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Abstract: We consider the problem of the long-time stability of plane waves
under nonlinear perturbations of linear Klein-Gordon equations. This problem
reduces to studying the distribution of the mode energies along solutions of one-
dimensional semilinear Klein—-Gordon equations with periodic boundary condi-
tions when the initial data are small and concentrated in one Fourier mode. It is
shown that for all except finitely many values of the mass parameter, the energy
remains essentially localized in the initial Fourier mode over time scales that are
much longer than predicted by standard perturbation theory. The mode energies
decay geometrically with the mode number with a rate that is proportional to
the total energy. The result is proved using modulated Fourier expansions in
time.

1. Introduction

Consider first the d-dimensional linear wave equation or Klein-Gordon equation
u — Au+pu = 0 (z € R4 t € R; with p > 0) with real initial data that
are linear combinations of e*** for some wave vector k € R* k # 0. The
solution is a linear combination of plane waves e!(F+F#£«t) with all combinations
of signs, with the frequency w = +/|k|? + p. This is evidently no longer the
case when a small nonlinearity g(u) (such as u? or u® for small initial data)
is introduced on the right-hand side of the equation. The question then arises
as to what is the long-time behaviour of solutions of the nonlinearly perturbed
equation for such initial data. At any time ¢ > 0 where a solution exists, it
will have a Fourier series representation u(x,t) = Y272 u;(t) ¢7/%*. What can
be said of the mode amplitudes |u;(t)|, or better of the mode energies E;(t) =
Flwjui(6)* + Fla;(t)]? (with the frequencies w; = +/j2[k[? + p), for large ¢?
Will the mode energies for |j| # 1, which vanish initially, remain small and
decay geometrically with growing |j| over long times? This stability problem of
plane waves under nonlinear perturbations of the equation will be studied in the
present paper, with a positive answer for almost all p > 0 over time scales that
are much longer than standard perturbation theory would suggest.

Without loss of generality, we may assume that the wave vector has unit
length (after changing p to p|k|?) and, by rotational invariance, equals the first
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unit vector & = (1,0,...,0). The problem then reduces to studying the one-
dimensional semilinear wave equation

Ut — Uge + pu=g(u), —-m7<z<m t>0, (1)

with periodic boundary conditions, for small (real) initial data that are linear
combinations of e*'*. We assume that the nonlinearity g is at least quadratic
at O:

g is real-analytic near 0 and g(0) = ¢’(0) = 0. (2)
We expand the solution u(zx,t) into its Fourier series

(oo}

u(a,t) = Y u(t)e”

j=—00

and consider the mode energies
E;(t) = %|wjuj(t)\2 + %|uJ (t)|?, with the frequencies w; = \/j2 + p. (3)

Since we consider only real solutions, we have @; = u_; and therefore E_; = Ej.
We consider small initial data concentrated in the first mode:

E1(0) <, 0<e<x 1,

E;(0)=0 for|j|#1 )
y .

Our main result, Theorem 1, shows that for all mass parameters p > 0, with
the exception of only finitely many in any bounded interval, and for sufficiently
small €, the energy remains essentially localized in the first mode over long times
t < e, for arbitrarily fixed N > 1. The mode energies decay geometrically with
growing j, with a decay rate that is proportional to € for the first modes, and at
least with a smaller power of e close to 1 for all remaining modes.

We are not aware that the problem studied in this paper has been consid-
ered previously in the literature. Our result fits, however, into a series of results
that have been obtained recently on the long-time behaviour of weakly nonlinear
Hamiltonian partial differential equations by various authors [1,2,4-10,13-15].
The problem considered here is also closely related to the Fermi—Pasta—Ulam
(FPU) problem [11,12], which in the small-energy regime deals with a non-
linearly perturbed system of near-resonant harmonic oscillators and for which
metastability phenomena have been analyzed in [3,18].

The long-time behaviour of such weakly nonlinear problems has been ana-
lyzed rigorously by two different techniques: Birkhoff normal forms and mod-
ulated Fourier expansions in time. Here we follow the latter approach, which
originally came up in the long-time analysis of numerical methods for oscillatory
differential equations [16,17] and was later applied to Hamiltonian partial dif-
ferential equations in [8,13,14]. It does not seem directly possible to obtain the
results of the present paper using normal form techniques. While normal forms
use coordinate transforms to take the system into a form from which the desired
long-time properties can be read off, modulated Fourier expansions embed the
given system into a larger modulation system that has a Hamiltonian structure
from which the long-time behaviour can be inferred.
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Our approach is close to that taken for the FPU problem in [18], but the
problem considered here does not encounter the technical difficulties due to
almost-resonances present in the FPU problem. On the other hand, the non-
resonant situation considered here allows us to obtain stronger estimates over
much longer time scales.

2. Main result

In this paper we prove the following theorem.

Theorem 1. Fiz an integer K > 2 and real numbers s > % and po > 0. For
all except finitely many 0 < p < po the following holds: There exist §o > 0 and
positive ¢ and C such that for 0 < 6 < 1 the mode energies (3) of solutions to the
nonlinear wave equation (1)-(2) for initial data (4) with 0 < ¢%/2 < &g satisfy,
over long times

0<t<ce %2

the bounds

Fo(t) < Cé?,
Ej(t) <C€, 0<j<K, (5)

)
67(j7K)(170)j25Ej (t) < OEK
j=K

and |E1(t) — E1(0)] < Cé2.

The values of p considered in the theorem are those for which the frequencies
wj = 4/j? + p satisfy a certain non-resonance condition, which will be specified
below. We note that for p = 0 the frequencies are fully resonant, and the theorem
does not apply in this case. One encounters blow-up phenomena for p = 0, for
instance for the nonlinearities g(u) = u? or g(u) = u?.

It is not difficult to extend the proof of Theorem 1 to initial data concentrated
in a collection of low modes, E;(0) < € for |j| < B and E;(0) = 0 for |j| > B. For
example for B = 1 the estimate (5) still holds if the first estimate is replaced by
FEo(t) < Ce. For larger values of B the range of modes of energy €’ is stretched
in (5),

E(t)<Ce for 0<j<K and (j—1)B<I<jB

and a corresponding modification of the last estimate in (5).

The proof of Theorem 1 also shows that the statement of the theorem still
holds true for more general initial data that satisfy the bounds (5) with a given
constant Cj in place of C.

Stronger estimates can be obtained when further derivatives of g at 0 are
zero. In particular, for odd functions g, we have E;(t) = 0 for all ¢ for all even j.
For odd functions g we obtain the above estimates for odd j if ¢"’(0) # 0, e.g.,
for g(u) = —u3 or g(u) = p(sinu — u) (the sine-Gordon equation), and slightly
stronger estimates if ¢"”’/(0) = 0.
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Fig. 1. Mode energies versus time.

We give a numerical illustration of the above result for g(u) = u?, p = 1/2
and initial data
21/2¢

w1

u(z,0) = cos(z), wue(z,0)=0,

so that
Ei(0)=¢, E;j(0)=0 forj#1.

In Fig. 1, the mode energies F;(t) for e = 107* (first and third figure) and
€ = 1079 (second and last figure) are plotted versus time on the intervals [0, 100]
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(first two figures) and [0, 10°] (lower two figures). Lower lying curves correspond
to higher modes j. The differential equation was discretized in space by a spectral
collocation method with 27 grid points and in time by a trigonometric integrator
[17, Ch. XIII] with step size 10~2. Nearly identical results were obtained with
other choices of the discretization parameters.

The starting point for the proof of Theorem 1 is to rewrite the partial dif-
ferential equation (1) as a system of second-order differential equations for the
Fourier coefficients u;(t):

iij +wju; = —V_;U(u) (6)

with the potential

(m—1)
U(u):—ZgT@ Z Ujy - o U,

m>3 ) Jit+im=0

Here, V_; denotes the partial derivative with respect to u_; and u = (u;);cz.
Since u(z,t) is real, we have w; = u_j;. In particular, uy is real. The proof of
Theorem 1 via modulated Fourier expansions in time is outlined in Section 3.
The proof proceeds by a sequence of auxiliary results of independent interest,
which are proved in Sections 4 and 5.

3. Modulated Fourier expansion

3.1. Approzimation ansatz. We will approximate the jth Fourier component of
the solution by a sum of products of polynomials and exponentials,

ui(t) = Y () et (7)

ke,

where K; is a finite set of sequences k = (k;);>¢ with only finitely many non-
zero integers k;, where w = (wj);>0 is the sequence of frequencies (3), and
k-w = >,5okw;. A subtlety that sets the present paper apart from previ-
ous work on modulated Fourier expansions, e.g., in [8], is the fact that here the
expansion is not a multiscale expansion, but instead we use just one time-scale
and ensure the uniqueness of the modulation functions z;‘ by requiring that they
are polynomials. They will be constructed by inserting the ansatz (7) into (6),
collecting the coefficients of e!® )t for all k in the resulting expressions, and to
determine polynomials 2% such that there is a small defect d¥ in the modulation
equations

(W? = (k- w)?)2f + 2i(k - w) 25 + £ = —=VI¥U(z) + d¥ (8)
with the potential

(m—1) 1 m
U(z):—ZgT@ Z Z z;‘z;‘m

m>3 ' JiteFim=0Kk!+...+km=0

Here, the last sum is restricted to k! € K;,,...,k™ € K;,,. The symbol V:;‘ in

(8) denotes the partial derivative with respect to z:;-‘, and z = (z;‘)jk
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3.2. Non-resonance condition. In the construction of the modulated Fourier ex-
pansion (7) via (8) we encounter small denominators w3 — (k - w)?. We require
the following non-resonance condition: there is a v > 0 such that

lwj — k-w|[ >y for (j,k) €K, k#=£()), 9)

where (j) = (0,...,0,1,0,...) is the |j|-th unit sequence (with the entry 1 at
the |j|-th position) and the set K is defined in the following. We fix the integer
K, and we denote

p(k) = 2[ko| + Y min(l, K) k. (10)
1>1
We set
K ={(j,k) : max(|j|,u(k)) <2K and k; =0 for all | > K}
V{0, G —r)+k) : il 2 K, [r] < K, p(k) < K} (11)
and let
Ki={k: (j,k) € K} (12)

The set of indices K, which determines the linear combinations of frequencies
that have to be controlled in the non-resonance condition (9), is smaller than the
corresponding set for initial values with all mode energies of order € as studied in
[1,2,8]. This reflects the fact that, due to the special form of the initial condition,
fewer interactions of Fourier modes are relevant on the considered time interval.
The following theorem will be shown in Section 6.

Theorem 2. Fiz K > 2 and pg > 0. All except finitely many 0 < p < po satisfy
the non-resonance condition (9) with a constant v depending on p and K.

This theorem is in contrast to the situation studied in [1,2,8], where the set
of resonant p is (only) shown to be of zero Lebesgue measure [1, Theorem 6.5].

3.8. Weighted norms. For a sequence u = (u;);ez we consider the weighted ¢?
norm

u|* = E oilui*  with o; = 2079, 7=0 (13)
JjE

where 0 < # < 1. For s > 3 this norm behaves well with convolutions (u*v); =
D i1t jamj Wi Vjz- We then have

[Jws v < e [[ul - [|v]| (14)

with a constant ¢, that is independent of u, v, € (but depends on s > 1/2). This
bound relies on the fact that the weights r; = max(1, |j|**) satisfy the inequality

D=y K,]ll K, 1< cs/@] so that the Cauchy—-Schwarz inequality yields

Z'{J‘ Z Uj, Vjy < c (Z K’Jl‘uJ1| )(Z ﬁj2|“j2|2)' (15)

JEZ Jit+j2=j J1€Z J2€Z
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For the extended norm
)2 = [Qul? + @l with (Qu); = w;u,, (16)
we note

1 .
L =Y o

JEZ

3.4. The modulated Fourier expansion on a short time interval. The situation
(4) is not met at any later time ¢ > 0. Instead of (4) we now consider the situation
where the initial mode energies satisfy

Eo(0) < Coé?,
Ej(0) < Coét, 0<I<K,

Z 01 E(0) < C()GGK.
I>K

We then have the following result.

Theorem 3 (Modulated Fourier expansion). Fiz an integer K > 2, and
let p > 0 be such that the non-resonance condition (9) is satisfied. Let s > 1/2
and 0 < 0 < 1. Let the initial mode energies satisfy (17). Then, the Fourier
coefficients u;(t) (j € Z) of the solution of (1)-(2) admit an expansion

ui(t)= > HKE)® L) for 0<t<1, (18)
kEIC]‘

where IC; is a finite set of sequences k = (ki);>0 with only finitely many non-zero

integers k; as given by (12), where the coefficient functions z;‘ are polynomials

k

satisfying z:;‘ = zf, and where the remainder r(t) = (r;(t))jez is bounded in

the weighted norm (13), (16) by
[(x(1), £(1))[| < O™t (19)
and the defect d(t) = (Xyey, 5 (t)])jez of (8) is bounded by
[a()]| < Ce™. (20)

The constant C is independent of € and 0, but depends on K, on v of (9), on s
in (13) and on Cy of (17).
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3.5. Almost-invariants. For real 7 and real sequences A = (\;);>0 we note that
USA(T)z) =U(z) for Sa(r)z = (€®N72X) .

We therefore obtain

d

dr

USA(T)Z) =D > ik N)zZXVU(z)

7=0 JEZKEK;

and by (8),
0= itk Aok (2 = (k- w)?)sk 4 2iCk - w)k + 2 - d¥). (21)
JELKEK;

We note that

Z(k . )\)z:;‘(wf — (k- w)Q)z;v‘ =0,
jk

2> (k- A)(k-w)z K =>"(k-A) (k- w)%(z:;‘z;‘),

J.k Js

D (k- A)TkE =) (kA yr (22kzF),
J.k j.k

and hence the relation (21) can be rewritten as
d . . _
- Ia(2,2) = =03 ik N)zkdy (22)
JET kEK;

with the almost-invariant action

Tnzz) =Y 3 (k-X) ((k ) P iz:yzy).

JET keK,

For A = (I) with [ > 0, the I-th unit sequence (0,...,0,1,0,...), we define the
[-th almost-invariant energy as

. . 1 . k-
&i(z,2) = %I@(z,z) =3 Z Z klwl((k . w)|z§‘\2 - 1z_;‘z;-‘) (23)

JET kEK;

and we write briefly
&(t) = &(z(t), (1))

when it is clear to which function z we refer. We first show that the almost-
invariant energies £ can be bounded in terms of bounds on the mode energies F;.
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Theorem 4 (Almost-invariant energies controlled by mode energies).
Let the conditions of Theorem 3 be fulfilled. If the initial mode energies satisfy
the bounds (17), then we have, for 0 <t <1,

|50<t)| S 6062,
|gl(t)| < CO€l7 0<i< K7 (24)
Z 0'l|(€l(t)| S CQGGK,

I>K

where Cy is independent of € and depends only through the constant Cy on the
estimates (17).

The relation (22) together with bounds of the defects d}‘ leads to the following
bounds, which show that the functions & (¢) are nearly constant.

Theorem 5 (Variation of almost-invariant energies). Under the conditions
of Theorem 3 we have, for 0 <t <1,

d 2 0K/2
- <
dtgo(t) < Ce“e ,

—&)| < CbE2 1< < K,

*gl(t) < CEgeK/Q,

D o

I>K

where C' s independent of € and depends on the initial data only through the
constant Co of (17).

When we consider a modulated Fourier expansion constructed from the so-
lution u at t = 1, we can relate the almost-invariants of that expansion with
those of the modulated Fourier expansion starting from the initial data at ¢ = 0.
Together with Theorem 5 this will allow us to study longer times by patching
together many intervals.

Theorem 6 (Transitions in the almost-invariant energies). Let the con-
ditions of Theorem 8 be fulfilled. Let z(t) = (z;‘(t))]k for 0 <t <1 be the
coefficient functions as in Theorem & for initial data (u(-,0),u:(-,0)), and let
z(t) = (25 (t))jx be the coefficient functions of the modulated Fourier expansion
for 0 <t <1 corresponding to the initial data (u(-,1),us(-, 1)), constructed as

in Theorem 3. Then,

[€0(2(1),2(1)) — &
€i(2(1),2(1)) — &(
> ailéi(z(1).2(1)) - &

I>K

N
N

(0),2(0))| < Ce2e /2,
(0),z(0))] < C'e? /2 0 <l <K,
(0),2(0))| < Ce/2,

N
N

N2

where C' is independent of € and depends on the initial data only through the
constant Cy of (17).
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As the following result shows, the mode energies E; can be bounded in terms
of bounds of the almost-invariant energies &;.

Theorem 7 (Mode energies controlled by almost-invariant energies).
Let the conditions of Theorem 3 be fulfilled. If the almost-invariant energies
satisfy (24) for 0 <t <1, then the mode energies are bounded by

Eo(t) < Cé?,

E(t)<Ce, 0<I<K, (25)
Z o E(t) < CePK,
I>K

and

|[BL(t) - &1(1)] < Ce?,
where C depends on Co in (24), but is independent of € and Cy of (17) if €% is
sufficiently small.

3.6. From short to long intervals. Assume that the solution of (1) satisfies con-
dition (25) with a possibly larger constant Cy instead of C for 0 < ¢ < n (this is
true for n = 0 by assumption (17); else it is justified by induction). Theorems 3
to 7 can be applied on the next interval n <t < n+ 1. In particular, Theorem 3
gives us a modulated Fourier expansion whose coeflicient functions we denote
by z,(t), for 0 <t < 1. Theorem 5 yields, for 0 < ¢ <1,

1€0(20(0), 20(0)) — ol (1), 2 (1))] < 2?72

|E4(2(0), 20(0)) — E(2n (1), 20 (1))| < Cl?/2 ) 0 <1< K,

> 011€(2n(0), 20(0)) — Ex(2n (1), 20 (1))] < C5/?

I>K

with a constant C that only depends on 50. On the other hand, we can also apply
Theorems 4 and 7 to guarantee that condition (25) is also satisfied on the interval
n <t < n+1 with a possibly larger constant. Consequently, Theorem 3 allows
us to consider the modulated Fourier expansion z,1(t) on the next interval.
The transition is estimated by Theorem 6 as

1€0(Zn (1), 20 (1)) = E0(Zn+1(0), 211 (0))] < C
1E0(2 (1), 20 (1)) — E1(2041(0), 2,41 (0))] < Cel? /2, 0 <1< K,
> 011€(zn(1), 50 (1)) = E(2n41(0), 2041(0))] < C

I>K

where the constant C' can be assumed to be the same as above. Summing up
these estimates over n and applying the triangle inequality yields, for 0 < ¢ < 1,

[€0(20(0), 20(0)) — Eo(2n (1), 2n(t))] < Cee™ /% (2n + 1),
1E1(20(0), 20(0)) — E(2Zn (), 22 (1))| < Cee?® /2 (2n+1), 0<I<K,

> 011€1(20(0), 20(0)) — Eu(2a (1), 20 (1))] < Ce¥5/% (2 + 1),
I>K
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Let Cy be the constant in condition (24) for the first subinterval [0,1]. This
constant depends on Cy of (17), but not on Cy. Set ¢ = Cp/(2C). For n+ 1 <

c e %/2 we thus obtain from Theorem 4

[E0(2n (1), 20(1))] < 2Co€?,
[€1(2n (1), 20 (1)) < 2Coe’, 0 <1< K,
> oilE(zn(t), 2 (1))] < 2C0e”X.

I>K
Theorem 7 now yields for ¢t < ce K/,
Ey(t) < Cé€,
E(t) <Ce, 0<I<K,
N aiE(t) < O,

I>K
|E1(t) — E1(0)] < Ceé?,

where C' depends on Cj, but is independent of 50. The last estimate is obtained
from the bound |E; (t) — &1 (t)| < Ce? and from the near invariance of £;(¢). This

gives us the bounds of Theorem 1. It remains to prove Theorems 3 to 7 .

4. Proof of Theorems 3 and 4

For ease of presentation we give the proof for the particular nonlinearity g(u) =
u?. The generalization to other nonlinearities satisfying (2) presents no math-
ematical difficulties. In the following we denote by < an inequality < up to a

factor that is independent of € and 6.

4.1. Construction of the modulation functions. We work with the small param-

eter
§=¢"2,

Condition (17) implies for the initial values

WOUO(O) = (520,0,
110(0) = 6bo,
wyuy (0) = WK q; 50,

where @; = a_;,b; = b_; and by (17)

> ojlla;* + 1b;?) S 1.
JEZ

(26)
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The modulation functions will be constructed from an ansatz

2K —1
Ht)y= > om0 (27)
m=1
with polynomials 2%, (t). Inserting this ansatz into (8), using g(u) = u?, and
comparing the coefficients of 6™ yields the equation
2 2\ k . .k .k
(w_] - (k ' (.«J) )zj,nz + 21(k ' w)zj,'m + Zj,’m (28)

_ k! k?
= D> > D> Hmm

J1+7j2=j k1 +k2=k mi1+ma=m

For the initial values we obtain from (26) by requiring that (7) is exactly fulfilled
at t =0,

a; for m =min(|j|, K) if j #0,

wj Z z;‘m(()): and for m =2 if j = 0,
kex; 0 else,
29)
bj for m = min(|j|, K) if j # 0,
Z (Z;(m(()) +i(k- w)z;fm(o)) = and for m =2 if j =0,
keks 0 else.

We determine an approximate solution of (28)-(29) for m = 1,...,2K — 1
consecutively. For k # +(j), after division by (w? — (k- w)?), equation (28) is of
the form

z—az— pBZ=np.
For a polynomial p of degree d, the unique polynomial solution is given by
d
d d?
For k = £(j) we have a differential equation of the form Z — 8% = p which

admits a polynomial solution with one free parameter. This parameter is fixed
by the initial value that is obtained from (29):

T . .
Qijzj”g) (0) = —i Z (wj £ k- w)z;fm(()) F Z z;fm(())
k#(j), k#—(3) S

ia; £b; for m =min(|j|, K) if j #0, (31)
+ and for m =2if j =0,
0 else.

We now discuss the iterative process used to determine the modulation func-
tions z;fm in more detail. In particular, we will show that these functions vanish
for sequences k not belonging to the set K; from (12). Moreover, the leading
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powers of § in the functions z;‘ will be examined in more detail, and it will be
found that

Jm—O for m < min(|j|, K) if j # 0, and for m < 2if j =0, (32a)
Jm—O for m = min(|j|, K) if j # 0, and for m = 2 if j = 0, (32b)
]7 =0 for m < u(k), (32¢)
z5 =0 for k # (j) and |j| > K, (32d)
20— 0 for [j| #1 and m = min(|j|, K) if j # 0, and m = 2 if j = 0. (32e)

Case m = 1: Here p = 0, since the sum in (28) is empty. Hence,

z;fl =0 for k # £(j),

LE0)

i1 1s a constant.
;

For the initial values we obtain from (31)

£(1) () — 1 b
1,1 (0) 72w1 (a1 Fiby),

1 . 1 -
Zfilf( ) = %01 (a_1 Fib_1) = Twl(al Fiby)

for the only non-vanishing coefficients with m = 1. We note that z:;-fl = a

Cases 1 < m < K: We recall the definition (10) of u(k). By induction, it
follows that z;fm is a polynomial of degree at most m — max(|j|, u(k)) and in the
case ju(k) = 0 of degree not exceeding m — max(|j|, u(k), 2), where a negative
degree corresponds to the zero polynomial. In particular, we note that the sums
n (28) are finite sums, and 2¥,, # 0 only if max(|j|, u(k)) < m. Using a_; = a;
and b_; = b; we obtain z:;fm = z;‘m

Cases K < m < 2K — 1: The case m = K is different for the diagonal
elements z; K> for |j| > K, since by our assumption on the initial values we can

no longer conclude z; §g> = 0 from z; <J> = 0. For m = K +n with n > 0 we
decompose the right- hand side of (28) as

n
k! k? k! k?
> > (Zzﬁ,m-z%ﬁ D HmZm)-

Ji+j2=j kl1+k2= =1 mi+mo=m,
m; <K

The number of terms in the sum is thus finite and can be estimated independently
of j and k. The first expression in the sum makes evident how the index set for
non-vanishing modulation functions,

(k== +r)+k:|j|>m=K+n,|r| <n,uk) <n},

is built up: from k' = £(j; + r1) + k' with |r1] < n — k') < n—1 and
max (|2, u(k?)) < [ it follows that k = k! + k? equals k = £(j + r) + k with
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r =71, — j» and k = k! + k?, which are bounded by |r| < n, u(k) < n.
Induction over n further shows that for (j,k) with max(|j|, u(k)) < K + n,
the polynomial z;fm has degree at most m — max(|j|,u(k)) and in the case

ju(k) = 0 even < m — max(|j|, u(k),2), and 2%, with max(|j|, u(k)) > K +n

3 m
is a polynomial of degree at most n. In all cases we obtain z:;fm = z;fm, and
25, # 0 only if k € K; as defined in (11)-(12).

4.2. Bounds of the modulation functions. In view of the expansion (27) of the
modulation functions in terms of § = €?/2 we expect that the coefficient functions
z;fm still carry some power of €. The structure of the equation (28) suggests that
a control of these coefficient functions multiplied with

’S/Jk = maX(Ei‘j‘ve_Q‘kol_le1 l|kl\)(1*9)/2
for j # 0 and

'3/;( = 1’1’13‘}((6_27 6_2|k0|_2l21 l‘kl|)(179)/2
for j = 0 should be possible (note that :Y;c < :7;‘(11:75 for i1+ o — j and
k! + k? = k). We use the norm, for 0 <t <1,

1 d
lalle = 3" 7| 20|

>0

and note the properties ||z - wlle < [|z[l¢ - [|wlle, llzlle < 12(0)] + 2supg<r<; lIZ]l -,
and ||pll: < d|lpll:, if p is a polynomial of degree d. In particular, for z of (30)
we have

lzlle < Cliplle,

where C' depends only on an upper bound of the coefficients |«| and |3| and of
the degree of the polynomial p.

Lemma 1. Let s > 1/2 and k; = max(1,|j|**) for j € Z. For 1 <m < 2K —1
and 0 <t <1 we have

2
S (X ) S

JEZ  keK,

with
'y;‘ = max(1,w;, k- wl) - ’y}‘.

Proof. We use induction over m. The statement is evident for m = 1. Let k #
+(j) and

ok Alk-w) geo___ L
I (kw)? I T (k- w)?
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By the non-resonance condition (9), |oz;-‘\ + |,8;‘| S 1 for k € K. For k # £(j)
the polynomial solution of (28) as given by (30) therefore satisfies the bound

1 2
[E I DD DI SR 3 1y
J1+j2=j kl+k2=k mi+ma=m

By the definition of 7¥ we have 7} < 7;-‘117;-‘22 for j; + jo» = j and k! + k? = k.
Together with (15) this yields

e X )

JEL  keK,; k#A+(f)
2 2
S X (Sr( X b)) (T ) <t
mi+ma=m jEZ kel JEZ kelC;
For k = 4(j) we obtain analogously
, NN
() %
>k (V) S
jez
With [|z]|: < |2(0)] + 2supg<, < [|Z]|- we conclude
_ NN
+ +
S () <
JEL
+(j)

since the initial values 27 .’ (0) can be estimated accordingly by (31) and the
bounds already given above. 0O

4.3. Proof of Theorem 4. We shall prove that, for 0 <t <1,
a0 |Eo(t)] S 0°
al&t)| S8, 0<i<K,

Z a &) < 52K,

I>K

Because of § = €?/2 the statement of Theorem 4 then follows from the definition
of gy in (13). We start from

€D S Y (Y Malalk-wll262+ 3 llalzK2). (33)
JEZ keK; kelk;

From k; # 0 we infer u(k) > mg(l), where mo(l) = min(l, K) if I > 1, and
mo(0) = 2. Therefore, (32¢) yields

2K—-1

Xy= > @)

m=mg(l)

Lemma 1 and the inequality 3, 01lki|w; max(1, k- w|) < &; (7;‘)2 fork € K;
thus imply that the sums in (33) are estimated to yield the above bounds.
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4.4. Bounds of the defect. The following bound implies (20).

Lemma 2. The defect in (8) satisfies, for 0 <t <1,

S (3 ks < 0%

JEZ kel
with 'y;-‘ as in Lemma 1.

Proof. By construction of the z;?,

2(2K—1)
k _ m k! k?
df=— > 0" Y D > Amm
m=2K ji+j2=j kl4+k2=k mi+ma=m

The result then follows by proceeding as in the proof of Lemma 1 and using the
bounds of that lemma. 0O

4.5. Bounds of the remainder. We consider the differential equation (6) for the
sequence of Fourier coefficients u = (u;) ez, which reads

Qu = Qv,
v=—-0(Qu)+ux*xu

for g(u) = u?. Using the variation-of-constants formula, the assumptions on the
initial values and a bootstrap argument involving (14), we obtain in the norm
(13)

Ju(t)[| S0 for 0<t<1.

For the solution u of the system U= QX +0x*u+d with perturbation
d(t) = (d;(t))jez given as

di(t) = ) di(t)el®r,

keK;
we likewise obtain
la@®)]| <0 for 0<t<1.
Using (14) we obtain the bound
[uxu—uxul < dlu—ul < dRu—-u)

Using this bound together with the variation-of-constants formula and the Gron-
wall lemma, we conclude for the error r = u — 1,

(e (@), 2(@)) S/O ld(r) dr < 6*%t for 0<t<1, (34)

using (20) in the last inequality. This gives (19) and completes the proof of
Theorem 3.
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5. Proof of Theorems 5 to 7
5.1. Almost-invariant energies: proof of Theorem 5. From (22) and (23) we have
d
—51 (z,2) Z Z 1k‘gwlz
jGZ kek;

For 0 < [ < K we therefore obtain, using the Cauchy-Schwarz inequality and
ow; S K; (7;‘)2 if ki #0 and k € KC;, with ’y;-‘ as in Lemma 1,

Sl (z,2) Z,‘i] Z |zk|'yj |dk|
JEZ kek;
ki 70
2\1/2 2\1/2
< (Xm( X i) ) (X X ) )
JEL keK; JEL  keK;
k170 k1 #0

Noting that for [ > 1,

2K—-1

Z gk if k #0,

and for [ = 0, z;‘ = ZQK:I om if ko # 0, the stated bound follows from

m=2 ] m
Lemma 1 and Lemma 2. For

D o

I>K

Elzz

<D0 > Y alkifwrlzylldY]

JET keK; I>K
u(k)ZK

the bound is obtained similarly on using 3,5, oulkilw; < #; (7;-‘)2 for k € ;.

5.2. Transitions in the almost-invariant energies: proof of Theorem 6. First we
note that z(¢ + 1) contains the modulation functions that are uniquely con-
structed (up to O(6%K)) by starting from (T(1),u(1)), where U = (@;) is the trun-
cated modulated Fourier expansion (18) without the remainder term r = (7).
On the other hand, z(t) contains the modulation functions constructed by start-
ing from the Fourier coefficients u = (u;) of the solution. By Theorem 3 we
have u = U + r with the remainder estimate (19). We thus need to estimate
llz(-+1) —zl||, at t = 0 in terms of ||u(1) —u(1)|| = ||r(1)|]. We proceed similarly
to the proof of Lemma 1, taking differences in the recursions instead of direct
bounds. Omitting the details, we obtain

2
Sows (D0 Akl + 1) = 2),) s 62K
JEZ kek;

at t = 0. Together with the definition of & and the bounds of Lemma 1, this
yields the stated bound.
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5.8. Controlling mode energies by almost-invariant energies: proof of Theorem 7.
For the proof of Theorem 7 we first show that we can control the mode energies
if we can control the dominant terms in the modulation functions.

Lemma 3. For 0 <t <1, assume that for all k with p(k) < K,
aolzg(t)|* < Co,
oilX 0P <Co for 0<|jl <K,
Sl () < Co.

I>K
Then,
ooEo(t) < C6*
o E(t) <cé? for 1=1,...,K -1,
> oE(t) < 6K
I>K
and

o1 |Bu(t) — (272 + 1o V)| < cot,
where C depends on Cy but is independent of Co of (17), if § is sufficiently small.
Proof. We have

E(®) = Hom(@P + L < (Y wlzkl)’
k
w2 E@1) +2( X e wllF @)+ @i + )P
k k

Let mo(l) = min(l, K) if I > 1, and mg(l) = 2 in case [ = 0, so that z,,(t) =0
for m < mgo(l) by (32a) and ,élkmo(l) = 0 for all k by (32b). Therefore,

2
o E(t) < 652mo (D gy (Z max(wy, [k - w|)‘zllfm0(l)(t)|>
k

2
+ 852m0(l)+2m (Z 'ylk Z |||lefm |||t) + Ulwl2|'rl (t)|2 + Ul|7;l(t)|2'
k

m>mo ()
For | > K only diagonal elements are among the dominant terms in the modu-
lated Fourier expansion by (32d), Zlkmo @) = 0fork # +(1). With the assumption,
with Lemma 1 and the estimate (34) of the remainder we obtain

> ouB(t) < 126°K 4+ 06K 4 O,
I>K

where C' depends on Cj, but not on .
We now study the case | < K, where off-diagonal elements zX with k # ()
can be among the dominant terms in the modulated Fourier expansion. Such
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modulation functions (whose number depends only on K) are estimated by the
assumption. Together with Lemma 1 and the remainder estimate we obtain the
bound of Ej(t) for | < K.

Finally we study E; in more detail. We have (omitting the argument ¢ in the
notation)

2F = |w1u1|2 + |1),1|2

= w1|z (1) gient + 2 s >e_i°"1t| +2w1Re( (z§ Jgient + 2 s >e_i“1t)) + winl?

+ W? |1Z(1)eiw1t . izl—(l)efiwlt|2 4 2w Re (E(izéheiwlt B izl—(l)e,iwlt)) I |19|2

with

n= Z Zi<ei(k»w)t+rl and 9 = Z (k w 2 e1(kw Z -k 1(kw)t
k#£+(1) k£+(1)

The estimate of |E; — w1(| |2 + |z | )| thus follows from Lemma 1, the

estimates of the remainder (34), and the fact that zf,, = 0 for m = 2 and all k.
O

We now control the off-diagonal modulation functions z;‘ for small |j| < K

in terms of the diagonal entries zl<l>.

Lemma 4. For 0 <t <1 assume that
+(0
oolzo 5 (1)] < Co,

ol Pl <co foro<|j| < K.

Then,

Uo\zé‘g(t)\ <C forallk,

0']|Z] IO <C o for 0 <|j| < K and all k,
where C depends on Cy, but is independent of Cy of (17).

Proof. Let mp(j) be the smallest index m for which z] (@
zero, i.e., mo(j) = min(|j], K) for j # 0 and mo(0) = 2. We prove the result
by induction over mg(j). For mo( j) = 1, which requires j = £1, the estimate
follows from the explicit formulas (case m = 1) of Section 4.1. Let now jeZ

with mg(j) > 1. Since z;‘m G =0 the recurrence relation of the modulation

can be different from

functions yields

k' k?
(w - (k w) Jmo Z Z Z Zj1,ma gz ma
Jiti2=j kl+k2=k mi+ma=mo(j)
Since Z;i m, = 0 for my < mg(j1) and mo(j) < mo(j1) + mo(jz2), this simplifies
to
2 2y Lk _ k' k?
(wj = (k- @)") 2o () = > D Hvmolis) Hematia)”

Jitj2=j kl+k2=k
mo(j1)+mo(j2)=mo(J)

The number of terms in the sum depends only on K. Since mg(j1) < mo(j) and
mo(j2) < mo(j), the result follows by induction using (9) and ¢; < 0j,05,. O
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Finally we show that the almost-invariant energies control the diagonal mod-
ulation functions.

Lemma 5. For 0 <t <1 we have

< §°

~

o0 [€at) — wB (12" (D2 + 120 @ (1)
or &) — (10 OF + 127V 0P)] 5 6
o &) - WP (1 O + |5 CR)| s 8 1<i< K,

)
> fat) - w150

I>K

)
)
)
)

|2Jr |Zl_<l>(t)|2 < §2K+1

Proof. The proof is very similar to that of Theorem 4 in Section 4.3. The only dif-

ference is that we subtract the dominant term w? (|zl<l> 12+ |zl_<l) ?) from &(z, ),
so that the first sum over k € K; in (33) is only over multi-indices k satisfying
k # +(j). For k; # 0 and k # £(I) we have u(k) > mg(l) + 1, so that by (32c)

2K -1
z;‘(t) = Z 5mz;-fm(t), ki #0 and k # £(I).
m=mgo(l)+1
By (32b) we have 2:7%2](” = 0 for |j| = ! and by (32e) we have zﬁii(l) = 0 for

|7] # 1. Compared to the estimates in Section 4.3 we thus gain one power of ¢.
This yields the stated bounds for [ # 1. For [ = 1 we use that 2¥,, = 0 for m = 2
and allk. O

Lemmas 3 to 5 yield Theorem 7. For the estimate of &1 — F; we use these
lemmas with 6 = 1.

6. On the non-resonance condition — Proof of Theorem 2

Fix K > 2 and pg > 0. Recall that for p > 0 the frequencies are defined as
w; = +/j? + p. Throughout the proof of Theorem 2 we consider these frequencies
as functions of p. The proof is based on the corresponding proof of Bambusi and
Grébert [2] for the situation of initial values with all mode energies of order e.

In a first step we show that it suffices to control a finite number of linear
combinations of frequencies in the non-resonance condition (9) (despite the fact
that the set IC from (11) is infinite). We denote by ¢y a constant depending only
on pg such that

. Co
wj—j| < ——— forall 0<p<pp.
’ gl +1

Moreover, we introduce for L > 2
0Ly p) = min{[k - w(p) + 7| : v € Z, |r| < K, |r| + (k) # 0,
u(k) < 3K, k=0 for all [ > L}.

In this first step we assume p such that ~vo(K, p) # 0. Besides the value L = K

we are particularly interested in L = K := (1 4+ ¢o) K + ,YO‘(L}:(O R
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Now let (j,k) be such that |w; — |k - w|| should satisfy the non-resonance
condition (9), i.e., let (4,k) € K with k # +(j). We distinguish two cases: Either

|wj—\k~w\|:|ﬂ-w|
with k # 0, (k) < 3K and k; = 0 for [ > K or
|w; — k- w|| = ‘wjiwj,r—i—i-w’

with u(k) < K, |r| < K, |r| 4+ p(k) # 0 and max(|j|, |j —r|) > K. The first case
comprises the indices in the first part of the set K and the indices in the second
part of this set that are not too large. The second case deals with indices in the
second part of the set K, where j and j — r are large indices. By definition of g
we have in the first case

|wj = [k w|| > (K, p).
In the second case we either have (in case “+”)
|w; — k- w|| > wj +wj—r — |E-w| > K — (14 co)uk) > 1,
or (in case “—7)

oy = k@l 2 [K-w 7| = [y = 11| = Jsjr = | = 71| > 220(K p).

What remains to be shown in a second step is that vo(K, p) = 0 (and hence
also vo(K, p) = 0) only for finitely many 0 < p < pg. We first consider the
function

fir(p) =k-w(p) +r
for fixed r € Z and a fixed sequence of integers k with |r|+ u(k) # 0, pu(k) < 3K
and k; =0 for all [ > K. The square matrix

dm
— W ;
(dpm l)m:O,A.wM—l; 1:ky#£0

with M equal to the number of indices [ with k; # 0, is invertible for p > 0, as is
shown by computing its determinant of Vandermonde form, see [2, Lemma 5.1].

Hence there exists for all p > 0a 0 < m < M — 1 such that f&f)(p) # 0. The
continuity of flgnrl) implies for any p > 0 the existence of an open neighbourhood

where fl((";) is never zero, and consequently where fy , has only finitely many
zeros. For p = 0 the same argument shows the existence of an half-open interval
[0,a) where fx, has only finitely many zeros provided that ko = 0. If ko # 0 we
use the fact that wy = \/p grows in a neighbourhood of zero faster than all other
frequencies to show the existence of an half-open interval [0,a) with the same
property. We have thus constructed an open covering of [0, pg] where each set
of the covering contains only finitely many zeros of fi .. This implies that fy ,
has only finitely many zeros in [0, pg]. Taking the union of these zeros over the
finite number of r and k allowed in the definition of vy we get a finite number
of 0 < p < pg for which (K, p) = 0. This completes the proof of Theorem 2.
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