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Abstract

We consider a second order equation with a linear “elastic” part and a nonlinear
damping term depending on a power of the norm of the velocity. We investigate the
asymptotic behavior of solutions, after rescaling them suitably in order to take into
account the decay rate and bound their energy away from zero.

We find a rather unexpected dichotomy phenomenon. Solutions with finitely many
Fourier components are asymptotic to solutions of the linearized equation without damp-
ing, and exhibit some sort of equipartition of the energy among the components. So-
lutions with infinitely many Fourier components tend to zero weakly but not strongly.
We show also that the limit of the energy of solutions depends only on the number of
their Fourier components.

The proof of our results is inspired by the analysis of a simplified model which we
devise through an averaging procedure, and whose solutions exhibit the same asymptotic
properties as the solutions to the original equation.

Mathematics Subject Classification 2010 (MSC2010): 35B40, 35170, 35B36.
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1 Introduction

Let H be a real Hilbert space, in which |z| denotes the norm of an element z € H, and
(x,y) denotes the scalar product of two elements x and y. Let A be a self-adjoint operator
on H with dense domain D(A). We assume that H admits a countable orthonormal
basis made by eigenvectors of A corresponding to an increasing sequence of positive
eigenvalues A?.

We consider the second order evolution equation

u"(t) + [ (8)]*u/ () + Au(t) = 0, (1.1)
with initial conditions
u(0) = ug € D(AY?), u'(0) =u; € H. (1.2)

All nonzero solutions to (1.1) decay to zero in the energy space D(AY?) x H, with
a decay rate proportional to t~1/2 (see Proposition 3.1). This suggests the introduction
and the investigation of the rescaled variable v(t) := v/t - u(t).

The special structure of the damping term guarantees that for any linear subspace
F C D(A) such that A(F) C F, the space F' x F' is positively invariant by the flow
generated by (1.1). In particular, equation (1.1) possesses the so-called finite dimensional
modes, namely solutions whose both components of the initial state (ug,u;) are finite
combinations of the eigenvectors. Denoting by wuy(t) and vy (t) the projections of u(t)
and v(t) on the k' eigenspace, we shall call for simplicity the quantity

t (Jui (0] + Neun(t)[?)
the “energy of the k' Fourier component of v(t)” while
t(Ju' (O +[A2u(t)]?)

will be called the “energy of v(t)”. For ¢ large, these quantities are easily seen to be
equivalent to |v},(t)[2+A2|vg(¢)]? and v’ (#)[2 4| AY20(t)|?, respectively. Our main results,
formally stated as Theorem 2.1 and Theorem 2.5, can be summed up as follows.

e The limit of the energy of v(¢) depends only on the number of Fourier components
of v(t) that are different from 0. In particular, the limit of the energy can take
only countably many values.

e If v(¢) has only a finite number of Fourier components different from 0, then v(t)
is asymptotic in a strong sense to a suitable solution v (t) to the nondissipative

linear equation
V"(t) + Av(t) = 0. (1.3)

Moreover, there is equipartition of the energy in the limit, in the sense that all
nonzero Fourier components of v, (t) do have the same energy.
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e If v(t) has infinitely many components different from 0, then v(¢) tends to 0 weakly
in the energy space, but not strongly. Roughly speaking, the energy of v(t) does
not tend to 0, but in the limit there is again equipartition of the energy, now among
infinitely many components, and this forces all components of v(¢) to vanish in
the limit.

In other words, the Fourier components of rescaled solutions to (1.1) communicate
to each other, and this can result in some sort of energy transfer from lower to higher
frequencies, longing for a uniform distribution of the energy among components. In the
case of an infinite number of non-trivial Fourier components, the weak convergence to
0 implies non-compactness of the profile in the energy space. In particular, if A has
compact resolvent, whenever the initial state (uo,u;) belongs to D(A) x D(AY2) and
has an infinite number of elementary modes, the norm of (v(t),2'(t)) in D(A) x D(AY?)
is unbounded, a typical phenomenon usually called weak turbulence, cf. e.g. [1] and [6]
for other examples.

Our abstract theory applies for example to wave equations with nonlinear nonlocal
damping terms of the form

ug(t, ) + </0£ ul(t, ) d:)s) u(t, x) — Uge(t,x) =0 (1.4)

in a bounded interval (0, ¢) of the real line with homogeneous Dirichlet boundary con-
ditions. This is a toy model of the wave equation with local nonlinear damping

Uy (t, @) + Ul (t, 7) — upe(t,z) =0 £ >0, x € (0,0), (1.5)

which in turn is the prototype of all wave equations with nonlinear dissipation of order
higher than one at the origin. This more general problem was the motivation that led
us to consider equations (1.4) and (1.1). It is quite easy to prove that all solutions to
(1.5) decay at least as t~*/2. Actually the more general problem

u(t, ) + g(u(t, z)) — Au(t,x) =0

in any bounded domain with homogeneous Dirichlet boundary conditions and ¢g non-
decreasing has been extensively studied under relevant assumptions on the behavior of
g near the origin and some conditions on the growth of ¢ at infinity, cf. e.g. [9, 2, 5, §]
in which reasonable energy estimates, of the same form as those in the ODE case are
obtained. However, the asymptotic behavior of solutions to the simple equation (1.5)
is still a widely open problem since, unlike the ODE case, the optimality of this decay
rate in unknown: there are neither examples of solutions to (1.5) whose decay rate is
proportional to t~1/2, nor examples of nonzero solutions that decay faster.

It is not clear whether our results shed some light on the local case or not. For sure,
they confirm the complexity of the problem. In the case of (1.5) there are no simple
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invariant subspaces, and the interplay between components induced by the nonlinearity
is more involved. Therefore, it is reasonable to guess that at most the infinite dimen-
sional behavior of (1.4) extends to (1.5), and this behavior is characterized by lack of
an asymptotic profile and lack of strong convergence.

As a matter of fact, the problem of optimal decay rates is strongly related to regular-
ity issues. It can be easily shown that solutions to (1.5) with initial data in the energy
space remain in the same space for all times, and their energy is bounded by the initial
energy. But what about more regular solutions? Can one bound higher order Sobolev
norms of solutions in terms of the corresponding norms of initial data? This is another
open problem, whose answer would imply partial results for decay rates, as explained in
[4] and [6], cf. also [10] for a partial optimality result in the case of boundary damping.
However, the energy traveling toward higher frequencies might prevent the bounds on
higher order norms from being true, or at least from being easy to prove.

This paper is organized as follows. In section 2 we state our main results. In sec-
tion 3 we prove the basic energy estimate from above and from below for solution to
(1.1), we introduce Fourier components, and we interpret (1.1) as a system of infinitely
many ordinary differential equations. In section 4 we consider a simplified system, ob-
tained from the original one by averaging some oscillating terms. Then we analyze the
simplified system, we discover that it is the gradient flow of a quadratically perturbed
convex functional, whose solutions exhibit most of the features of the full system we
started with, including the existence of a large class of solutions which die off weakly at
infinity. In Section 5 we investigate the asymptotic behavior of solutions to scalar dif-
ferential equations and inequalities involving fast oscillating terms. Section 6 is devoted
to estimates on oscillating integrals. Finally, in section 7 we put things together and we
conclude the proof of our main results.

2 Statements

Let us consider equation (1.1) with initial data (1.2). If A is self-adjoint and nonnegative,
it is quite standard that the problem admits a unique weak global solution

u € C* ([0, +00), H) N C° ([0, +00), D(AY?)) .
Moreover, the classical energy
B(t) = [u/(t)]* + |AY?u(t)” (2.1)
is of class C!, and its time-derivative satisfies
E'(t)==2/@®)|* vt>0. (2.2)

The following is the main result of this paper.



Theorem 2.1. Let H be a Hilbert space, and let A be a linear operator on H with dense
domain D(A). Let us assume that there exist a countable orthonormal basis {ex} of H
and an increasing sequence { A} of positive real numbers such that

Aej, = )\iek Vk € N.

Let u(t) be the solution to problem (1.1)-(1.2), let {uor} and {uy} denote the com-
ponents of ug and uy with respect to the orthonormal basis, and let {uy(t)} denote the
corresponding components of u(t). Let us consider the set

J = {k € N:uj, +uj, #0}. (2.3)
Then the asymptotic behavior of u(t) and its energy depends on J as follows.
(1) (Trivial solution) If J = 0, then u(t) = 0 for every t > 0 and in particular

lim # (Ju/(£)[2 + [AY2u(t)]?) = 0.

t——+o0

(2) (Finite dimensional modes) If J is a finite set with j elements, then ug(t) = 0
for every t > 0 and every k & J. In addition, for every k € J there exists a real
number 0y o, such that

- (ﬂ.uk(t)— 2 _cos(AkHek,oo)) o, (2.4)

1500 V21 A
: 2 :
tl}inoo (\/z_f cup(t) + NaEal sin (gt + Hk,oo)) =0, (2.5)

and in particular

4j
: 1 (2 12, (4112) —
tkﬁot(\u(t)\ + [AY2u(t) ) 1

(3) (Infinite dimensional modes) If J is infinite, then

lim ¢ (|ug, ()] + AJue(®)]?) =0 Vk €N,
—+00

t—+

but
liminf ¢ (Ju/()]* + |AY?u(?)]?) > 0, (2.6)
t—4o00

and hence \/t - (u(t),u/'(t)) converges to (0,0) weakly but not strongly.

Let us comment on some aspects of Theorem 2.1 above.

Remark 2.2. The result holds true also when H is a finite dimensional Hilbert space,
but in that case only the first two options apply.



Remark 2.3. In the case of finite dimensional modes, let us set

2 o8 (Art + Ok o0)
ol(t) = - . : .
Voo (t) D ; " €k

It can be verified that v () is a solution to the linear homogeneous equation with-
out damping (1.3), and that (2.4) and (2.5) are equivalent to saying that v.(t) is the
asymptotic profile of v/t - u(t), in the sense that

2
) 0

Remark 2.4. The assumptions of Theorem 2.1 imply in particular that all eigenvalues
are simple. Things become more complex if multiplicities are allowed. Let us consider
the simplest case where H is a space of dimension 2, and the operator A is the identity.
In this case equation (1.1) reduces to a system of two ordinary differential equations of
the form

vt > 0.

lim (M () — vl (1)

t——+o0

g Vi ut) — velt)

i+ (0 + 0?)u+u =0,
U+ (4? +9?)0 +v = 0.
If (v(0),2'(0)) = c(u(0),%'(0)) for some constant ¢, then v(t) = cu(t) for every ¢ > 0,
hence there is no equipartition of the energy in the limit.

In our second result we consider again the case where J is infinite, and we improve
(2.6) under a uniform gap condition on eigenvalues (which is satisfied for our model
problem (1.4)).

Theorem 2.5. Let H, A, A, u(t) and J be as in Theorem 2.1. Let us assume in
addition that J is infinite and

inf (A1 = Ae) > 0. (2.7)
Then it turns out that
lim ¢ (o' (t)]* + |AY?u(t)?) = 2. (2.8)

t—-+o00

3 Basic energy estimates and reduction to ODEs

In this section we move the first steps in the proof of Theorem 2.1. In particular, we
prove a basic energy estimate and we reduce the problem to a system of countably many
ordinary differential equations.

Proposition 3.1 (Basic energy estimate). Let H, A and u(t) be as in Theorem 2.1.
Let us assume that (ug, ui) # (0,0).
Then there exists two positive constants My and My such that
M1 M2
141 1+1

< | (1)]* 4 |AY2u(t))? < vt > 0. (3.1)



Proof Let us consider the classic energy (2.1). From (2.2) it follows that
E'(t) = =21/(t)|* > —2[E®)])*  vt>0.

Integrating this differential inequality we obtain the estimate from below in (3.1).
Since E'(t) < 0 for every t > 0, we deduce also that

E(t) < E(0) vt > 0. (3.2)
Let us consider now the modified energy
Fo(t) = E(t) + 2e(u(t), u'(t)) E(t),

where ¢ is a positive parameter. We claim that there exists ¢y > 0 such that

% E(t) < Fu(t) <2BE(t) ¥t >0, Ve € (0,), (3.3)

and
F!/(t) < —[B@)]* ¥Vt >0, Ve € (0,e0]. (3.4)

£

If we prove these claims, then we set ¢ = ¢, and from (3.4) and the estimate from
above in (3.3) we deduce that

€o

0 <-2

[F, (1)) Vvt>0.
An integration of this differential inequality gives that

Fo(t) <

< vVt >0
141

for a suitable constant k;, and hence the estimate from below in (3.3) implies that

2k,
E(t) < 2F. (t) <
(1) < 20,0 < T

Vi >0,
which proves the estimate from above in (3.1).

So we only need to prove (3.3) and (3.4). The coerciveness of the operator A implies
that

[20u'(t), u())| < [/ ()] + Ju(®)]* < [/ () + )\%lAWU(t)P,
so that from (3.2) we obtain
120/ (8), u(t))] < max {1, %} E(t) <k V>0 (3.5)

for a suitable constant k; depending on initial data. This guarantees that (3.3) holds
true when ¢ is small enough.



As for (3.4), with some computations we obtain that it is equivalent to
(2 = o)/ ()] + el A Pu(t)|* — 2|/ ()] - |APu(t)]?
+ 6/ (t),u(t)) - [/ () + 26/ (1), u®)) - [u' () - |A2u(®)]? > 0. (3.6)
Keeping (3.5) into account, (3.6) holds true if we show that
(2 — 32 — 3eky) U/ () [* 4 e| AV2u(t)[* — 2(2 + Ko |/ ()] - |AY2u(t)|* > 0.

The left-hand side is a quadratic form in the variables |u/(¢)|? and |AY2u(t)|?, and
it is nonnegative for all values of the variables provided that

(2 — 3¢ — 3eky)e > 4e%(2 + ko),
which is clearly true when ¢ is small enough. This completes the proof. [
~1/2

Proposition 3.1 suggests that u(t) decays as t~'/#, and motivates the variable change

v(t) == Vit+1-u(t) vt > 0.

The energy of v(t) is given by

R + AP0 = (04 DO + e 2 + o). ulo) + (¢ + DA u(o)

We claim that there exist constants M3z and M, such that
0< Ms<[W/@t))*+ |[AV20@))> < My Vt>0. (3.7)

The upper estimate being quite clear, we just prove the lower bound. To this end
we start by the simple inequality

X

OF + A0 2 @+ DIOR + |3+ | OR + 0, u0)

t+1
+ %|A1/2u(t)|2.

On the other hand

A2 1
-
2 A(t+1)

L+ DO + [ ] (@) + (), u()

is obviously greater than or equal to

207 + 1

(t + 1)|u'(t)|2 + m

[u(t)|* + (' (1), u(t)).



By decomposing this expression we obtain the inequality

t_l_l / 2 2)‘%_‘_1 2 / 1 / 2
z@+ﬂu@‘+4@+DW@\+@N®WQ»+@+1>1 VI (1))
22 -
>

and we end up with

(1 2a2 ,
OP + 1400 2 min {552+ DR + 4 a0
1

which proves the lower bound in (3.7) with

(1 2x2
M3 = mln{i,m} Ml.

Starting from (1.1), with some computations we can verify that v(¢) solves

o0+ (WO 1) 2D L a) = g+ 00, 39

where ¢; : [0, +00) — R and g5 : [0, +00) — R are defined by
n(t) = 31 1v'@)? (v(t),v'(t) , 1 |v(®)]
BT L+ 1)2 T 2(t 4 1) (t+13  8(t+ 1)
ity o WET@) 1 )

(t+1)2 4(t+1)3%
Due to (3.7), there exists a constant M such that

1
2

91(0)] + lg2()] < vt > 0. (3.9)

(t+1)2

In the sequel we interpret g;(¢) and go(t) as time-dependent coefficients satisfying
this estimate, rather than nonlinear terms.
Let now {v(t)} denote the components of v(t) with respect to the orthonormal

basis. Then (3.8) can be rewritten as a system of countably many ordinary differential
equations of the form

v (1) + (Z[vxm? - 1) D4\ = gl + 00k, (3.10)

i=0
Let us introduce polar coordinates ri(t) and ¢ (t) in such a way that

W@:%jmn%%@, VL(t) = ro(t) sin gx (1),



In these new variables every second order equation (3.10) is equivalent to a system of
two first order equations of the form (for the sake of shortness we do not write explicitly
the dependence of r, and ¢y on t)

r, = (Zr sin? ; — 1) Tktsil ISOk + Vi (t)rg sin @y, (3.11)
Cr = —M— (; r?sin® p; — 1) Smf:w + Y (t) cos pr, (3.12)

where ]
Ye(t) := )\—kgl(t) cos g (t) + g2(t) sin pg(t) Vvt > 0.

In particular, since eigenvalues are bounded from below, from (3.9) it follows that
there exists a constant Mg such that

M,
k()] < ——

Finally, we perform one more variable change in order to get rid of (¢ 4+ 1) in the
denominators of equations (3.11)—(3.12). To this end, for every k € N we set

pi(t) = ri(e" = 1), Or(t) == prle’ — 1),

and we realize that in these new variables system (3.11)—(3.12) reads as

P = — (Z p?sin®6; — 1) prsin® Oy + Ty 4 () pr, (3.14)
i=0
0, = —e' — (Z p?sin? 6; — 1) sin @, cos O, + I'a (1), (3.15)
i=0
where
[y (t) := e'yp(e’ — 1) sin i (2), Do (t) := e'yp(e’ — 1) cos Ok (t),

so that from (3.13) it follows that there exists a constant M; such that
|F17k(t)| + |F27k(t)| < M76_t Vit > 0, Vk € N. (316)

We observe that py can be factored out in the right-hand side of (3.14), and hence
either py(t) = 0 for every t > 0, or p(t) > 0 for every ¢ > 0, where the second option
applies if and only if k& belongs to the set J defined in (2.3). We observe also that the
sequence pg(t) is square-integrable for every ¢ > 0, and the square of its norm

[e.e]

R(t) =Y o) =D pi(t) (3.17)

k=0 keJ



satisfies
R(t) = (\U’(et — 1>+ \Al/zv(et — 1)|2) )

In particular, from (3.7) it follows that

for every nontrivial solution.
Finally, we observe that in the new variables Theorem 2.1 and Theorem 2.5 have
been reduced to proving the following facts.

e (Finite dimensional modes) If J is a nonempty finite set, then for every k € J it

turns out that 5
Jm pnlt) = = (3-19)

and there exists a real number 0 o, such that

t—+00

e (Infinite dimensional modes) If J is infinite, then

lim pp(t)=0  VkeN, (3.21)

t—+00

and under the additional uniform gap assumption (2.7) it turns out that

lim R(t) =2. (3.22)

t—-+o0

4 Heuristics

In this section we make some drastic simplifications in equations (3.14)—(3.15). These
non-rigorous steps lead to a simplified model, which is then analyzed rigorously in
Theorem 4.1 below. The result is that solutions to the simplified model exhibit all the
features stated in Theorem 2.1 and Theorem 2.5 for solutions to the full system. Since
the derivation of the simplified model is not rigorous, we can not exploit Theorem 4.1
in the study of (3.14)—(3.15). Nevertheless, the proof of Theorem 4.1 provides a short
sketch without technicalities of the ideas that are involved in the proof of the main
results.

To begin with, in (3.14) and (3.15) we ignore the terms with I'y ;(¢) and Iy (%).
Indeed these terms are integrable because of (3.16), and hence it is reasonable to expect
that they have no influence on the asymptotic dynamics. Now let us consider (3.15),
which seems to suggest that 6y (t) ~ —\ge’. If this is true, then the trigonometric terms
in (3.14) oscillate very quickly, and in turn this suggests that some homogenization effect
takes place. Therefore, it seems reasonable to replace all those oscillating terms with
their time-averages.
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The time-averages can be easily computed to be

R Y AN 1
tlgrnoo —/0 sin® (\e®) ds = 3 VA >0, (4.1)
. 1 ! 22 s 22 s 1
lim — [ sin®(\e®) - sin® (pue®) ds = - YA > pu >0, (4.2)
t—+o0 0 4
li 1/t"l()\s)al—§ VA >0 (4.3)
i i sin” (Ae’) ds = ¢ : :

A comparison of (4.1) and (4.2) reveals that the two oscillating functions in the
integral (4.2) are in some sense independent when A\ # pu, while (4.3) shows that this
independence fails when A = u. This lack of independence plays a fundamental role in
the sequel.

After replacing all oscillating coefficients in (3.14) with their time-averages, we are
left with the following system of autonomous ordinary differential equations

1 3 1 1 1 ] &
/ ___2__ 2 — ___2__ 2
pk—pk<2 P > m) pk<2 i 4L£Om> (4.4)

ik

Quite magically, this system turns out to be the gradient flow of the functional

2
1 o 1 [« 1 «
F(p) = 1 E pi + 16 <§ Pi) T3 E Phs (4.5)
k=0 k=0 k=0

where p belongs to the space (3 of square-summable sequences of nonnegative real
numbers. Since F(p) is a continuous quadratic perturbation of a convex functional (the
sum of the last two terms), its gradient flow generates a semigroup in ¢2. Solutions
are expected to be asymptotic to stationary points of F(p). In addition to the trivial
stationary point with all components equal to 0, all remaining stationary points p are
of the form

2
S if ke J,
pk = \/2]"’1
0 itk J

for some finite subset J C N with j elements. Incidentally it is not difficult to check
that any such stationary point is the minimum point of the restriction of F(p) to the
subset

W, .= {peﬁi:pkzoforeveryk‘gJ}. (4.6)

Now we show that the asymptotic behavior of solutions to the averaged system (4.4)
corresponds to the results announced in our main theorems.

Theorem 4.1 (Asymptotics for solutions to the homogenized system). Let {py(t)} be
a solution to system (4.4) in (2, and let J := {k € N : p;(0) > 0}.
Then the asymptotic behavior of the solution depends on J as follows.
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(1) (Trivial null solution) If J = 0, then py(t) = 0 for every k € N and every t > 0.

(2) (Finite dimensional modes) If J is a finite set with j elements, then py(t) =0 for
every k & J and everyt > 0, and

2
l t)=——— Vkel 4.
Jm opnlt) = —=g VR E (4.7)

In other words, in this case the solution leaves in the subspace Wy defined by (4.6),
and tends to the minimum point of the restriction of F(p) to W.

(8) (Infinite dimensional modes) If J is infinite, then

lim pp(t) =0 Vk e N,

t——+o0
but .
. 2 .
Jim kZ:O pi(t) =2, (4.8)

and in particular the solution tends to 0 weakly but not strongly.

Proof First of all we observe that components with null initial datum remain null
during the evolution, while components with positive initial datum remain positive for
all subsequent times.

Then we introduce the total energy R(t) of the solution, defined as in (3.17). More-
over, for every pair of indices h and k in .J, we consider the ratio

pr(t)
pn(t)

which is well-defined because the denominator never vanishes.
Simple calculations show that

Qni(t) == Vi >0, (4.9)

R(t) = R(t) — %R?(t) _ i STpit) w0, (4.10)
keJ
and )
Qhi(t) = 3 pi(t) - Qui(t) (1= Qi x(t)) ¥Vt >0. (4.11)

Now we prove some basic estimates on the energy and the quotients, and then we
distinguish the case where all components tend to 0, and the case where at least one
component does not tend to 0.
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Non-optimal energy estimates We prove that
4
— <liminf R(¢) < limsup R(t) < 2. (4.12)
3 t—+o00 t—+o00

Indeed plugging the trivial estimate

into (4.10) we obtain that
1 1 1
R(t) — 5R2(t) — ZR2(t) < R'(t) < R(t) — §R2(t) vt > 0.
Integrating the two differential inequalities we deduce (4.12).

Uniform boundedness of quotients We prove that for every h € J there exists a
constant D), such that

Qh,k(t) < Dy, Vk € J, Vvt > 0. (413)
We point out that D), is independent of k, and actually it can be defined as
Dy, := max {1, max{Qx(0) : k € J}}. (4.14)

To this end, it is enough to remark that solutions to (4.11) are decreasing as long as
they are greater than 1, and observe that the inner maximum in (4.14) is well defined
because for every fixed h € J it turns out that Q;(0) — 0 as k — +o0o (because
pr(0) = 0 as k — +00).

Case where all components vanish in the limit Let us assume that

lim pe(t) =0  Vke.J (4.15)

t—+00

In this case we prove that J is infinite and (4.8) holds true.

Let us assume that J is finite. Then from (4.15) it follows that R(t) — 0 as t — +o0,
which contradicts the estimate from below in (4.12).

So J is infinite. In order to prove (4.8), let us fix any index hg € J. From (4.13) we
obtain that

D okt) =D Qo kO, () - pR (1) < DR - o (8) D P (1)
keJ keJ keJ
Plugging this estimate into (4.10) we deduce that
1
4

Since pj, (t)- R(t) — 0 as t — 400, these two differential inequalities imply (4.8) (we
refer to Proposition 5.3 below for a more general result).

R(1) — gR(0) — D3, Au(0)- R() < R(0) < R() — SR(). (416)
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Case where at least one component does not vanish in the limit Let us assume that
there exists hg € J such that
lim sup pp, (t) > 0. (4.17)

t——+o0

In this case we prove that J is finite and (4.7) holds true.
Since pp,(t) is Lipschitz continuous (because its time-derivative is bounded), from

(4.17) we deduce that
+oo
JA O
0

and hence from equation (4.11) we conclude that (we refer to Proposition 5.4 below for
a more general result)
tllg_ﬂ thk(t) =1 Vk € J. (418)
—+00

We are now ready to prove that J is finite. Let us assume by contradiction that this
is not the case. Then for every n € N there exists a subset .J,, C J with n elements, and

hence
> Z pi(t) Z Qhou ()05, (1) = iy (¢ Z Qo 1

keJn keJn k€
When ¢t — 400 the last sum tends to n because of (4.18), and hence

limsup R(t) > n - limsup pj, (t),

t—+o0 t—+o0
which contradicts the estimate from above in (4.12) when n is large enough. To finish
the proof, we now observe that the vector (px(t))res is a bounded solution of a first
order gradient system, so that (cf. e.g. [3], example 2.2.5 p. 21 or [7], corollary 7.3.1 p.
69) its omega-limit set is made of stationary points only. But the only stationary point

satisfying the condition of having all its limiting components positive and equal is the
point with all components equal to the right-hand side of (4.7). O

5 Estimates for differential inequalities

In this section we investigate the asymptotic behavior of solutions to two scalar differ-
ential equations, characterized by the presence of fast oscillating terms. Equations of
this form are going to appear in the proof of our main results as the equations solved
by the energy of the solution and by the ratio between two Fourier components.

Throughout the text we shall meet oscillatory functions with are not absolutely
integrable at infinity but have a convergent integral in a weaker sense.

Definition 5.1 (Semi-integrable function). A function f € C°([ty, 00), R) will be called
semi-integrable on [tg, co) if the integral

z/t:f(S)ds

14



converges to a finite limit as ¢ tends to +o0o. In this case the limit will be denoted as

ftjoo f(s)ds.

Remark 5.2. A classical example of function which is semi-integrable but not absolutely
integrable in [ty, +00) for ty > 0 is

_ cos(wt + @)

Fly = <2 (5.1)

whenever 0 < a < 1. Another classical case (Fresnel’s integrals) is

f(t) = cos(wt® + ).

In the second case the integrability comes from fast oscillations at infinity and the
convergence of the integral appears immediately by the change of variable s = > which
reduces us to (5.1) with @ = 1/2. The semi-integrable functions that we shall handle
are closer to cos(ce®) in [0, +00), in which case the integral can be reduced to (5.1) with
a = 1 by the change of variable s = e®.

The first equation we consider is actually a differential inequality which generalizes
(4.16). It takes the form

) = 2(t) = 2(0) — i ()] < alt) V>0, (5.2)

o0

When z, is a positive constant, and 1 (t) = ¥,(t) = 0, this inequality reduces to
an ordinary differential equation, and it is easy to see that all its positive solutions tend
t0 20 as t — 4o00. In the following statement we show that the same conclusion is true
under more general assumption on v (¢) and ().

Proposition 5.3. Let z, be a positive constant, and let z : [0, +00) = R be a solution
of class C* to the differential inequality (5.2). Let us assume that

(1) the function ¢y : [0,400) — R is continuous and semi-integrable on [0, +00).
(ii) the function 1y : [0,4+00) — R is continuous and satisfies

t——+o0

(111) there exists a constant cq such that

2(t) > ¢o >0 Vvt > 0. (5.4)
Then it turns out that
lim 2(t) = 2zeo. (5.5)
t——+o00
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Proof For every t > 0 let us set

x(t) == 2(t) — Zoo, a(t) =1+ z(t) = @

Zoo 200

Now (5.2) is equivalent to the two differential inequalities

(1) < —a()a(t) + (1) + ¥a(t), (5.6)
(1) = —a(t)z(t) + i (t) — ha(t), (5.7)
assumption (5.4) implies that
alt) > ZC—O vt >0, (5.8)
and (5.5) is equivalent to
tEeroox(t) = 0. (5.9)

Let us set .
A(t) ;:/ a(r)dr V>0,
0

and let us observe that (5.8) implies that A(t) is increasing and

lim A(t) = +oo. (5.10)
t—+o00
Let us concentrate on the differential inequality (5.6). Due to a well-known formula,
every solution satisfies

t t

z(t) < e AWz(0) + e_A(t)/ Ay (1) dr + 6_A(t)/ eAMyy (1) dr.
0 0

We claim that the three terms in the right-hand side tend to 0 as ¢ — 400, and

hence
lim sup z(t) < 0. (5.11)
t——+4o00
This is clear for the first term because of (5.10). Since A(t) is increasing and tends
to +00, we can apply De L’Hopital’s rule to the second term. Keeping (5.3) and (5.8)
into account, we obtain that

lim
tstoo eAt)

¢
1
/ Ay (1) dr = lim — T AWy (t) = 0.
0

t—+o00 a(t) Al

In order to estimate the third term, let us introduce the function

“+oo

Uy (t) == P (T)dr YVt >0.
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Due to the semi-integrability of ¢ (t), the function Wy(¢) is well defined and Wy (t) —
0 as t = +o00. Now an integration by parts gives that

t t
/ Ay (1) dr = 2Oy () — Ty (0) — / a(T)er MW, (1) dr.
0 0
The first two terms tend to 0 when multiplied by e=4®. As for the third term, we

apply again De L’Hopital’s rule and we conclude that

t
L / a(m)e* DUy (1) dr = lim L ca(t)e W (1) = 0.

tl}—rl—noo eA) 0 t—+o00 a(t)eA(t)

This completes the proof of (5.11).
In an analogous way, from (5.7) we deduce that

liminf x(t) > 0. (5.12)

t——+00

From (5.11) and (5.12) we obtain (5.9), and this completes the proof. O
The second equation we consider is a generalization of (4.11). It takes the form
Z(t) = at)z(t)(1 = 22(t) + at)B(t) 23 (t) + y(t)z(t) VYt >0. (5.13)

When a(t) = 1 and §(t) = v(t) = 0, it is easy to see that all positive solutions
tend to 1 as t — +o00. In the following result we prove the same conclusion under more
general assumptions on the coefficients.

Proposition 5.4. Let z : [0,+00) — (0,+00) be a positive solution of class C' to the
differential equation (5.13).
Let us assume that

1) the function a : |0,400) = (0, +00) is bounded and of class C~, and it satisfies
(i) the fi [0 ) — (0 ) is bounded and of class C*, and fi

/ " () dt = +oo, (5.14)

(ii) there exists a constant Ly such that

|/ (t)| < Loa(t) vt > 0, (5.15)
(ii1) the functions § : [0,+00) — R and v : [0,4+00) — R are bounded and semi-
integrable.
Then it turns out that
lim z(t) = 1. (5.16)

t—-+o0
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Proof Equation (5.13) is a classical Bernoulli equation, and the usual variable change
x(t) := [2(t)]7? transforms it into the linear equation

(1) = =2(a(t) + (1) 2(t) + 2a(t) (1 — B(t)). (5.17)
In the new setting, conclusion (5.16) is equivalent to proving that

lim z(t) = 1. (5.18)

t—+o00

In order to avoid plenty of factors 2, with a little abuse of notation we replace 2a/(t),
26(t), 2v(t) with «(t), B(t), v(t). This does not change the assumptions, but allows to
rewrite (5.17) in the simpler form

(1) = —(a(t) +y(1)x(t) + a(t)(1 = B(1)). (5.19)

Now we introduce the function

and we observe that
lim A(t) = +o0 (5.20)

t—+00

because of assumption (5.14). We also introduce the functions

B(t) := Oo5(7‘) dr, C(t) ::/0 (1) dr,

t

which are well defined for every ¢t > 0 as a consequence of assumption (iii), and satisfy

tEerooB(t) = 0. (5.21)
tli+m C(t) =: Cx € R. (5.22)

Every solution to (5.19) is given by the well-known formula
t
l’(t) _ e_A(t)_C(t)ZL'(O) + e—A(t)—C(t) / 6A<T)+C(T)a(7) dr
0
t
_ AW=C / AT o () B(r) dir.
0

We claim that the first and third term tend to 0 as ¢ — 400, while the second term
tends to 1. This would complete the proof of (5.18).

The first term tends to 0 because of (5.20) and (5.22).
The second term can be rewritten as

e 0. m/ AT o (1) dr.
0
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The factor e=¢® tends to e~“<. Since A(t) is increasing and tends to +o0o, we can
apply De L’Hopital’s rule to the second factor. We obtain that

lim
tstoo eAl)

Y

t
1
A(T)+C(T) _ 1 T Am+C) _ O
/0 e a(r)dr = tlgrrio R e alt)=e

and this settles the second term.
In order to compute the limit of the third term, we integrate by parts. We obtain
that

/t A (r)B(r)dr = DU (t)B(t) — (0)B(0)

= [ AT ((atr) 45 (ratr) + ()] Bl

When we multiply by e=4®~C®  the terms in the first line tend to 0 because of

(5.20) through (5.22), and the boundedness of the function «(t). Thanks to assumption
(5.15), the absolute value of the last integral is less than or equal to

/0 D (Ja(r)| + y(7)| + Lo) a(r)| B(7)| dr.

—A()—C(t) t

Now we multiply by e . we factor out e=“®  and we compute the limit of
the rest by exploiting De L'Hopital’s rule as we did before. From (5.20) through (5.22),
and the boundedness of the functions «(t) and ~(t), we conclude that

lim
ttoo eA)

/0 D (Ja(r)| + |y (7)] + Lo) a(7)|B(r)| dr

o OO (a(t)] + 1 (0)] + Lo) at) B
t——+o00 Oé(t)eA(t)

This completes the proof of (5.18). O

=0.

In the third and last result of this section we consider again equation (5.13). Let
us assume for simplicity that a(t) > 0 for every ¢t > 0, and S(t) = v(t) = 0. These
assumptions do not guarantee that positive solutions tend to 1 as t — +o00, but never-
theless they are enough to conclude that all solutions are bounded from above for ¢ > 0
(because solutions are decreasing as long as they stay in the region z(t) > 1). In the
following result we prove a similar conclusion under more general assumptions on the
coefficients.

Proposition 5.5. Let z : [0,4+00) — (0,+00) be a positive solution of class C* to the
differential equation (5.13).
Let us assume that
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(i) the function « : [0, +00) — (0, +00) is of class C!,
(i1) the functions (5 : [0, 4+00) = R and v : [0, +00) — R are continuous,
(i1i) there exists a constant Ly such that

max {a(t), [/ @), [BO)], Iy} < Ly VE=0,

(iv) there exists a constant Ly such that the following two inequalities
| syar JRGL:
t t

hold true for every s >t > 0.
Let tyg > 0 be any nonnegative real number such that

< Lpe™, < Loe™?

Ly (1+ 9Ly + 32L7 + 32L3) e " < log 2.
Then the following implication holds true

2(t)) <1 = supz(t) <2.
t>to

Proof Let us assume that z(tg) < 1, and let us set

to:=sup{t > tg:2(1) <2 V7€ [to,t]}.

(5.23)

(5.24)

(5.25)

If t = +o0, the result is proved. Let us assume by contradiction that this is not
the case, and hence ty < +00. Due to the continuity of z(¢) and the maximality of ¢o,

it follows that

Let us set
ty :=1inf {t € [to,t2) : 2(T) > 1 V7T € [t,ta]}.

Then it turns out that ¢ty < t; < t5, and moreover
Z(tl) =1

and
1 S Z(t) S 2 Vit c [tl,tg].

Due to (5.23) and (5.28), from (5.13) we deduce that
|2/(t)] < 8Ly +8LF  Vt € [ty,t).
Since z(t) > 1 in [ty, t5] and «(t) is positive, (5.13) implies also that
() < (1) + al)BO20) A1) VEE b8,
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which we can integrate as a linear differential inequality. Keeping (5.27) into account,
we find that

z(t) < exp (/tltv(T) dr + /tlta(T)ﬁ(T)ZZ(T) dT) Vt € [ty ta].
Now we claim that
/: y(7)dr + /: a(r)B(1)22(7) dr < log 2. (5.30)

This would imply that z(t2) < 2, thus contradicting (5.26).
Due to the second inequality in (5.24), we can estimate the first integral as

to
/ V(1) dr < Lye™ < Loe™™. (5.31)

t1
In order to estimate the second integral, we introduce the function

B(t) := +Oo B(T)dr vt > 0.

t

This function is well defined because of the first inequality in (5.24), and for the
same reason it satisfies

B(t) < Lee™® VWt >0. (5.32)
Now an integration by parts gives that

/za(f)ﬁ(T)ZQ(T)dT = a(t2)2*(t2) B(tz) — a(t1)2*(t) B(t)

t1

— / : B(1) (o/(7’)z2(7') + 2@(7)z(7’)z'(7’)) dr.

t1

From (5.23), (5.26), (5.27), and (5.32) it follows that
‘Oé(tg)zz(tg)B(tg) — Oé(tl)22(t1)B(t1)‘ < L1 -4 L2€_t2 + Ll -1 Lge_tl

< BLiLge ™. (5.33)
From (5.23), (5.28), (5.29) and (5.32) it follows that
|B(1) (o (7)2%(7) 4+ 2a(7)2(7)2' (7)) | < Lae ™ (4Ly + 32Ly (L + L1))
< 4L (Ly + 8L} +8LY)e™" (5.34)

for every 7 € [t1,t5]. From (5.33) and (5.34) it follows that

/ : a(1)B(1)2*(T) dr < Lo (9L + 32L3 + 32LF) e~ ™. (5.35)

t1

Adding (5.31) and (5.35), and taking assumption (5.25) into account, we obtain
(5.30). This completes the proof. [
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6 Estimates on oscillating integrals

In the three results of this section we prove the convergence of some oscillating integrals
and series of oscillating integrals. We need these estimates in the proof of our main
result when we deal with the trigonometric terms of (3.14) and (3.15).

Lemma 6.1. Let a > 0, let L3 > 0, and let ¢ : [0, +00) — R be a function of class C*
such that

[W'(t) < Ls Yt >0. (6.1)
Then for every s >t > 0 it turns out that
s L
/ cos(ae™ + (7)) dr| < 3+et 3 (6.2)
: o

Proof We introduce the complex valued functions

g(t) := exp (iae') , f(t) = exp (ip(t)) ,
so that clearly

/ts cos(ae” + (7)) dr

<

/ts exp(ifae” + ¥(7)]) dr

Now we have

[ amimar= [ g ear

t

- & e a0 - [ ot - s,

o

yielding the immediate estimate

which implies (6.2) O
Lemma 6.1 can also be viewed as a special case of the following result.

Lemma 6.2. Let g : [0,4+00) — C be a continuous function, and let f : [0, +o00) — C
be a function of class C*. Let us assume that there exist two constants Ly and Ls such

that i
I
¢

max {|f(O)],|f' (1)} < Ls ¥Vt >0.
Then it turns out that

/ g (7 dr

< L™t V¥s>t>0, (6.3)

<3L4Lse™" Vs>t >0. (6.4)
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Proof Let us introduce the function

G(t) = /t+wg(7_) dr vt > 0.

This function is well defined because of assumption (6.3), and for the same reason it

satisfies
|G(t)| < Lye™ VYVt >0.

Integrating by parts the left-hand side of (6.4) we find that

[ amisear =661 - G0 - [ G

At this point our assumptions imply that

/tsg(T)f(T)dT < |GG +IG@)]-|f(¢ H_/ 1G(7) 2 dr

IA

L46_S . L5 + L4€ L5 + / L4€ L5 dr
t
< 3L4L56_t,

which proves (6.4). O

The next lemma extends the previous estimates to some series of functions.

Lemma 6.3. Let g, : [0,+00) — R be a sequence of continuous functions, and let
f 1 [0,400) = R be a sequence of functions of class C*.
Let us assume that the two series of functions

ka(t)v Zflg(t)

are normally convergent on compact subsets of [0,4+00), and that there exist three con-
stants Lg, L7, and Lg such that

lge(H)] < Lg V>0, VkeN, (6.5)

/tsgk(T) dr

max{z |fk<t>\,Z\f;<t>\} <Ls V>0 (6.7)

Then the series

<Lt Vs>t>0, VkeN, (6.6)

and

> o) f(t) (6.8)
k=0
is normally convergent on compact subsets of [0,4+00), and its sum satisfies

[Tgmmwﬁm

< 3L;Lge”" Vs >t > 0. (6.9)
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Proof In analogy with the proof of Lemma 6.2, we introduce the functions

+00
Gk(t) = / gk(T) dr.
t
We observe that they are well defined because of assumption (6.6), and they satisfy
|Gr(t)] < Lye™® ¥Vt >0, Vk € N. (6.10)
From assumption (6.5) it follows that

sup g (1) fi(t)] < Lesup [fx(t)] ~ VE€N
teK teK

for every compact set K C [0, +00). As a consequence, the normal convergence in K of
the series (6.8) follows from the normal convergence in K of the series with general term
fr(t). Due to normal convergence, we can exchange series and integrals in the left-hand
side of (6.9), and deduce that

/ s (gjgmfk(r)) Z / Gul(r) fulr

Now we integrate by parts each term of the series, and we exp101t (6.10) in analogy
with what as we did before in the proof of Lemma 6.2. We obtain that

/tsgk(T)fk(T) dr| < Lre™| fi(s)| + Lre ™| fu(t)| + L7 /8 e | fi(r) dr

t
for every k € N. When we sum over k, from (6.7) we deduce that

(1)dr]|.

> Lee™*| fi(s)| = Lre™* Y |fu(s)| < LrLge™, (6.11)
k=0 k=0
and analogously
> Lee ' fi(t)] < LrLge™. (6.12)
k=0

As for the sum of integrals, we first observe that the normal convergence on compact
subsets of [0, +00) of the series with general term f;(¢) implies an analogous convergence

of the series -
> eI filr)
k=0

Therefore, we can exchange once again series and integrals. Keeping (6.7) into
account, this leads to

ZL7/ eTIfUr) dr = L/ (kz_oe*w(fn) dr
L7/SL8€_TdT

< L;Lge". (6.13)

IN
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At this point, (6.9) follows from (6.11), (6.12), and (6.13). O

7 Proof of the main results

Equations for the energy and quotients

Preliminary estimates on components Let us consider the notations introduced in sec-
tion 3, where we reduced ourselves to proving (3.19) through (3.22). In this first para-
graph we derive some k-independent estimates on p(t) and 6, (t) that are needed several

times in the sequel. The constants My, ..., My3 we introduce hereafter depend on the
solution (as the constants My, ..., M; of section 3), but they do not depend on k. First
of all, from (3.17) and (3.18) it follows that
PN ACESIA
k=0
and in particular we find
pr(t) < Mg vVt >0, VkeN, (7.1)
and .
S ) sin® 6y(1) < M, (72)
k=0

From this estimate and (3.16) it follows that
105 ()| < Mopy.(t) Vt >0, VkeN. (7.3)

This implies in particular that

STOF <My W20, (7.4)
k=0
and
PO < My, V>0, WkeN. (7.5)

Moreover, from (7.3) it follows that
pr(t) < pr(0)e! vVt >0, Vk € N. (7.6)

Let us consider now the series

> (), > ),

00
k=0 k=0

o0
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where m > 2 is a fixed exponent (in the sequel we need only the cases m = 2 and
m = 4). From the previous estimates it follows that

> () < Mo, S @] < M, (7.7)
k=0 k=0

where of course the constant Mj, depends also on m. Moreover, from (7.6) and the
square-integrability of the sequence pi(0), it follows that both series are normally con-
vergent on compact subsets of [0, +00).

We stress that we can not hope that these series are normally convergent in [0, +00),
even when m = 2. Indeed normal convergence would imply uniform convergence, and
hence the possibility to exchange the series and the limit as ¢ — 400, while the con-
clusion of Theorem 2.1 says that this is not the case, at least when J is an infinite
set.

Finally, plugging (3.16) and (7.2) into (3.15), after integration we obtain that

Hk(t) = —)\ket - @Dk(t) (78)
for a suitable function vy : [0, +00) — R of class C! satisfying

()| < My ¥t >0, Vk €N (7.9)

Estimates on trigonometric coefficients For every k € N we set

ar(t) = sin? 0 (1) — % be(t) = sin’ 0,(1) —

ool w

Y

and for every k # h we set

e p(#) = sin? O, (£) sin? 6, (t) — i

These functions represent the corrections we have to take into account when we
approximate the trigonometric functions with their time-average, as we did at the be-
ginning of section 4.

It is easy to see that

sup{|ax(t)|, |bx(t)], lcnp(t)|} <1 VE>0, (7.10)

where the supremum is taken over all admissible indices or pairs of indices. Now we

claim that .
/ ag(7) dT
t

/ts bi(T)dr

< Mpye™  Vs>t>0, Vk €N, (7.11)

< Mpe™  Vs>t>0, Vk €N, (7.12)
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and

/ Ch’k(T) dr
t

In order to prove (7.11), we just observe that

1
< Mg (1 + 7) et Vs>t>0, Vh#k. (7.13)
Ak = Anl

a(t) = —% cos(20:(1)).
and hence by (7.8)
ar(t) = —% cos (=2 g€’ — 2u(1)) = —% cos (2Ape’ + 20, (1)) -

Thanks to (7.9), the assumptions of Lemma 6.1 are satisfied with a := 2\, L3 :=
2M,3, and ¥(t) := 1y (t). Thus we obtain that

3+2M
< ue_t S Ml,?e_t

ag(7)dr ,
/t d(r)dr| < —

where in the last inequality we exploited that all eigenvalues are larger than a fixed
positive constant.
The proof of (7.12) is analogous, just starting from the trigonometric identity

1 1
be(t) = ~3 cos(20(t)) + 3 cos(40(t)).
Also the proof of (7.13) is analogous, but in this case the trigonometric identity is
1 1 1 1
Cne = =7 cos(26y,) — 1 cos(26) + 3 cos(260), + 20;) + 3 cos(26), — 20;).

All the four terms can be treated through Lemma 6.1, but now in the last term the
differences between eigenvalues are involved. As a consequence, for the last term we
obtain an estimate of the form

s 4M
/ cos (201, (1) — 20,(7)) dr| < Me_t.
‘ 2[Ak = Al

If we want this estimate to be uniform for k # h, we have to assume that differences
between eigenvalues are bounded away from 0, and this is exactly the point where
assumption (2.7) comes into play in the proof of Theorem 2.5.
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Equation for the energy Let R(t) be the total energy as defined in (3.17). We claim
that R(t) solves a differential equation of the form

R() = R() — 5 B2(0) — 3 3 pb(6) + ma(t) + palt) (714)
k=0

where (for the sake of shortness, we do not write the explicit dependence on ¢ in the
right-hand sides)

pa(t) =2 (Dieph + awpy — bep) . palt) = =2 (pi > czgkp?> . (7.15)
k=0 k=0 ik
We also claim that puy(t) satisfies
/ pi(7)dr| < Mge™ Vs>t >0. (7.16)
t

The verification of (7.14) is a lengthy but elementary calculation, which starts by
writing

R(t) =23 pelt)oh (1)
k=0

and by replacing pj(t) with the right-hand side of (3.14). The crucial point is that when
computing the product

P2 sin® 0y, - Z p? sin? 6;,
i=0
one has to isolate the term of the series with ¢ = k. In this way the product becomes

prsint 0 + p? g p? sin? ; sin” 0,
itk
and now one can express sin® 6, in terms of by, and sin®#; sin? 6, in terms of ¢; ;. The
rest is straightforward algebra.

The proof of (7.16) follows from several applications of Lemma 6.3 with different
choices of fi(t) and gx(t).

e In the case of the term I'yxpi we choose fi(t) := pi(t) and gi(t) := Ty1x(2).
Indeed the assumptions on fi(t) follow from (7.7) with m = 2 and from the
normal convergence of the same series on compact subsets of [0, +00), while the
assumptions on gi(t) follows from (3.16).

e In the case of the term ayp; we choose fi(t) := pi(t) and gi(t) := a(t). The
assumptions on fy(t) are satisfied as before, while those on gi(t) follow from (7.10)
and (7.11).

e In the case of the term byp; we choose fi(t) := pi(t) and g(t) := bi(t). Now we
need the estimates for the series (7.7) with m = 4 in order to verify the assumptions
on fx(t), and (7.10) and (7.12) in order to provide the requires estimates on g(t).
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Equation for quotients For every pair of indices h and k£ in J we consider the ratio
Qn.(t) introduced in (4.9). We remind that components with indices in J never vanish,
and therefore the quotient is well defined and positive for every ¢ > 0. After some
lengthy calculations we obtain

Qhi(t) = an(t)Qni(®) (1 — Q5 (1) + an(®)Brs(®)@Qp 1 (1) + Ve Qni(t),  (7.17)
where .
an(t) = gpi(t%
Bri(t) = 8(cnr(t) — bi(?)),

Vi) == ar —an + g — Dip + pr(by, — cnr) + Z pi(cin — cig)-
ig{hk}

We observe that the first term of equation (7.17) is the same as in equation (4.11),
which was derived by neglecting all the rest.
We claim that

sup {|an(t)], [ (1)1, [Bui()], Iy p(®)[} < Mrg  VE>0, (7.18)

where the supremum is taken over all admissible indices or pairs of indices, and that

/ts Bni(T) dT

1
< My (14— ) e, 7.19
20( |>\k—>\h\) (7.19)

s 1 1 1
7)dr| < My [14 ————+ su + e’ (120

for every pair of admissible indices and every s >t > 0. We point out that the supremum
in (7.20) is finite because the sequence of eigenvalues is increasing.

Estimate (7.18) follows from (7.1) and (7.5) in the case of ay(t) and oj(t), from
(7.10) in the case of Bk (t), and from (7.10), (3.16) and (3.18) in the case of vy, k().

Estimate (7.19) follows from (7.12) and (7.13).

Finally, in order to verify (7.20), we consider the expression for v, j, and we apply

e inequality (7.11) to the term ay — ap,
e inequality (3.16) to the term I'y , — I'y 5,
e Lemma 6.2, (7.12), (7.13) to the term p? (cpx — by),

e Lemma 6.3 and (7.13) to the last term (the series).
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Proof of Theorem 2.1

Key estimate for quotients We prove that, if there exists hy € J such that

lim sup pp, (t) > 0, (7.21)
t—4o00
then
lim Qho,k(t) =1 Yk € J. (722)
t—+o00

To begin with, we observe that pp,(t) is Lipschitz continuous in [0, 4+00) because of
(7.5), and hence (7.21) implies that

“+oo
/ p2.(t) dt = +o0. (7.23)
0

Let us consider now the quotients @y, x(t) with £ € J. We claim that in this case
equation (7.17) fits in the framework of Proposition 5.4 with

2(t) = Qnok(t),  alt) = ang(t),  B(E) = Buoi(t),  Y(E) = Yhg.(t)-

Indeed assumption (5.14) is exactly (7.23), assumptions (5.15) follows from (7.3),
and the boundedness and semi-integrability of 5(¢) and ~(¢) follow from (7.18), (7.19),
and (7.20). Thus from Proposition 5.4 we obtain (7.22).

Case where J is infinite In this case we show that all components tend to 0, which
establishes statement (3).

Let us assume that this is not the case. Then there exists hy € J for which (7.21)
holds true, and hence also (7.22) holds true. At this point, arguing exactly as in the
corresponding point in the proof of Theorem 4.1, from (7.21) and (7.22) we deduce that
the total energy is unbounded, thus contradicting the estimate from above in (3.18).

Case where J is finite In this case we prove that (3.19) is true. To begin with, we
observe that there exists hg € J for which (7.21) holds true, because otherwise the
total energy would tend to 0, thus contradicting the estimate from below in (3.18). As
a consequence, also (7.22) holds true, and in particular the limit of pi(t) is the same
for every k € J, provided that this limit exists. At this point, (3.19) in equivalent to
showing that

lim R(t) = —2

7.24
t——o00 2j +1’ ( )

where j denotes the number of elements of J.
To this end we consider the equalities

R(t) = p}, (£) D Qho (), D ok(t) =i (D) D Qhot).

keJ keJ keJ
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From them we deduce that

Sk = 10 (5 +at0)). (7.25)

keJ

where

= <Z Qio,k(t)) : <Z Qio,k(t)) - % (7.26)
keJ keJ
hence by (7.22)

lim ¢(t) = 0. (7.27)

t——+o0

Going back to (7.14), we find that R(¢) solves a differential equation of the form

2j + 1 1
- 2R — @R+ (0 + il

where p; (t) and po(t) are given by (7.15). This differential equation fits in the framework
of Proposition 5.3 with

4j

2(t) := R(1), Zoo 1= 25+ 1

Di(t) = m(t) + pa(t),  a(t) = |a(t)] - R2(1).

Indeed, assumption (5.3) follows from (7.27), while assumption (5.4) follows from
the estimate from below in (3.18). It remains to prove that () is semi-integrable
in [0,400). The semi-integrability of p; () is a consequence of (7.16), and the semi-
integrability of ps(t) follows from a finite number of applications of Lemma 6.2 with
f(t) :== pi(t)p?(t) and g(t) := ¢;x(t) (here it is essential that the set J is finite). The
required assumptions of f(t) and g(t) follow from (7.1), (7.5), and (7.13).

At this point, Proposition 5.3 implies (7.24).

Asymptotic behavior of the phase It remains to prove (3.20). Actually we need this
fact just in the case where J is finite, but the statement is true and the proof is the
same even in the general case.

Let us consider equation (3.15). From (3.16) we know that I'sj is integrable in
[0, 4+00). Therefore, (3.20) is equivalent to showing that the function

(Z P2 (1) sin 0;(7) — 1) sin Oy, (1) cos Ox(7)

is semi-integrable in [0, 4+00) for every k € J. First of all, we write the function as

E p? sin? 0; sin 0y, cos O, + pi sin® 0y, cos 6, — sin O, cos 0.
itk
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All these oscillating functions can be treated as we did many times before, starting
from the trigonometric identities

1 1 1
sin 0y, cos 0, = 3 sin(26y ), sin® 0, cos ), = 2 sin(26y) — S sin(40y),
and 1 1 1
sin? 0, sin 0, cos 6, = 1 sin(26y,) + 3 sin(26; — 20;) — 3 sin(26; + 20y).

Due to the relation sinz = cos(z — 7/2), we can conclude by exploiting the results
of section 6 as we did in the proof of (7.11) through (7.13), and in the estimates of the
coefficients of (7.17).

Proof of Theorem 2.5

Let us consider again the differential equation (7.14) solved by R(t). We prove that
the uniform gap assumption (2.7) implies the semi-integrability of us(¢) and a uniform
bound on the quotients that allows to show that the series of fourth powers is negligible
in the limit. At this point we can conclude by applying Proposition 5.3.

Estimate on po(t) We show that

/: pe () dr

Since po(t) involves a double series, this requires a double application of Lemma 6.3.
First of all, we exploit the uniform gap assumption (2.7), and from (7.13) we deduce

that .
/ Ch’k(T) dr
t

Ok(t) =Y cin(t)pi(t),
ik
and we apply Lemma 6.3 with f;(t) := p?(¢) and ¢;(t) := ¢;x(t). The assumptions are
satisfied due to (7.7), (7.10) and (7.29). We obtain that

/ts Ox(7) dr

Moreover, from (7.10) and (3.18) we obtain also that

< Moe™  Vs>t>0. (7.28)

< Moze™ Vs >t>0, Vh#k. (7.29)

Now we set

< Mye™  Vs>t>0, Vk e N. (7.30)

6:(t)| < R(t) < My ¥t >0, Vk € N. (7.31)

Due to (7.30) and (7.31), we can apply again Lemma 6.3 with fi.(¢) := p2(¢) and
gr(t) := 0x(t), and this completes the proof of (7.28).
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Estimate on quotients We claim that there exist {5 > 0 and hg € J such that
Qnoi(t) <2 YVt =1y, Vk € J. (7.32)

This estimate is trivial when k& = hg, independently on t;. Otherwise, we exploit
equation (7.17), which fits in the framework of Proposition 5.5 with

2(t) == Qni(t), a(t) == an(t), B(t) == Brr(t), Y(t) := Yni(t).

Let us check the assumptions. Estimate (5.23) follows from (7.18). Estimates (5.24)
follow from (7.19) and (7.20), and the constant L, is independent of h and k due to
the uniform gap assumption (2.7). As a consequence, any t, > 0 satisfying (5.25) is
independent of h and k, and ensures that the implication

Qni(to) <1 = supQuu(t) <2 (7.33)

t>to

holds true for every h and k in J. At this point we choose any such t;, and we fix the
index (or one of the indices) hg € J such that

Pho(to) > pr(to) Vk € J.

Such an index exists, even when J is infinite, because for every t > 0 it turns out
that pi(t) — 0 as kK — +o00 due to the square-integrability of the sequence py(t).

This choice of hy implies that Qp, x(to) < 1 for every k € J, and therefore at this
point (7.32) follows from (7.33) with A := hy.

Conclusion To complete the proof we now observe that

S k) =3 Q2 a0, (1) - (1) < 403 (1) - Y pA0)

keJ keJ keJ

for every t > to. Plugging this estimate into (7.14) we deduce that

1
RI(t) = R(t) + SR (1) = m(t) = /~L2(t)‘ < oy () - R(t) Wt >to.
We are now (up to a time-translation by ty) in the framework of Proposition 5.3 with

A1) = R(t),  ze=2,  Guit) = mt) +palt),  ¥a(t) = ph, (1) R(2).

Indeed, the semi-integrability of ¢, follows from (7.16) and (7.28), assumption (5.3)
follows from the boundedness of R(t) and the fact that pp,(f) — 0 as t — 400, and
assumption (5.4) follows from the estimate from below in (3.18).

At this point, (3.22) is exactly the conclusion of Proposition 5.3. [
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