0 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,...,nny} 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 4 80.

We first consider the case with variable on-site frequencies that w = (8, -, Ony) is treated
as parameters in a bounded closed region O in Rf , while the remaining 3,,’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 |Bp| > ﬁ 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 Qe : O. — RN, such
that for every w € O, the Hamiltonian network {(1.2), (1.3)} associated with w admits a small
amplitude, linearly stable, quasi-periodic breather q(t) = ({g.(t)}) of N—frequency we = Qc(w)
that is slightly deformed from w. Moreover, as |n| > 1, |qn| ~ e~ Pl 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 §,,’s are fixed), we have the following
result.

Theorem B. Consider the Hamiltonian network (1.2) with the interaction potential (1.3), in which
1

all on-site oscillators are anharmonic. Let N,J be as the above and assume that |5y| > mE 48
[n| > 1. Then for any given 0 < ro < 1, there exist r1 > ro depending on J, a family of Cantor
sets O C O =: {& € RY :rg < |¢] < 11} for |e] < 1 with meas(O \ O.) — 0, and Whitney
smooth maps Q¢ : O, — RN, such that every & € O, corresponds to a linearly stable, quasi-periodic
breather q(t) = ({gn(t)}) of {(1.2), (1.3)} of N—frequency Qc(§). Moreover, |q| = O(\/|¢]), and
as [n| > 1, |gn| ~ e PI"in the case with exponential coupling coefficients and |qn| ~ |n|~ in the
case with power-law coupling coefficients.

Remark. 1) Theorem B clearly holds when f3,, = (. for some constant 3, > 0, which is particularly
the case for the coupling of identical anharmonic oscillators.
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2) Using essentially the same proof, Theorems A, B can be shown to hold for Hamiltonian {(1.2),
(1.3)} defined on a higher dimensional lattice (i.e., n € Z%, d > 1). But at this time, the power a
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, B, the interaction potential (1.3) starts from third
order terms in ¢, — ¢m,. In fact, the quadratic interaction potential may cause the appearance of
continuous spectrum - an obstacle for the existence of quasi-periodic breathers. Thus in this sense,
Theorems A, 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 n 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 f, in the
present case are allowed to accumulate at any non-negative point as n — oo.

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,5 > 0, we let D(r, 5) be the complex neighborhood of TV x {0} x {0} x {0} € TN x RN x ¢* x ¢1;
ie.,

D(r,s) = {(6,[,w,w): [Imd| < r, |I| < s* ||w| < s, ||o|] < s},
where | - | is the sup-norm of complex vectors and | - || stands for the the £*-norm. Let O C R be
such that |O| > 0. Hereafter, for simplicity, we use the same symbol | - | to denote the Lebesgue
measure of a set.

Let F(6,I,w,w) be a real analytic function on D(r,s) which depends C'-Whitney smoothly
(i.e., C! in the sense of Whitney) on a parameter £ € O. In the rest of the paper, all dependencies
on ¢ are assumed of class C1-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(0,I,w,w) = Y Fapww”,
a,B

where a = (- ,an, ), B= (-, Bn, ), an, Bn € N, are multi-indices with only finitely many
non-vanishing components, and

Fop = Z Friap()I'e! ™0,
keZN leNN
We define the weighted norm of F' as
1) 1Plpa0= sup 3 [ Fasll w1,
hzhii a,f3

where OF

Fugll = Fiiaslos®™e” | Fuaslo = sup{| Fias| + |2 3.

| Fagll = |Frias] | Friasl geO{I al+ | o€ I}

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

G pers).0 = > IGillpers)0
i=1
The weighted norm of the Hamiltonian vector field

XF = (Fl? _F07 {iFwn }7 {_len})

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

1 1
H'XFHD(T‘,S),O = HFIHD(T‘,S),O + S_QHFGHD(T‘,S),O + ;(Z HFwn”D(r,s),O + Z ||FwnHD(T,s),O)'
n n

Associated with the symplectic structure dI A df + i Z dwy, A dw,,, we consider the following

nez
family of real-analytic, parametrized Hamiltonians
H=N+P,
(2.2) N = (@(€), 1) + Y Quwyn,

nez
73 = 73(07 I’ w’ w7§)5

where (I,0,w,w) € D(r,s), £ € O C RN, w: O — RY is C1-Whitney smooth, Q,,, n € Z, 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 N which is completely integrable and admits
a family of quasi-periodic solutions (6 + w(£)t,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(§),
Q,, and the perturbation P:

(A1) Non-degeneracy of tangential frequencies: w : O — RY is non-degenerate in the sense that

det(a )#£0, £€0.

(A2) Asymptotic condition of normal frequencies: {€1,} are positive and satisfy the asymptotic
condition that

1
Q, > | [n| > 1.

n[2’
(A3) Decay properties of the perturbation: P = P, and if we write P = P+ P + P, where

P = PO, 1ww§)=P0,1,008 + Y B0, uwiw,
anz§i>1
P = P(w7 w’ﬁ) = Z an(ﬁ)w wﬁ”wo‘mwﬁm

n,meL,n#m
an+Bn,am+Bm=1
an+Bnt+am—+Bm=3

(23) P = P(w,ﬁ),f) = ZO(|’LU”|3)

ne
then for each n, m lying in the range above, either there is a constant 5 > 0 such that

(2.4) 126, 1, €)|| < eI,
(2.5) 1B (E)I] < e Pl
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or there is a constant o > N + 80 such that

(2.6) 1B.(0.1,6)] < ﬁ
, 1
(2.7) | Prm ()] < n—mpe

Our abstract KAM theorem states as follows.

Theorem C. Consider the Hamiltonian (2.2) and assume (Al)-(A3). Then for each v > 0
sufficiently small, there exists a positive constant € = (O, a, N',7v,1,8) ~ ’y% such that if

| XPlDer,s),0 < €, then the following holds. There exist Cantor sets O C O with |0\ O,| = O(y)
and maps

(2.8) U TN x O, — D(r,s), ©:0, = RN

which are real-analytic in 0 and C*-Whitney smooth in & with |¥ — Yollp(z,0),0, — 0 and |& —
wlo, — 0 as v — 0, where Wq is the trivial embedding: TN x O — TV x {0,0,0}, such that each
£€ 0, and 0 € TN correspond to a linearly stable, N-frequency quasi-periodic solution V(6 +
w(&)t, &) = (0 + @)t I(t), {wn(t)}) of the equations of motion associated with the Hamiltonian
(2.2). Moreover, |w,| ~ e PI"l under the conditions (2.4), (2.5) and |w,| ~ |n|=* under the
conditions (2.6), (2.7).

Remark. 1) Theorem C is rather different from those for Hamiltonian PDEs. Under the per-
turbation decay condition (A3) which is natural for Hamiltonian networks, Theorem C allows the
normal frequencies to have infinite multiplicity and polynomial decay. In the contrary, Hamilton-
ian 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, 9, 10, 11, 12, 16, 17, 20, 23, 24, 25, 26, 30, 31, 32, 37, 38, 48] and references
therein).

2) The assumption (A3) clearly holds in the case with short-range interaction potential con-
sidered 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, 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, 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 < rg < 1 and let J = {n1,--- ,nny} 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
7, =7\ J yields

P vi | Brdn ayy o €
(29)  H =) (F+Vala))+ D (G + =52 +0(au) + = > Clmin)(am = ga)"

neJ ne’ m#n
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Let pj(h), 7 = 1,---,N, be as in (1.6). Then it is clear that there exists a 71 > ry such that
the inverse Hy ; : [ro,r1] — R4: pj — hj of p;(h) is well-defined for each j = 1,--- ,N. Also let
(qn,pn) = (ﬁvn, V/Bnn) for n € Z; be the normal-coordinate change. A standard action-angle-
normal coordinate-reduction procedure leaves (2.9) in the form

N
H = 3" Hoglps)+ Y 202402+ 0(u) + 5 Y Clmm)am - an)
j=1 neZly m;én
where ¢, ¢,’s are understood as functions of the new variables. Now let v, = (w,, + @y,)/ V2 and
Up = (wy, — W,)/iv/2 for every n € Z;. Then

N
(2.10) H = ZHQJ(pj) + Z (Bnwn by, + O(|wy, + @, |*)) Z C(m,n) qn)?.

Jj=1 ne€Zy m;én
Again, in the above, ¢,,, q,’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
pi =& +I;,j=1,...,N, then expand Hy ;(&;+ I;) into Taylor series about I; = 0 and disregard
constant terms that do not affect the dynamics. Then (2.10) becomes

N
H = ©)1)+ 3 O + 3 Gttt + O +0,) + 5 3 Clmmlam — 02
Jj=1 n€ly m;ﬁn
where w(§) = (Hp 1(§1), - -+, Hy n(€n)). Since each V;,; is anharmonic, we can assume without loss

of generality that w is a diffeomorphism from O = {¢ € RY : rg < [¢| < 11} to w(0), ie., the
condition (A1) is satisfied. Now introduce the rescaling I; — /21, (wy, wy,) — (eY/*wy, '/ *10,),
H — ¢ Y2H, and €'/* — ¢. The rescaled Hamiltonian reads

H = (@&, 1)+ Y Powniby Z C(m,n)(gm — an)” + > Olwy + @)

nez m#n neZy

N
+ €ZO(IIj|2)) = (W(&),T) + > Buwnby +eP(I,0,w,w,5).

nez
With €, = (,, Vn € Z;, 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= P(I,0,w,,&) =P0,1,0,0,6) + > Pu(0, 1wy wlr,

n€zy
an+Bn2>1
P _ P(’LU, , f) _ Z pnm(é-)wanwﬁn amu_jgnmv

n,meZLy, n#m
an+Bn, am+Bm=1
ant+Bntam+Bm=3

P=r P(w,w, &) = ZO|wn|

nez

in which P, (0, 1,&), P (€), respectively, satisfy (2.4), (2.5) (or (2.6), (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, B follow from Theorem C.
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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 8 = 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 7o = r and vy = 7.

3.1. Normal form. In order to perform the KAM iteration scheme, we will first write the Hamil-
tonian (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.

5
Choose ¢, ~ 1 and let K, = |Ine.|, Ko = 5K, eg = . Also let sg be such that 0 < s¢ <
min{eo, s}.

Observe that, using (2.3)—(2.5) in assumption (A3) and Cauchy inequality (Lemma 5.2 in the
Appendix), one can make sg smaller if necessary such that
||X15+P||D(T0750)><(9 < s
We now consider the term P. According to (2.4) and the definition of norm (2.1) we have

P=P0,1,0,0,6)+ Y P61 uwimal

neZ

an+Bn>1
_ Zpkllleiuc,e) + Z Phleanfn l,ik,0) wanwﬁn7
n n n
k,l n,k,l
anthBn>1
where
(3.1) [Pual| < e7tKlro, || PRtanfn || < e~ lklrogInl,
Let
R — 2: Pklllei<k"9> + 2: Pranbn ,ik,0) | an 58n
n n n °
k,|l|<1 [n| <Ky k
1<an+Bn<2

It is clear that
P-R= Y Prfne®0yomgln + O(|I1) + O(jwl?).

In]>Kx
an+Bn>1

It thus follows from (3.1) and Cauchy inequality (Lemma 5.2 in the Appendix) that one can make
50 small enough so that
[ Xp_gll < &
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To handle the term R, we will first construct a symplectic transformation ¢, = @};* defined as
the time-1 map of the Hamiltonian flow associated with a Hamiltonian F} of the form

Z Fklllei<k,9> 4 Z (Fylflown 4 Fsolwn)eukﬁ)

k20,11 by <K.
k2 k02 - — \.i(k,0 k11— i(k,0
+ g (F,mownwn + Fm? wnwn)e‘< 0 4 E E Wy, e k0 ,
k|n|<K. k0, n| <K.

such that all resonant terms Py I'e%0) |k #£ 0,]1] < 1; Pronfneih0) yongbn | £ 0, |n| < K.,
an + Bn < 2 will be eliminated, and terms Polll, | < 1; Pgﬂllwnwn, |n| < K, will be added to the
normal form part of the new Hamiltonian. More precisely, let F satisfy the homological equation
N EY+R = Pul'+ > Pllwyw,.
<1 In|<K.
One can show that this homological equation is solvable on the parameter set
[(k,w)| = |k|f5 k#0
O, = gEOZ |<kw>+Q|>‘k‘7|n‘2,
[(k,w) + 2Q,| > T In\2

In this way we obtain the transformation ®, which transforms the Hamiltonian (2.2) to
Ho=Ho®,=N.+ P, +P+P=N.+P. + P+ P,
Ny = ex + (wi(6),I) + Z QF wp Wy, + Z QW Wy,

In|<K. In|>K.

where w, = w + Py(|l| = 1), QF = Q, + P! and

nn ?

P* = P*(evlawnﬂn\gl(*)uwn(\n|§K*)7€) + Z p;(evluwm(\m|§K*)7wm(|m\§K*)7g)wanwﬁn

In]>Kx
antBn>1

satisfies 5
1By (0, 1, Wil <. )s Dol <), )| < €= 175,
The first and second terms in the above expression for f’* come from P o &, and Po o, + Po P,,

respectively. Moreover, the decay property of Pj{ follows from the fact that ®, depends only on I,
0 and w,y,, Wy, for |m| < K,.

Now let us write the second term in P* as

% — o
E Pn(97vam(|m\§K*)7wm(|m\§K*)7§)w nwﬁn
[n|>Kx
an+pBn=>1

= Z P;(evluwm(\m|§K*)7wm(|m\§K*)7§)w wﬁn
[n|>Kq
an+pBn>1

+ E (9 I, Win(jm|<K.)s Win(jm|<K,) wy wﬁn
Kx<|n|<Kg
an+Bn=>1

It is easy to see that, on D(rg,sg) X O, the norm of the vector field associated with the first
term above is bounded by 2. However, due to the condition (A2), terms of the form P}, w0, +
P w, Wy, in the second term will not be canceled by solving a homological equation, hence they
need to be included in the normal part of the Hamiltonian. More precisely, let

Z ﬁ)};ﬁlllel<k70> + Z p’r’:ﬁla7nﬁnei<k70> (wg{nwgn + wglmwgn)

k,|1|<1 Im|< K ln| <Ko,k
= 1<am+8n <2
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and
= i(k,0) 71 Z k10 k0L - N i(k,0
F** = Lyx = fklel< ) 1 + (fn Wy, + fn wn)el< )
k#0,|1|<1 k,|n|<Ko
+ § : ( k20wnwm+ kOQU_}n’lD ) i(k,0)
k,m|< K, |n|<Ko
k11 i(k,0
+ E (fF by, + fE 1, )e<’>
k#0,|m|<K.,|n|<Ko
i Z (F520u, w0, + RO, @) R0 4 Z KLy Bl (0)
k,K.<|n|<Ko k#0,K.<|n|<Ko

satisfy the homological equation
No P+ R =Y Pol'+ > (P wt + Py wmwn) + Y B wa iy
li]<1 |m|<K.,|In|<Ko K.<|n|<Ko
It is easy to see that the above equation is solvable on the domain
(K, ws)| = Wra k 5& 0
[(k,wy) + Q%] > R ‘ = In| < K.
kywe) + Q| 2 g |n| > K,
On=1lcco,: kEywe) + Q5 + Q% > W’ Im|, |n| < K.
kywi) + Q + Q| > ey Il < Koo n| > K,
k,w*i+Q* Qx| > W, k#£0, |m|,|n| < K.

(
(
(
(
(
( k#0, |m| < K., [n| > K.

|
|
|
|
|y we) + 25 = Ol 2 e
[k, 02) + 200 > s ] > K.

Now under the symplectic transformation @, = @}7** , we have
Hy = H, 0 ®.. = Ny + Py = Ny + Py,
No =eo+ (wo(§), 1) +(A°2%,2% + > Quuwnwn,

In|>Ko
where

%

eg = €4+ POO?
%

Wo = wx + POZ(|Z| = 1)7

0.0 0 *% — p*011 — P*011 —
(A2 27) = E Qr* wpw, + E (P W@y, + P wn ),
In|<Ko [m|<K,,|n|<Ko,m#n

ok * H*011
Q - Qn+Pnn 9

n

Po= P+ By + By,
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v

Py = P(0,1,2°,2°,€) = PY(0,1,wn(jn|<o) Wn(|n|<Ko) &) +

D PO (il <Ko)s Wn(imi <o) E) Wi @
[n|>Kq
an+pBn>1
= PY01,2°206) + Y P02 6uiy
[n|>Kg
an+Bn=>1
1520, 1,2°,2°,§)|| < e M=K | > K,
Po=Pww,= 3, PluQuiraiwira,

n#m
an+Bn,am+Bm=1
an+Bnt+am+Bm=3

HPO O < e,

Py = P(w,w,&) = ZO lwn|*)
nez

In the above,

ZO = ( awnv"')\’rﬂgKoa 50 = ( 7wn;"')|n\<K07

* o

and A° is a Hermitian matrix with dim(A°) < Ko and | X5, || p(ro,s0),00 < ed =¢.

Suppose that after the vth KAM step one arrives at the following Hamiltonian,
H=H, =N+P=N+P=N+P+PH+h,
where

N =N, = (w(é),I)+ (Az, 2) Z QW W,

|n|>K
P=P=P0.12z8+ > P01 zzwra)
|n|>K
an+PBn>1
= PY(0,1,2",2",¢) + > Py6,1,2", 2", Quprw),
b

are defined on a domain D(r,s) x O = D(r,,s,) x O,, K = K,, is a positive constant,
=2 = (e Wy ks 2= 2 = (oo By ) <k
P =P, is such that || Xp]|| < € for some € = ¢, and
1Pu(0,1,2,2, &)l pirsy0 < e MF n| > 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¢; ... c12 are positive and independent
of the iteration process. We will denote the tensor (or direct) product between two matrices,
A = (ai;) and B = (byy), of sizes m x n and k x [, respectively, as A ® B. Recall that this product
results in a new mk x nl matrix given by

allB s alnB

A® B = (a;;B) = '
amiB - amnB

We will also adopt the following definition for the operator norm of a matrix A: if A = (a;;), then

[A]l = max{sup; (3_; ;) sup; (3=, |aij|)}-
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Let Ky = 5K. In the KAM step detailed below, terms wy,, w, with K < |n| < K will be added
to the new normal components zT, z+. To facilitate the calculations when solving a homological
equation later on, we will also adopt the following notation when writing N,

N =N =e+ (w(é),])+ (Az,2) + Z QW Wn + Z Qw0 10y,
K<|n|<K4 [n|>K4
=t e+ (W), 1)+ (AzF2H) + Y Quuwnw,,
|n\>K+

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

i- ( A 0 )
0 Q0 ) geim<x,
and 2zt = (- ,wn, - )jnj<iy » 25 = (0 Wy ) nj<ky -

3.2. Truncation. Let us start by expanding f’, as obtained after the vth KAM iteration, into its
Taylor-Fourier series,
p— Z Puage ™ 1208 4 Z Prtnape 0 12058000 56,
k,l,a,B8 k,ln,a,pB
In|>K an+6n>1
where k € ZV,1 € NV and the multi-index o (3) runs over the set a = (- -+, iy, -+ - im<x> @m €N
(resp. B= (-, Bm," " )Im\SK’ Bm € N). Now let R be the following truncation of P:
R(0,1,z,z,w,w) = Z Pyeih0) pt
k|I|<1
+ Z«pklo’ Z> + <plc017 2>)ei(k,0) + Z (pfflown + prllcOlwn)ei(k,O)
k kK <|n|<Kj
+ Z(U:“)kQOZ7 Z> + <1—f)kllz7 5> + <ﬁ)l€0227 5>)€i<k’9>
k

+ Y (P2 w) + (B2 m,) + (PERIL 2 wy) + (PE22, ) )el (B0

kK <|n|<K4
Hk20 pRil, - P02 = =\ i(k,0
+ E (PR, w,, + PR w0, + PR, 1w, )el0)
kK <|n|<Ky

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 Py starts from third order terms, there are no

coupling terms of the form > . Wp Wy, 0 R. If By started from second-order terms, then
K<|n|,|m|<K4

the 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
R(6,1, Z+, 5+) = Ro+ R1 + R

Z Pyei®0) It 4 Z(<Rk1072+> + <Rk01,2+>)ei(k,0)
k,|1<1 k

+ Z((Rk202+,z+> + <Rkllz+,§+> + <Rk022+,5+>)6i<k’9> 7
k
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where

3

n )K<|n<K+

3

n )K<|"<K+

Pk20 1/ Pk20\T
Rk20 _ Pv §(Pin )
= | 1pr0 Ph20 ’
2 n K<n|<K4
- S(—k)11\T
( J22a8! ( 7& ) ) ) 7
Pkl pk11l
n E K<|n|<K4
( nn >K<n|§K+

Since R = R, it is clear that P_y) = Py, R(-M10 = R R(=K)01 — RFO_R(-k)20 — RKO2

R(—k)llT — RF11 and R(-R02 — RK20,

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

I XrlD(rs),0 < 1 XPllD(rs),0 < €.

Let ry =5+ andn= 7. Since
P-R = > Po(0,1,2, 2, &)wimwir + O(I1* + [I]Jw| + [w]?)
[n|>Ky,an+Bn>1
and

1Pa (0,1, 2, 2,€)|| < e= =50,
one has by Cauchy inequality (Lemma 5.2 in the Appendix) that
—(In|— 5
(3.2) |\Xp_1.—i|\Dm+Ti;+ 0 < Z e~ UM=K 1 O(s) < ¢y,
|n\>K+
provided that

C0) s<e.

3.3. The homological equation. Below we show that one can find a Hamiltonian function F|,
defined on a domain D = D(ry,s;) such that, the time-1 map ® = ®1. associated with the
Hamiltonian vector field X, is a (symplectic) map from D to D which transforms H into H,
the Hamiltonian of the next KAM cycle. Let

FZF(971,2+,2+) =+ FH+F
satisfy the homological equation
(3.3) {N,F}+ R = Py + (', I) + (RO 2F, z),
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where
Fy = ZFklei(k,e) JL
k#£0
HES
Bo= Y (0w, 4 w0 = (R0, ) 4 (PR )00
\"\SkK+ k
By = S (B wnw + 2w )
ky|m|<K,|n| <Ky
+ Z (0, W + [ 0,10, )€ R0
K0, [m| <K, n| <K+
+ Z (rligownwn+fr]§22wnwn)ei<k)9> + Z kllwnwn i(k,0)
kK<|n|<K, k£0,K<|n|<K
Z ((FF20+ oy 4 (FR025+ 2+>)ei<k,9> +Z<Fkllz+ 5+>ei(k,0)
k k#£0

opr
Ww'o= /6Id9|z+ zt=w=w=0,I=0-

Lemma 3.1. Equation (3.3) is equivalent to the following system

(k,w)Fry =iPu, k#0,ll| <1,
((k,w)I — A)F¥10 = {RK10,
(3 4) (<k,W>I+A)Fk01:iRk01,
(<k,w>] _ A)FkQO _ FkQOA — iRkQO7
((k,w)I + A)FF — PRI — jRFIL | £ 0,
((k,w)I + A)FK02 - pR02 4 — jRkO2,

Proof. (3.3) is equivalent to the following system of equations
{N,Fo} + Ro = Poo + (', 1),
(3.5) N, Fi} + Ry = 0,
{N,F} + Ry = (RO 27).

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

{N, P} = lz (k,w)F*10 2+ — <AZ+7F7€10>)6i<k,9>
+1Z (k,w)F*O1 z+) 4 (Az+ FFO1Y)eik)
- iz<(<k’w I—A)Fklo,z >ei(k,e)
k

1) (ke w)I + A)FFO z)el0)
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and
(N, B} = iZ(< (kW) FR20 5+ 4y _ (Fh20 4 o4y A+ (FR20)T y4))eith0)
k
+1Z (k,w)FFULF 20y (PRI Az hy — (At (FFI)T z1))elthd)
k0
1D (kW) FE220, 2%) 4 (PR 2%, A2™) 4 (A, (FF92) T 2)) o)
k
= 1Z(< (k, WY FF202F 2F) — ((AFF?0 4 FF20 )+ o +))el(k0)
k
F1D (( (kw)FF 2T, 2) 4 (AFF — FMI Az, 21))el B0
k0
+1Z (k,w)FF2z+ z%) 4 ((AF*2 4 FF02 4)z+ z1))lth0)
- iz<(<k7W>Fk20 — AFF20 _ pR20 4) % o)l (ko)
k
1 Sy w) PR AFFY — pRIJ) o 5 eitho)
k#£0
13 ((( ) FRO2 4 AFRO2 4 pRO2 A5+ H)eilh0)
k
JFrom the second and the third equations in (3.5), we see that F¥10 FkOl k20 pkll - pk02 gatisty
the corresponding equations in (3.4). 0
Let
(e, w) < BE k0
kow)I + A)~1 < K1 EE
O =4¢€0: 1CCk, w)I ) I 'vl slkl
[((k,w) I+ AR I+1® A~ <K}
((k,w) ]+ AT - I®A)W<K@W, k0

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 ben xn, mxm and n X m matrices, respectively, and let X be a n xm
unknown matrixz. Then the matriz equation
AX - XB=C,
is solvable if and only if I, ® A — B ® I,, is nonsingular. Moreover,
X[ < |(Im® A= B L) - [[C]I.

Proof. See [33, 49]. O

Note that (F¥20)T satisfies the same equation as F*¥?°. Hence by uniqueness of solutions,
Fk20 — (FkQO)T' Similarly, FRO2 — (Fk02)T_

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

((kyw)I + (A)T)(FCR2)T 1 (FER0)T(A)T = j(REPN)T,
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Using the fact that (A)T = A, (F(=k)20)T = F(=k)20 and (R(-020)T = (R02)T — RKO2 one has
that

((k,w)I + A)F(-R)20 L F(-k)20 4 = {RH°2,

i.e., F(=k)20 gatisfies the same equation as F*02. Thus F(—%)20 = k02,

In an entirely analogous way one can also show that F(_y), = Fiy, (F(-R11)T = Fk1p(=k)10 —
FFRO1 p(=k)01 — [R10 and F(=F)02 — Fk20 Thys
F=F
We will now proceed to estimate the norm of X and to study properties of ®1.. To this end, we
will need the following

Lemma 3.3. Let A = (a;;(§))kxx be an invertible matriz depending differentiably on a parameter
E€ 0, and ||A7Y| < L, ||0¢Al| < M. Then

0eA™| < L2M.

Proof. Because AA™! = I, then (0¢ A)A™ '+ A(0: A™') = 0, hence 9: A~ = — A1 (9 A)A~'. Thus
10 AT < JATH 0 All < L2M.
]
Lemma 3.4. Let D; = D(ry + +(r —ry), %s), 0<i < 4. If

Cl) K}® <&,

then there is a constant co > 0 such that

_ _ 3
||XFHD37O+ < coy Q(T - T-‘r) (2T+N+1)54'

Proof. From the definition of O we see that
sup [ 0g (k, w)|| < [k,

N

sup || ((k,w)I + A)[| < (|k| + K+),
£€04

sup [|0¢((k,w)I + A I+ I® A)| < (|k| + K2),
£§€0

sup [|0¢((k,w)I + A@I—1®A)| < (|k|+ K3).
§€0

Then, according to Lemmas 3.1-3.3, we have
|Fulo, < [(k,w)| [kl Pulo, <y 2P Pulo,, k#0, I <1
IF¥ o, < v 2K EPTH R oy, i, 1<itj<2

IF o, < A2 KPP RM oy, K #0.

IN
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It follows that
1 1 2|1 kl(r—1(r—r
S—2||F0||D3,O+ < 5_2( Z |Frtl - |\.|k|.e\ l(r—3(r—ry))

k,lI<1
3 STIFM | - (k] - R )
1<i+5<2 k
-2 18
Y K D T 7"7— r—r
< T+(Z |Pyy| - s2U - k|22 elklr=g2(r=r))
k,|i|<1
3 S TURFT e - kP eI ey
1<i+5<2 k

< ey 2 —ry) T EVIDEI X R < eay R (r -y ) T@ N DR,
A similar derivation yields

| Ft||ps,0, = Z |Fkl|e|k|(r—i(r—r+)) < cay 2r — T+)—(2T+N+1)Eg'
l1|=1

1 1
1 XF 5,0, < ;(Z 10, I+ > I, ) < SUEL I+ )

IN

sy 2 (r —ry)TETTNIUES | X g, || < sy (r — ry) " CTHNAED L

[y

1
Xk, 5,0, < ;(Z 1o, 4+ > P2, 1) < SUE T+ 12, )

_ _ _ _ 3
< ooy =) TETVIVK| Xy | < coy TR (r -y ) TGNV,

Putting together the estimates above, Lemma 3.4 follows. O

Now let Dy = D(ry + +(r —ry), 4ns), 0 <i < 4.
Lemma 3.5. If
C2) coy 2(r—ry ) @rtN+Des <1
then
®% : Dyy — Ds,, —1<t<1,

and moreover,
3
|D®Y — I|p,, < ey 2(r — ry) BTN G

Proof. Let

ID"Fllpo, =

olil+ll+lal+I8]
H(?Gl AI'd(z+)x9(z+)s

i+ el + (Bl =m =2,
D0,

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 5.2 in the Appendix) that

||DmF||D27(9+ < 08’7_2(r _r+)_(2T+N+1)5%

for any m > 2.
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Using the integral equation
t
oL = id +/ Xpo®%ds
0
and Lemma 3.4, one sees easily that ®% : Do, — Ds,, —1 <t < 1. Moreover, since
t t
Dot = Id+/ (DXFp)D®% ds = Id+/ J(D*F)D®3, ds,
0 0

where J denotes the standard symplectic matrix, it follows that
ID®% — 1| < 2| D*F|| < ey 2(r —ry) "GN,

where ¢ = 2c¢s.

3.4. The new Hamiltonian. Let ® = ®}, s; = 2ns, Dy = D(r4,s4) and

Ni=ep+wp, D)+ (AT 20+ > Quuai,

In|>K4
Py = Pp+ B+ Py,
where
er = e+ Py,
wy = w+ Pulll = 1),
AT = Ay R,
2t = (-0 wn, '“)\HISKM 7t — (- Wy, "')|n\§K+7

1 1
15+:/{(1_t){N,F}+R,F}oq>;dt+(15—3)0@%+/{P0+P0,F}o@%dt.
0 0

Then ® : Dy x Oy — D and, by Taylor’s second-order formula,
Hi=Ho®=N+R)oP+(P—R)o®

/\/—i—{N,F}—l—R—i—/l(l—t){{N,F},F}o(I)}dt

1
+/ {R,F}o®Ldt + (P — R)o®L + (P + Py) o Bk
0

= N+{N,F}+R+P, + P+ P,
= Ny +Py +{N,F} + R— Py — (', I) — (RO 27, z%)
- N+ + PJr.

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

Observe that, since (Z)T = Aand (R1)T = ROM we have (AT)T = At ie., At is a Hermitian
matrix. Then, from the assumptions on P, we further have that there is a constant cg > 0 such
that ~

lwi —wlo, <coe, ||AT — Allo, < coe.
It thus follows that, if

C3) coKTH% < v -y,
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then whenever |k| < K,

- [(k, )] k|
k,w+P 1 S S , k 0,
|< 0l> | 1—|<k,w>*1|09|k|a 4 #
. B}
((kw + Po)T + A < [ ((k, )T + A)~1| <KUM,

1— || ((k,w)I + A)|colkle ~ T+ v+

|((k, )+ AR T+T® A7

kyw+ Po)l+ AT @ T+ T AT < 7 i
(ks + Pon) S o T A T+ 1o D) el

<K%

(e, )+ AT —T® A7
1—||((k, )+ AT — T ® A)~1|colkle

((kyw+ Pyl + AT @ T —T@AT) Y| <

IN

k‘r
Kii, k # 0.
Y+

L
T+ ’

23

The above implies that, in the next KAM step, small denominator conditions are automatically

satisfied when |k| < K.
Let R(t) = (1 —t)(Ny — N) 4+ tR. Then P4 can be rewritten as

1 1
P+=L/(1—tﬂ{N}FLF}o¢%dt+ / (R, F} o ®hudt + (P — R) o L,
0 0

_/dﬂampqo@;ﬁ+mp—wao@;
Hence ’ .
Xp, = / (%) X(r(t),ry dt + () X (p_r)-
By Lemma 3.5, if ’

C4) ery2(r —ry) @GN <

then
|D®% | p,, <1+ (D% —I|p, <2, —1<t<1.

Furthermore, by Lemma 5.4 (see Appendix) and (3.2), we also have

_ _ _ 7
X (ret), 7} Day < €107 2(r — 7y ) "CTHN =23

| XP—ryllD,, < cre7.
Let ¢g = max{ey, - ,c10, €11, C12}, Wwhere ¢11, ¢12 will be defined later on, and let

ep = 4oy 2 (r — r+)_(2T+N+1)5%.

Then . .
| Xp, Ip, .0, <2c18% 4+ 2¢107 2(r — ry) TGN <

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 ]5+. More precisely, write

P, = P+(9,1,2+,5+,§) + Z Pj(@,[,zﬂ%ﬂ{)w%”@ﬁ".
In‘>K+)an+BnZl
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We will show that

550, 1,2%, 2%, 9)llp. 0, < e 1M n| > Ky
Since F' only involves the normal components wy,,w, for |n| < K., so does {N, F}. Therefore,
fol(l — t){{N, F}, F} o ®%, dt only involves the normal components w,, w, for |n| < K. Since

Py = O(jwal),

we conclude that {Py, F'} also only involves normal components wy, , @, for |n| < K. Consequently,
the same is true about fol{Po, F} o ®t dt. Now, since R is a truncation of P, in order to establish
the decay property above, it suffices to consider the following two terms: (ﬁ — R) and fol{p +
B, F} o ®%. dt. Let us consider the first term. Recall that
P=P0O.127)+ Y, Pu0,12z5uwl
[n|>K,an+8r>1
Hp’ﬂ(97 Ia z, Z, §)||D(T,S),O+ < e—(|n\—K);

B= Y B @up el

n#£m
an+PBn,om+Bm=>1
an+Bntoam+Bm=3

.0 o
Han(€)||D(r,s),O+ <e In m|
Since R only involves normal components w,,, w, for |n| < Ky, terms corresponding to normal

components wy,, @, for |n| > K, in P — R are those corresponding to |n| > K in P, for which
we already have the decay property

1Pa(0,1,2,2,8) | piry 54),0, < e M) <o (Ini=i),

It remains to obtain decay estimates for [ 01 { P+Py, F }o®h. dt. Once again, we only need to consider
terms corresponding to normal components w,,, @, for |[n| > K;. Note that F' is independent of
such components and thus so will be

1
/ {P0.1,2,%,¢) + > Po(0,1,2,% wlwl, F} o ®L.dt.
0 K<|n|<K4,an+Bn>1

By the same token,
1
[1 Y Ba@uiaegrel Yot
0 n#m,|n|,|m|<K

an+Bn,am+Bm=1
an+Bnt+am+Bm=3

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

1
[t ¥ Berszgupel ek
0

[n|>Ky,ant+pBn>1

1
o D SR A N PR

O In|>Ky,antBa>1

1
(3.6) = Z (/ {P,(0,1,2,%¢),F}o®, dt)wrwdr,
0

[n|> K 4 an+8n>1
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and

1
[C X Ba@ureluyal Pyt
0 n#Em,|n|>Ky,|m[<K

an+Bn,om+Bm=>1
an+Bn+am+Bm=3

1
- / S LS B ©uir b, FYo hwtwle di
0

In|>K. Il <K
an+Bn.am+Bm=>1
an+Bntam+Bm=>3
1 ’
(3.7) = > (/A > By, (©uwprwpr, F} o ®f dtywirw).
In|>K4 0 Im|<K

an+Bn,am+Bm=1
an+Bnt+am+Bm=3

Let
By = Po(0,1,2,2,€) + > BLQugrapr.
Im|<Ky
an+Bn,am+Bm>1
an+Bn+am+Bm=>3

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

1
> ( / {P,,F} o ®% dt)wrw’.
0

[n|> K 4 n+Bn>1

25

By relaxing decay properties of e~ (I"=FK) e=In=m| t4 ¢=(In|=K+) we have, by Lemma 5.3 in the

Appendix that
||{Pm F}HD(r—a,%s) < 0117_2(7“ _ r+)—(2T+N+1)0—18—2€%e—(\nl—K+)_
It follows by Cauchy inequality (Lemma 5.2 in the Appendix) that

1X 5,y | D(r—20,15) < 1277 2(r = ryp) BTN 2l e (nl =Ky,

Therefore, by Lemma 3.5, if

C5) cuy 2(r— 7”+)7(27+NH)77728% <

)

N

C6) craco(y 2(r —ry) "@TENFI=2e)2 < 4

then
1

|[uryosial| < iPFYothlo
0 D(ry,s4)

< H{anF}”D(r+,s+) + ||{PH7F} © (I)i_' - {PH7F}||D(T‘+,S+)

< B Fl(rs e + 1X 5,y 10 |18 — il 5,
< ey )TN R gy (372 — )TN i)
< e~ (Inl=Ky),

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(g), which means

(3.8) |wp| ~ e~ e "]

This completes one step of KAM iterations.
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4. PROOF OF THEOREM C

Let 79, S0,€0, Y0, Ko, Og, Hy, Ng, 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 all v = 1,2, -- -, the following sequences:
v+1

r, = ro(l — Z2‘i),
i=2

-2
e = deoy, 2y (ru—1 — 10
v+1

==Y 27,
1=2

)7(27+N+1)E%
v—1»

v—1

1 1
Sy = gnvflsufl - 273”(111) Ei)%SO; N = 51411,
K, = 5KV—17
D, = D(r,,s,),
~ 1 1
DV = D(ru-l-l + Z('f'u - TV+1)7 Znusu)u
Hl/ = HV = NV+PU7
Ny =Ny = ep+ (W (€). 1) + (A", 2) + Y Quuwyidy,
In|>K,
_ k|™
(b)) <98, k#£0
[ e e e

Vyv—1
1((ky wy)T + AL @ T+ T @ A=Y~ < K§ A

H(<kawv71>l+/~1uil ® I — I®AV71)71|| < Kgﬂ k 75 0

AV—l _ ( AVt 0

OU: fEOU_li

where

O Qn )KU1<|nSKU .
4.1. Tteration Lemma. The preceding analysis may be summarized in the following

Lemma 4.1. Given v 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,,
Ny =Ny =e,+ W, (), 1)+ (472" 2T+ 3" Quwpiy,
[n|>Ky41

Pu:ﬁu:Pu+PO+P07
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and moreover,
lwyt1 —wilo, < cocw,
|AF = Ao, < cocu,
X7, |Ip,.0, <év,

Py=PU(0,1,2",2,0+ 3> U012 Quira,
[n|>K,,0n+Br>1

B= Y A@upralegral
n#Em

an+Bn,am+Bm=1

an+Bnt+am+Bm=3

Po=" O(lwal*),

with
| 226, 1,2, 2", €)l|p, .0, < e ("5,
I1B2.. ()b, 0, < e mml
b) There is a symplectic transformation
®,:D, x Opyq — D,
with
1D, — I||D,,><Ol,+1 <e,
such that

Hy+1 = Hl,+1 = HV ¢] (I),/.

Proof. Tt is suffices to verify conditions C0)-C6) for all v =0,1,---.

By the choice of sg, the condition CO0) clearly holds for » = 0. By induction, suppose it hold

for some v — 1. Then it is easy to see that one can make v = -y small enough so that
1 1 s
Sy = g’r]yflsl/fl < 55’/*1 < €y

. Hence CO0) holds for all v.

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

_ L
D]-) Kqul S v 80,

)7(2T+N+1)€§ <

D2) cov, 2y — ot !

forallv =0,1,---.

Let us first take e (hence ¢q) sufficiently small such that
760T5(2T+N+1) )
g0 < min{2g,(22+—]\m)c(5)(‘1’(7”0))7 a§},

where
oo

_5(2r dyi
U(ro) = H[(Ti—l — ;) TPCTENAD(E)

=1
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which is easily seen to be well-defined. Then

(27+N+1)€§ < %,
i.e., D2) holds for v = 0. Since Ky = —21Ine, we see that D1) also holds for v = 0.

oy 2(ro — 1)~

Using an induction argument, one can show that, in fact, for any v > 1,

e

1 5
COFYI/_Q(TV - 7”qul)_(2T-i_1\[+1)<913]L = COFYI/_Q(TV - TV+1>_(2T+N+1)(400711_2(va1 - TV)_(2T+N+1)5$—1)

< (24(2T+N+1)C(5ﬂ;10(m_1 _TV)75(27'+N+1)€3)_1)i < (24(2T+N+1)6870_10\11(760)60)%(%)u

5(27+N+1)
'I"O l(g)u 1
S G )T =5
and .
Ky = 5" Kg<e, ™,
i.e., D1) and D2) hold true. O
4.2. Convergence. Let V¥ = dgoPj0-- 0P, 1, v =1,2,---. An induction argument shows

that ¥” : D, x O,41 — Dy and
HyoU¥ = H, =N, + P,
forallv=1,2,---.

Let O = N22,0,. Using Lemma 4.1 and standard arguments (e.g. [31, 38]), one can conclude
that H,,e,,N,, Py, ¥” and w, converge uniformly on D(3r9,0) x O to, say, He, oo, Noo, Poc,
U and wy, respectively, in which case it is clear that

Noo = oo + (Woo, I) + (A% 2%, 2%°).
Since .
ey = dcoy, 2y (ry—1 — 1) "FTHNHDEE | < (degrg 2 (ro)eg) )
we have, by Lemma 4.1, that
Xpoe |D(%r070)><(§ =0.
Let ®%; denote the flow of any Hamiltonian vector field X . Since Hy o ¥” = H,,, we have
(4.1) Py, oY =W o Pl .
The uniform convergence of ¥¥ and Xpg, implies that one can pass the limit in the above and
conclude that
@3{0 oU® =¥>o @’}Im
on D(4r9,0) x O. Tt thus follows that
Dy, (T(TY x {€})) = U= (T x {€}) = U=(T" x {¢}),

for all € € O. Hence U®(TVN x {¢}) is an embedded invariant torus of the original perturbed
Hamiltonian system at & € O. The frequencies wq(€) 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 U (T x {¢}) is linearly stable.

3

Let 6 € TN and W(0 + 0()t,€) = (0 + &(€)t, I(t), {w,(t)}). Then it follows from (3.8) that
[wy,| ~ e~ 1", O
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4.3. Measure estimates. For each v =0,1,2,- -, recall that, for |k| < K, 1, small denominator
conditions are automatically satisfied. For |k| > K, 1, let us consider the most complicated case,
(kyw )+ A" @I —T®AY. Since A" is Hermitian with dim(A”) < K, 1, (k,w ) I+ A" @1 —I® A”
is also Hermitian with dim((k,w,)] + A¥ @ I — I ® AY) < K2, .

Lemma 4.2. Let yy, -, g be the eigenvalues of a Hermitian matriz A and let P with PTP = I
be such that A= PTAP, with A = (uj)1<j<k. If
min{|y‘1|7 R |/1'K|} Z l7
then )
K
A7 < —

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

K2
[ATH < IPIPIATH < —

O

Let p be an eigenvalue of ((k,w,)I + A¥ @ I — I @ A¥). According to Lemma 4.2, as long as
|| > WW for some |m|, |n| < K,41, one will have

~ ~ kT
l((k,w )+ A" @I - T AY)7Y| < KVJrl |7|

As a consequence of this, we need to exclude the following parameter set
Rivn = {6 € 0,11 |ul < }.
" Y [K[7[m[2[n]? | |2|n|2

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

Ry = (€€ O+ (k)| < ),

RZ%Z {5601171 : |<| < |]€| | |2}

T
RYA = Ov_1 N < =573}
b = 16€ O S e

where ¢, A denote eigenvalues of ((k,w,)I + A”), ((k,w,)I + A @ I + I ® A"), respectively.

Now consider the resonant sets
RY = U (( U kmn URV2 U U RZ?E) U( U kan) U RZ5)7
[k|>Kyi1 [ml|n|<Kyqa In|<Kyy1 [m|,[n|<Kyq1
where
(k) + Q| < i, Il > Kot
Ri>=4€6€0, : [(kw)+ 0, 0| < etz Iml < Kupr, n| > Ko
[y} + 2] < s In] > Kyt

It is clear that

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

(( U kmn URU2U U RZ?JU( U km" URU5 |k|2+1'

[ml|,|n| <Ky In|<Kyqa Iml,In| <Ky 41

Proof. Let p1 is an eigenvalue of the Hermitian ((k,w,)I + A” @ I — I ® A¥). It is well-known that
1 depends on & smoothly and there exists a unit eigenvector ¢ associated with p which smoothly
depends on ¢ (see e.g. [17]). It follows that

po=A(kw) I+ A" @1 - 10 A)p,9),
and hence
Oepr = (Oc((kyw )+ A” @ T — T @ A)i, ).
Thus
0l = [(9e((k, wo) + U, — ), ¥)| — eolk] = O([k]).
The cases for RY2, RY3, R¥4  RY5can be handled in an entirely analogous way. Thus

kn> kmn>
|mMn|§KV+1 \n|§K,,+1 \m|,|n\§K,/+1
Y Y
< C <C .
< O g < O
m,n
This proves the lemma. O

Lemma 4.4.

‘(9\@\ <|URr'|=00.

v>0

Proof. Let 7 > N. By Lemma 4.3, we have that

0\0 < \UR|= 0 3 g = 000 =) = 0.

v>0 l/>0|k|>K,,+1

The measure estimate is now complete.

5. APPENDIX

Lemma 5.1.
Gl pirsy,0 < 1Fllpers),0 Gl Der,s),0-

Proof. Since

(FG)kiap = Z Frwi—va—opg—pGrrag,
k/,l/,a/”[j/
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one has that

IFGlpersy0= sup > |[(FG)pap|s® w"|[w?|e"
ul<s g
lwli<s kb,
< sup Z Z |Fyt -1 0o G o |82 [ || P | e/FI
el S ka8 K 1 al B
< IF I per,s),0llGllD(r,s),0-

Lemma 5.2. (Generalized Cauchy inequalities)
1
||F9||D(T—0',s) < ;HF”D(T‘,S))
4
||FI||D(’I",%S) < S_QHF”D(T,s)a
2
[Fwllperas) < ;”FHD(r,s)a

2
1Fallper1s) < §||F||D(ns)'
Proof. See [38].

Let {-, -} denote the Poisson bracket, i.e., for smooth functions F, G,

OF 0G. OF 0G. .~ OF G OF oG
RGY =51 30) ~ag 21! lz(awn 9w, 0w, Owy’

Lemma 5.3. There exists a constant ¢ > 0 such that if
||Fn||D(T,s) < €7|n‘7 ||G||D(T,s) <g,

then
10 G sy < €05 [ Eull |Gl sy < o s,

Proof. By Lemma 5.1 and Lemma 5.2,
K Far Go)ll p(r—o,15) < 40~ s 72| Fu] - |G,
K Fnos Gl pr—o,3s) < co s 2| Full - |G,

| Z Fr Gonllpiris) < Z 1En,, D3 ) G I D 1)

IN

||F7lw ||D(r,%s)||Gﬂ7||D(r,%s)
4572 Fal - Gl

Z ||F7lﬁ;m ||D(r,%s) ||Gwm ||D(r,%s)

A

IN

|| Z anm Gwm ||D(’I",%S)

IN

||Fn1I/ ||D(r,%s)||Gw||D(r,%s)
4572 Ful - 1G]

IN

It follows that
||{Fn5G}||D(rfa',%s) < 00_15_2”FnHD(r,S)HG”D(T,s) < 60_15_256_|n"

31
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Lemma 5.4. There exists a constant ¢ > 0 such that if

"

||XF||D(T,S) < 6/7 ||XG||D(T,S) <e,

for some &',&"” > 0, then

1 X(r.ar | D(r=oms) < coln72E"

for any 0 < o <1 and 0 < n < 1. In particular, if n ~ei, e’ ~e,e’ ~ e, then

5
”X{F,G} ||D(T‘—O’,7]S) ~ e,

Proof. See [23]. O
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