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Abstract. In this paper the nonlinear wave equation
Uy — U + 0(X)u(x, t) + eu(x,£) =0

is studied. It is shown that for a large class of potentials, v(x), one can use
KAM methods to construct periodic and quasi-periodic solutions (in time) for
this equation.

1. Introduction

This paper studies the non-linear wave equation
Uy (%, 1) — e (, £) + v(X)u(x, 1) + eu(x, 1) =0,
0<x<1, t20; u0,t)=u(l,t)=0; vel?[0,1]. (1.1)

We show that for a large class of potentials, v, one can construct periodic and
quasi-periodic solutions for (1.1), provided ¢ is small, using a variant of the
Kolmogorov, Arnold, Moser [KAM] scheme. The method allows one to study
more general non-linear terms than the cubic term in (1.1). For a discussion of the
types of non-linearities that are permitted, see Sect. 2.

The existence of solutions, periodic in time, for non-linear wave equations has
been studied by many authors. (See [B] for a review of these results. [BN] contains
an extensive bibliography.) A wide variety of methods have been brought to bear
on the problem, ranging from bifurcation theory, (see for example [H]), to
variational techniques, pioneered by Rabinowitz [R], to ideas which exploit the
hamiltonian structure of the problem.

The KAM techniques are somewhat complementary to these approaches. They
are local methods in that they can only be applied if ¢ is small, (or equivalently
to construct solutions u(x, t) of small norm) whereas the variational methods often
yield global results. On the other hand the variational techniques place very strong
restrictions on the allowed periods of the solutions. The period, in time, must be
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a rational multiple of the length of the interval in x. This restriction results from
the inability of these methods to deal with “small denominators” which arise when
the period (in time) is irrationally related to the length of the interval in x. The
KAM theory, on the other hand, was developed specifically to deal with such small
denominator problems, and hence these restrictions on the period are absent in
the present case.

In addition, previous techniques do not seem to give any information about
the existence of quasi-periodic solutions, but using KAM ideas they become an
easy extension of the periodic problem.

The KAM theory was developed to treat perturbations of integrable hamiltonian
systems. Formal perturbation theories had existed for decades for such problems,
but the convergence of these expansions was unresolved until Kolmogorov, Arnold
and Moser showed how the convergence could be “accelerated.” In its classical
form the KAM theory only applied to systems with finitely many degrees of
freedom. Recently, however, progress has been made in extending the theory to
certain infinite dimensional cases. Thus far the systems studied have arisen mostly
in condensed matter physics. In [FSW,BV, and P1], for instance, infinite
dimensional invariant tori were constructed for some approximate models of
anharmonic, disordered, crystals. More recently, in [AF and AFS], bifurcation
theory ideas were combined with accelerated convergence techniques to prove the
existence of periodic orbits in other, more realistic, models of these phenomena.

In this paper we seek to extend the KAM ideas to a different infinite dimensional
setting, namely, perturbations of completely integrable partial differential equations.
Nikolenko [N] has applied similar ideas in his study of normal forms for evolution
equations, but here we wish to focus on the hamiltonian nature of the problem.
We hope that this will shed some light on related, but more difficult, problems
such as perturbations of the KdV equations. We use the KAM ideas to construct
finite dimensional tori in the infinite dimensional phase space of this system. Our
method was influenced by Eliasson’s work [E] on constructing low dimensional
tori for nearly integrable hamiltonian systems with finitely many degrees of freedom.
Eliasson’s work has been extended by Riissmann [Ru] and Poschel [P2]. In fact,
since the results of this paper were presented at the Oberwolfach meeting in May
1987, Poschel has been able to show that his construction of these low dimensional
tori can be extended to treat (1.1). The results he obtained are apparently
similar to those presented here, but an exact statement of them is not contained
in [P2]. While it seems like a very interesting question to inquire whether or not
there are infinite dimensional invariant tori in these systems, corresponding to
quasi-periodic motions with infinitely many frequencies, I do not yet have any
idea how to prove or disprove their existence.

Our method is based on a perturbation of the known solutions of the ¢ =0
case of (1.1). As such it will clearly be important to know the eigenfunctions
and eigenvalues of the Sturm-Liouville operator L, = d?/dx? — v, with Dirichlet
boundary conditions. In particular we will need to know what sequences of numbers
can occur as the eigenvalues of L,. This constitutes the inverse spectral theory of
such operators, a topic which has been studied in [Bo and GL], and recently cast
in a clear form by Poschel and Trubowitz, [PT], to which we shall often refer.
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II. Statement of Results

We begin by remarking on why the particular form of Eq. (1.1) was chosen. Suppose
we began with a general non-linear wave equation

Uy — U+ fO,u)=0; u(0,)=u(l,t)=0.

Since we will be perturbing about a solution of the linear problem, we expand
f(x,u) in a Taylor series about u = 0. Thus,

f(x,u)= f(x,0) + f,(x,0)u + higher order terms. 2.1

We assume f(x,0) = 0. Physically this means that there is no force acting when
the string is at rest, tending to distort its equilibrium of u=0. We define
fu(x,0) = v(x)—we need not assume much smoothness on v(x), so we merely require
that it be in I2[0,1]. The results we obtain below would not be changed if we
assumed more smoothness for v.

Finally, we assume that the higher order terms in (2.1) have the specific form
eu’(x, t). The small parameter ¢ is introduced just by rescaling u. The choice of a
u® non-linearity was motivated just by convenience. From the discussion that
follows it is clear that any polynomial nonlinearity could equally well be dealt
with. However, it is not clear how, or if, one could treat a general analytic interaction
term.

Having now motivated the form of (1.1), let us state our results. We will consider
cases where the potential, v(x), lies in the subspace of I?, given by

Ey,= {veL2 [0,1] iv(x)dx =0,v(x)=v(l — x)}.
0

There is nothing special about fixing the average of v to be zero. Changing the
average of v just shifts the eigenfrequencies of the ¢ =0 case of (1.1) by a fixed
amount.

We restrict our attention further to even functions in an attempt to simplify
the description slightly. We select the allowed potentials by placing restrictions on
the eigenvalues of the associated operator L,. In general the set of v(x) giving rise
to a chosen set of eigenvalues forms an analytic submanifold of I2[0, 1]([PT],
Chap. 4). However, this manifold intersects E, in a unique point, and it is somewhat
easier to deal with this point, rather than the whole submanifold.

We will, for reasons discussed below, restrict our attention to that subset of
E, for which the spectrum of L, = d?/dx? — v is negative. In Sect. 9 we construct
a probability measure on this subset and show that our results hold for almost
every v with respect to this measure.

Let {y/}2, be the eigenfunctions of L,=d?/dx*—v (with Dirichlet boun-
dary conditions) and {;}72, the corresponding eigenvalues. Then u?(x,t)=
sin (/| ujlt)lj/j(x) is a periodic solution of (1.1) with ¢ =0 provided u; <0, and

oN(x, 1) = z uj(x, ) is a quasi-periodic solution provided {,/|;|}}- , are irrationally

related to one another. We wish to prove that these solutions persist when ¢ # 0.
That is the content of
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Theorem 2.1. There are sets &4(j) < E, such that if ve&y(j), there is a constant
&o(v, j) >0, such that whenever |&| < ¢ey(v, j) Eq. (1.1) has a weak periodic solution
u%(x,t) whose frequency differs from ./|u;| by O(e). There is a natural probability
measure, P, defined on the subset of E, for which the spectrum of L, = d*/dx* + v is
negative and & y(j) has measure one with respect to P.

For the quasi-periodic case one has an analogous result.

Theorem 2.2. There are sets F o(N) < E, such that if veF (N), there is a constant
&o(v, N) >0 such that whenever |¢| <eq(v,N) Eq. (1.1) has a weak, quasi-periodic
solution @%(x,t) whose frequency vector differs from that of p%(x,t) by O(c). The set
F o(N) has measure one with respect to the probability measure, P, introduced in
Theorem 2.1.

Remark. By a weak, quasi-periodic solution of (1.1) we mean a non-zero, continuous
function, quasi-periodic in time, which is a distributional solution of (1.1).

Remark. If u(x, t) is a quasi-periodic function of ¢, with N independent frequencies,
there is a function #(x, ¢):[0,1] x TN > R, and a vector QeR" such that u(x,t) =
#i(x, £2t). In this last expression we interpret £t as an element of T by taking each
of its components (mod 1).) The vector Q2 is the frequency vector of u. For
8> 2= (/1115 /| anl)-

Unfortunately, the vector 2 is not uniquely defined. One can take different
linearly independent combinations of its components, which defines a set of
frequency vectors known as the frequency module, all of which correspond to the
same quasi-periodic orbit. In our case, however, we are perturbing a fixed
quasi-periodic orbit of the unperturbed problem, ¢%, so it will be clear to which
element of the frequency module we are referring. Note that Theorem 2.1 does not
establish that the solutions constructed there actually have periods that are
irrational, as we claimed in the introduction. One can establish that by keeping
track of the changes in frequency produced by the iterative scheme used to prove
the theorem. However, the existence of solutions with irrational period is
guaranteed by the following result which in addition proves that one obtains a
large number of solutions, which is typical for KAM methods.

Theorem 2.3. Suppose we consider (1.1). If we restrict attention to the subset of E,
for which the spectrum of L, is negative, then for almost every potential, v, (with
respect to the measure P) there is a constant &,(v) > 0 such that if |e| < &y(v), there
is an interval of the real line, A(v), and a subset Bc A(v) with meas(B)=
(1 — 0(1/|1loge|))) meas (A(v)) such that for every point QeB, Eq. (1.1) has a periodic
orbit withfrequency €. Similarly, there exists a set of positive, N-dimensional Lebesgue
measure such that for every point Q in this set one has a quasi-periodic solution with
frequency vector $2.

Remark. Although Theorem 2.3 gives one many periodic solutions, one has no
information about whether or not they occur in smooth families, or even whether
there is one corresponding to each value of the energy as is the case when one has
only finitely many degrees of freedom. One also has nothing like the results of
Weinstein and Moser [W, M], which guarantee (again in the case of finitely many
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degrees of freedom) one periodic orbit in the non-linear problem corresponding
to each periodic orbit in the linear problem.

III. Reduction to a Hamiltonian System with Countably Many Degrees
of Freedom

In the present section we show how the results of the previous section can be
reduced to questions about a hamiltonian system with countably many degrees of
freedom. To this end, we will need to know the eigenvalues and eigenvectors of
the differential operators

d2
i
acting on I2[0,1], with Dirichlet boundary conditions at x =0 and x =1. The
spectral theory of such operators has been extensively studied and is reviewed in
a form particularly useful for our purposes in [PT].

Suppose we restrict ourselves to the set of potentials, E,, defined in the previous
section. Then combining Theorems 4 and 7 of Chap. 2 of [PT] we obtain

L , 3.1)

Theorem 3.1. The eigenfunctions {y"},>, of L, form a complete, orthogonal, set in
I*[0, 1]. The eigenvalues {1, },» 1 form a decreasing sequence and obey the asymptotic
estimate

U= —n2n?+12m), n=12,..., (3.2)

where 12(n) denotes the n'™ component of an element in I°.

More remarkably, any decreasing sequence of the form (3.2) arises as the
spectrum of L,, for some veE,. Let S be the set of all such sequences. Let u:E,— S
be the map which associates to each element, v, of E,, the spectrum of L,. Then
Theorem 2 of Chapter 6 of [PT] gives

Theorem 3.2. u is a real analytic isomorphism between E and S.
Let us now fix v, and take {y"} to be the normalized eigenvectors of L,. Since
{y"} are complete, we can write the solution of (1.1) as

ux,0= 3 (000

Inserting this expansion into (1.1), and assuming that we can interchange
summation and differentiation at will, we find that (1.1) is equivalent to the infinite
system of coupled, ordinary differential equations

GO0=wa0—c T 000,005,000y 9), (3.3)
J1,j2,j3 2
Here (-,") is the inner product in L2[0,1].
These are the equations of motion for a hamiltonian system with hamiltonian
& € o
Hpp, 9= ) 3(pi —wd})—75 Y, 41909590922y, (3.4)

=1 4 jijoTsia
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This is the hamiltonian of an infinite set of harmonic oscillators, coupled
together through the non-linear terms. Note that unlike the models studied in
[FSW or VB], the nonlinear terms in (3.4) do not have a short range property.
This introduces significant new difficulties into the analysis of these models. These
difficulties are partially off-set, however, by the fact that the unperturbed frequencies
in this model-—namely the u;’s, do not form a dense set as they did in previously
studied models.

If we look at the e=0 case of (3.4) we find that it possesses two types of
solutions. If u; < 0, p;(t) and q(t) are periodic with frequency ,/|u;|. If, on the other
hand, ;> 0, the corresponding mode grows or decays exponentially. From the
asymptotic formula (3.2) we see that at most finitely many of the u;’s are positive.
If we consider perturbing an N-dimensional invariant torus corresponding to a
quasi-periodic solution of N-modes with negative eigenvalues, the modes with
positive eigenvalues will mean that some of the directions normal to the torus will
be unstable. Experience with finite dimensional hamiltonian systems has shown
that such “unstable,” or “hyperbolic” invariant tori are easier to treat than “stable”
tori [G,Z,E], which in our terminology are those with u;<0. However, their
presence complicates the construction below, so we exclude potentials, v, from (1.1)
which have u; = 0. It is relatively easy to derive sufficient conditions to ensure that
this is satisfied. In particular, we have:

Proposition 3.3. If ||v||.: <1, then L, has strictly negative spectrum.

The proof of this proposition is straightforward, but not particularly relevant
to what follows, so we omit it.

The hamiltonian (3.4) has infinitely many periodic and quasi-periodic solutions
when ¢ = 0. We will use KAM methods to show that these solutions continue to
exist for ¢ small and non-zero, provided the eigenvalues u, satisfy certain
non-resonance conditions.

Suppose that we wish to study the quasi-periodic (or periodic) solution
corresponding to the modes j,,..., jy of the hamiltonian (3.4). (In the periodic case
we just have N = 1.) We can assume, without loss of generality, that {j,,..., jy} =
{1,..., N}, since we can always relabel finitely many of the eigenfunctions {y} to
make this so, and the asymptotic estimates on the {y/}’s and the eigenvalues {u;}
that we need below will not be affected by shuffling finitely many of the modes.

The relevant quantities for the non-resonance conditions are square roots of

the eigenvalues y;, so we define w; = ./|u;l, j=1,2,....

Non-resonance Conditions. Let Q= (w,,...,wy). We then require

(D.1) |n-Q+ ju| 2 DPLInl+ j177 for n#0, nez", jz0,
(D.2) In'Q2+ w;| 2 DP[n|+ j1775, for j=N+1, neZ®,
D.3) Q4+ (0; £ @) ZDP[In| +]j—117%*, for jIZN+1, neZ"

for some constants D, D, and . (Given any vector x, |x| =) |x;|.)
7

We can now state our principal technical result.
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Theorem 3.4. Suppose the frequencies in the hamiltonian (3.4) satisfy (D.1)—(D.3).
Suppose further that certain non-linear relationships between i,...,wy and
Yi,..., N (which are analogous to the “anisochronicity” requirements of the usual
KAM theorems) are non-zero. (In Sect. 4 we define these relationships explicitly
and show that they are always satisfied if N =1,2 or 3, and for arbitrary finite N
they are satisfied for almost every set of frequencies, with respect to the probability
measure introduced in Theorem 2.1.) Then there exists €, > 0, such that if |¢| < &g,
the hamiltonian (3.4) has either a periodic, or quasi—periodic trajectory. (Depending
on whether N=1, or N> 1) The frequency, £2, of the periodic orbit, or the
independent frequencies, @, in the quasi-periodic case, satisfy |2— Q| ~ O(¢). What
is more, the functions q;(t) satisfy sup|q;(t)| < K,/ ]‘3/2’ " where K, >0, and 1 is
t

a small positive constant, which we will choose to be 1/10. (n can be made arbitrarily
small by shrinking &,).

Remark. One may wonder if there are any potentials, v, whose spectrum satisfies
(D.1)~(D.4). In Sect. 9 we will show that there is a natural probability measure on
the space of potentials with negative spectrum such that with probability one, a
given potential gives rise to a set of frequencies that satisfy the non-resonance
conditions.

We conclude this section by showing how Theorem 3.4 implies Theorems 2.1
and 2.2. We have already remarked that the hypotheses of Theorem 3.4 apply to
almost every potential with purely negative spectrum, v, so Theorems 2.1 and 2.2
will follow if we show how to construct periodic, or quasi-periodic solutions u(x, t)
for (1.1), from the solutions ¢(t), found in Theorem 3.4.

M

SetuM(x,t) = 21 q;(t)y’(x). Since |//(x) | is uniformly bounded in j and x (assume

Y/ is normalized sjo that |y’ .. = 1), the estimates on g; imply that u™(x, t) converges
uniformly to a continuous function u(x, t) which is either periodic, or quasi-periodic
in t, depending on whether or not g(t) is periodic or quasi-periodic.

In fact we have even better estimates on u(x, t). Recall that y/(x) is C?, and in
fact, by Theorem 4 of Chap. 2 of [PT],

WY (x) = \/2mjcos (njx) + O(1).

With this estimate we see that

e+ 8,0 = (0= 3. g0 +9)— W]

0

= -i PO (x+e)— ¢/ (x)]+ j=;+ . 4O (x + &) — ¥ (x)].

The second of these terms is bounded by C/M /27", using the estimate on ¢;(¢) in
Theorem 3.4. The first sum is bounded by noting that |y/(x + &) — Y/(x)| £ C-j-e,
which when combined with the bound on g; implies the first sum is bounded by
C-eM'?7"_If we take M = integer part of [¢~ 1], we see that u(x,) is Holder in
x, with exponent (3 — ). A similar calculation shows that if one fixes x, u(x, t) is
Hélder in ¢.
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With this information, we can estimate the amount by which u™(x, t) fails to
satisfy (1.1).

[02uM (x, t) — (0% — v)uM(x, t) + e(u™(x, 1))?|

M
j;l lﬁj(X)|:l'ij —wgite Y o 4;, 95,95, !//"‘W’!P“)]

J1,J2,j3

00

+e ) ) Ml//"(X)qhq,-ija(l//j,l/fj‘,lﬁjz,lﬁj’)

J=M+1 ji1,j2,j3 <

. (3.5)

In this step we have expanded («™)? in its Fourier series with respect to {y/}. We
used, and will reuse below.

Lemma 3.5. The expansions of (u™(x,t))* and (u(x, t))* with respect to {{y} converge
uniformly.

This lemma is a corollary of Proposition 4.2, so we delay its proof until the
next section.

If we now use the fact that {q;} satisfies (3.3) we can rewrite (3.5) as

(@D — @O+ S % W04 a 0 )

Ji=M+1 ji,j2,i321

€

= ol 0P — e )+ 5 piowle)

By Lemma 3.5, this last sum converges uniformly to zero as M — oo, so we have

Proposition 3.6. |02uM(x,t) — (0% — v)uM(x, t) + e(u™(x,1))?| goes uniformly to zero
as M — co. Thus, u(x,t) is a distributional solution of (1.1).

Proposition (3.6) immediately implies Theorem 2.1 or Theorem 2.2 depending
on whether we are in the periodic, or quasi-periodic case.

IV. The Iterative Scheme

In the present section we introduce new canonical variables for the hamiltonian
(3.4). We also prove bounds on the interaction terms in the hamiltonian. For this
task, we must introduce the domains on which we work, and norms for functions
analytic on these domains.

We begin with some terminology. Let y be a small positive constant. Define
integers N, =0, for k<0, and N, an increasing sequence defined in Sect. 5 for
k=1, which increases like ¢ *”*, We now partition the positive integers into
subsets [, defined by

l]k={Nk+15Nk+2"“’Nk+1}! kgo
Now take L® a (possibly empty) set of positive integers.

Definition 4.1. The set L® is k-admissible if
LY < Lk, j), for j=0,1,2,...,
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where

 (B[M(+1)—k] if j>k—M
g(k”)={o if j<k—M.

(In this definition, M is a large positive integer whose value, like that of the constant
y will be fixed in the course of the proof, and |---| denotes the cardinality of the
set enclosed.) A k-admissible set of integers is a “sparse” set of integers whose
“sparseness” increases as k increases, and also as one gets farther from the origin.

Now let ¢ and T, be elements of R” , whose components are all positive. Let
L be a zero admissible set. We define the domain

V(L9 T)= {quZ+| lg;| < T if jel®;|q;| <t; otherwise}.

The motivation for choosing these rather peculiar domains is discussed later in
this section. For the moment, however, we wish to concentrate on showing why,
for a particular choice of ¢t and T, the interaction terms of (3.4) are bounded on V.

Proposition 4.2. Let LY be a 0-admissible set, t;=c(t)/j**° and T;= C(T)/j**%.
(Here c(t) and C(T) are arbitrary large constants.) Then there is a constant K >0
(independent of 1'9) such that

sup 1q;,119;,1 1951 195, 1@, ¥ gy < K. 4.1)

N T
J1:d2,j3,ja2 1 V(z,IL(O),T)

The convergence of the sum in (4.1) depends on estimating (y/*, y2y7*y*). To
estimate this inner product we use

Lemma 4.3. Let ¢"(x)= \/Esin (nmx), (the normalized eigenfunctions of the v=0
problem). Then there is a constant c, depending only on v, such that

. C .
I(lpJ’(p")lél—_i_—U:tn—z", for all ],n=1,2,3,..‘.

Proof. :uj(l//ja 90") = (Lv sz (P") = (lllj; Lv(pn) = - nZnZ(wj’ (pn) + (W’ Uq)n)' USing the
asymptotic estimate — u; ~ (jn)?, the desired estimate follows immediately.
Since the {¢"} are complete we can write

W)= 3. oo,

where

: C
P - —
ST

and the Fourier series converges uniformly since y/eC*.
Thus, to estimate the sum in Proposition 4.2 we need to estimate

X 1l LA+ 1 =g )+ 1 —niD] 7 (@™, 0™ 0™ e™)]. (4.2)

The issue is further complicated by the fact that the size of |g;| depends on
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whether or not jel‘©. However, (4.2) may be rewritten as

=i<> ZL |q11'|q1,|< z o)lqjl+1|."lqj‘:l(ll/jl,u.,lllj"))

-+ j1eL© i+ 1 jg¢L
4
<cx ) Y T T,
1=0 l Jj1j1eL©®
(9™, ™) >
. ti,, " t; - - . 4.3
<Z¢ e U | 7 = el (L 1 — 2 “3)

nyceefy
We bound the sums over j¢L® by inserting the definitions of ¢; and then
estimating the resulting sums with the aid of the integrals

a—1 dx
.[ X2 _ g2 = (a )9/10 (a>1)
and
i < °
i1 X /10Ix 2‘—(a_1)9/10

Thus the term in parentheses is bounded by
D (9™,...,9™)
me, s (LT =03 1) (U4 | jE = nf 2% - n@1O
(If I=0, then no factors of (1 + | jZ —n?|) appear, while if I =4, no factors of
n?/1% appear.) We will show that this sum is bounded by a constant by first showing
that

c X

4

meng M4y
is uniformly bounded, since one has immediately that

’ .
z < constant.

w (L+1jT—=n3l)- (L + 1 ji —ni])
Because of the orthogonality of the trigonometric functions, (¢™,..., ") vanishes
unless n, + ny + n, + n; =0 for some combination of plus and minus signs. We
will estimate the sum in the case where n, — (n3 + n, +n;)=0. The other five
choices of signs are handled in exactly the same fashion. Since ny, =ns +n, +n,
(and all n}s are positive),

1 c c
"3/10 - ("1'"2'"3)3/10 T (M4 qromy

)3/10’

so the sum over n;, , ---n, is bounded by

1

¢ Z 1210

12/10 < const.
LI E PR n3 Ny 3

(as usual, the sum is set equal to one if I + 1> 3).
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Returning now to (4.3) we see that it is bounded by

4 /4
¢ X Z( ) Z le'“sz’
=0\ 1) ji-Frero

We bound the sums over je ¥ by,

.- d . @ 23M(n+ 1)
EED M EE D D M R o 111

jeL(©® jeL©® n=0jEL(0)ﬁ,'l n=0
00
<Y M+ 1)(1+e5 AP T2 < o0,
n=0

Thus (4.3) is bounded independent of L' and the proof of Proposition 4.2 is
complete.

Note that as a rather straightforward extension of the proof of this proposition
we have

Corollary 4.4. (Lemma 3.5.) Let u™(x,t) and u(x,t) be the approximate, and
distributional solutions of (1.1), constructed in the previous section. Then the
expansions of (uM)® and u3, with respect to {{’}, converge uniformly.

Proof. We will write out the details for u3(x, {)—(u™(x, ))? follows in like fashion.
The expansion of u>(x, ) is

0 . . .

S = T P00, 0,00 )

j=1 Jiitd2,J3
We will show that this sum converges uniformly. Since we know it converges to
u® in I?, and since u>(x, t) is cont, this implies the sum converges uniformly to u>.

Bounding |g;| < K/j**7" with the help of Theorem 3.4, and inserting the

expansion for the s that comes from Lemma 4.3 we have

§ W)

i=1

sup
x€[0,1]

Ses Y
Jsdtsj2,J3
n,ny,n2,n3

[(", ™ @™ ™)
(PR ER A+ [0 —j2 A+ Inf =2 +[n3—j3)) A +|n3—j3)

[(@", @™ ™™

n§/4ng/4ng/4

=c

n,ny,n2,n3

< 0,

so the expansion converges uniformly. Note that the last inequality used the
orthogonality of the trigonometric functions to eliminate the sum over n.

It is clear from the foregoing discussion that if one had chosen in Eq. (1.1) not a
cubic non-linearity but rather some more complicated polynomial, one would get
a hamiltonian consisting of infinitely many harmonic oscillators coupled by a more
complicated polynomial interaction. Nonetheless, one can bound the interaction
terms on domains like those above (although one may have to choose the vectors
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t and T to decay at slightly different rates) and the remainder of the proof goes
through very much as in the present case. It is not clear, however, how one would
deal with a general analytic interaction term in (1.1).

Having now gotten some control over the interaction terms in the hamiltonian
we make a canonical change of variables which simplifies the perturbative argument
used to prove Theorem 3.4. Recall that we wish to construct a quasi-periodic (or
periodic) orbit for the hamiltonian corresponding to the unperturbed motion of
(P1,4915--->Pn>9qn)- If we look at the equations of motion for ¢ =0 we see that we
get a quasi-periodic solution by taking p;(t) = q;(t) =0 if j = N + 1. Thus we treat
these two groups of variables somewhat differently. Define

qgj=+/1;/w;cos ¢;, p;=—./1;w;sing;, j=1,...,N. 4.4

1 . _ 1 . .
zj= lz—wj(l’j—lequ z;= /Eajj(l’j"'lwﬂj)» jzN+1L

This differentiation between the coordinates we wish to perturb, and the remaining
degrees of freedom for the system, has been used in [G, Z, and E] to construct
low dimensional invariant tori for nearly integrable hamiltonian systems with
finitely many degrees of freedom. Note that this is not quite a canonical
transformation since dz; A dz; = idp; A dq;, but as noted in [E], this factor of \/ —1
causes no problems.

In terms of these new variables, the hamiltonian (3.4) takes the form

and

Q0

N €
HLg;z,2)= Y o;l;+ Y ;z;z;+~9g(I,9;2,2).
=1 j=N41 4

We will look more closely at the exact form of g in a moment, but let us first note
that we are interested in perturbing around the torus I = I°, z =2z =0. Defining
J =1 —1° the hamiltonian becomes

N
H(J,¢;z,z)=const. + Y. ;J;+
I

)

0
j=N+1

e )
w;zjZj+ 4 fU °.J,0;2,2,  (4.5)

with f(I° J, @;z,Z) = g(I° + J, ¢;z,Z). This is a convenient set of variables with
which to work since we are then perturbing around the point J=z=z=0.
The equations of motion for the hamiltonian (4.5) are

edf edf .
= ———" .= . _—— =1,“.’N’
’ 409;’ ?; C0’—*_4(3Jj’ J
edf . . _ gdf |
o= — )2 — | ——— L= 7. —— > 1 46
Z; iw;z; 14821-’ z; lw’Z’+l482j’ j=N+ (4.6)

We will show below that f admits a power series expansion in J,z, and z. If
that expansion contained only terms of quadratic or higher powers of these
variables, J=z=2z=0 would still be an invariant torus for (4.6). It is this
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observation which motivates our approach to the problem. Instead of attempting
to construct a canonical transformation which “kills” the term, f, in (4.5) completely,
we will show that there is such a transformation which eliminates the low order
terms in the power series for f. This is sufficient to conclude the existence of an
invariant torus and it has the important consequence that the frequencies {w;}
need to satisfy far fewer non-resonance conditions than would be needed if we
tried to eliminate f entirely. It is not at all clear that the frequencies {w;} arising
in this problem could be forced to satisfy these additional conditions. We remark
that Nikolenko [N] does transform to linear equations of motion when he applies
similar ideas to evolution equations and thus he is required to impose these more
stringent non-resonance conditions on the linear part of his systems.

We now look somewhat closer at the function f(I° J,¢;z,2), in (4.5). If we
insert the change of variables into the interaction term in (3.4) we find

SO, J,0:2,9) = X 0~ DI 4 1) (cos ) fz);fwﬁz W @)

The multi-index notation is standard, except for (cos )’ = ]_[ (cos @;)", and

(Y2 Py = (Y9, 293 94), where we use the fact that the restrlctlons on Y insure
that y*+*#*7 =T (y/)@*#*"s is a product of four y/’s. The restrictions on Y are

J
4>a;,B;,7,20 for all i,a;,3,=0if i<N, y,=0if iZN+1, and |a+f+7y|=
L+ p+y)l=4

If we fix some value of I® then Proposition 4.2 implies that for I near I°, J
near 0, and z; and Z; going to zero quickly enough with j, the sum in (4.7) converges.
We now define some domains, related to the domains, V, defined earlier, that allow
us to discuss this convergence.

Definition 4.5. Let L™ be a k-admissible set of integers with k= 0. Let t and 7 be
infinite dimensional vectors with positive components, let v, p, and ¢ be posmve
real numbers, and let I°¢(R*)". We define the domain

D% v; p,0,7; 1%, #)={(I,J, ;2,2)eCN x C¥ x CV¥ x C*" x C?"|
|19 —1;|<v,|J;l<p, and [Img;| <o for j=1,...,N;
lz;] <7, 12, <7, if iglW;|z,| < 7. |12, < T, if ieL®}.

Let f(I,J, ¢;z,Z) be a function analytic on the domain D(I°,v, p,0,1;1L%, 7),
which is 2n-periodic in ¢. Then we can expand f in a Laurent—Fourier series

fU T, 0;2,2)=Y" (I k,n; 0, B)J*e™ 227, (4.8)

where 3" means we restrict the sum to keZ", k; 2 0, neZ®, a, Be(Z)*", a;, B; 2 0.

Define
o if i¢l® o if iel®
(rs) = {0 otherwise () = 0 otherwise
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Clearly, a = ag + ap. Define B and fz analogously. We then define the norm of
the function f, on the domain D to be

lIflID=Z'< sup If(l,k,n;a,ﬁ)l)p""e"'"'f“s+”s«7“"+”"-
0

=I31<v

These norms are modeled after those used by Vittot and Bellisard ([V, VB]).
Note that one property of these norms that we will use repeatedly is that if f
and g are analytic on D, then

Ifglo=1flnllglp.

The proof of this simple fact follows [V].
Note that as a corollary of Proposition 4.2, we can find positive constants v°, p°
and ¢°, such that if we take t? =%, and 79 =2, we have

Corollary 4.6. The function f(I,J, ¢;z,Z) is analytic on D(I°,v°, p°, ¢°,1% 19, 779,
for every 0-admissible set 9. Furthermore there is a constant K > 0 (independent
of L) such that

Iflp=K.

The corollary follows, because if we take any point (I, J, ¢; z,Z) in the domain
D, and untangle the various canonical change of variables, we find that the
corresponding points g;, ..., q;, lie inside the domain V(t, L'?, I), of Proposition 4.2
if we choose c(t) and C(T) large enough. We can allow the variables z; and Z; to
go to zero more slowly with j than the variables g; did, because of the factors of

1/\/a7j that appear in (4.4), since asymptotically, (1/\/a_)j) ~(1 /\/n_j ).

The reason for choosing these rather unusual domains and norms is the
following. If we write out explicitly the Taylor—Laurent series for the interaction
term f(I1°J,9;zz) in (4.7) we find that each factor of z; or z; has a coefficient
proportional to 1/\/aTj , again because of the transformation (4.4). Thus, df/0z; or
0f/0z; can be bounded by c|| f || /\ﬁ , and these factors of 1/\/]_' are very useful in
making the sums one encounters in the iterative process converge. The domains,
D, and their attendent norms are constructed in an attempt to preserve as much
of this decay as possible. To see how this occurs suppose that f is a function,
analytic, and uniformly bounded on all domains D(I°, v, p, o, 7; L%, ), for L® any
k-admissible set. If we shrink 7, say to J =17 then df/dz ; is analytic on any
domain D(I°v,p,0,7;0L®,J) such that L® = {j} UL®, and Cauchy’s Theorem
implies that

of

0z;

<2fls  NSllp

~ =512
T; j3!

D
Note that we may choose L® to be any set of integers satisfying || L® 1 i<
max (0, (k,j) — 1). Thus, as the iterative process proceeds, we preserve most of the
decay of derivatives with respect to j, but the number of points in L® decreases.
Let us now look again at the hamiltonian (4.5). At the moment, the frequencies
w;, corresponding to motion on the invariant torus are constants. As is typically
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the case in KAM type arguments, we will need to adjust these frequencies slightly
as the iteration proceeds. We extract a term from the interaction, f, which does
not depend on the angle variables, that allows us to do that.

We begin by defining the order of terms in a power series like (4.8). The order
of a term f(I, k, n;a, f)J*e™ ?2%2* is

2[k] + |af +lﬁl52<< Z Ik; l>+ > (Iot,-l+lﬁ,~l)>-
j=1 j=N+1
As usual in KAM arguments, the “unperturbed” hamiltonian (in (4.5) the
& =0 case) will be altered by the accumulation of terms that cannot be eliminated
by the successive changes of variables. In the present case these terms are what
allow us to adjust the frequencies of the (quasi-)periodic motion, so we compute
them explicitly to lowest order in ¢. As can be seen from the inductive argument
in Sects. 6-8, (see in particular (8.4)), the terms which are not eliminated from f:

(i) are quadratic with respect to the ordering defined above,
(i) are independent of ¢,
(iii) involve z; and z; only as the product (z;z)).

Thus, using (4.7), we can write an explicit representation of them to lowest
order; namely

N 3N\L.J; .. . . . N /I\IJ, . .
81;1 (ﬁ;—j;(«ﬁ’tﬂﬁ Yip)+e 3 (ﬁﬁ(ww Yhy)

D) () Ly g, 4.9)

Jj=11=N+1 ;0

We first note that this will change the frequencies of the quasi-periodic motion:

- B 3\/( I; Jold sl S l I
o2t =0, o( 3 ) (G Jorvro "“8:%(4)(%(»,

Define the right-hand side of this equality to be f§1’(1).
A very important quantity in KAM arguments is the matrix

(m> ( )(W!n/u/ﬂml— ,,)( >(W¢f¢) @.11)

)(ll/j!//jl//’l//’)- (4.10)

ol

As we shall see in Sect. 9, it is necessary for this matrix to be invertible in order
to control the small denominators which arise in the iteration. In the case N =1
(periodic motion) this matrix is always invertible. For N =2, we must invert

f—z(tp*wl,wlwl) )

4w,w,
WY fﬁ(wzwz,wzw)

4a) 105
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The determinant of this matrix is

o QWM — YR,

16w? w?
This quantity never vanishes, however, since
(VAN T (R AR A [ A Ve T
Similarly, for N =3, the matrix 00/0l is always invertible. I have not yet found
an argument guaranteeing (0£2/0I) is always invertible for arbitrary N, but one can

make the following observations. If the potential v = 0, the terms in 0£2/4I can all
be explicitly computed and we have

3WhLYNY, (LY, LYY

det<%>= ot | WV WA Y
4N< ,Hl @i ) WNN Y, 3NN, YNy

9,1,1,...,1

eV 1,9,1,...,1

1......... 1

We now make two observations:

(1) Since ¥’ and w’ are analytic functions of the potential, », (Chap. 2. [PT])

det (0Q2/01) will be non-zero for all v near zero.

(2) Since the (y/’s) are analytic functions of the frequencies, {w;}, this determinant

will vanish only for a set of frequencies of zero measure with respect to the

probability measure defined in Sect. 9. This in turn implies that it vanishes for a

set of potentials of zero measure. I am indebted to J. Poschel for this remark.
Combining these remarks we have

Lemma 4.7. The matrix (0Q2/01) is always invertible if N = 1,2, or 3. For arbitrary
positive, N, it is invertible for all except a set of potentials of measure zero. Furthermore
we have det (0Q2/0I) = ce".

Note that from (4.9) we can also compute the change in the frequencies w;,
jZN+11Itis

. e N Il I,
;=& ()=w;+- Y —— Wy, Y. 4.12
i~ @) = @ 41;1 w,wj( vavY) (“412)
Define the right-hand side of this quantity to be g{"/(I). (We will need this formula

in Sects. 5 and 9.)

V. The Inductive Step

In the present section we state an iterative proposition that allows us to prove
Theorem 3.4. We begin by defining a sequence of inductive constants.
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1. Define g = Ke?, ¢, = &5, 6, =£°%, g5 = ¢'7/? and g, = &' *? for k = 3, with
y a positive constant, smaller than 1, defined implicitly in the course of the proof.
(We could take it to be (1/8), for instance.) These constants govern the size of the
interaction term in the hamiltonian after k-steps in the iteration. The constant
K is that which appears in Corollary 4.6.

2. A sequence of length scales (which were used in Sect. 4),

N,=0;k<0 and N,=[¢ 'L k=1,
(Here, [...] refers to the integer part of the number enclosed.)
3. The size of the analyticity domain in the action variables, J, is determined by
p O =¢l424  p® =932 apd p*k*H=p®25 for k=0,1 and k=3.

4. The size of the analyticity domain in the variables, I, used to adjust the
frequencies of the quasi-periodic motion is given by v® = 4p®; k > 0. We choose
I°=(1,...,1)e'/*, which determines the torus around which we perturb.

5. Similarly we set 6@ = 1,6® = ¢9/2%(k + 1)%, k = 0, and define ¢® = ¢® — 85,
The constant ¢ will determine the size of the domain in the angle variables.

6. At each iterative step we will consider only finitely many Fourier coefficients,
that number being determined by

2
MkEwllogEkl.

The next two definitions determine the size of the domains in the variables z; and z;.
7. Define t® by

W=D+ 27K7YY k= L)z,

70 = g1/8j=(2/9),

8. Define {,=5/12, and {, =(1 + 271k~ 2)"2(,_,, k = 1. Then define 7® by
k
g'gk) =81/8.j€k/ l“[ (1 +(l+ 1)—2)4'
=0

(In particular 79 = ¢!/8j%)

Remark. The powers with which t% and 7% decay and grow in definitions 6 and
7 are not uniquely determined. One could set t{ ~ j~% 79 ~ j# and attempt to
optimize the estimates with respect to o« and f, but this would further burden the
notation, and so we have chosen one set of constants that works. We remark that
the choice of « and f will change if we choose a different non-linearity in (1.1)—say
u® instead of u3.

9. The constants [D{M] and [D{¥] determine the size of the “small denominators”
at each step of the iteration. D§") and D§ are large constants defined in Sect. 3.
For k=1 set:

DV =D k*|logel* for k=1,2; DM =DM V) k?|loge|* for k=3
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and
D =DPk*loge|* for k=1,2; D@ =D@ V) 1k*|logel*, k= 3.
We can now state our inductive proposition.
Proposition 5.1. Consider the family of hamiltonians, H®, H®, ...  H®, with
H™(I,J,¢;2,72)= Q®(I,J;z,2) + SY(,J, p;z,Z) + R¥(I, J, ; z, Z) + const.,

and suppose that there is a set 2© = BW?, I°) = {IeR"||I — I°| < v°} such that H®
is analytic on D(I,v®, p®, g® 10 1 O 7 ®) for every k-admissible sequence L™ and
every Tea®,

The terms Q% in H® are all of second order with respect to the notion of order
of terms in a power series defined at the end of the previous section. All terms in S®
are of third order or higher.

Suppose further that the following inductive hypotheses hold: Recall that
0 =(wy,...,wy). Then

(k.1) 0", J;z,2)=Q-J + fO(I)-J + Z w;z;Z; + z g“"(l)zjz'j.
FES S

The functions f*®(I) and g¥(I) are defined for all Ie{I ’eCN |dist (I', 2%) < v®}. We
assume that

O =gO()=0 whileif k=1,
sup| fO() — P <™, j=1,...,N,
I

Suplgﬁ-l’(l) =g <" j2N+1.

(Recall that FD and GO were defined in Eqs (4.10) and (4.12).) If k> 1 we require
[P = Z (fPM) —£§~2(D)) and g1 = Z (g — g§~P(D)), with

Suplf“’(l)—f}"”(l)l<88: , j=1...,N,

Suplg”’(l) — 9§D <eg/Pj*, jzZN+1,

forl=2,... k.

Suppose further that for any k-admissible set L® one has the estimates
(k.2) IS®| £ Cyeo,
(k.3) IR®| < ¢

k+1
on the domain D(I,v®, p®, 6®, 7®; L ® 7 ®) with C, = H (1+j72).

Then if ¢ is sufficiently small, (this smallness condltzons is independent of k) there
exists a set 2%V < 90 with meas(2** V)= (1 — O(1/( + 1)*|loge,|)) meas (2¥)
such that if Te2%* D, there exists a canonical transformation, C®, analytic on
D(I, v+ D, plet 1) glet 1) g+ 1) | 6+ 1) g+ 1) (=D, ) for any (k + 1)-admissible set
L% and mapping this domain into D(I,v®, p®, o® 7®; 1 *+1 g7 ®)(=D,).
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(Note that any (k + 1)-admissible domain is automatically k-admissible.) Further,
the hamiltonian H®**Y =H®oC® = Q**+1 4 g+ 4 R&*D 4 const.  satisfies
(k+ 1.1)—(k + 1.3).

Finally, we note that if z; and z; are sequences in the domain Dy, |, which satisfy
max(|z;l,1Z;]) £ C/j*!*°, with C, the constants defined above, then the transformation
C™ maps them into points in the domain D,, obeying a similar estimate, but with the
numerator replaced by Cy . ;.

The proof of this rather long proposition is given in the following sections. We
conclude the present section by showing how it implies Theorem 3.4.

If we take the hamiltonian (4.5) to be H®, and set 2 = B(?,1°), then
Corollary 4.6, plus the definitions of v(?, p(@, 1® and 7@ show that the induction
hypotheses (0.1)—(0.3) are satisfied.

The estimates on the set 2® imply that 2*) = () 2® satisfies meas (2(*)) >
k=0

(1 —0(1/|log &y|) meas (B(?, I°)). If 1€2), the induction step may be repeated
infinitely many times. This has the effect of “killing” the remainder term R®. In
particular, if we look at the hamiltonian vector field associated with H®, we see
that in the limit k— oo, the point J =z =z =0 is left invariant by the associated
flow. Thus, we get a quasi-periodic trajectory given by ¢(t) = 2 “t + ¢(0) for some
N-vector 2.

That this gives a quasi-periodic orbit for our original hamiltonian, H, follows
from Sect. 7 (see the discussion following Corollary 7.5) where we prove that the
lim C©@oCWo...oC™M(0, 02t + ¢(0);0,0) exists. Furthermore, the last statement of
Proposition 5.1 implies that the z;, or Z; component of this limit must satisfy
max (|z;(0)],12;(0)]) < ¢/j* 10 If we now reexpress this quasi-periodic orbit in terms
of q;(t) = (i/\/2w;)(z; — Z;) we see that |q;(t)| < ¢/j'*/*°, verifying the final claim of
Theorem 3.4.

In order to prove Theorem 2.3, we note that we get a quasi-periodic orbit for
each point I€ 2, whose frequency vector is Q¢)(I) = lim Q2%®(I). (The existence

k—
of this limit follows from Proposition 5.1). In Sect. 9 we prove that the set
{2192 = Q*)XI),Ie 2} has large Lebesgue measure, which completes the proof

of Theorem 2.3.

V1. The Hamilton—Jacobi Equation

We construct the canonical transformation, C%, of Proposition 5.1 as the time
one map of the hamiltonian flow whose hamiltonian, y, approximately solves the
linearized Hamilton—-Jacobi equation

H® + {y, HO} = gD, (6.1
As mentioned in Sect. 4, we need only kill those terms in H® of low order.
For this reason, we only have to retain terms of order two or less in the power
series for y. Thus, we write x as
X=Xo+ X1+ Xa2»
where y; contains terms of order i.
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Note that if F,, and G, are two terms of a power series with orders m and n,
respectively, then {F,,, G,} has order m + n — 2. Thus, if we write R® = RY + RP +
RP, and S® as $® =8P + SP + SY, with S¥= Y S¥, we can study Eq. (6.1)
order by order. izs

Looking just at the zero™ order terms gives

Rg‘) + {XO) Q(k)} + {X07 R(Zk)} + {Xls R(lk)} + {XZ, Rg”} = RgH- 1)' (62)

We expect y to be of the same order of magnitude as R%), i.e. O(g,), and furthermore
expect R**1 ~ O(¢?). Thus, without worsening the approximation made in
linearizing the Hamilton—Jacobi equation we may ignore the last three terms
on the left-hand side of this equation, and the term on the right-hand side, and
choose y, to satisfy

RY + {x0,0%} =0. (6.3)

If we repeat this process for terms of first and second order, we find that y, and
¥ should solve the equations

RE + {20, 88} + {x1,0%} =0 (6:4)
and
RY + {10, 59} + {21, 8§} + {12, 09} = 04+ — 09 (6.5)

We now expand all the functions in (6.3)—(6.5) in Fourier—Laurent series and
(formally) solve for the coefficients of . Note that y, must be a function of ¢ alone
and an easy calculation shows

R%(I,0,n;0,0)e™" *
in Q(k)( 1) ’

Xo(@)= Y (6.6)

nez
n#0

where Q®(I) = Q + f®(I). We will suppress the dependence of x on I to slightly
simplify the notation. (Note that we have omitted the term R®(I,0,0;0,0)—this
is absorbed in the constant term in the hamiltonian.) We return in a moment to
discuss the convergence of this sum, but first we write down similar expressions
for y, and y,. The function y, will depend linearly on z or z but must be independent
of J. If we define v'(I, ; z,2) = {0, S} we find

[R®(I,0,n;,,0) + 9*(1,0,n;8;,0)]z;e™ *
i(n-Q29(I) — 0¥(I))

X1((P;Za Z_) = Z
jgelg+1

N [R®(I,0,1;0,8;) + $1(1,0,1;0,5;)]1Z;¢™ * .
i(n-QM(I) + 0®(I))

In this expression §; = (0,...,0,1,0,...), with a one in the j® component and zeros
elsewhere, and oP(I) = w; + g¥(I).

Finally, defining v*(I, J, ; z,Z) = {10, 59} and v¥(I, J, ¢; 2, Z) = {3,, S}, we can
write down the (formal) expression for x,. To slightly simplify the results we note
that y, will consist of two pieces—one of which is linear in J and independent of
z and z, which we denote by y3, and a second which is quadratic in z and Z, but

(6.7)
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independent of I, which we denote by y5. Then
[R®(I,1,1;0,0) + 9*(I,1,1;0,0) + 93(1,1,n;0,0) ]J '™ ®

J = , (6.8
22U, 9) HEZZ:N in-QW(I) 63)
n#0
F;20,l|=1
while
cpni)= Y ROGOBLAH+ PO mL ) LOBLH] ey
N = yAvA .
. itn 2P0 — (o~ B o®(D))
o;,8:€{0,1,2}
lal +181=2
Inl+loc— Bl %0 (6.9)

As a first step in bounding the various terms in the generating function we
discuss the denominators of these expressions. We first remark that we can restrict
the sums somewhat by noting that the numerators are the Fourier coefficients of
analytic functions. Cauchy’s theorem then allows us to estimate these coefficients
by c-e~ "l where o is the width of the analyticity domain in the ¢ variables. Thus,
terms with |n| > M, ~ O(|In¢,|) will be of the same order of magnitude as things we
have already discarded, so we will restrict all the sums to |[n| < M,. This reduces
the number of small denominator conditions that we have to impose at each step.

We then have the following sequence of lemmas, bounding the various terms
in the generating function.

Lemma 6.1. If Te2® and L® is any k-admissible set, then on D(I,v®, p®, ¢® — §®,
T®; L®, 7®) one has

” XO ” é EO(Ek),
with Eq(g) = D{Ve(2t/6®)(1 — e~ 0*/2)~N
Proof. By the estimates of Lemma 9.2 on the small denominators which appear

in (6.6), and a Cauchy estimate which bounds |R®(I,0,r;0,0)| < g,e ~**!"!, we can
bound | x|l by

_ 27 \°
Z Dg)aklnlte 6(k)|n|§D;‘1)8k< X Z e—&(k)|n|/2
n¥0

k
0#[n| S M, 6( )

< D;(l)gk(zr/a(k))t(l _ e—a(k)/z)_N

We now turn our attention to a bound for y,. We see from (6.7), that in order
00 0P (X 3o 0SY

op 0J < 16¢, 6J,>
We can easily bound the terms in this sum on domains D(I, v¥, p®/2, a"" 26®), 7®);
L®, 7®) with a pair of dimensional estimates and we find || v!|| < 2C,NeoE(e,)/
p®é®. (We use the terms “Cauchy estimate” and “dimensional estimate” inter-
changeably )

Let [ be a set of positive integers satisfying |[Lm|] | = max (0, Z(k,j) — 1). Then
Lu{j} is k-admissible for all j> N,_,,, and we can bound |R®(I,0,n;0, 0;) +

to bound y; we need estimates on v! = {y,,S%} = —



500 C. E. Wayne

f}1(Ia 09 n; 05 5_])' by
[(2CNeoE(ey)/, P(k)5(k)) + e le” (o= 2509In]

L

on D(I,v®, p®/2, g0 — 260 ¢®. [ 77®) where ti=7¥ if jSNy_p and t;=TP
otherwise. The estimates of Corollary 9.4 imply that

|- QD) & ()]~ < DD,

where ¢ is some constant. Thus, we immediately have the bound

M o 92 EDPLQC,Neo Eole)/p®®) + & n|"+ L2
0z; 0Z; || ™ o |nls M Jt
CD(I) [2C NeoEo(e)/p™®) + &1 < - (1 —e 2
jtj &®
=E (&)/jt;, (6.10)

on the domain D(T,v¥, p®/2,¢® — 36®,¢®; [, 7®) Note that the sum over |n|
was bounded in the same way as in Lemma 6.1.

Remark. One may think of the various constants E(g,) that we have defined (and
will define below) as being roughly of order ¢,.

We bound |y, || on these same domains, by bounding the factor of z; or Z; in
the numerator by 7 if jel and t; otherwise. We must then sum both over
0<|n|£M, and j= N + 1. The sum over n goes exactly as before—we don’t
comment further on that and we are left with

1 (k)
201 < 26 (e) {z<;)+ Z;}w} 6.11)

jel jgl

The first of these sums is bounded by

e

1 J) 150 1

5 (1)3 ) gz(\lr( D) < gepp z I+ ey "
jelnly

< 2°M, for ¢, sufficiently small.

The second sum is immediately bounded by noting that
. 1+ N,_ ™ _ & .
@) ST, so T I 2§ (14N, )] S+ Ny
J jel .] J j=1
Combining (6.10) and (6.11) we have

Lemma 6.2. If Te2%, L is as defined in the previous paragraph and &, is sufficiently
small, we have

X1
0z;

243

<
2z, 2E (&) jt;

+ |

J
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and
%1 £ 2°E; () (M + 1)(1 + Ny _ )

on D(I,y®, p®/2, g% — 350 7@, [ 7 <k))
We now turn our attention to y3 and x5. To bound these two functions we
must first bound

N Oy, 0SP
2 _ SN — _ 740 TP4
v {XO’ 4 } l:zl an, BJI ’

and

Y 0x, OS"‘)
3: S(k) = — L
Y {Xl’ 3} lzz 5(p, 6]1

0z; 0z; 0z; 0z

(ax sy oy, asgﬂ).

l N+1

We bound v2 on D(I, v¥, p®/2, 6® — 26® ¢®; L ® 77 ®) with the help of Lemma 6.1
and a pair of dimensional estimates and find ||v?|| < 2NCyeoEo(&)/p®®. The
terms in the first sum in the definition of v are bounded in the same way as v2.
To bound the terms in the second sum we use the estimates of Lemma 6.2 to control
the factors of dy,/dz; and dy, /0z;. By the induction hypothesis, combined with a
dimensional estimate we have | 6S”"/6z; |+ 1108%/0z, || < 2*Cyeo(Ni—~p + 1)/t;, on
any domain D(I, v, p®/2, 6® — 36® ®; [, 7®/(1 + (k + 1)~ 2)), where [ and ¢, are
defined as they were in Lemma 6.2. (We emphasize once again that we are using the
fact that if [ > N, _,, this domain is contained in D(I,v®, p®/2, 6® — 36®, t®: [ U
{3, 7%/(1 + (k + 1)~ 2)) and then estimating 6S%/0z, and 85%/0z, on this domain.)
Since 1/1t7 <28 1/4/10/® we have

v < 27ch80E1(3k)/P(k)5(k) + Z 212Ck8— 1/430E1(3k)/19/8
I=N+1
S27Ce Ve E o (a) [(N/p® ™) + 28], (6.12)
on D(I,v®, p®/2,6® — 36®,10; L, 7®/(1 + (k + 1)~2)).
With these estimates in hand it is easy to bound 3. We bound
|R®(L,1,1;0,0)] + [¥3(I, ,n;0,0)| + 93(I, [, n; 0, 0)|

by dimensional estimates, |J'| by p®/2, and the denominator by the estimates of
Sect. 9. We find

Lemma 6.3. If Te2®,1 is as in the paragraph preceding Lemma 6.2, and ¢, is
sufficiently small then,

el = 24{8k +27Cye™ Ve E () [(N/p™ ™) +2°] + 2NCk80Eo(8k)/P(k)5(k)}
DPAT/oW (1 — =212
= Eg(gk),
on D(T, ¥, p/4, 6t — 45, 2, £, 701 +(k + 1)),

The most difficult piece of the generating function to control is x5 which we
now study. We will estimate 0%y5/0z,0z;, 0x3/0z;, and x5. Other derivatives are
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handled in an analogous fashion. First note that

g [RM(I,0,m;6,,8;) + $2(I,0,1;6,,0,) + 93(1,0,m;5,,6;) ] ™*
02:0Z;  n/Sh iln- Q9D — (@) — ()] '
(Inf#0ifi=j)

The estimates of Corollary 9.4 imply that if Te 2®; the denominator in this
expression may be bounded by

In-29(1) = (@{(1) — (D)~ = CDPn* (1 +]i = jI)7,

with C a fixed constant. On the other hand, dimensional estimates allow us to
bound the numerator by

20K2 ey + [V + v [ Je= 73 g, (6.13)
where

B r§k> if 1<i<SN,_y

Suppose we define T to be a set of integers such that |[Lr\[l | <max(ZL(k, j)— 3,0).
Then the estimate in (6.13) holds on all domains D(T, v"" p®/2,6® — 350, 70/
(142735(k+1)"2)% L, 7®/(1 + (k + 1)~ 2)2). Using estimate (6.13) and our previous
estimate on |[v2|| and ||v?| we immediately obtain
e
0z;0%;

S 2%k {e, + 27Cye™ V6o E  (e) [(N/p™® 0%) + 28] + 2N Creo Eo (er)/p ™%}

,D;CZ)(4T/5(’())4‘[(1 _ e—a(k)/z)—N/titj(l + |i _ ]l) (6‘14)

For convenience we define the right-hand side of this expression to be Ej(g,)/
tit(1+1i—jl).
Turning now to dy2/dz; we find
o [R(I,0,m;8;,8;) + 9*(I,0,m;8;,8;) + 93(I,0,m; 6, 6;)1Z,e™ ¢
0z; _o<|n|<Mk ifn-QW(I) — (@ (1) — wﬁ"’(l))]

jZN+1
[R"‘>(I 0,n;6; + 8;,0)+ $*(1,0,m; 6,4 6,,0)+ 9*(1,0,n; ; + 6;,0) ] ;™ ¢
i[n-Q%(I) — (0{(I) + 0P(1))] ‘
The first term is, with the exception of the factor of z;, precisely the quantlty we
considered in deriving (6.14). We bound the factor of |z,| by 1% if j¢L and J¢ g ®
otherwise. Here,  ® = 7%/j™"k+1"%) The second term is bounded in like

fashion (the estlmate on the denominator again follows from Sect. 9) and we find
that on

DT, v®, p®/2,6% — 460, 10/1 + 273k + 1) 2 L T D/1 + (k + 1)72)?),
015

7y ! 2K 6.15
< z . .
laz,. =2E2(8k)x{z[““"’]t(lﬂl—]l) ]g(titj(1+|i—j|)} (615

jel
The first of these sums is bounded by taking into account the fact that points in
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[ are very sparse. Thus, we have

z 1 [i(k):ls_l_ i Z —(1/2‘2(k+1)2)< Z Lk, )N, (1/212(k+1)?)
Sr+1i-iDLTP |Zus £
24M 0 218M(k + 1)2
< [+ e tn2ie+rnz <2 2 7 (6,16
=7 z;o(+ % =ty O

if &, is sufficiently small.

We bound the second sum in (6.15) by noting that if j < N, _,,t#/t;=1=
(14 Ny —p)/ 7>, while if j> N, _,, and /t; = /T ® < ¢/j3*. Thus, this sum is
bounded by c-((1+ Nk_M)/t)Z 1 +]i— ¥ <+ Nk_M)/t.\/;, using the

jet
elementary estimate Z 1730 +]i—jh < c/\/; This completes our estimate of
=
102 /0.

It remains for us to estimate y5. Reconsidering the expression for y5 we see
that all terms in the sum over a and § must satisfy |«| + | f| = 2. This means that
@+ B = £ 0, % 6;, for some choice of i and j, which when combined with a pair of
Cauchy estimates allows us to bound

|[R®(I,0,n;0, B) + v3(1,0,n; 0, ) + 93(I, 0, m; at, )]
S2%K2 [+ V21 + V3 [ Je™ @73l g
Similarly, the factor of |z*||Z’| is bounded by <1 if 4, jel, 1""3" ® if jel,
i¢[, 107 ® if iel and j¢lL, and TP T if i, jel.

In order to bound the denommators we again note that the restrictions on the
sum over « and § imply

|n,g(k)(1) —(a— ﬁ).w(k)( )~ 1_ =|n- Q(k)([) + (w(k)(]) + w(")([))l 1

The discussion of Sect. 9 shows that this quantity is largest for the case o) — (¥,
and allows us to bound

I Q9D — (@ — By 1) 1 S EDPIn[* (L + i - 1)

if IeC" and dist (I, 2®) < v®. Combining these remarks we see that |33 can be
bounded on D(I,v®, p®/2,6® —45® t® /1427 5(k+1)" 2L, T ®/1+(k+1)"2)?)
by

YAy ad) G0 ()
2CE5 (&) —+ =

2 iezmtirj(mz—m iezirit,-(ulz—m

jel jel

T 70 200 k)
+ —L 1. (6.17)
%L ti(1+1i—jI) gn:_titj(l'i'“_.ll)
jel J¢n_

The first of these sums is bounded by (2'®M(k + 1)%/(1 +7))?, as we see by

comparing it with
*/(k) o i—(1/212Gk+ 1)?) 2
Z t. Z Z ’
el 3 —Vieln
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and then proceeding exactly as in (6.16). The second sum is bounded by
(218 M(k+1)2/(147))(CN, _ »)- To see this, note that for iel, 7 ®/r, <j~1/2"2 &+ 1)
while if j¢L, ™0/t; < C-(1+ N,_y)/j>"*, as we saw above. Thus, this sum is
bounded by

1

C(L+N,_ i~ (1/2120c+ 1)2)
(1 N 2 TR (e

iel

jel
=C(l+ Nk_M).Z (/21200 + 1)2)/\ﬁ
leﬂ-_
s 1y 218 M(1 + ky?
=C(1+ Nk—m)'z jTAREET DY) < c+ Nk—M)<(—+k))-
iel (1+7y)

The last inequality follows just as in (6.16). Note that the third sum in (6.17) is
bounded in precisely the same fashion—it differs only in that the roles of i and j
are interchanged. The final sum in (6.17) is bounded by

) 1
(C(L+ Ny_y) ),gm Gy S+ Mo T 55 S €L+ Nes.

jel
where the first of these expressions used our now familiar bound on (t?/7¥).
Combining these estimates we have

Lemma 6.4._If Tea®, L is as defined following Eq. (6.13), and &, is sufficiently small,
then on D(I,v®, p®/2,6® —46®,1®/(1+273(k+1)"2)%; LI ®/1 +(k+1)*)?) we
have:

15
0z;0z;

< E5(gl)/tit;(1+ i — ji).

0x5

i

< 2B (e) {218M(k+1)2 C-(1+Nk_M)}/ti

i+n S

28 Mk + 1)2

751 < 2E5 (%){(W

.<218M(k + 1)
(1+9v)

2
> +2C(1 + Ny_y)

) +(C +Nk-M))2} = E5(e).

VII. The Canonical Change of Variables

We now consider the canonical change of variables given by the time one map of the
flow of the hamiltonian vector field, whose hamiltonian is the generating function
constructed in the previous section. We must show that this transformation maps
D(T, plet 1), p(k+ 1)’ g+ 1)’ I(l<+ 1); L+ 1), g:(k+ 1)) into D(T, v(k)’ p(k), o®, I(k); L+ 1), g:(k))'
This task is simplified by the special form of the generating function. The equations
of motion are:
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o o _Or_0n

T e, T ad, ay
oy . .0

= — ,% 3= ’a_j.‘ (7.1)
J J

Note that the ¢ equation is easy to deal with. We estimate the right-hand side
of that equation using Lemma 6.3, and a dimensional estimate. Just as important
is to note that dy3/dJ; is a function only of ¢p—it has no dependence on J,z, or
z. (It does depend on I, but I is not one of the dynamical variables.) Thus,

%@

which implies ¢(t =1) = ¢;(t =0) + @; (qo(t =0)), with

I @;1 < 2*E3(e)/ 0", (7.2)
on D(I VR, p®/8 ® — 550 10 [ T ® /(1 + (k + 1) ?)). This implies ¢;(t = 1) is in
DT, v, p®/8, ¢ — 450 1.1, 701 4 (k + 1)~2)), provided

24E(e0)/p™ < 5. (7.3)

We now look at the equations of motion for z and z,

(The factors of i in this equation result from the fact the change of variables (4.4)
is not canonical.) Note that dy, /0z; is a function only of ¢, while dy5/0z; is a linear
function of z and Z, in addition to its dependence on ¢. Analogous remarks hold
for the equation for fj, which is Ej =i(0x,/0z;) +i(0y5/0z;). Thus, the equations of

motion for d/dt(j_iii) are linear, (but non-autonomous) and have the form
d
d&)wwnmm() (74)

where V(p(t)) is an infinite dimensional vector, and M(¢(t)) is an o0 x oo
dimensional matrix. Lemmas 6.2 and 6.4 provide strong control on sup | V;(¢(2)) ||
and sup || M;;(¢(t)) || which we exploit by using the following: t

t
Lemma 7.1. Suppose x(t) satisfies the first order system of ODE’s

X=V()+ M(t)x.

Suppose further that V >sup|V(t)| and Mu_suleU(t)l for all i,j. Then if
yi= sup |x;{@)l,

0=st=1

Y =LA = M)~H(V +1x(0)))];, (7.5)
provided (1 — M)~ exists.
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Proof. We have
t t
x;(t) — x;(0) = z‘; Vi(r)dt + g ; M, (1)x,(t)dr.

Thus
[x;()] = |x;(0)] + t'<S!fp l V,-(t)|> + t';(Sgp IMjk(t)l><OS<ugt !xk(f)l>~

Taking the supremum of both sides for t€[0, 1] gives
y; = 1x;0)] + I7j+;Mij’k,

which immediately yields (7.5) if (1 — M)~ ! is invertible.

Remark. If the vectors x(t) and y are infinite dimensional, as they are in the situation
we are interested in, we assume that x;(¢) exists for all j=1,2,... and te[0, 1]. This
is easy to check in our example.

We now turn to the estimation of ¥ and M in our particular case. There is a
slight notational complication which arises from the fact that V(¢) is in our case
a concatenation of two infinite dimensional vectors— — i(dy,/0z;) and i(0y,/0z;).

1
We will write V(t) = <szg>, where V! = —i(0y,/0z;) and V?=i(dx,/0z;), and

_ s N o
similarly VE( I72>' Then Lemma 6.2 implies that we can pick V% =4E,(g,)/jt;,
I=1,2 and j=N+1,N+2,.... A similar notational problem arises with the
matrices M(t) and M, which we solve by writing M(t) = M0 M ith
’ yrmme T M M)
M} = —i(0%¢5/02;0z;), and similarly for M'2, M?!, and M?2. Lemma 6.4 then
implies that we can take
M}t = M = M} = M}? = Es(el/tit,(1 +i— jl), i j=N+1LN+2,....
Since we wish to estimate our change of variables by comparing it with
(1 —M)™1, we note that this matrix will also have a block form, namely

_ 1+A11 A12
(1—M) 1=< 421 14 422)

which because of the form of M, satisfies A'* = A'2 = 42! = 4?2, The key step in
estimating AV is

(71.6)

Lemma 7.2. There exists a constant c, such that for n=1,2,...,
(M"Y < [ee™ M E5(e)(1 + Ni_p) 1YL+ i = Dt
forlm=1,2,andi,j=N+1,N+2,....

Proof. The case n =1 is certainly true. We now check it for n + 1. (We will verify
the case | = m = 1—the other three cases are identical.)
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(W7 i =3 (V) =23 ()} ()
1
A+ = IDA+1j—)tef
2e” 4 E5(er) [ce” M E5 () (1 + Ny—a)]"
- (1 +1i— jhtt;
» A+1i—jl)
7 (L+i=1DA +]j—= 1D

This last inequality used two facts—first, if [ < N,_,., then 1/t7 =(1/t)? <
2((1 4 Ny _p0)/et*1#%), and second, if | > Ny _y,, 1/t = (1/7 0)? < 2/e1/4]4/5, Since
Y (L +i—j)/A+1i—1)(1+]j—1)I*5 <c, (as one readily sees by bounding the
]

< 2E5 (e ) [(ce™ V*E5()(1 4+ Ny—p) 1" Z

X (14 Ny-n)

sum by the corresponding integral), the lemma follows. An immediate corollary
of the lemma is

Corollary 7.3. If ce™ Y*E3%(e,)(1 + Ny_ ) < 1/2, then the matrices A™ defined in (7.6)
satisfy | AT < 2ce ™ Y E5(g,)(1 4 Ny_p)/(1 + i — jIt;t;

Proof. This follows immediately from the Neumann series for (1 — M)~ 1.
We can now derive bounds on the canonical transformation.

Proposition 7.4. Suppose (J(0), (0), z(0), Z(0))eD(I, v¥, p®/4, ¢® — 5%, 7®/
(14+27%k+ 1) )% L IO/ + (k+ 1)"2)?), (=D,). (Here, L is as in Lemma 6.4).
Let (J(t), @(t), z(t), 2(t)) be solutions of Egs. (7.1), defining the canonical transformation,
(with initial conditions (J(0), ¢(0),z(0),z(0))). Then

(1), (1), 2(1), 2(1))eD(T, v, p®/2,6® — 56®, 1 @)1 +275(k + 1)72),
L7791+ (k+1)72)),
(= D) provided
(i) 22E3(e) < 0®p®,
(i) ce” V4 E5(e)(1 + Nk v) < 1/2 and

{2E1(8k) +2CE, () E5(e)e™ V(1 + Ni—pr) + Ce ™A E5(8)(1 + Ny pp)?

2x -6,1/4
~[1 +(1+:)|*lcogso|]} X (14 Ne—n) <(2k+—81)2,
and
(iti) [Eo(ex) + Ef(ex) + 2°E (8)(M + 1) + E5(g,)] < 6% p®/4
are satisfied.

(Remark. Using the inductive definitions of Sect. 5, it is easy to check that these
conditions can all be satisfied if ¢, is sufficiently small.)

Proof. That ¢(1) is in D, follows immediately from (7.2), (7.3), and (i).
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That z(1) and Z(1) are in D, follows from Corollary 7.3 (which is applicable
becase of (ii)) and the following argument: By Lemma 7.1 and (7.6) we have

sup |z;()| < V; +1z,01+ Z {[A}kl(Vk+|Zk(O)l)]+[A 2(Ve+ 12,01}

0=t=1

SV+z01+2 Y AVt Y Alz01+ Y ARz

k=N+1 k=N+1 k=N+1
(7.6
Lemma 6.2 implies V; < 2E, (¢,)/jt;. Thus,
] ) 2
SZZCE ) E5(e)e” Y41+ N, _pp) -
. ;H = 1(E&)E5 (e ( k M)k=;+1(l+|1——k|)tjt,fk

< CE, (&) E5(e)e™ 2 (1 + Ni_m)/t; .
The last inequality followed from the fact that t; ' <c(1 + Ny _)e” Y4k~ %2 and

00

the elementary estimate Y 1/(1+|j—k|)k'®1% <¢/j.
k=N+1
The last two sums are bounded in a similar way. Since z(0) is in D;, we have

Z A11|Zl(0 | <2ce™ " E5 () (1 + Ny_p)

I=N+1
Ayl Q)
.{Z l j +Z l ] }‘
= jDat g A +11=jDut;

The second of these sums is bounded by

L& cll+Niy) _cll+ Ny
=R (LHII= PR~y

J

while the first is bounded by
i (1 + Ni_p) <0“<k>> L+ Ne_p)k?
Gt +1j=ID\TP )= (1 +y)llogeolt;’

the last inequality coming from (6.16). The sum over A}?|Z,(0)| is bounded in an
identical fashion. Putting this altogether with (7.6") we have

< {2E1.(8k) " 2CE, (g) E5(&)(1 + Ny p)

\/Ejmo

+ &V E5 (e )(1 + Ny— pr)? +——k25—]}
‘ e (1 +7)lloge,|

‘(4 Ni— )/ TP (7.7)
If the right-hand side of this inequality is bounded by

sup |z;(t)| —
1€[0, 11

275k +1)72 ®
(1+275%Gk+1)722 7"

W0/ +273k+ 1)) UL+ 275k + 1) =
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then z;(1) will be in D,. Since (1/z%7¥) < ¢~/ for all j, this condition will be
satisfied if

{2E1(8k) + 2CE (&) E5 (e )™ 1/2(1 + Ni_y) + e VA ES 2E) (1 + Ny M)2

(1 +7)[loge,l M k+ 12T

which is the second half of hypothesis (ii). )
Finally, we bound the change in the variable J(¢). We know J;= — 0y/0¢;
(J, ¢;2,Z). Lemmas 6.1-6.4 allow us to bound dy/0¢; on D, so we have

. oy
<
”J'”:laq)

< {Eo(e) + Ej(e) + 2°Ey () (M + 1) + E5(e0) /3.

i

Thus, if J(0) is in D;, J(t) will remain in D for all te[0, 1] provided the right-hand
side of this inequality is bounded by p®/4. This is insured by (iii), and the proof
of the proposition is complete.

Note that we have actually proved more than stated in Proposition 7.4. Denote
the canonical transformation constructed above by C®. The analyticity and
invertibility of C*® come for free in this method because of the analytic dependence
of solutions on initial conditions for differential equations with analytic vector fields.

Furthermore, if we write (J, $, Z,z) = C®(J, ¢, z, Z), then since all the estimates
on the vector field whose flow defines C* were in terms of the norm |-| on D,
we have actually proved bonds on (J, $, %, Z) as functions of (J, ¢, z, Z). We collect
these results in the following.

Corollary 7.5._The transformation C* is analytic and invertible on D;. Furthermore,
if we regard (J,,%,2) = C¥(J, 9, z, 2), as functions of J, @,z,z, we have

[ -71 Jill £2{Eo(ex) + E5(&) + 2°E, (&)(M + 1) + E3 5(80)}/0%,
31— @l < 2*E3(e,)/p®,

12—zl + ”221—2_1 [ §22{2E1(8k)+ 258*1/2E§(6k)(1 + Ni_n)

k*é
(1 +7)[loge,|

Proof. This follows by using Gronwall’s inequality plus the estimates above.
Note that from these estimates it follows easily that lim C@o...oC™(0,Q2*¢ +

¢(0);0,0) exists, and this gives a quasiperiodic orbit for our original hamiltonian
as discussed in Sect. 5.

We will need one more estimate on this change of variables. Suppose the
variables (J, ¢, z,Z) satisfy |z;| +|Z;] < 1/j*#/'°. Then from Lemma 7.1, Corollary
7.3, Eq. (7.6) and the estimates following it, we can estimate the decay of Z; and
z;. Thus we have

+ 26" VA ES (e )(1 + Nk_M)Z[l + ]}(l + Neoa)/ TP,
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Lemma 7.6. Assume that the hygothesgs of Proposition 7.4 hold and that in addition
|z;| +1Z;] < C/ j***°. Then if (J, ,%,z) = C®(J, ¢, z,2) we have
max (2] — 21,12l = 1Z;]) < {2E, (&) + CE (&) E3(e)e ™ /> (1 + Ny _yy)
+ce” P ES(e) (1 4 Ni_a)} Ci/ j*4°.

Thus, the transformed variables decay as fast as original ones, and this verifies the
last claim in Proposition 5.1.

VIII. The Transformed Hamiltonian

In the present section we study the transformed hamiltonian H**1 = H®.C®
and show that it satisfies the estimates (k + 1.1) — (k + 1.3) of Proposition 5.1. Recall
that C® is the time one map of a hamiltonian flow (which we denote F’) with
hamiltonian y. Thus,

H(k+1)=H(k)oFt=1 =I_I(k) +H(k)oF1 _H(k)OFO

1
—H® 4 ji(H(k)o Fi)dt
odt

1
=H® + [ {, H¥} o F'dt. (8.1)
0

In order to bound this quantity we will need several further pieces of information.
In particular we will need to know how to bound the Poisson bracket of functions
with y—the generating function constructed in Sect. 6, and we will need to know
how to bound the composition of functions with the flow, F'. We address these
questions with the following series of lemmas.

Lemma 8.1. Suppose G is a function analytic and uniformly bounded on D(I,v®, p®,
o®,1®; 1, 7®), for every k-admissible sequence L®, and Te 2®. Let y = yo + %1 + 12
be the generating function defined in Sect. 6. Then on the smaller domain
DT, v®, p®/4, g® — 750, 1 /(1 +275(k+1)"2)% L, TO/1+25(k+1)2)?) one has

@) {x0,G} Il < (2°NE(e)/pP3") | G,
(@) {1, G} < @*N(M + 1)/p®6® + 25(1 + Ni—p)’e™ " E &) G,

and
(i) [I{x2, G}l £ [2%(E(e0))/p™0® + c(1 + k*)*(1 + Ny _ )’ Me™ V*E5(e) 11 G I,

provided &, is sufficiently small.

Here, L’ is any sequence of integers satisfying |1’ n{;| < max (0, Z(k, ) — 4), for
1=0,1,2,....

Note that combining (i), (ii), and (iii) we have || {x, G} || = K(&,) | G ||, where K(g;)
is obtained by summing the right-hand sides of the above inequalities.

N 0y 0G

P
with Lemma 6.1 yields (i).

Proof. Since {xo,G} = — a pair of dimensional estimates, combined
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Next note that {y,,G} = — %0, 61 ————=—>— |- Apairof
ji=1

0z; 0z; 0z;

dimensional estimates again bounds the first sum by 28N (M + 1) ' ||E 1(&)/p®®,
To bound the second sum we bound the derivatives of G using dimensional
estimates as || 0G/dz; || <2 G||/t; <22||G||(1 + Ny_p)/e*/8j*'*°, and similarly for
|0G/oz;||. Lemma 6.2 bounds | dy,/0z;| and |0x,/0Z;|, and one can then
perform the sum over j, so that the second sum in {x,,G} is bounded by
25(1 + N2_,)%~ Y*| G| E,(&,). Combining this with the previous estimate gives (ii).

Finally, we bound

0p, 0G 03, 0G| . & [0y, 0G 0y, G
3G = _—t e = .
b G} = Z [8], 0p,  0p, 0J, lz=;+1 0z; 0z; 0%z 0z
Using Lemmas 6.3 and 6.4, and a pair of Cauchy estimates the first sum is
easily bounded by

N oy, 0G i (8)(1 oG 09y, G
W1

22N(Ej(e) + E3() || G 1I/p®5%.

To bound the second sum over [ we first note that if we define [ as we did in the
paragraph preceding (6.10), then on D(T, v®, p®/4, 6® — 76®, z®/(1+275(k+1)72);
L, 7®/(1 + 27 5(k + 1)~ 2)) one can bound || 0G/dz, || and || 0G/dz,|| by 25(1 +k)*| G||/
622501 + k2| G| (1 + Ny_p)/T 9, using the fact that 1/t; < (1 + N,_)/T . (The
quantity ¢, was defined in the paragraph preceding (6.10).) We must bound the
factors of || 0x,/0z,|| and || 0y,/0z,|| by using (6.15), rather than Lemma 6.3, as this
estimate is quite delicate. Inserting the bounds from (6.15) we have:

6)(2 G 0y, 0G

§ 06 01,06

1§41 0z, 0z, 0%, 0z

o ([FW ) " -
,}H{Z[ﬂ'g")]ﬂ“tl(l = 2 7P +|l—m}' ®.2)

jel Jjel

Sc(l+ kz)(l + N m)E5(e) | G

Here, 1 is as defined in the paragraph following (6.13). We now use the fact that
(1/T V1) S (c(1 + Ny_pp)e™ V41, and 19/t; < c(1 + N, _,)/j>*, whereby we see
that the first of these two sums is bounded by

@ - C(l+ N, _,)e~ 14
A AGHE k-M
e (TR y

< -1/4 G k) | (k) S

SO N-aale™ x Z{[‘/’ [T 2 PRI =1 +|]—l| }

SC(L+ Ny p)e ™ V4 x Y [TW/T OIS C(1 + Ny_p)M(1 + k)2e ™ H4/(1 + y),
o 8.3)

where the sum over I was bounded by comparing it to an integral, and the sum
over j was bounded exactly as in (6.16).
We bound the second sum in (8.2) by

Jjel

o1+ Ny_y Z 2 3/4,3/4(1+|J ll)*c(1+N" w4 (84)

I=N+1; ,L]
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Here, the double sum over [ and j was bounded by comparing it with the double

integral
[ - dax % dy dx
Wi b= e

The integral over y can now be performed exactly and it is bounded by c/(x — 1)*/3
when x = 2, so the integral over x is also bounded by a constant. Combining (8.3)
and (8.4) gives (iii).
A further fact we will need in bounding the hamiltonian is the following. Suppose
R(J, ¢; z, %) is analytic on D(I°,v, p,0,7; 1L, 7) = D;. Define
R*(J,p;2,2)= Y R(,ma e 2J'2%z".
N
;:F >ZM
le@*y¥
B

R™ is obtained from R just by omitting those Fourier coefficients with small indices.
Define R~ = R— R*. We then have

Lemma 8.2. On D,=D(I%v,p,0 —6,7;1,7) we have

(i) ”R_lIDfé”R”D,’
(@) IR Ip,<e ™[R ]p,

Proof. The first inequality is immediate. The second follows by noting that

IR I, = ¥, IR(,map)lelnlie™Ppltigesbegront o
nezV
[n|>M
le@*y®
op
<e . Y |R(Lmap)leoplten i g o s < oM R |,

nez
[nl>M
le@*y¥
op
We remark that when we apply this lemma below we will choose the constant M

in the definition of R* to equal M,, the constant defined in Sect. 5.

The last ingredient we will need is a way of bounding quantities like
I {x, R®}oF| in terms of |{x,R®}|. The key ingredient in this estimate is
Corollary 7.5. The basic requirement is that the difference between the transformed
variables and the new variables should be small with respect to the norm in which
we wish to measure | {y, R}oF'|.

Lemma 8.3. Let J@), o(t), 2(y), 2(t)) = F'(J, @, 2, Z). Let D,-=D(T, v,p/2,0—0,t/c; L, T/c),
and D, = D(I,v,p,0,7;1,7). (We assume c and c' are greater than 1.) Suppose

I J,(®) —J, “D,- <p/2; lz)—z ”Di S(c—1r/c if I¢l,

l@i(t) — @1llp, =9 z(t) = z,llp, S (" = 1D)T /¢ if el

and
[2,(8) =zl p, < (c — Dy /c if  [¢L,

I12,) = Zillp, = (' = DT /" if el
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Then if G is analytic on D,
1GoF'|lp, = 1 Gllp,-

Proof. We can simply the notation slightly by combining the variables (Z, z; Z) into
a single variable x. We then wish to consider functions f(¢, x), analytic on a domain
D,={(p,x)|lIm¢;| <o, i=1,...,N, |x;|<r;, i=1,...}. If we expand f in a
Taylor-Fourier series as f(¢,x) =Y. f(n,m)e™ *x™ then the norm of f becomes

1£1= Y [/, m)[et"lem, with r™=]]r. Suppose D;={(¢,x)||Im¢;| <& and

|x;| <7}, and let (¢,%)=(¢ + P(¢), X(¢,x)) be an analytic change of variables
mapping D; - D, and satisfying || %(¢, x) — x; I, < (r; — 7)) and | ®(@) |, < (c — )
(These are just the translation of the hypotheses of the lemma into the (¢, x)
variables.) Let g(o,x)=f(¢ + ®(¢), X(¢p, x)). Since f,g, ®, and X are all analytic
functions we can expand them all in Taylor—Fourier series as

9(@,x) =Y. dn,me™x™, f(p,x)=Y f(n,me™x™,
D(p) =Y Y(me™, and F,x)=Y i(n,me"*x",

with the usual multi-index notation. (Note that y/(¢) and §(n, m) are vectors.) Since
g =f°(@,X) we have

g((p’ )_C) — Z fA(n, m)ein(¢+zn.l;(n')ei"’w)< Z XA(n//’ mu)ein”(p)_cm”>

~ . 1 ~ L, k - .
=Y f(n, m)e"‘“’<;m<i Zn~z//(n’)e"‘ “"> )( Z 2", m")e™ oxm ) .

Thus, we can express ¢(n, m) as a sum of f(n, m), ¥(n) and §(n, m) which we express

symbolically as g(n, m) =) """ 7y4. (We will note need the explicit form of this
sum.) Thus,

1fo(@ )b, = llgllp, = Z |9(n, m)| "7 = ZI Y ) e
= Z(Z""’")Ifllt/flxl)e"'"'f'"

<Z|f(n m)|<z (Z‘nllt//(n)leam\) > sinl
< Z“ Ijﬁ(n", m”)leﬁln”lfm,,)m'

The last of these inequalities here just “undid” the expansions of
(Z 1/k!)( Zn Y()e™ ?)y and ( Z 7", m")e™ ?x™ )" that we made to express §

1n terms of f,¥ and 3. We note that

;E@Inlhﬁ(n’)le&"‘") =exp (Zlnllu?(n')leﬁ'"">§exp|n|(||éz'>(<p) Ip) <explni(o—é).
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Similarly,
< ,Z ) |XA(n//, mr/)leiln"lim”> — Il_[ " Xl((o, .)_C) ”m: é ",

Thus,
1fo(@ %) p, < Y 1 f(n,m)|e™ x M = | flp,,

which completes the proof of the lemma.
We now return to Eq. (8.1), and further examine the transformed hamiltonian.
We begin by writing

(o H®YoF' = {x,0% + S®}o F' 4 {y, RV}o F*
t
= {X’ Q(k) + S(k)} + j‘ {X’ {X, Q(k) + S(k)} } o Fds + {X’ R(k)} oFt,
0

We now recall that y was chosen so that

{60% + 89} + [R¥]™ = — {x0,[R¥]} ™ — {xs, [RP1}~
— {xo> S(3k) + Sﬂ‘)}+ - {X1’S(3k)}+ — {22 [Rg"]}‘
— {0, [RP1} ™ — {2, [RPT}™ +(Q%" P — Q%)
— {182} = {%0, 8%} — {x1, 84}
All of these terms with the exception of (Q**? — Q®), can be bounded with the
aid of Lemma 8.1, so we now look at this quadratic term in more detail. The terms

contributing to Q**1 — Q® arise in Eq. (6.5), from which we obtain an explicit
formula for them:

Q(k+1)(I,J;Z’Z_)— Q(k)(I,J;Z’Z_)

N A~
= z [R(k)(la 61’ O, 09 0) + i\)2(17 519 0’ 09 0) + 63(1’ 61’ 07 0’ O):IJI
=1

+ Z [ﬁ(k)(l, 0,0;6,,9,) + ‘A’Z(I, 0,0;0,0,) + 93(1, 0,0;9;,0,)1z,z;.  (8.5)

I=N+1

The quantities in this expression are precisely those that appeared in the numerators
of x5 and x5. We bound them in the same way we did in Lemmas 6.3 and 6.4 and
we find

Lemma 84. If Ie2® and L is as in the paragraph preceding 6.2 then
1Q** D — QW < El(e) + E3(es),

on D(T,v¥, p%/4,6® — 460, z®/(1 + 27k + 1)" 2%, L, T 9/ + (k+ 1)72)?).
Note that in addition we can read off from (8.5) expressions for the quantities
f®(I) and ¢g{¥(I) defined in Proposition 5.1. One has, for k>0,

|fE0) — )
=|[R™(1,5,,0,0,0) + $*(I, 8,,0;0,0) + 931, 8,,0;0,0)]|
= 2{3k +2NCieoEoler)/ P(k)a(k) + 27Ck30E 1(EJL(N/ P(k)é(k) +1)+1] }/ P(k),
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and
lgi* ™ (1) — g{o(D)|
=|[R™(I,0,0;5,,8,) + $%(I,0,0;4,,5,) + (I, 0,0;5,,8,)|
< 25(1 + k)X(1 + Ny p)*{ex + 2N CieoEole)/p®5®
+27CxeoE (e) [(N/pM®) + 11T V).

We have bounded these expressions by once again noting that they appeared in
the numerators of x5 and 3 and using the estimates derived in Lemmas 6.3 and
6.4. Using the definitions of the inductive constants from Sect. 5 it is easy to verify
that if ¢, is sufficiently small (this smallness condition does not depend on k), the
quantities on the right-hand side of these inequalities are bounded by ¢, ¢ ~13 and
ge~ !/3/I* respectively, when k = 1. Next note that the quantities f ‘”(I) and g‘”([)
defined in Egs. (4.10) and (4.12) are R(1,4;,0;0,0) and RXI,0,0;6;,;) respect-
ively. Thus,

| £ — FAD| < 19%(0,6,,0:0,0)] +19%(1,5;,0;0,0) < €7,

using the estimates derived in Sect. 6 for v and v3. One bounds |¢{"(I) — {"(I)|
in a similar fashion, and this completes the verification of induction hypothesis
(k + 1.1).

In order to check (k + 1.2) and (k + 1.3) we give explicit expressions for R&*1
and S**1. Given an analytic function G, we find it convenient to define G® to be
the sum of those terms in the power series for G of order two or less, and
G5 = G — GR. Note that one has immediately that |GR|| < ||G| and |G%|| £ |G|
Then we have

1 S 1) ¢ S
SE+D — g [[ {1 R""}OF’dt:I + [[[[ {t{x0% + S""}}°F‘d8]dt]
0 010

—{x1,8%} 7 — {x0,8%} " — {11, 8%}~ (8.6)
While

1 R
R**D = [RW]* 4 [f e R“"}oFfdr] + {0, S+ SP} "+ (11,59}
0

+[j;[§{x,{x, Q<k>+s<k>}}oF'dsﬂR— {10, [R¥1}~

+ {0 RV — {20, [RO1 ™ — D [RPT} ™ — {2, [RPT} ™. (87)

Lemmas 8.1-8.4 now make it easy to verify the induction hypotheses. Let D, =
D(I v(k) (k+1) O.(k+ 1) (k+l) [L(k+ 1) g’k*—l)) and D D(I v(k) p(k) o.(k) T(k) [L(k+ 1) e9—(10)
Combmlng Lemmas 8 1 and 8.3, plus the 1nduct10n hypothesis for R® we have

1
[omrn
0

Note further that
{0, [RST} ™+ {21, [RYT} ™ + {x2, [RP1} ™ + {12, [RPT} " [ =1 {x, R®} | < K(e)es

N = Sup, 1{x: R®}e F|lp, < K(e) IR® | p, < K(ei)-&-  (8:8)
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and
I{x0,8%} ™ + {11,852}~ + {x:8*} "I = 1 {x: S} | £ K(&) Cito,

using the induction hypothesis.
These two remarks, when combined with Lemma 8.4 imply

I{x, Q% + SV} || < ¢ + (Ej(e) + EA%(EJ‘)) + K(e) & + CyeoK(ey),
so that

t
[ {1 Q¥ + SV} o Frds
0

< [K(e) I Lex + (Eslen) + Eé(ak)) + K(eer + CieoK(er) 1.
Finally, we note that Lemma 8.2 implies
ILR®T* ||p, e M and  [[[{x,S}*Tlp, < Cegoe "M K(ey).

[ LI———

D;

Combining these remarks shows that

[ S+ p, < Cigo + K(e) & + CreoK(ey)

+ [K (&) I [ex + (E5(e0) + E5(e0) + K(e)i + CigoK (g1,
and
| RE*D |, < 763 Mi, + 2K ()-8 + Cuoe ™MK (5,)
+ [K (&) 1[e + (E3(e) + E3(e)) + K(e)er + Cigo K ()]
Inserting the definitions of the various inductive constants it is elementary, if

somewhat tedious, to verify that the induction hypotheses (k + 1.2) and (k + 1.3)
of Proposition 5.1 are satisfied.

IX. Estimates on Small Denominators

In this section we derive the estimates necessary to bound the denominators of
the generating function in Sect. 5. This procedure takes two steps. We first show
that for a large set of potentials, v, the operator L, has eigenvalues that satisfy
“good” small denominator conditions. We then show that if one starts with a
potential with “good” frequencies then at each stage in the iterative process we
can adjust the perturbed frequencies by moving the vector I in such a way that
we maintain control over the small denominators.

1
Recall that E,= {veLz[O, 1] v(x)=v(1 —Xx), I v =0}. GivenveEylet u; > p, >+
0

be the spectrum of L, = (d*/dx*)—v. We assume that u; <0. Recall that u, has
the asymptotic form

— Wy = (nm)* + P*(m), ©.1)

and that furthermore any decreasing sequence of the form (9.1) is the spectrum of
some veE,. (Here, I*(n) is the n™ component of an [2-sequence.) It is w, = /| ,],
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rather than y, itself which enters our estimates so it is useful to have asymptotic
formulae for the w,’s. Define

= {(xl,xz,. LY () < oo}. ©-2)

Proposition 9.1. An increasing sequence of positive nhumbers {w,} gives rise to a
sequence — i, = w? of the form (9.1) if and only if

@, = (nm)(1 + x,), ©-3)
with {x,}el3.

Proof. First suppose that w,=./|u,, and u, satisfies (9.1). Then x,=
14 P(n)/(nn)? — 1, and, |x,| < a,/(nn)?, for some [*> sequence {a,}. Thus,

2
Y (n*x,)?* <)) il%< 00.
nx1 nz17
Conversely, suppose that {x,}€l3 and set , = (nn)(1 + x,) and — p, = (nm)*(1 + x,)> =
(nm)? + 2(nm)2x, + (nm)®x2. We need only show {2(nm)2x, + (nm)*x2}el?. However,
{(nm)*x,}€l* since {x,}€l3, and {(nm)>x2}el* as we see by applying the Cauchy—
Schwartz inequality. This completes the proof of the proposition.

The space [2 is a convenient one with which to work, because it has associated
with it a variety of Gaussian probability measures. For instance, we can define a
probability measure on sequences x = (x;, X, X3,...), by taking a product of the
probability measures with gaussian densities

a

n

NG

on each component x,. If we denote the product measure by dP% then I3 has full
measure with respect to dP* if o > 3. (In fact, I3 has full measure if « > 3/2, but we
want o > 3 for later purposes.)

Now set w, = (nm)(1 + x,), and define 2 = (w,, ..., wy). We will verify that for all
{x,} except for a set of measure zero with respect to dP° these frequencies satisfy
the non-resonance conditions (D.1)—(D.3) of Sect. 3 for some choice of the constants
DY, DY), and t.

Fix neZ" n+#0 and j = 0. Then

2a_ 2
dPi(x,) = e™" ndx,

N la "
Prob (|n-Q+ jr| < [D{] ™ 1(|n] +j)"=j<n " "’de,),
sS\i=1 \/;

5={x

It is convenient to change variables in this integral to z; =[x, so that

where

<[DG"1™(In] +j)_’}.

IZV: n(n)(1 + x,) +jn
=1

v g
Prob(ln'!?ijnl<[DB“]‘1|n|")=I<ﬂ dz1>
Jr

s\I/=1
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§={z

~

Note that S is a strip of width 2[D{"]~*(|n|+j)® about the hyperplane
N

cn) + fi-z = F jn, where c(n)= Y, n/(In) and /i = ?;—n,;z_nl ’;3_7:1 ,...,;:'Ztl . The
=1

with
<[D§"]~*(In| +j)*'}-

N N .
Y n,(l1r)+l;1 T z,+jn

=1

volume of such a strip is easy to estimate, since we now have a Gaussian integral
and we find

Prob(|n-Q £ jn| <[DF"1™ '(In| +j)") < 2[DG"1" *(In| +7) 7"
This gives the probability that the non-resonance condition (D.1) fails for some

particular neZ" and j = 0. We estimate the total probability that it fails by summing
over n and j. Provided > N + 2 we have.

Y. 2[D ] (|In| +j) T < 2[DE] 13N 1<1 + ——1—)
et T—-N—-1
n#0
j20
Since we can make this arbitrarily small by choosing D" large, we see that for
almost every £, there exists some D’ such that estimate (D.1) is satisfied for all
neZ n#0and j=0.
Estimate (D.2) is proved in the same fashion so we do not reproduce the details
here. Estimate (D.3) is slightly more difficult.
We will consider in detail the estimate of

Prob (|n- Q2+ (w;— )| <[DF17[In| +1j —11™*).
The other three choices of plus and minus signs in condition (D.3) follow in
analogous fashion. It is easy to estimate for fixed n,j and I,
Prob(|n- 2+ (w;— )| <[PPI '[Inl+1j = UI~*) < 2[DF T [Inl + | = 1117,
(9.4)
using the same methods as above. The problem is that if we now sum over n, j
and [, the sum diverges.
We avoid this problem by rewriting
In"Q—(w;— )| =n-2—n(j—1)+n(j — 1) — (0; — @)]
2[nQ—n(j—ND—In(j—1)—(w;— o)l
and estimating these two pieces separately. We begin by noting that

Prob(|nj—w;|2d)= | j“e‘jza"z—di

Inj—x|23 Jr

_..dz 1/6j*1)\?
< | eF ——_S_Zexp(———( > . 099
21267 n ﬁ 2\ =

We now estimate the set of frequencies for which (D.3) fails as follows:
First note that (D.1) implies that there exists a constant y(D§"), with y(D§") \ 0
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as DM ~ oo such that
Prob (|7i- 2 — min| < [DYP ]~ 1 [|7| + m]~* for some AeZ”,m > 0) < y(DSV).
For simplicity, denote this event by D.1, and its complement by D.1. Then
Y. Prob(|n'2— (0, — )| <[DF17'[In] +m]~*) < 9(DF)

nez™
jzN
m>0

+ { Y Prob(|n Q2—(w; 4 w— ;)| <[DP]1™*[In|+m]~* and D.l)}

nez” N <j <D Cinl+mT*
m>0

+ ) { Y Prob (|n'Q—(®;+ w—)| <[DP]~[In|+m]~* and D.l)}.
neZ: >[I+ m*

We now estimate separately the two sums over j. To estimate the first one, note
that (9.4) implies it is less than or equal to

Y. {2[DQ 1D 1™ [Inl +m] ™3} < C(N, 0{[D§’V/[D§ 1},

nez
m>0

provided 7> N + 2.
To estimate the second sum over j we note that

|n-Q2— (wj+m - CU,)| 2 |n2—nm|—(|nj— wjl +|n(j+m)— wj+m|)>
so that, using the fact that (D.1) holds
|- Q— (@4 m— @) Z[DP] ' [In] +m] ™%,

provided D > 2DV and (|nj — w;| + [n(j + m) — @4 nl) <3PPI [In[+m] "
On the other hand, (9.5) implies

Prob ((I7j — ol + [7(j + m) = ;) > 3[DG1 " [In] + m] ™)
1
= 4‘”‘"( — 52081 2 (Inl + m)"z’jz‘““’).

Thus,

y { Y Prob(|n*Q— (0;1p, — @)l <[PPI *[In] + m]~* and D.l)}

nez" s pM3rin|+m]*
m>0

1 - 920
<y Y 4exp<_W[Dg)] 2(|n| + m)~ 252 1)>.

nez” j>p®0In)+m*
m>0

=)

neZ
m>0

1
< C(N,7)[D{"]? exp { — 5;E[l)g)l)]maz—a)}

SR Lin-+ mPexp ~ (1 LRIl + my e )|

(Recall that « > 3, so all the sums converge.)
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Thus, the set of points which violate (D.3) has measure bounded by

cw, r)[[DE}’]/[DBZ’] + (DY exp { 53 [Dg”]ﬂﬂ’}] +7(D).

Thus, if we choose D§ = [D{V]?, the probability that (D.3) is violated goes to
zero as DYV — oo, so (D.1)-(D.3) are almost surely satisfied.

Note that this defines a measure on the set of potentials in E, whose spectrum
is purely negative if we set the measure of a subset of E to be equal to the measure
of the set of frequencies of those potentials with respect to dP* Thus, this argument
proves that the sets &(j) and % ((N) in Theorems 2.1 and 2.2 do indeed have full
measure if we restrict ourselves to potentials whose eigenvalues are all negative.

We now complete the argument by showing that if we start with a potential
whose frequencies satisfy (D.1)—(D.3) we can maintain control of these frequencies
throughout the iterative process. Here, we follow the ideas of [E] closely.

We construct the set 2% in Proposition 5.1 by successively eliminating points
I from B(v°,1°) which violate the small denominator conditions at each stage of
the iteration. At the initial stage of the iteration the frequencies are independent
of I, so we take 29 = B(v°, I°).

At subsequent stages of the iteration the frequencies will depend on I, but we
are able to prove:

Lemma 9.2. Suppose we have constructed a set 2% < B(v°, I°), such that for IeC"
and dist (I, 2%) < v® one has

(Dk.1) [n-Q®() + jr| Z[DPT (Inl+ )75 nez¥, 0<|n|<M,, j20.
(Dk.2) |n- QWD) + 0P Z[DP] [Inl+j17% neZV, |n|<M,, jZN+1,
(Dk.3) [n-Q¥(I) + (@f(D) + of (D) Z [DP][n| +]j—11]~*

neZ, |n|<M,, jI=N+1.

Then if &, is sufficiently small, there exists 2%* 1V < 9® with meas (2%\ 2% V) <
O(1/k*|log &, |) meas (29) such that if IeC" and dist (I, 2%+ V) < v&*+ 1, then Q*+1),
and {0¥*V} satisfy (D(k + 1).1) — (D(k + 1).3).

Proof. Note that (D0.1)~(D0.4) hold for 1€2°. (In fact, since 2© and w{” are
independent of I, they hold for all I.) Furthermore, if ¢, is sufficiently small,

(D1.1)~(D1.3) and (D2.1)-(D2.3) are automatically satisfied for Ie 2™ = 2® =
B(v°, I°). In order for (D1.1) to fail, we must have |j| < O(|n|) ~ O(|M,|). Thus,

In- Q1) £ jm| 2 [n-2O0) £ j] — |- 2O(I) — - Q)
2 [DQ(In] +))"* —nle”® 2 [DPI(1nl +) ™,

if [n| and j are < (M) and ¢, is sufficiently small. Here, the next to last inequality
used (DO0.1) and the estimate of (k.1) of Proposition 5.1. The proofs that (D1.2),
(D1.3) and (D2.1)-(D2.3) are satisfied are similar so we omit them. In fact, using
this idea, one could show that (Dk.1)—(Dk.3) are automatically satisfied for any
finite k, by choosing &, sufficiently small. Choosing k = 2 is sufficient to make the
induction argument work, but, we make no claim that is the optimal choice.
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We now show inductively that we can construct sets, 2** 1), for k = 24, on which
(Dk + 1.1)~(Dk + 1.3) hold, and then finally show that these estimates hold on
complex neighborhoods of 2% of size v+,

We will first estimate how many frequencies must be excluded in order to insure
that for Ie 2%+,

In-Q®* (D) —mj| 2 2[DY, 17 In] + j17°

This estimate is rather standard. From the estimates on 0€2/0I at the end of
Sect. 4, we see that the map I — Q%" 1(I) is a diffeomorphism from 2®) - Q**1(9®),
In fact, it is easy to see that one can, by interpolation, extend 2%*1(I) to all of
B(v©, I°)in such a way that the extended function is unchanged on 2®), but satisfies
det (0Q%* V/aI) = CeM(1 + 0(e/?)) on all of B(?,I°). (And hence is a diffeo-
morphism on the whole ball.) Since 2%* 1 is a diffeomorphism we may treat the
frequencies 2 as independent variables, and then at the end of the computation,
pull back our estimates on the set of frequencies that must be excluded via (2% * V) ~1
to give estimates on the size of the sets 2¢* 1),

The estimates on Q2%*1(I) imply that there are positive constants ¢ and ¢,
independent of k, such that

B(cev'@, Q¢+ D(19)) = Q*+D(9®) = B(cev®, Q&+ (1))
Thus we have,
meas ({2 |n'Q—nj| <[DX,]17 ' [In]+ j177})
N | dQ <A[DN Tl + j17 5 c(N) (@ PN L

'Q(k+1)£!2(k))n
{2n-Q—mnj| <[DF 117 U+ 177

This last inequality results from the fact that the set over which we are integrating
is contained in a strip of width 4[D{}) , 77 *[|n| + j]~* about a hyperplane through
B(Cev'©@, Q0+ (1)),
The estimates on 0Q2%** /31 imply (v@¢)Y < ¢(N) meas (2%*+ V(B(?, 1°))), so
meas ({Q| |n-Q—nj| <2[DY,][In| + j177})
S co(N)ID 171 (v Ve) ™  meas (2% (B, 1) [|n| + j]17~
Since [D{) 17 1(v@e)~ ! « 1, for k = 2, the measure of the set of excluded points

is very small. If we now sum over n and j, we see that the measure of the set of
points where (D(k + 1).1) fails is bounded by

C(N,7)[D, 171 (v©e) ™! meas (2% (B, 17))),

provided 1> N + 2.

We now consider the set of points where hypothesis (D(k + 1).2) fails. Note
first of all that (D(k + 1).2) is automatically satisfied for k > 0 unless |n| + j is rather
large. To see this note that

ln,Q(k+1) _ w§k+ l)I — In,Q(O) _ (1);0) + n,(Q(k+ 1) Q(O)) + (w§k+ 1) CO}O))L

Itis easy to estimate (Q** 1 — Q@) and 0V — v using the bounds of induction
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hypothesis (k + 1.1) of Proposition 5.1, and we find [Q2%* D — QO] < cg5/4 while
| "D — | < ce¥4/j%*. Since 2@, and w{® satisfy (D0.2) we have

I Q0D — D] 2 D[] + 7177 = (Il + 1),

which is automatically bounded below by 2D [|n|+ j]1~° unless |n|+ j is
O(e~ 34" D). Once again we treat £ as the independent variable. Thus, we must
estimate

meas ({Q2| |n°Q— ;| <2[DX 1 [In|+j1 ) = [} Q.
(_Q(k+1)(_@(k)))m
(@ 2-wjl <20} 117 i+ 277

(9.6)

If w; were independent of £2, this would be identical to the previous estimate. In
that case, if |n-Q— nj| <d, and we moved 2 by an amount § in the direction of
n, the inequality would reverse. Here, if [n- Q2 — o *1(Q)| < 6, and we move Q in
the direction of n,w;(£2) may also move in such a way that the inequality still
holds. However, if we differentiate this expression with respect to 2, we have

d®+ D /Qk+D\ -1
EFDOV — 9 i
— (' Q2— " V(Q))=n, Zz: 78 < 3 >lm .

aw(k+1) ag(k+1) -1
R — Y, L
1 5] 1 61 Im
we can, by moving Q2 a distance d/c in the direction of n, insure that |n-Q—
D)) = 6.
j >
By the estimates of Sect. 4 (Lemma 4.7 and Eq. (4.12)) combined with

the estimates of induction hypothesis (k+ 1.1) of Proposition 5.1, we have
(@QR**V/on) ™! | < C(N)e™! and |+ V/01,| < ce/j**. Thus,

Z aw§k+1) 20K+ D\ —1
=\"o1, \ a1 ),

By the remarks of the previous paragraph we see that we need only consider those
cases in which |n| + j = O(¢~%*¢* V), In this case, the estimates in the preceding

sentence imply
w(k+1) Q(k+1) -1

for some m, so we see that the set {Q||n-Q— 0¥ *V(2)| <2[DX 17 [Inl+ j177}
is contained in a strip of width at most (4/co)[D{},]1 '[|n|+ j1™° inside
B(cv e, Q%+ 1)(]°)), allowing us to bound (9.6) by (4C(N)/co)[D{? 17 [In|+ j1°°
(@v@e)¥ "1, Summing over n and j as before we find that (D(k + 1).2) fails for a set
of points £ whose measure is at most C(N,7)[D{};] 1(v?¢)” ! meas(Q**V
(B(®,1%)), provided 7> N + 2.

Finally, we consider condition (D(k + 1).3). Just as we did in the case of (D.3)

6.(2

Note that if

>c>0, 9.7)

)

m

< C(N)/ j*.

=cy>0,
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above, we will verify the case |[n-Q**V —(0¢*) — " V)|, the other three
combinations of plus and minus signs being handled in like fashion.

We begin by showing that (D(k + 1).3) fails to hold, only under very special
circumstances. Note that Proposition 9.1 implies that there exists ¢ > 0 such that
|0 — jn|<c/j for all j= N + 1. If we combine this with the estimates of the
induction hypothesis (k + 1.1) of Proposition 5.1 we can readily establish that
(¥ V(1) — 05 (1) = Em, for all I such that dist(I,2%) < v®, provided & is
sufficiently small. (This smallness condition does not depend on k.)

If we now define Q° = sup |2 (I)|, we see

Lk,

[n- QD) — (0f D) — of S D) 2 62 2 2[DE 17 [In] +m] ™%,

for ¢ sufficiently small, unless |n|€2°> ¢m/2. On the other hand we see that since
(DO0.3) holds we have

Q2% (D) = (@ff (1) — ot (D)
2|12 — (0 — &%) = n-( Q4 (1) — Q) + (3, () — 0§2,)
— (@#* V() = )| 2 [DPT* [In] +m]~* — ce®P[|n| + 17"
Thus we see that (D(k + 1).3) is automatically satisfied unless |n|+m=~ @(¢~ >4+ D),
which since |n| > ém/202%, implies |n| ~ O(s~ >4+ D),
If we recall that (D(k + 1).1) holds we obtain a second condition under which
(D(k + 1).3) is automatically satisfied. Note that

| 2% D(D) — 1) — o5 (D)
Z |n- Q% (1) — mn| — |(@fF V(1) — jn) — (@5 D) — (j + m)m)|
> 2[D{, 17 HInl +m) ™" —(c/j*° + ¢/(j + m)*'®)
>2[DY 17 (In] +m)™F = 2¢/j*°.
The second of these inequalities follows from the fact that the asymptotic estimates
of Proposition 9.1, combined with the inductive estimate (k + 1.1) of Proposition
5.1 imply that there is a constant ¢ > 0 such that |o{** V(I) — jn| < c¢/j** for all j.
Since D), > 4D{!) ., this last expression is bigger than 2(D{ )~ (|n| +m)~*,
and (D(k + 1).3) is automatically satisfied, when j < {(4c)[D;1(|n| + m)*}3/4.
Having now examined the situations in which (D(k + 1).3) is automatically

satisfied let us examine cases where it can fail. Using the methods described in
(D(k + 1).2) we can readily establish that

meas ({2 [n°Q— (of "V —of V) <2[D2, 17 [In| +1j—1117*})
< c[D@ 17 HInl+1j =11 C(N, 1) (cv )" .

In deriving this estimate, one is forced to show that

6w§k+1) aw§k++m1) 00\ 1
Z"’"_;[ o, a1, |\a1),

This follows easily, since the sum over [ is bounded by C(N), while [n| ~ O(g~3/4¢+ 1)
by our remarks above. Thus the total measure of the set of points which fail to

=co>0.
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satisfy (D(k + 1).3) is

meas ({Q| [n* Q2 — (0¥ * D — 0¥ D) <2[DA, 17 [In| + m]~*,for somen, jand I})

= )y > C[D{?, _1[|n|+m]_4"C(N,f)(cv(°’8)N_1>
nezZ;mezZ,mz0 L N<j
|n|+m>cs—5/4(t+l) §(4C[D§<ll][|nl+m]{]5/4

) CIDN 1 IDE ] VL In| +m] 1D (v g 1
neZN;meZ,m;O
|n|+m>ce_5/4“+1)

< C(N, T)[ ks ]5/4

1A

k+1

LD k+1]54

D2
Dty

(ORI CRDI

<C(N, ) “(e/v'?)-meas (Q** V) (B, 19)).
In this sequence of inequalities we have assumed that t > max (2N, 4) in order to
insure that the sum converges. Note further that the set of excluded points is very
small since D) ; > [D{}) ,1%/*(e/v'?).

Combining this estimate, with our estimates on the size of the set of points
where (D(k + 1).1) and (D(k + 1).2) fail, we see that by removing from Q& *1(2®)),
a set of measure less than or equal to

(1) 5/4
( C(N, DD, 171 () ™ + C(N, r)ﬁ%(e/v“”)) x meas (- DB, %)),
k+1

we can insure that (D(k +1).1)-(D(k + 1).4) are all satisfied. Inserting the
definitions of the inductive constants we see that this set, which is by definition
QE+D9k+ 1)y removes a set of points whose measure is at most O(1/(k + 1)*|log e, |)
meas (Q%*D(B(°, 1°)).

‘We must now show that the estimates actually hold on a complex neighborhood
of 9k+1),

Consider condition (D(k + 1).1). Let I be a point whose distance from 2** 9
is less than v** 1), Then there is a point Ie 2**V such that [I —I| <v** Y. Thus

[n-Q®* V(1) — mj| = |n- Q% V(D) — mj| — |n-(Q%FD(I) — Q**+D(T))).

From the construction of 2%*1 above we have bounds on the first term on the
right-hand side of this expression. The second term is bounded by the aid of
Taylor’s theorem and our estimates on the derivative 02%* /41, This allows us
to bound the right-hand side of the previous inequality from below by

2[D2 17 nl + j17F —c[nlev® D,

If we now note that our remarks above show that condition (D(k + 1).1) is
automatically satisfied unless j < ¢|n| and the fact that we only consider n which
satisfy |n| £ M, ., the definitions of the various inductive constants show that this
expression is bounded below by

DX, 17 il + 177
completing the verification of (D(k + 1).1).
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The verification of (D(k + 1).2) is very similar and so we conclude by checking
(D(k + 1).3). We choose a point [ just as in the previous paragraph and write

|n-Q** V(1) — (0 V(1) — 0¥ D)(I)]
2 [n- Q% D(D) — (¥ (D) — 03, D (D)) — [n-(Q2%* V(D) — Q%+ (1))
— (@¥ V(1) — 0¥ D(D)) — (@* V() — 0®0(1)].

Once again we bound this using the bounds derived for Te2¢*V above and
Taylor’s theorem and we find that this expression is bounded from below by

2[DR) 17 [Inl+m] ™% — c-(n| + 2)ev®+ D),

We now recall that we showed that (D(k + 1).3) was satisfied automatically
unless [n| > ¢m/20*, and use the fact that |n| < M, , ; and we find that this expression
is bounded below by

(D117 [nl + m]*.

This completes the verification that the small denominator estimates hold on a
complex neighborhood of 2%+ 1),

Thus far we have derived estimates on sets in Q®(B(v?,1°)) for which the
small denominator estimates fail, but this immediately yields estimates on the size
of the sets in B(v?, I®) for which they fail. To see this note that the estimates at
the end of Sect. 4 when combined with the estimates of hypothesis (k.1) of
Proposition 5.1, and pair of dimensional estimates then imply that

det <"’§I""> — N(Cy + 0()

Thus, we immediately conclude that

({Ie,@(")| |n-Q** (D) < [DY,]7 " n|™7})
meas (B(v°, I°))

L (L+0(/e)) meas ({2eQ** V(2%)| [n- Q| < [D2,] " [n|""})
meas (Q%*Y(B(v°, I9)))

and similarly for conditions (Dk.2)—(Dk.3).
Combining this with our previous estimate for the right-hand side of this
inequality we see that

meas (20\ 2¢* V) < O(1/k?|log &, |) meas (B(v°, I°)). (9.8)

Since 2 = B(v°,1°) we see immediately that meas(2®)= (1 — O(1/|logs,|))
meas (B(v°,1°)) for all k, and combining this observation with (9.8) we obtain
meas (2% 1) = (1 — O(1/k?|log o])) meas (2%). This verifies the last unproven
statement of Proposition 5.1.

Once one knows that the denominators obey condition (Dk.1)—(Dk.3) one can
replace (Dk.2) and (Dk.3) by the forms which we used in Sect. 5 and which we
denote (Dk.2)" and (Dk.3)". Recall that {* ~( jm). Thus, there is some constant, c,
such that 0{(I)>cj, forall j > N, k=1, 2 .,and IeC" satisfying dist (I, 29) < v®.

mea
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Let Qf =sup |Q"(I)|. Then if j = 2|n|2%c,
I,Lk
In-Q9(0) + (1)t <2,
J

regardless of whether (Dk.2) holds or not. On the other hand, if (Dk.2) holds and
Jj <2|n|°/c, we have
2 | n|t+ 1

J
Thus, for j large, the ‘small” denominators actually help the convergence of the
sum over j! Similarly, we find

| Q9(1) £ &P~ S DO [In] + 17 [Dﬂ)]( Qs)

In- Q(k)(I) + (w(k)(l) + o k)(I)l 1 < [D(Z)]((C _QS)Z (l_l_;_lr;_izl_l.))

Thus we have

Corollary 9.4. Under the hypotheses of Proposition 9.2 conditions (DK.2). and (Dk.3)
can be replaced by

(Dk.2y m 20 + o)) < o2
and
(Dk.3y In-Q%(I) + (w(")(l) + o®(D)| " < [DP](c ) - |:||; i

We conclude by completing the proof of Theorem 2.3. We noted in Sect. 5 that

if Ie2® = () 2®, one can repeat the iterative step infinitely often, and construct
k20
a quasi-periodic orbit corresponding to this value of I. The estimates of the

induction hypothesis (k.1) of Proposition 5.1 imply that lim Q®(I) = Q(*)(I) exists
k— o0

which gives the frequencies of the quasi-periodic orbit. We prove Theorem 2.3 by
showing that the set of frequencies £2(*)(2(*)) has large measure. In fact, using the
estimates of (k.1), and the Whitney embedding theorem as was done in [CG]
or [P3] one can construct a diffeomorphism O on B(®,I°) such that
det (92)/3I) = C-eV(1 + 0(,/¢)), and if 1€2, Q)(I) = Q=)(I). This allows us
to estimate

meas (2 (2()) meas (2() 1
meas @300, 1) 2 4~ OV a6 1)) 2 (1 - (O<|log 2ol ))

(9.10)

Since we get a quasi-periodic orbit with frequency corresponding to each point in
Q(*)(2(*)), and since (9.10) implies that this set has large Lebesgue measure the
proof of Theorem 2.3 is complete.
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