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Attractors for two dimensional waves with
homogeneous Hamiltonians of degree 0
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Laure Saint-Raymond T

September 24, 2018

Abstract

In domains with topography, inertial and internal waves exhibit inter-
esting features. In particular, numerical and lab experiments show that,
in two dimensions, for generic forcing frequencies, these waves concentrate
on attractors. The goal of this paper is to analyze mathematically this
behavior, using tools from spectral theory and microlocal analysis.

1 Physical background

The mathematical problem which will be discussed in this paper is motivated
by the physical observation that, in presence of topography, forcing inertial
or internal waves leads to the formation of singular geometric patterns, which
accumulate most of the energy.

1.1 Inertial and internal waves

Inertial and internal waves are of upmost importance in oceanic flows. They
describe small departures from equilibrium in an incompressible fluid submitted
respectively to the Coriolis force (due to the Earth rotation), or to the combi-
nation of density stratification and gravity. These waves are very well described
when the effect of boundaries is neglected, assuming for instance that the fluid
is contained in a parallelelipedic box with zero flux condition at the boundary
(or equivalently in a periodic box). For the sake of completeness, we recall
here the equations governing these waves, and their usual decomposition as a
superposition of plane waves using the Fourier transform.
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e Let us first consider the case of inertial waves, assuming that the density of
the fluid is homogeneous p(t,2) = pg. The incompressibility constraint states
divu = 0, where u is the bulk velocity of the fluid.

The (linearized) conservation of momentum provides

po(Oru+uNQ)+Vp=0

denoting by p the pressure, and by {2 the rotation vector. Note that there
is no convection term u - Vu here as it is expected to be negligible for small
fluctuations. Assuming for the sake of simplicity that pg = 1 and taking the
divergence of this equation, we get

diviuAQ)+Ap=0
from which we deduce that the pressure is given by
p=(—A)"tdiv(u A Q).
We therefore end up with the dynamical equation
Ou+ (I+V(=A)"Hdiv)(uAQ) =0. (1.1)

If the rotation is constant (say in the vertical direction Q2 = e3), we rewrite
the incompressibility constraint in Fourier variables

DPh - ap,h + p3ﬂp,3 = Oa

using the subscript h to denote the horizontal component, and take the Fourier
transform of (1.1) to get

ZIHT)22 1= \p\i
O¢ti P P, =0.
tUp,h + -1 + Pg p1p2 p;h

\

plZ " IpP?

The matrix has eigenvalues +i|ps|/|p|. In other words, the solution to the wave
equation can be obtained as a superposition of plane waves exp(i(p - © — wt))
with dispersion relation
w= :I:@ .
|

e The model leading to internal waves is a little bit more complicated. It
describes an incompressible fluid which at equilibrium is stratified in density
with stable profile p(z) = p(z3) with p'(x3) < 0. Small perturbations will
create both a velocity field u and a fluctuation of the density p = p + 7.

The incompressibility constraint states as previously divu = 0. If the fluc-
tuation around equilibrium is small, the conservation of mass

Op +div(pu) =0



gives at leading order
on+u-Vp=0.

The (linearized) conservation of momentum states
poru + nges + Vp =0

denoting by g the gravity constant, and by p the pressure. As previously, the
pressure is computed thanks to the incompressibility condition

1
—div (_Vp) = g(r)gz .
p p

In most physical systems, the variations of p are very small compared to its
average pg, and count only for the buoyancy term. The pressure is then given
by
p=(=2)""(g0sm).
The system of equations can be therefore reduced to get the Boussinesq approx-
imation
On + uzp'(z3) = 0,

Ayun + LV (~A)"105n = 0,
Po
Oyus + %(I + 833(—A)_1)n =0.

Assuming in addition that the stratification is affine so that p’ is a constant,
and taking the Fourier transform of this system, we obtain that

(9 ﬁp 0 ﬁl ﬁp 0
o)+ (e ooy o) ()0

The solution can be expressed as a sum of plane waves with dispersion relation

where N = (—gp'/po)'/? denotes the Brunt-Viisild frequency.

Remark 1.1. In both cases, the pressure is obtained by solving the Laplace
equation. In a non periodic domain, we expect the solution to depend on the
boundary conditions. The Leray projection onto divergence free vector fields
defined by

P = (I+V(-A)"'div)

is a non local (pseudo-differential) operator.



1.2 The effect of topography

When the domain is not periodic (or when the rotation or the Brunt-Vaisala
frequency are not constant), the previous analysis fails because we cannot use the
Fourier transform, and it becomes complicated to handle the Leray projection.
In general, the zero-flux condition on the boundary is incompatible with any
decomposition on special functions. Actually we will see that the waves exhibit
a very different behaviour.

The lab experiments conducted by physicists, especially in the groups of
Maas and Dauxois [16, 12, 5], consist in analyzing the response of a stratified
fluid to some monochromatic forcing in different geometries. In [5] for instance,
the domain is a 2D trapezium and the symmetry breaking is obtained by intro-
ducing a sloping boundary.
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Figure 1: Experimental setup in [5].

e In the absence of topography (i.e. in a rectangular box which can be seen as
a torus T?), the system is completely integrable and the response to the forcing
can be predicted using Fourier analysis as previously.

e If the forcing is non resonant, i.e. if the forcing frequency wy is differ-
ent from =+|pp||/|p| for all p which are excited, then the system will oscillate
according to the following equation

Oty + = fp,ﬂ: eXp(i(in — wo)t)
where 9, 1 is the amplitude of the wave exp(i(p - ¢ F wyt)). We then obtain

A (exp(z’(iwp — wo)t) - 1) |

Up,+ = fp,:l: 'L(iwp _ WO)

Generically, if the forcing is regularly distributed over the domain (i.e. f €
C®°(T?)), the solution will be regular: it is typically the case under the dio-
phantine condition

Vwy # wo,  |wp —wol = Clp|™*

which is satisfied for almost all tori.
o If the forcing is resonant, i.e. if the forcing frequency wy = %|ps||/|p| for
some p which is excited, the fluid pumps some energy and the amplitude of the



resonant mode has a linear growth in time

@p,i = fp,it :

But, under the same generic condition, the solution is still regular in z since the
resonant mode has a nice oscillating structure exp(i(p - x)).

For the sake of completeness, we give in appendix the detailed computations
leading to these regularity results.

e What is observed in the presence of topography is completely different. By
PIV methods (following the displacements of small markers in the fluid), one
can get a measurement of the velocity field. It happens that this velocity field
is very singular with respect to the spatial variable x, which is unexpected
from the simple model in the periodic box. The energy concentrates on some
geometric patterns, which are broken lines in the 2D trapezoidal geometry with
affine stratification.

Furthermore, some branches of these attractors are more energetic than oth-
ers, which seems to indicate that there is a focusing mechanism due to the re-
flection on the slope. The geometry of these attractors, especially the number
of branches, depends on the forcing frequency and on the slope.
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Figure 2: Experimental observation of attractors.
From the PhD thesis of C. Brouzet [5], under the supervision of T. Dauxois
(ENS Lyon, 2016)

Remark 1.2. In lab experiments, the effect of viscous dissipation is not negli-
gible, which is important to explain that the energy varies also along each single
branch. But we will not consider this effect here.

1.3 Classification of attractors

e The geometric pattern observed in the lab experiments coincide with the limit
cycles obtained from the following geometric ray tracing

e start from any point xy in the domain,



e draw the ray of direction ¢ such that sin¢ = wy/N,
e when the ray hits the boundary, make a reflection preserving | sin ¢|,
e continue this construction to obtain the limit cycle (or limit point).

This procedure is the counterpart of the geometric optics for electromagnetic or
acoustic waves, the crucial difference here being that the frequency wy prescribes
the direction of the propagation instead of the modulus of the wavelength.

Without entering into the details of this geometric approximation, let us just
explain the intuition behind it. The idea is to look at the propagation of a wave
packet, i.e. to seek for a solution in the form

exp (ZWZx - %(x - x(t))2)

which is localized both in space (around z(¢)) and in frequency (around p(t)).
Unlike the plane waves obtained in the first paragraph, the time frequency in
this Ansatz is not quantified, and the amplitude now depends both on ¢t and =x.

Remark 1.3. Of course, it is impossible to prescribe both the localization in
x and the localization in p (which is the well-known uncertainty principle in
quantum physics). The main assumption behind the geometric approrimation
is that there is a scale separation (measured here by the factor €), and p is the
Fourier variable corresponding to x/e.

Plugging this Ansatz in the dynamical equations, we find that the propaga-
tion of the wave packet is given at leading order by the Hamiltonian equations

dl‘i o oh dpi Oh

dt _apl’ dt __('hi’

where the Hamiltonian is defined by the dispersion relation h(z,p) = w(x, p).
For internal waves in 2D with an affine stratification (say N = 1), we find
that

dzy _ p3 dp _
dt Ip|3” dt ’
des __pspr dps
dt Ip|3 dt '

Note that the group velocity is orthogonal to the wavenumber p, and that its
modulus is conversely proportional to |p|, which are typical features from dy-
namics with Hamiltonian homogeneous of degree 0 (i.e. invariant by the homo-
theties p — Ap). This means that, on the energy level w = wg, we have that the
wavenumber p satisfies

|p1] _

P = o

Ip|
and the direction of propagation, which is orthogonal to p, makes an angle
¢ = + arcsin wg with respect to the horizontal.



e Using this ray tracing method, it is possible to construct numerically the
trajectories, and investigate systematically their long time behavior.

Three scenarios appear depending on the slope « and on the forcing fre-
quency wg = sin ¢, which are

e convergence to a limit cycle
e concentration in a corner,
e 1no emergence of a pattern

Note that, both at the experimental and numerical levels, one cannot observe
very long patterns because they will be generically rather dense in the domain
and the accuracy of the measurements is finite.

bk
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Figure 3: Greyscale: Lyapunov exponent of the trajectories.
White regions: attractors.
Black regions: no pattern emerges from the ray tracing.
From L. Maas, D. Benielli, J. Sommeria, F. Lam [16]

At the theoretical level, the long time behavior of the Hamiltonian dynam-
ics can be characterized by exhibiting a Poincaré section, and looking at the
Poincaré return map. If ¢ > «, a Poincaré section is x3 = 0 and it is easy to see
that all trajectories will focus on a corner. If ¢ < «, a Poincaré section is the
lateral boundary x; = mf(xg) The Poincaré return map w4 ¢ is a continuous
map on the circle S! (an homeomorphism) preserving the orientation. Such a
map 7 admits a crucial dynamical invariant p(7) € T, referred to as the rotation
number, which has been introduced by Poincaré. It can be defined for instance
as follows: for any ¢, € S*

p(r) = lim T{{j € 0,0~ 1]/7(¢) € [e,7(0)]}

(we refer to the first chapter of [7] for a brief presentation of the combinatorial
theory of Poincaré). Let us state the main properties of the rotation number

p(m).

e When the rotation number p(7) is rational, 7 has periodic points (having
all the same period) and any orbit is asymptotic to a periodic orbit.



e When the rotation number p = p(7) is irrational, 7 is semi-conjugated to
the rotation R, : 6 — 0 + p, i.e. there exists a monotone map A such that
hom = R,oh. Note that, in general / is not a bijection: the inverse image
of some point may be an interval.

In [8], Denjoy proved that, as soon as 7 is smooth enough, the map h is a
nice continuous change of variables and m = h™' o R, o h.

For generic families of C? circle diffeomorphisms depending on one parame-
ter, it has been proved by Arnold and Hermann (see Chapter 4 of [7]) that the
rotation number is locally constant (as a function of this parameter), precisely
when it is rational: this phenomenon is known as frequency locking. The set of
parameters for which the rotation number is irrational is a Cantor set possibly
with non zero Lebesgue measure (devil’s staircase). This provides bifurcation
diagrams with Arnold’s tongues very similar to Fig 3. Unfortunately this theory
does not apply here as the Poincaré return map is only piecewise affine. How-
ever it is clear that fixed points of the (iterated) return map are stable under
small perturbations of « or ¢. We therefore preserve the band structure of the
bifurcation diagram for rational rotation numbers.

2 The mathematical scenario for the formation
of geometric patterns

The goal of the present paper is to provide a mathematical description of the
mechanisms leading to the formation of these geometric patterns, beyond the
ray approximation which is not valid here since there is no scale separation.

2.1 Quasi-resonant forcing

The first important remark is that the response to the forcing does not corre-
spond to the usual picture when the wave operator has discrete eigenmodes. A
natural question is therefore to understand the response to the forcing when the
wave operator has some continuous spectrum.

A very simple example which can illustrate this mechanism is the 1D Schrodinger
equation in the whole space with a monochromatic forcing (although it is not
really relevant from the physical point of view):

O — iAY = fexp(—iwot) .

The interest in looking at this model is that we know explicitly the spectrum R
and the generalized eigenfunctions eg :  — exp(iz - ) of the Laplacian, as well
as the spectral decomposition: for any ¢ € L?(R),

o) = 5 [ O explia- €1



where the Fourier coefficients are defined by

56) = [ o) exp(-ia-€)da.
R
In Fourier variables, the Schrédinger equation can be rewritten
O + i€ = f exp(—iwot)
from which we deduce that

(0.9 explitl?) = —ifi(e) 2HEL —en) =1

e A first way of looking at this system is to consider averages: for any ¢ € L?(R),
we define

<v.0> ()= [ Ut @i = o [ G0
Using Parseval’s identity, we get

1 — exp(—it(|¢]* — wo))
€]2 — wo

explint) < 0,0 > () = 3+ [ 6(©F(©) de.

Recall that, if a <w < b

1 —exp(—i(A —w)t) / 1 —exp(—ip)
Ligpdh= | ———————1a—w)t.(b—w)t] 4,
/ Y 0.6 . (o)t (b))

1
=im + log u;—l—O(E),

w—
We then expect that the average < ¢,¢ > (t) will converge to a finite value
as t — 00, at least if the forcing frequency is not 0, which corresponds to a
singularity of the resonant manifold.

More precisely, we have by the simple changes of variables [£|? = X\ = wo+ % I

T2 1 —exp(—i(A — wo)t)

o < b, > = —iexp(—iwot)/ f(ﬁ)&*(ﬁ)ﬂ

0 —wo + A 2v/\
) ) 01 —exp(—i(\ — wo)t) ; — A
- zexp(—zwot)/o o A F=VN)é (_\/X)m
T2 1 — exp(—ip)

. . 1
=i eXp(*wot)/ Flwo + —p)dp.
—wot 14 t

with
1

F(Z):2\/E

(f(V2)6" (V2) + F(=v2)8" (—V7)) .




If we assume that both the forcing f and the weight ¢ are smooth functions
decaying at infinity,

e%(z’wt) <, ¢ >— —i(vp ( ) ) + mF(wo), (2.1)

A — wo
which is finite. Note that, at this stage, we do not observe any growth in time.

Remark 2.1. Note that, in the integrable case, the amplitudes of the oscillating
modes are special averages

b= tnen with P, =<, e, >

In the resonant case, i.e. when wg = A, for some n, the corresponding average
<, e, > grows linearly in time.

e Physically it can be more relevant to look at the energy, or at any observable
expressed as a quadratic quantity in 1. The kinetic energy for instance can be
expressed in Fourier as

X —1 27&]
Jleeite epa = [ Lo CHEC )

2

|F(©)2I¢[*de .

With the same changes of variables as previously, we get

) 011 exp(—i(A —wo)t) |° . 5 A
[ et eras =g [ [FEEREIA 0 f /R - VR PR
ot [T —exp(—ip)|?
B 2 \/—wt H

+oo

1 —cospu 1

t/ ——Glwo + Eﬂ)dﬂ
—wot 1%

1
G(wo + Eﬂ)d/‘

with
G(z) = (IfV2) P + | F(=V2) ")z

We then conclude that generically the energy grows linearly
- ™
[1eP1i.9ras ~ 6o, (2.2)

provided that the support of f contains +,/wq.

Remark 2.2. Note that, in the integrable case, the energy is of the form

ch|z/;n|2 with 1/A)n =<1, e, >
n

In the resonant case, i.e. when wyg = A, for some n, it grows quadratically in
time.

10



The previous computations show that
e the amplitudes of linear quantities converge to some finite values (by (2.1))
e quadratic quantities grow linearly (see (2.2))

e there is essentially no energy outside bands of width O(1/t) around the
forcing frequency wgy (which corresponds to the scaling occuring in the
change of variables)

This means that the transfer of energy via quasi-resonances is quite different
from the classical resonance process. The point is that the generalized eigen-
functions corresponding to the continuous part of the spectrum have infinite
energy, it is therefore impossible that they emerge in finite time even though
the forcing is concentrated on one frequency.

We will rephrase these properties in a more abstract setting (adapted to our
study) in Section 4.

2.2 Characterization of the continuous spectrum

We therefore expect this quasi-resonant forcing to be the right mechanism to
explain the formation of the geometric patterns provided that

e one can prove that the wave operator has a continuous spectrum,

e the generalized eigenfunctions exhibit some singularities on the geometric
patterns.

Note that similar spectral problems had been investigated a long time ago
by F. John in [15] for the 2D wave equation with Dirichlet conditions, and by
J. Ralston in [23] for inertial waves in some specific 2D geometries. We will
develop here a more systematic method: the key idea will be to use microlocal
analysis, i.e. the connection between spectral theory and classical dynamics.

Let us first recall that a differential operator of order m can be written
locally
D= )" ajx)d]
7] <m

where j is a multi-index of length at most m. Its symbol is the polynomial
obtained by freezing the coefficients a; and taking the Fourier transform

d(z,p) = Y aj(x)(ip) .

l7l<m

This definition can be extended to pseudo-differential operators (involving typ-
ically inverse derivatives) by considering symbols which are more general func-
tions than polynomials. The principal symbol h of a pseudo-differential operator

11



H of order m is defined in terms of the action of H on fast oscillating functions
ae’™ | where a is smooth and S’ # 0 on the support of a, by

H(ae'™%)(z) = 7™ h(z, 8" (z))a(z)e"™5® + O (+™)

The function h is a smooth homogeneous function of degree m on T*X \ 0,
which is well defined independently of the choice of local coordinates.

The key property is that the principal symbol h = h(x,p) of a pseudo-
differential operator H, even though it does not determine H completely, con-
tains almost all the information, up to smoother error terms. More precisely,
one defines classes of pseudo-differential operators according to the order m of
their symbol

Sm = {0 =0(z,p) € C°(T"X \ X x {0}) /|02050| < Cap(1+ [p|)™ 1?1}

Then, if H is a pseudodifferential operator of principal symbol A and order m,
we can define another operator Op(h) using the Weyl quantization

Op(h)u(z) = m / Jie—a)p, (

and compare both operators: we find that H — Op(h) is of order at most m — 1.
Furthermore, one can prove that the symbol of the commutator i[Hy, Hs] is
the Lie bracket {hq, hs2}, so that

x+a

,p) u(z') dx'dp

order([Hy, Hp]) < order(Hy) + order(Hj) — 1.

By iterating this kind of estimates, we then see that the symbolic calculus allows
to obtain expansions up to any regularizing order. For a nice introduction to
this subject, we refer to [1, 9, 25].

e Typical operators with continuous spectrum are multiplications by
smooth functions v = v(z) (the spectrum is then the range of v). In this
case, the classical dynamics is defined by the Hamiltonian h(x,p) = v(z)

dx h d h
i g—p =0, d—‘? = —g—x =V (x) = —v'(20),
so that £p is a Lyapunov function, going to infinity as t — oc.

In contrast, operators with discrete spectrum (called “elliptic operators”)
have eigenfunctions of finite energy, meaning that the classical dynamics has
compact invariant sets. Therefore, in this case, we cannot have any escape
function as no quantity will go to infinity.

This is of course not a proof but at least a strong indication that the fact
that a pseudo-differential operator H has continuous spectrum is related to the
existence of an escape function d for the Hamiltonian dynamics associated to

its principal symbol h
d

(), p(t)) 27 >0

12



denoting by (z(t), p(t)) the trajectories of the classical dynamics:

de _oh dp_ 0b
dt  0Op’ dt Oz’

e A nice mathematical tool to study the continuous spectrum of a skew-symmetric
operator ¢H (such as our wave operator) is the conjugate operator method
that we will present in Section 5. The crucial point in this theory is the existence
of a self-adjoint operator D satisfying the commutator estimate

[H,D] > ~vI + K with v > 0, and K a compact operator, (2.3)

Note that the existence of a conjugate operator D for the wave operator H can
be translated in terms of the classical dynamics associated to H: it is roughly
equivalent to the existence of an escape function ¢ since the condition (2.3) can
be expressed in terms of the Lie bracket

{h,d} >~v>0. (2.4)

Under this condition, the conjugate operator method shows how to extend
the resolvent (H — X £ ie)~! which is defined for ¢ > 0 and ¢ < 0, up to e =0

(H—-X+i0)"' = lim (H — A +ig)"".

e—0t

As a consequence, on can prove that the spectral decomposition of a smooth
function f, i.e. the measure v defined by

;= / (N, x(H)f = / X))

is a regular function of A given by

1
v(\) = P (H=X—i0)""f = (H—-X+i0)""f) .
The proofs of this result are not very complicated, but it is not completely
obvious to get a good intuition of this property.

2.3 Classical dynamics for Hamiltonians of degree 0

The last important ingredient we will use is the fact that the existence of an

escape function is a generic property of Hamiltonians of degree 0 in dimension
2.

Definition 2.3. A smooth homogeneous function of degree 1, d : ¥, — R, is
called an escape function if the Poisson bracket {h,d}, which is homogeneous of
degree 0, is strictly positive on the energy surface Sy, = h™1(wo).

13



e Let us first have a look at the classical dynamics of internal waves in the
trapezoidal geometry. The dynamical equations

oy _ p5 dn _
dt  |p*’ dt ’
drs __psp1 dps
dt Ip|3 dt '

have to be supplemented with boundary conditions. To determine the reflection
laws, we look at the solutions of the Boussinesq system in some half space
delimited by a slope tilted of an angle a with respect to the horizontal

risina + rzcosa=C'.

We seek these solutions in the form of an incident wave propagating with an
angle ¢ with respect to the horizontal (recall that the direction of propagation
is orthogonal to the wavenumber) plus a reflected wave

W = AU(p) + 1V (p)
W' =XNU@') +u'V (')

with

0
cos(wt+p-x)— | —Np3/(p'|p|) | sin(wt+p-x)
Np1/(¢'[pl)
0
sinfwt+p-z)+ | —Np3/(p'|p]) | cos(wt+p-x)
Np1/(¢'Ipl)

We then obtain necessary conditions on the wavenumber of the reflected wave

SO =R OO

()2 [pl?
(p} — p1) cosa — (py — p3) sina = 0 for the phase to be constant on the slope

P> _ pt
1 L — sin? ¢ coming from the conservation of energy

as well as some polarization conditions to determine (X, ') from (A, p).

We will use the following reduction to represent the trajectories. Specular
reflection on the horizontal and vertical boundaries is equivalent to free propa-
gation in a domain which is extended by symmetry. Combining two successive
reflections with respect to horizontal boundaries, we get a simple vertical trans-
lation, which means that we obtain a periodic structure with respect to the
vertical variable. We then identify the points of the horizontal boundary in the
extended domain.

When a trajectory exits the domain on the left (resp. on the right), it re-
enters on the right (resp. on the left) at the symmetric point. One can then

14
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Figure 4: The image method leads to a singular dynamics in a periodic domain.

identify the points of the lateral boundary, and get a (non smooth) dynamics on
a torus, along a fixed vector field. We have actually four copies of this dynamics,
corresponding to the four possible directions given by p?/|p|? = sin? ¢.

Assume that the angle ¢ lies in the interior of a band of the bifurcation
diagram, i.e. that there exists an open set I containing ¢ on which pa,¢ € Q is
constant and the periodic points are hyperbolic.

All trajectories of the semiclassical dynamics with energy wg = |sin ¢| then
converge to some attractor, corresponding to some fixed point of the (iterated)
Poincaré return map 7, 4,. The wavenumber is exponentially increasing since it
is multiplied by the same constant (depending only on « and ¢) at each iteration

w o (e +a))"
P (sm(a —9)
while the distance to the limit cycle is exponentially decreasing with n

(n) - sin(a — )\ "
sz (GeTa)

Since the group velocity is proportional to |p:(),")|_17 the return time, i.e. the
time #, needed to run through the approximate cycle (from 2" to 2™} is

exponentially increasing with n

(Sezs) == (Ga55)

In particular, the wavenumber is of the order of O(t) and is therefore an escape
function.

Remark 2.4. In this example, we have exhibited an escape function, in the
sense that it converges to infinity as t — oo (with an average growth which is

15



linear), but this function is piecewise constant with jumps. This weak notion of
escape function and the lack of reqularity will be major obstacles to apply the
general theory.

e In the general case, under a suitable regularity assumption on the Hamiltonian
h, we will actually prove that there exists a change of variables (also called
normal form) such that h—wq can be locally represented by the following simple
toy model on T, x Ry :

hO(Ivya€7n) = % 7)‘y

The classical dynamics admits two first integrals hg and & = &y. It is given by

dv _ 1 dy & dp_

i R =A.
dt n’ dt n? dt
We then have, for t > 0,
1 At o
N | 14+ 2 d(2), = =g+ At.
r="0 A og( 770) e ( ) Y /\(770+>\t) =

Let us denote by 7 the curve y = 0 in T, x R,. We see that the trajectory
spirals around + infinitely many times with a speed going to 0. Let us then look
at the Poincaré map m associated to the section S = {(z,y,&,m)/x = 0,§ =
Ayn,n > 0} with the symplectic form given by dy A dn:

m(y,n) = (e *y,ety)

and we have a geometric progression of momenta 7, which is an escape function.

This model is therefore a smooth version of the dynamics associated to in-
ternal (or inertial) waves. We will show in Section 6 that, under rather general
assumptions (stated in the next paragraph), one can always reduce the study
of (smooth) Hamiltonians of degree 0 to this simple model.

3 Main results

As explained in the previous paragraph, the mathematical setting we consider
in this paper reproduces the important features of the inertial and internal wave
operators in domains with topography, but with more regularity in order that
techniques of pseudo-differential calculus can be used.

More precisely, we consider a general scalar equation of the form

1 ,
O+ Hu = fe "ot (3.1)
i
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on a 2D torus X equipped with a smooth density dz, where fe~%o? is a periodic
smooth forcing, and H is a bounded self-adjoint operator on L?(X, dx) satisfying
the following assumptions.

(MO) H is a pseudo-differential operator with a smooth
principal symbol h: T*X \ {0} — R positively homogeneous of degree 0
and a vanishing subprincipal symbol.

Let us recall for the sake of completeness that the sub-principal symbol h_q
of H is the smooth homogeneous function of degree —1 on T*X \ 0 defined by:

(H(ae'™)|ae™) p2(x,a0) = /X la(z)|* (h(z, S (x)) + 77 hoy (2, §'(2))) da+O (777)

Note that the function h_; depends on the measure dzx.
The assumption that h is homogeneous of degree 0 implies that any energy
shell ¥, = h™!(w) is conic:

V(z,p) € B, VA ERT, (2,)\p) €%, .

We will then denote by Z the oriented manifold of dimension 2 which is the
quotient of the conic energy shell ¥, by the positive homotheties

Z ={(z,e) € X x S* / h(x,e) = wo}.
We can think of Z as the boundary at infinity of the energy shell.

For the sake of simplicity, we now introduce some geometrical assumptions
on X, (and Z) in order to avoid singularities. These assumptions can actually
be relaxed as shown by the first author in the recent paper [6].

(M1) The energy shell ¥, is nondegenerate and
the canonical projection 7 : Z — X is a finite covering of degree n.

The non degeneracy assumption means that dh # 0 on X, it is a generic
assumption on the frequency wg thanks to Sard’s theorem. The second assump-
tion means that, for each x € X, the pre-image of « by the canonical projection
7 has exactly n elements, and the directions in 7~!(z) are smoothly dependent
on x. Note that, in the case of internal waves in a trapezium, the number of
admissible directions n at each regular point x is 4, but there are singularities.

By definition, the Hamiltonian vector field X}, is tangent to X, and homo-
geneous of degree —1. This implies that the oriented direction of X induces a
field of oriented directions on Z. We therefore say that Z is equipped with a
1D-foliation, denoted by F. The leaves of this foliation correspond to the orbits
of the Hamiltonian dynamics in Z (which are defined modulo a positive change
of time). The compact leaves correspond to periodic orbits.

Note that the foliation is on Z. The projection on X is a multiple foliation,
meaning that at each point of X there are n distinct oriented directions.
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Lemma 3.1. Under the assumption (M1), the foliation F is non singular.

Proof. Assume that the foliation F is singular.

Since ¥, is nondegenerate, the foliation can be singular only at the points
where X}, is parallel to the cone direction. The projection of the foliation F on
X is generated by the vectors (9, h, 0p,h). Therefore the foliation F is singular
if and only if this vector vanishes.

But then the tangent space to X, which is defined by the non trivial
equation (9, h)dxy + (05,h) dza = 0, does not project in a surjective way on
the tangent space of X. This contradicts our assumption that the canonical
projection is a finite covering of degree n.

Note that we also retrieve the property that the wave number p is orthogonal
(for the duality) to the direction of the projection of X} on X. This is due to the
Euler relation p10p, h4+p20p,h = 0. Another way to interpret this last condition
is to say that the cones generated by the leaves of F are Lagrangian. O

The last assumption is on the dynamics of F:
(M2) The foliation F is Morse-Smale,
which is a generic condition. Let us recall what it means:

e there is a finite number of compact leaves (diffeomorphic to circles), also
called cycles in the sequel.

e Each compact leaf is hyperbolic (the corresponding linear Poincaré map -
which is defined intrinsically - is strictly expanding or contracting).

e And all other leaves are accumulating only along two of the previous closed
leaves at +o0.

Note that conditions (M1) and (M2) are stable under small perturbations,
therefore are still verified for energy levels close to wy.

Remark 3.2. The regularity assumption is encoded in (MO). In particular,
at this stage, even though we can capture the effect of the zero flux condition
for internal waves in a model without boundary (see Fig. 4), this model is not
smooth enough to enter in this class of operators.

- If the boundary is a polygon, we have seen that the Poincaré map is only
piecewise affine. This difficulty could be removed by considering a smooth do-
main, which leads to a foliation with singular points (corresponding to critical
angles). But our results can actually be extended to singular foliations (see [6]).

- A more serious difficulty comes from the fact that the wavenumber p jumps
at each return time, which means that there is no smooth normal form which
conjugates the geometric object given by the foliation and the Hamiltonian dy-
namics.

To tackle the original problem, we would probably need to introduce another
covering to take into account this additional complezity.
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In this abstract setting, we can now formulate our result describing the long
time behavior of the forced system.

Theorem 3.1. Let H be a pseudo-differential operator such that assumptions
(MO0)(M1)(M?2) are satisfied for any wg in some (open) interval I.

Then H has at most a finite number of eigenvalues in I, and for any wy €
I\ opp(H) and any f € C°(X), the solution to the forced equation

—i0yu + Hu = fe~"wot, U= = 0
can be decomposed in a unique way as
u(t)e™ot = ug, 4 b(t) + €(t)

where

1/2—0

o Uy = (H —wo —i0)~Lf belongs to the Sobolev spaces H~ and is not

in L? except if it vanishes;

e b(t) is a bounded function with values in L? whose time Fourier transform
vanishes near 0;

o (t) tends to 0 in H~/270,

The wavefront set of the limiting distribution W F (us) is contained in the cones
generated by the stable cycles of F.
Furthermore, the energy Hu(t)||2L2(X iz grows linearly except if u vanishes.

Roughly speaking, the wave front set W F'(u,) characterizes the singularities
of the generalized function u.,, not only in space, but also with respect to its
Fourier transform at each point. In more familiar terms, W F (u) tells not only
where the function u., is singular, but also how or why it is singular, by being
more exact about the direction in which the singularity occurs.

More precisely, if u is a Schwartz distribution on R?, (z,p) ¢ W F(u) means
that there exists a test function a with a(Z) # 0 so that the Fourier transform
of au is fast decaying in p in some conic neighborhood of p, or in other words
that there exists a pseudo-differential operator A elliptic at the point (Z,p) so
that Aw is smooth. This definition is completely intrinsic, and can be extended
for a smooth manifold X. We refer to [25, 4] for a simple introduction to the
wavefront set.

We will give in Theorem 7.1 a much more precise description of us, as a
Lagrangian state (or Fourier integral distribution) associated to the previous
conic Lagrangian manifolds.

Note that Dyatlov and Zworski have obtained recently [10] an alternative
proof of a slightly weaker result, based only on microlocal techniques and radial
estimates.

19



4 Quasi-resonances and long time behaviour

We first show how the (local) spectral representation of H can be used to de-
scribe the long time behaviour of the solution to the forced equation. The
solution u of (3.1) is given by

Assume that H has some continuous spectrum around wg, and that we know
the spectral decomposition of f with respect to H — wy:

X(H — o) f = /R x(s)du(s) .

We thus have that

We will then use a general result on oscillating integrals, extending the com-
putations of Section 2.1:

Lemma 4.1. Let B,By C B be two Banach spaces. Let v = Vac + Vsing be a
compactly supported Radon measure on R with values in B such that

e the absolutely continuous part v.. has a density m which is Holder con-
tinuous COH* (1 > 0) near 0;

o the singular part vsing has values in By and is supported outside from 0.

Then the oscillating integral 1(t) = (1 —e~"%)s~t|dv(s)) can be decomposed in
a unique way as

I(t) = Io + b(t) + €(t)
where I, = ((s —i0)'|dv(s)) € B, €(t) — 0 in B as t — oo, and b is bounded
with values in By and inverse Fourier transform supported on supp(Vsing)-

Proof. The proof is actually a simple calculation on distributions. Let a > 0 be
such that

[70’7 CL] N Supp(ysing) = @ .

Since v is compactly supported, there is no issue of convergence at infinity. We
then split the integral into two parts:

1— —its 1
Il(t) = / Ld”ac +/ 7dyac
[s|<a s |s|>a S
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We check that the second term in I5(t) satisfies the properties required for b(¢),
while the first term in I (¢) tends to 0 thanks to the Riemann-Lebesgue theorem.

We have then to study I1(t). As m is of class C%* near 0, we have that
m1(s) = (m(s) —m(0))/s belongs to L', so that

Ii(t) _/|< L= c08US) 1 0) + sma (s))ds

S

. sin(ts) 1
“+ 1 /|S<a (m(O) —+ sml(s))ds + / *dVac

§ ls|>a &

The second integral converges to imm(0). Using the parity of cos and the
Riemann-Lebesgue theorem, we obtain that the first integral tends to

/s|<a Mds = p.v. </s|<a mis)d8> .

Adding the third term, we can remove the truncation.
In the limit, we get finally

Py, (/ mis)ds> +imm(0) = ((s — i0)"Ym)

by the Sokhotski-Plemelj theorem. O

5 The conjugate operator method

In order to describe the response of the system to some monochromatic forcing
at frequency wg, we therefore need to get the spectral structure of H close to
this frequency, assuming that it is non degenerate in the sense of assumptions
(M1)(M2). We will first show how to define the spectral density, assuming the
existence of a conjugate operator.

5.1 A short review on Mourre theory

Let H be a self-adjoint operator on some Hilbert space, say L?. Here we will
further assume that H is bounded, as it is the case in the application we have
in mind.

Definition 5.1. Let D be a self-adjoint (unbounded) operator. For any operator
A, we denote by i[A, D] the closure of the form i(AD — DA) defined on D(A)N
D(D).

o We say that H is n—smooth with respect to D if the iterated brackets
By :=i[H, D] and By, := [By—_1, D] are bounded up to k = n.

o We define also the Sobolev scale H® (s € R) associated to D by
H® ={ue L?/(1+ D?**?uc [?}
for s >0, and as the dual of H™° for s < 0.
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The main result of the conjugate operator theory (see [18, 14]) is the following
theorem:

Theorem 5.1 (Mourre). Let us assume that H is n—smooth with respect to D
with n > 2, and that we have the following commutator estimate: for x,x €
C6° (R, RT) with xx = X,

X(H)Bi1x(H) > ax(H)+ K  for some compact operator K. (5.1)
Then, for any closed interval I C supp(y)
(i) H has a finite set o,(H) of eigenvalues of finite multiplicity in I;

(ii) the resolvent (H — z)~! defined for S(z) # 0 admits boundary values at
the points w € I\ o,(H) in the space Oy := L(H®, H™*) for s > 1/2.

(iii) the boundary values (H—w=i0)~! are Holder continuous CO*(I\o,(H), Os)
with s > 1/2 and p = (2s — 1)/2s.

(iv) the boundary values (H —w4i0)~! admits continuous derivatives of order
n in the spaces Os with s >n —1/2.

Proof. For the sake of completeness, we give here a sketch of proof of a slightly
simpler result, which turns out to be quite simple in our case since H and B;
are bounded operators in L2.

e The first step is to prove that the discrete spectrum in the interval I is finite. If
it is not, there exists a sequence of orthonormal eigenfunctions ¢,, with H¢,, =
Wn¢n- By the commutator estimate (5.1), we then get

0= (bn, Bign) > alldnl® + (¢n, Kon) -

Since the ¢,, are orthogonal, ¢,, — 0 weakly in L?, and since K is compact,
lim <¢TL7 K¢n> =0.
n—oo

We obtain a contradiction.

e The second step is to define some suitable approximation for the resolvent,
when wy is not an eigenvalue of H. Define Ps to be the spectral projector of H
on [wg — 6, wo+9d]. As & — 0, Ps converges weakly to 0, and since K is compact,
KPs — 0. One can then find § small enough so that £2PsK Ps < aP(SQ, from
which we deduce that o

&&&z§ﬁ. (5.2)

In the sequel we will remove the subscript  and call P this spectral projection.
We then define BB* = PsB;Ps and

G.(e)=(H — 2z —ieBB*)™', F.(e) = A.G.(e)A-,
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where A. = |D +i|~%|eD + i|*~! for some s > 1/2 and € > 0. When ¢ and Sz

have the same sign, as H is self-adjoint,

I(H — z —ieBB")p|* = |(H — R2)¢||* + [[(S2 + eBB")p||* — 23((H — R2)p,eBB"p)
> (32)?)l

so that H — z — i BB* is injective with closed range in L?. Since its adjoint

is also injective, the range is actually L?. By the open mapping theorem, its

inverse G, (¢) exists as a bounded operator.
Using (5.2) and the fact that Sz > 0, we also have that

IPG.(e)Ac||* = [ A:G=(e) P* G (e) Ac |

IN

2 IA.GL() BB +32)G-()Ad|
1 _

< — _

< Lja6.) - oo
2 2

<= <=

< —llA:Ga(e) Al < — I F=(e)l]

Finally, using the spectral localization, we have that for any z such that Rz €
[wo — 8/2,wo + 8/2]
(I = P)G(e)Ac|| < Cs. (5.3)

In particular, one has

n@@mm<@ﬁ0+(wfmy>. (5.4)

Note that, at this stage, we did not use the specific form of A.. In particular,
we have that o

G < - (5.5)
e The third step is to obtain a differential inequality in order to control the
dependence with respect to €. Let us compute the derivative of F.(g) with

respect to e:

sz(s) dA,
= z As As z
R R G.(e)A: + AG,(e)

de
+ A.G.(e)P|D,H|PG,(e)A. .

A straightforward computation shows that

dA.

P[D,H|P =[D,H —z—ieBB*|+[D,ieBB*|+(P-I)[D,H|P+[D,H|(P—1I)
from which we deduce that

dF.(s)  dA. dA.
i G.(e)A: + A.G(¢) e + A, (—DG,(e) + G,(¢)D) A.
+eA.G.(e)|D,iB*B]G,(g) Ae

+ A.G.(e)(P — I)[D, HIPG.(e)As + A.G.(e)[D, H|(P — I)G.(c) As
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Since the commutators [D, BB*| and [D, H] are bounded, and that

dA,
de

= A=) I+ DD+l < A=)

|AD|| = |||D +i|*|D|leD +i]* || < et

we deduce from the a priori estimates (5.3)(5.4) that

< Cett (1 + (”FZ(&:)> ’ + ||FZ(5)||> . (5.7)

H dF(e)
de

3

e The fourth step is then to extend the resolvent as ¢ — 0 by a continuity
argument. By (5.7) and (5.4), we get that

‘ dF(e)

de
which upon integration shows that ||F;(¢)| is uniformly bounded with respect
to e, and that ||F,(¢) — F.(g')|| goes to 0 as e, — 0.
This proves in particular that (H —2)~! defined for 3(z) > 0 admits bound-
ary values at the points w € [wg —0/2,wp + /2] in the space Oy := L(H*, H™*).
Furthermore,

’ < Ces 32 (e + | Fule)IDY?

IF.(e) = F:(0)]| < Ce>71. (5:8)

e To obtain the Holder continuity with respect to z, we compute

dF.(2)
. = Aa z z Ae .
e ACAD
Using the uniform bound on F,(z) and (5.4), we obtain that
dF.(g) c
dz €

E
Then,
¢ /
1F=(e) = Far (o)l < — 12 = 21
Combining this estimate with (5.8) and choosing ¢ = |z — 2|,

1F:(0) = Fo(0)| < Clz = 2" for p= (25— 1)/(2s).

we get

The additional regularity is obtained by defining a refined approximation of
the resolvent

"ol
Ge(z)=(H—2~iY =B,
=
F.(2) = |D+i|7%|leD +i|* "G (2)|D +i|"*|eD +i|*~™ with s >n — 1/2,
and by looking at higher order derivatives of F,(g). We refer to [14] for the
details of this proof.
O
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5.2 Scattering for the evolution problem

A refinement of the conjugate operator method allows actually to prove that
there exists a direction of propagation for the evolution exp(—itH). We indeed
have the following theorem

Theorem 5.2 (Mourre). Let us assume that H is at least 2—smooth with respect
to D, and that the commutator estimate (5.1) holds. Denote by Pp, the spectral
projectors of D on R™. Then,

sup | Py (H — A —i0) YD +i|%|| < C for s > 1.
Xel

Sketch of proof. The arguments here are quite similar to those used in the proof
of Theorem 5.1. We define for 3(z) >0, e >0 and s > 1

G.(e) = (H — z—ieBB*)™', F.(e) = Ppe PG, (e)|D +i|~*.

e Let us now look at the derivative of F.(g) with respect to €.

dr.(e)

= = Fpe D (DG, () — G.(e)P[H, D|PG.(¢)) |D +i|~*.

The same decomposition as previously shows that

dl“:;(@) = PG (e)D|D +i|*
+ePLePG.(e)[D,iB*B|G.(e)|D +i|~* (5.9)
+ PpetP G (e)(P — I)[D, H|G.(¢)|D +1i|~*
+ PLe?PG.(e)P[D, H|(P — )G.()| D +i*

Note that the exponential term introduces a shift, so that the derivative D
acts only on the right in the first term. From (5.3)(5.4)(5.5) and the bound on
| Fe(2)||, we have by interpolation that for any n > 0, there exist C,, > 0 and
n’ > 0 such that

|G+l 77 < e

In particular, the three first terms in the right hand side of (5.9) are integrable.

e The difficulty here is to get a control on the last term, and more precisely to
prove that [D, H|(P — I)G.(¢)|D +i|~* is a bounded operator from L? to H"
for some 7 > 0.

We start from the following identity

(P=1)G.(e)|D+i]* = (P-1)G. (0)(1+z‘sB*BG (€)|D + i~
= (P=DG-(0)[D +i|~* + o(e'/?)

where the remainder is estimated by (5.4).
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We then have to prove that |D|7[D, H|(P — I)G,(0)|D + i|~% is a bounded
operator. The idea is to use the fact that, for any bounded operator C' and for
any 1 € [0, 1]

if [C, D] is bounded, then |D|"7C|D 4 i|~* is bounded.

The proof of this statement can be found in [19]. In our case, C' = [D, H|(P —
ING,(0) is indeed a bounded operator, and the commutator can be expressed in
terms of [D, H] and [D, [D, H]] which are bounded as well.
The last term in the right hand side of (5.9) is also integrable. We then
obtain that || F, ()| has no singularity as ¢ — 0.
O

6 Spectral decomposition of the wave operator

6.1 Construction of a global escape function

As explained in the introduction, the existence of a conjugate operator for a
pseudo-differential operator H of principal symbol A is related to the fact that
the Hamiltonian dynamics of h admits an escape function. The construction of
the escape function d is therefore the heart of the proof.

Proposition 6.1. Under the assumptions (M0), (M1) and (M2), there exists
an escape function d for the Hamiltonian h on X,,.
The function d can then be extended to energies close to wy.

We start by constructing a local change of variables, also called normal form, on
each basin of attraction (resp. of repulsion) of the dynamics, in order to have a
simple expression for the Hamiltonian h.

Lemma 6.2. Let~y be a hyperbolic closed leaf of the foliation F with Lyapunov
exponent e 2™ % 1. Denote by B, the basin of attraction (or “repulsion”) of .
There exists a diffeomorphism of B, on (R/27Z), x R, so that the foliation is
gwen by dy + A\ydxz = 0 oriented by dx > 0.

Proof. Up to a change of orientation, we can assume that - is a stable cycle.

e The first step is to construct the normal form close to the cycle. Let S be a
local Poincaré section transverse to v. By definition, the Poincaré return map =
sends S on itself. By Sternberg’s linearization theorem for 1D maps [26], there
is a chart (I,0) C (R,,0) of S so that

27 < 1.

Ply)=py with0 < p=e"
We then choose the normalisation of the vector field V tangent to the foliation F
so that the return time is 2w. And we denote by x the coordinate starting from
0 along S and so that V.x = 1. By construction, € R/27Z. This construction
provides a foliation Fy given by dy + Aydx = 0 and oriented by dx > 0.

26



We have now two periodic foliations F and Fy: they agree at x = 0 and = =
27. Thus, on each section x = constant, there exists a unique diffeomorphism
sending the first onto the second one. One checks that is is smooth. In other
words, the normal F is a re-parametrization of F, which encodes the geometry
of the trajectories.

e The second step is then to extend the normal form globally in the basin. We
will use here ideas from scattering theory introduced by Nelson [20].

We first choose the normalization of a generator of the foliation so that it
extends smoothly the vector field V' defined near v. We denote by U(t) the flow
of V on B, and by Uy(t) the flow of Vy = 0, — A\yd, on By := (R/27Z), x R,,.
Both flows are complete.

Let us then consider the map W : B — By defined by

Wi(g) = lim Up(=t)U(t)g-
The limit clearly exists because W is the identity near v and for any ¢ € B,
U(t)qg — v as t = +0o. Both flows are therefore conjugated by W. O

Remark 6.3. Note that for any g € X outside the closed leaves, q belongs both
to the basin of attraction of a stable cycle, and to the basin of repulsion of an
unstable cycle. The foliation F at q is therefore conjugated to two foliations Fy
with different \.

As a corollary of the previous Lemma, we obtain the local expression of the
Hamiltonian h:

Lemma 6.4. Let B, be the basin of attraction (or “repulsion”) of the hyper-
bolic closed leaf v of the foliation F, and denote by (x,y,&,n) the coordinates
associated to the normal form introduced in Lemma 6.2.
Then there exists a conic neighborhood of the cone I'y, C X, generated by
B, defined by
U, = {(@.y: &)l [€] < en} € T"X\0

such that the Hamiltonian h can be written locally on U,

h(%%fﬂ?) —Wo = (1)2(:1"7?}’5777) (i - Ay)

for some non vanishing function ® homogeneous of degree 0.

Proof. The orthogonal of the foliation Fy is given by & — Ayn = 0. Hence n # 0
on the cone generated by B,. Without loss of generality, we choose n > 0 on
the cone I', generated by +.

Any homogeneous function vanishing on I'; is the product of

ho(xywaﬂ?) = % - )‘y
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by a non vanishing multiplier, which is homogeneous of degree 0 because of the
assumption (MO).

Moreover, in order to get the right stability or unstability according to the
sign of A, this multiplier has to be non negative. Defining ® as its square root
gives the expected formula. O

Proof of Proposition 6.1. Equipped with these preliminary results, we can con-
struct the escape function.

e The first step is to define local escape functions on the basin of attraction B,,
by using the explicit formula of the Hamiltonian h in the coordinates associated
with the normal form. For any k > 0, we can define a smooth function ¢ €
C°(R,[0,1]) such that ¢ = 1 on [—k, k] and satisfying y¢'(y) < 0 on R. We
then set

dy == Ang(y) -

A straightforward computation shows that
{®%ho,d,} = ®*{ho,d,} + ho{®?,d,} = N\2®? (¢ — y¢')

on the cone of I'y C X, generated by B, .
Hence the function d. satisfies

{h,d,} >0on X,
{h, d,y} > 0 on F%k

where I, C X,,, is the cone generated by {(z,y) € Bo| |y| < k}.

e The global escape function is obtained as a sum of local escape functions.
From the assumption (M2), we know that X, is a finite union of B,. Each
of these B, has a normal form, and the corresponding cone I', C X, can be
covered by the unions of I, j, for all k € N*

Sw< U U Ty

~ closed leaf kEN*

Since the quotient Z of X, by positive dilations is compact, we can extract a
finite covering
Yy C U T

~ closed leaf

By adding the corresponding local escape functions, we then get a function d
such that {h,d} >0 on X, . O

Remark 6.5. For any z € X, which is not in the union of cones generated
by the unstable leaves, the Hamiltonian trajectory ¢(z) converges as t — 400
to the infinity of the cones generated by the stable leaves, which are invariant
conic Lagrangian submanifolds of T*X \ 0.
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The dynamics on these cones is spiraling: using the coordinates (x,n) in these

cones, we get

1 A
P=022, j=-022Y 5= a2\
1 1

which gives the spirals

y=yoe M, n=mne .

6.2 Construction of the conjugate operator

We now construct the conjugate operator D as a pseudo-differential operator
of degree 1 with principal symbol d: the commutator identity (5.1) will follow
from the estimate on the principal symbol of By = i[H, D] which is b; = {h,d}.

Theorem 6.1. If d is an escape function on X,,, Mourre’s theorems 5.1 and
5.2 apply near wy for any value of n.

Proof. We first extend d as a smooth function d; homogeneous of degree 1 on
T*X \ 0 which satisfies {h,d;} > ¢ > 0 in some conical neighborhood U :=
{lh—wo| < a} of ¥,,,. And we choose a self-adjoint pseudo-differential operator
D of principal symbol d.

We then choose x, ¥ as in Theorem 5.1, supported in Jwy — a,wp + a| with
X(wp) > 0. We have then

x(h){h, di}x(h) = ex(h).

The operators x(H) (resp. x(H)) are pseudo-differential operators of degree 0
with principal symbols x(h) (resp. ¥(h)). The property (5.1) is obtained from
the sharp Garding’s inequality (see [11] pp 129-136):

Theorem 6.2 (Sharp Garding). Let B be a self-adjoint pseudo-differential op-
erator of degree 0 on a compact manifold, with principal symbol b > 0. Then

B>R

for some operator R of order —1.

It follows then that x(H)[H,D]|x(H) > X(H) + R where R is a pseudo-

differential operator of degree —1, hence compact.

The assumptions on the iterated brackets follow from the fact that the
bracket of a pseudo-differential operator of degree 0 with a pseudo-differential
operator of degree 1 is a pseudo-differential operator of degree 0, and hence
bounded. O
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6.3 Characterization of the spectral density

Proposition 6.6. Under the assumptions of Theorem 3.1, the solution to (3.1)
can be decomposed as

u(t) = e “lus + b(t) + e(t)
where

e b(t) is a bounded oscillating function of t with values in L? whose inverse
Fourier transform is supported in op,(H) U Oging (H),

o ¢(t) tends to 0 in H~/270,

e and us = (H —wp — 2'0)71 f is such that Qus, € L? for any localiza-
tion operator whose microlocal support lies in the basin of repulsion of an
unstable cycle.

Note that this statement is true as soon as we have an escape function for
the energy wy.
Let us insist on the fact that u(t) stays in L? for any finite time. Its L? norm
will in general converge to +oo as t — oo. This asymptotics says that u(t)e'“ot
converges in H /270 as t — 400, modulo a function in L$°(L?).

Proof. Proposition 6.6 is now a simple application of Mourre’s theory.

e Theorem 5.1 provides the existence of a closed interval I which contains 0
such that

(i) H — wp has no eigenvalue in T;

(i) the resolvent (H —wqo — 2)~! defined for (z) # 0 admits boundary values
at the points w € I, which are Holder continuous in the spaces O /2¢.

We deduce that the spectral density of the smooth forcing f which is given by
the Sokhotski-Plemelj formula

1

v(\) = 2f((lﬁl—wo—x—iorlf— (H —wo—A+i0)71f),

i

is Holder continuous with respect to A : v € CO#(I, H~1/270).
In other words, v satisfies the assumptions of the Lemma 4.1 with B =

O_1/2—0 and By = L?. The decomposition of the oscillating integral obtained
in Lemma 4.1 gives therefore the expected behavior for wu(t).

e Theorem 5.2 shows that the resolvent (H — wp — A —i0) ™! has no singularity
in the vicinity of unstable cycles.

Let v be an unstable cycle in X, , B, its basin of repulsion. Denote by @
a localization operator whose microlocal support lies in a conic neighborhood
of the cone I' generated by B,. Going back to the construction of the escape
function close to 7, we see that in local coordinates

dy(z,y,&,m) = Mo, ()
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with A < 0. In particular d, is strictly negative near I". In other words, this
means that

Q=QP;.
modulo smoothing operators.
We then conclude that for any s > 1

Quoo = QPp(H —wo — A —i0)"' f
=QPp(H —wo—A—i0)"'D+i|"*(|D+i|°f) € L*(X),

which concludes the proof. O

Remark 6.7. By using a stronger version of Theorem 5.2 (see [19] Corollary
L3, Equation (II)), one can get a description of the evolution, and not only of
the resolvent. In particular, one can prove that u(t) stays bounded in L* near
the unstable cycles as t — +00.

7 Precise description of u.

Thanks to the normal form defined in Lemma 6.2, one can actually obtain a
more precise description of us, near any closed leaf . In particular this gives
almost explicit formula for the wavefront.

Theorem 7.1. Under the assumptions (M0), (M1) and (M2), for any f €
C°>°(X), the distribution us, = (H—wo—i0)~Lf is smooth outside the projections
on X of the stable closed leaves. If v is such a stable closed leave generating
a cone I', then us 1s, microlocally near I', a Fourier integral distribution of
order 0, whose conic Lagrangian manifold is I and whose principal symbol is a
non-homogeneous symbol of order 0 on I' invariant by the dynamics of Xy,.

In more explicit terms, denote by (x,y,&,m) the coordinates associated with
the normal form on the basin B+ so that vy projects onto y = 0. Let x € C(R)
be a test function which is identically equal to 1 near 0. Then the Fourier
transform with respect to y of Xuso satisfies

oo
Xtioo (7,1) = 120 Y uj(@,n)
j=0

where u; is a symbol of degree —j. Furthermore the half density ug/dxdn is
invariant by the restriction of the Hamiltonian dynamics Xy, to T.

Once again the challenge here is to transfer informations we have on the
classical Hamiltonian dynamics, especially the local representation of h near
the closed leaves, to get informations on the solutions to (H — wp)v € C*°(X).
We will then need a counterpart of the normal form at the level of operators.
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7.1 Pseudo-differential normal form

Let v be a cycle on %,,,, and I' the cone associated to 7. In coordinates associ-
ated with the normal form defined in Lemma 6.2,

.= {(x?y7£a77)/§:/\y77 and77>0} CT* (Tw XRy)\O

By Lemma 6.4, there exists a conic neighborhood U of the cone generated by
the basin B,

U= {(z,y:&m)] €] <enp CT*XN\O (7.1)
such that the principal symbol of H can be written locally on U

h(%yafW) —Wwo = ‘I’Q(%%faﬁ)ho(%y,&n)

with ho(z,y,&,n) = % — Ay for some A # 0.

We further know that the sub-principal symbol of H vanishes.

We would therefore like to define a reference operator Hy of principal symbol
ho and zero subprincipal symbol. The difficulty is that hq is not an admissible
symbol, being not smooth at n = 0. We therefore choose for Hy any pseudo-
differential operator of degree 0 whose full symbol is hg in the cone U and which
is elliptic outside U. Note that the symbol of Hy cannot be real valued since
the sign of hg changes on I'.

We then have the following pseudo-differential normal form result.

Proposition 7.1. Let H be a self-adjoint pseudo-differential operator, with
principal symbol h = ho®? in U and vanishing sub-principal symbol. There
exists an elliptic pseudo-differential operator A of principal symbol 1/® so that

A*HA—-Hy=R

where R is a smoothing operator when acting on functions which are microlo-
calized on U, i.e. its full symbol is fast decaying in U.

Proof. We proceed by induction. It is enough to consider symbols in U. In
what follows =y means that the difference is smoothing in U.
Defining Ag = Op" (1/®), we get first

ABHAO =U H() + P2
for some pseudo-differential operator P, of order -2. This uses the fact that the

sub-principal symbol of AjH A, vanishes; this follows from the identity which
extends the formula for the principal symbol of the commutator:

sub(PQ) = sub(P)o,(P) + 0,(Q)sub(P) + %{OP(P), op(Q)}

and the fact that sub(Ag) = 0 since we have used the Weyl quantization.
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We then have to find, for any integer n > 1, some self-adjoint pseudo-
differential operators A, and P, s of respective orders —n and —(n + 2) so
that

e (Hy + Pyy1)e™ =y Hy + Pryo

This gives the following co-homological equation in U for the principal symbol
a, of A,
{ho,an} +ppy1=0inU.

In order to solve this equation, we decompose a,, and p, 11 into Fourier series
with respect to . As we expect a,, to be homogeneous of degree —n, we set

-n g ikx —(n 5 ikx
o= S o (1. £) €5 s =0 S (1, ) e

kEZ keZ

and we get, using the variable s = £/n:
s (Oyan i + A0saun k) + (An — ik)apn ks = pn k

This singular differential equation admits a unique smooth solution in Ri,s given

by
1 ! -1
an,k(yvs) = X/ Tn_l_%pn,k (y + (7-)\)S7TS> dr
0

Furthermore, since the partial derivatives of oy, 1 are controlled by those of
pn,k uniformly in k, we obtain that the solution a,, has the same regularity as

Dn+1- O

7.2  Solutions of (H —wy)u € C* near the closed leaves

The general theory tells us that the wavefront set of any solution to (H —wp)u €
C*° is contained in the characteristic manifold ¥, and is invariant by the
dynamics of X};,. The idea is then to use the reference operator Hy to get an
explicit formula for the singularity.

Proposition 7.2. Any distribution u so that (H — wo)u is smooth, is given,
microlocally near each closed cycle v in the normal form chart, by an expansion

of the form
u=A <Z v (y + iO)_Hik/)‘eikI)

keZ

where A is an elliptic pseudo-differential operator of degree 0, and the growth of
(vk) is controlled by (7.2).

In particular, such a solution is smooth microlocally near a closed cycle v as
soon as it is microlocally L? near that cycle.

In order to establish this result, the first step is to solve (microlocally) the
equation Hov € C'*° for the reference operator Hy.
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Lemma 7.3. Any solution of Hyv € C°°, whose wavefront set is contained in
the set U defined by (7.1), admits the following expansion, up to smooth terms,

v(r,y) = Z g (y + io)ﬂﬂk/,\eikz .
kEZ

Proof. We know already that the wave front set of v is included in the charac-
teristic manifold £ = Ayn intersected with U. Composing on the left by D := 9,,
we get that v satisfies (9, — A(yd, + 1))v € C.

Using a Fourier decomposition in x, we are then reduced to solve

(ik = A(ydy + 1)) v, = —Ags

for some smooth gi. This is a simple linear ordinary differential equation whose
solution is given, for y > 0, by

1 .
w(o) = [ 5 Pgus)ds + 17y
0

A similar expression holds for y < 0. The first term is smooth if gy is.
Summing the Fourier expansions and using again the Sokhotski-Plemelj the-
orem, we get

v = Zv/j(y + Z-O)flJrik/)\eikz + Z vy (y — iOrHik/Aeilm
k k

Now, since the Fourier transform of the second sum is supported by 1 < 0, it
should vanish because of the wavefront set assumption. O

We then need to characterize the admissible sequences (vy).

Lemma 7.4. The sum T := 3 vp(y +140) 1T/ X defines a tempered distri-
bution if and only if

m(k/A)

ve - is of polynomial growth. (7.2)

Furthermore, if T € L12OC near y = 0, the sequence (vy) is identically zero.

Proof. We recall that the Fourier transform extends to tempered distributions
(see [13], section 2.3). In particular we have, for o« € R\ 0:

) Imie—aT/2 .
.\ —1+ia - _ —io —ix
F ((y +1i0)7) (n) T ) = el
We know also that
T
I'(l — )| =
IT( el sinh o

so that

[sinh 2
h’a| = 27T€—a7r/2 e ~a—o00 leﬂ'a7 .
T |a]
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The condition for T to be a tempered distribution is that the series of its
Fourier coeflicients grows at most polynomially, which is exactly condition (7.2).
Since none of the elementary functions (y+:0) =7 is in L? | the only way

that T € L2 near y = 0 is that all Fourier coefficients vanish. O

loc

Equipped with this characterization of the solutions to Hyov € C*°, we can
now deduce the structure of singularities in u., using the normal form.

Proof of Proposition 7.2. Let u be a solution to (H — wg)u € C*°. We know
that WF(u) C X,,.

Using a microlocal partition of unity on %,,,, we can decompose
w=3u,
el

where u, is a solution to (H — wo)u, € C°°, microlocalised on the cone T,
generated by the cycle v. We have then WF(u,) C T's.

By Proposition 7.1, there exists an operator A elliptic on a conic neighborhood
of I'y, such that the equation Hu, € C* rewrites

HoA 'u, € C®, WF(A 'u,)CT,
We get then, from Lemma 7.3 and 7.4

Ailu = ka(y + i0)71+ik/>\6ikr
k

7.3 Proof of Theorem 7.1

e By Proposition 6.6, we know that u., = (H — wo — i0)~1f is L? near the
unstable cycles. Then, by Proposition 7.2, we deduce that u., is smooth near
the unstable cycles.

Remark 7.5. Note that the same argument shows that any L? eigenfunction
of H is actually smooth.

e Since the wavefront set of uy, is invariant by the dynamics, and that u is
smooth near the unstable cycles, we further obtain that u,, is smooth in the
unstable basins. In view of the general form of the solutions of (H —wg)u € C*
on the cone generated by any basin B, this regularity implies that (vy) is fast
decaying.

e Any distribution microlocalized on U of the form

v(@,y) =) vkl +i0) I ek,
k
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with fast decaying coefficients (vke“(k/ /\)*) is a Fourier integral distribution
associated to I'. This follows easily by taking the y—Fourier transform

N —ik/\ ikx
o(z,m) = Z’Yk/kvkn_g-l etk

which is a symbol of degree 0 in 7. Then applying the operator A keeps that
property.

Remark 7.6. Note that, once we know that the wavefront set is located on the
cones generated by stable orbits, this singular behavior could be also obtained by
semiclassical arguments, or by boundary layer techniques.

8 Conclusion

We have shown that the phenomenon of concentration of the energy on attrac-
tors is a very general feature of forced dynamics governed by a pseudo-differential
operator with principal symbol homogeneous of degree 0, associated to a non
singular foliation.

In the recent paper [6], the first author has extended this work to more
singular situations. There are still the assumptions that X, is nondegenerate,
and that it satisfies a Morse-Smale property which is crucial to build escape
functions and apply Mourre theory. But the assumption that the projection
7 is a finite covering is removed by using suitable canonical transformations
and their quantizations as in [27, 28]. We can then admit singular foliations
with singular hyperbolic points which are foci, nodes or saddles. Actually, these
singular points and the corresponding generic normal forms are already studied
in the context of implicit differential equations (see [2]).

However, even extended to singular foliations, this general theory fails to
apply to the specific situation of internal waves observed in lab experiments:

e we would indeed need to understand how to catch the effects of boundaries
which create discontinuities in the frequency space;

e furthermore it would be necessary to add viscous effects, which are no
more negligible when the wavelengths become large (see [24, 21]).

These questions are major challenges for the mathematical analysis.

Another interesting perspective comes from the following remark. Although
it is linear, the system we have studied here exhibit the main features of wave
turbulence. We have indeed proved that

e with a stationary forcing at wavelengths O(1), small scales will be excited;

e the energy cascade is given by the frequency distribution in the wavefront
set WF (tueo)-
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These properties are clearly related to the quasi-resonant mechanism, or in other
words to the fact that the spectrum of the operator is continuous. This could be
an indication for the study of turbulence due to some weak coupling of waves.

A Appendix: the integrable case

Let us consider the operator H on L?(X, |dz|), where X is the torus (R/27Z)<,
defined by
vn 7£ 0, Hen = h(n)en

and Heg = 0, with e,(z) = exp(i(n|z)) for n € Z? and h : R4\ 0 — R is
smooth and homogeneous of degree 0. The spectrum of H is the union of {0}
and of the interval J := [min h, max h], and is pure point dense with eigenvalues

(h(n) ) ez
The solution to the forced wave equation is then given by

1— e—ith(n) '
u(t) = Z anwen + it Z Ann (A1)

h(n)#0, neZ4\0 h(n)=0, n€Z4\0
where the a,, are the Fourier coefficients of the forcing f (assuming without loss

of generality that ag = 0).

A.1 The resonant case

Consider first the case when 0 is an eigenvalue of H, i.e. there exists ng # 0
with h(ng) = 0. Let us assume in addition that te non degeneracy condition is
satisfied: h'(ng) # 0.

Using the euclidean division of n by ng, we get that for n large enough

1 n
() #0 = |h(n)] > 5|H (no)|—> .
Hence the first part of the sum in (A.1) is bounded in L? as soon as

Z |an|2|n|2 < 00,

i.e. as soon as the forcing is in the Sobolev space H!(X).
In this case

u(t) = itfo + Or2(1)

where fjy is the orthogonal projection of f onto Ker H.
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A.2 The non resonant case
We now consider the non resonant case, with the diophantine condition
vn € Z4\ 0, |h(n)| > Cln|~

with C' > 0, a > 0. Then, if f is smooth enough (depending on «), the solution
to the forced wave equation given by (A.1) remains bounded in L2.

In order to compare this result to the non integrable case, we will translate
the diophantine condition on the symbol & into a dynamical condition. Let us
look at the classical dynamics on the set h(p) = 0. The momentum is constant,
so that we can look at the dynamics on a torus X x {pg} with h(pg) = 0. Assume
for simplicity that h vanishes only on the line generated by py with |po| = 1,
and that we have the non degeneracy condition h'(pg) # 0. The dynamics is
linear, given by the vector field

zd: Oh
= Op;
For any n, define ny = n/|n|. We have, using Y.pp = 0,
h(n1) — h(po) = Y.n1 + O(|n1 — po|?)

o If [ny — po| < ¢/|n|*/?, we get [Y.ny| > C1/|n|® with C; > 0.

o If |ny — po| > ¢/|n|*/?, we get |h(n1) — h(po)| > Ca/|n|*/?, and hence
[Yony| > C3/[n|*/2.

Finally we get that Y satisfies a Diophantine condition. A similar reasoning
shows that the converse is true.

Proposition A.1. The following diophantine conditions are equivalent:
3C,a >0, YneZ\0, |h(n)>Cln|~*,
3D,3>0, VneZ\0, |Y.n|> Dln|".
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