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REFLECTION OF INTERNAL GRAVITY WAVES
IN THE FORM OF QUASI-AXISYMMETRIC BEAMS

ROBERTA BIANCHINI AND THIERRY PAUL

ABSTRACT. Preservation of the angle of reflection when an internal gravity wave hits a sloping boundary generates
a focusing mechanism if the angle between the direction of propagation of the incident wave and the horizontal is
close to the slope inclination (near-critical reflection). We establish a rigorous analysis of this phenomenon in two
space dimensions, by providing an explicit characterization of the form of the unique Leray solution to the near-critical
reflection of internal waves from a slope within a certain (nonlinear) time-scale. More precisely, we construct a consistent
and Lyapunov stable approximate solution, L2 -close to the Leray solution, in the form of a beam wave.

Besides being physically more meaningful than plane waves, the spatial localization of beams plays a key role in
improving the previous mathematical results from a twofold viewpoint: 1) our beam wave approximate solution is
the sum of a finite number of terms, each one of them is a consistent solution to the system and there is no any
artificial /non-physical corrector; 2) thanks to 1) and to the special structure of the nonlinear term, we can improve the
expansion of our solution up to two next orders, so providing a more accurate approximation of the Leray solution.

As a byproduct, our results provide a set of initial conditions approximatively localized on rays, for which the Leray
solution maintains the same localization.
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1. INTRODUCTION

This work is dedicated to the study of the two-dimensional Boussinesq system
Owu — bsiny + 0,p — vAu = —§(ud, + woy)u,
—0(u0y + woy)w,
O¢b+ usiny + wcosy — KAb = —§(ud, + wdy)b,
(1.1) Ozu + Oyw =0,

Oyw — beosy + Oyp — vAwW
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2 R. BIANCHINI AND T. PAUL

in the half space Ri, with the parameters J, v, x > 0, and endowed with the boundary conditions
(1.2) Ujy—0 = W]y—o = Oybjy—o = 0.

In (1.1), the viscosity/diffusion coefficients satisfy the following
(1.3) Vi=Eevy; K= EKq,

where now ¢ is a dimensionless parameter. The Boussinesq equations (1.1) model an important class of incompressible
flows with variable density. In particular, they find a wide application in oceanography, see for instance [32], where
both the incompressibility and small viscosity /diffusivity assumptions are very good approximations of the reality.

Formal derivation of the Boussinesq equations. The starting point for the formal derivation of the Boussinesq
system (1.1) is represented by the non-homogeneous incompressible Navier-Stokes equations with diffusivity

p(Or +u-V)u+ Vp=—pg+rvAu,
(1.4) (O +u-V)p=rlp,
V-u=0,

where x = (71,22) € R2, the spatial gradient V = (9,,,0,,)T, the unknowns p = p(t,x), u = u(t,x) = (ug,u2)?,
p = p(t,x) represent density, velocity field and scalar pressure respectively, while g = (0,g) is the gravity vector
and v,k > 0 are the viscosity and diffusivity coefficients. A derivation of those equations starting from the Navier-
Stokes Fourier system, in the limit of the Oberbeck-Boussinesq approximation, is performed for instance in [11].
It is customary to introduce some additional hypotheses to obtain the so-called Boussinesq equations. We explain
this in the following. In many physical systems of non-homogeneous fluids, the variations of the density profile are
negligible compared to its (constant) average. One then assumes that the equilibrium stratification is a stable profile
p(z,y) = p(y), with 0,p(y) < 0. Among all the possible stratification’s equilibria, one usually takes into account
locally affine profiles, so that 0,p(y) is constant, see [1, 16] and references therein. We linearize equations (1.4) around
the hydrostatic equilibrium, namely a steady solution with zero velocity field such that

(pa U, w7p) = (ﬁ(y)a 0, Ovﬁ(y))v
where P’ (y) = —gp. More precisely, we consider the following expansions.

p(t,x) = ply) + p(t,%);
(5% (t, X) = ’ELl(t, X), UQ(t, X) = ﬂg(t, X);

p(t,x) = p(y) + poP(t,x),

with p(y) = po +r(y), where pg is the (constant) averaged density and r(y) is a function of the vertical coordinate,
such that 7'(y) < 0. Plugging the previous expansions in system (1.4), we apply the Boussinesq approximation, see
[32], which consists in neglecting density variations in all the terms but the one involving gravity. In other words, in
the Boussinesq regime, the restoring force of equilibrium’s fluctuations is gravity: it is an application of Archimedes’
principle. Since gravity has a direct impact on the equation for the vertical velocity ug, we focus on it. After plugging
the above expansions into it, we obtain

(p(y) + p)(Detiz + 0 - Viiz) — gp(y) + pody P = vAis — gp(y) — gp,
which yields

_ poayﬁ’ v - 0 - -
Oy + — — = = ~Ally — g————— — 0 - Vis.
(y)+p)  ply)+p (A(y) +p)
Relying on the Boussinesq hypothesis, we neglect density variations everywhere but the gravity term gp. Then we
replace p(y) + p in the above equation with the averaged constant density pp. Now, denoting 7 := plo, the equation

satisfied by the fluctuation of the vertical velocity reads

Oyitg + 9y P = Aty — gp — - Vilg.

Applying the same reasoning to the density equation, one gets
(O +0-V)p+020,p(y) = KAP.
Let us introduce the buoyancy variable b := p% p. Dropping the tilde for lightening the notation, we obtain
Otb — N?w = —u - Vb,

Orur + 0y, P = vAu; —u - Vuy,
Owug + Oy, P = vAu; —b —u - Vug,
Oz, U+ Opyug = 0,

(1.5)



where

(16) N2 _ 79ﬁ/(y)
Po

is the Brunt-V4isila frequency, which is a strictly positive quantity (as p’(y) < 0, stable stratification) representing the
maximal frequency of oscillations of internal gravity waves, whose propagation is supported by the Boussinesq system,
see [32, 13, 1]. These waves are described in detail in the discussion below, where we work under the linear stratification
assumption: we assume that the background density profile p(y) is an affine function, so that 9,p(y) = constant. In
the ocean and the middle atmosphere, this hypothesis is realistic, see for instance [13, 34], but more general background
stratifications are also of great interest, see [34]. When the Brunt-Véiséld frequency N is not constant and is instead
a function of y, the wave dynamics is governed by a Sturm-Liouville problem, which is described in [34] and studied
in [16]. This more general framework is out from the scope of the present work.

The Boussinesq system (1.1) under the inviscid and linear approximation (with v = k = 0) is a system of (internal
gravity) waves. The dispersion relation of these waves can be derived in analogy with acoustic/electromagnetic waves.
More precisely, we seek for a solution to system (1.5) with ¥ = k = 0, in the form of a superposition of plane waves,
ie. emwitikx(y 4 b p)T, with x = (21,29) the spatial coordinate and k = (k;,ks) € R? the wavenumber. This
provides the dispersion relation, which expresses the time frequency w = w(kq, k2) as a function of the wavenumber
k = (k1, k2). For two-dimensional internal gravity waves, it reads

k? )
(1.7) w?(k1, ko) = ]{%leg = sin? 6,
where 6 is the angle between the wave direction (the group velocity) and the horizontal x5 = 0.

The Boussinesq system (1.1) under investigation in this paper is obtained from (1.5), after applying a rotation of
the (x1,x2) coordinates of an angle v (see (1.13)) and denoting by (x,y) the new spatial coordinates and by (u,w)
the rotated velocity field. The smallness of the fluctuations g, in (1.5) is represented, in the rotated system (1.1),
by the small parameter § > 0, which measures the small amplitude of waves (notice that ¢ only appears in front of
quadratic terms as it simplifies for the linear ones).

We finally recall that, in the context of incompressible flows, the scalar pressure p can be simply seen as a Lagrange
multiplier assuring the divergence-free condition in (1.1). This implies that the expression of the scalar pressure p can
be always recovered from the vector field (u,w)”, by using the Helmholtz-Hodge decomposition (the Leray projector),
see [8]. For this reason, in the course of this paper we discard the scalar pressure p from our unknown vector field,
which will be denoted by (u,w,b)”.

The importance of working with beams. In the near-critical reflection of internal gravity waves, an incident
wave hits a slope of angle v with respect to the horizontal. This happens for instance in the ocean, where internal
gravity waves interact with the bottom topography, see for instance the numerical simulations in [25] and the laboratory
experiments from the group of Dauxois [34] and Maas [30]. When the fluid is further confined, it leads to the formation
of attractors, as found in laboratory experiments in [30, 15] and rigorously proved (with some further assumptions)
in [10, 18, 19]. We consider an incident internal wave hitting the sloping boundary. Preservation of the angle of the
reflection generates a focusing mechanism when the difference between the wavenumber of the incident wave and the
slope’s inclination is small. This is due to the very peculiar dispersion relation in (1.7) (see [29] for further details),
which assigns the direction of propagation of internal gravity waves rather than fixing the modulus of the wavenumber.
Even though the original perturbation generating the incident wave is small, the amplitude of the wave reflected (in the
inviscid case where v = k = 0 in (1.1)) from the slope is enhanced because of the interaction with the sloping boundary
and the energy accumulates along it. This energy focusing plays a role in the quadratic nonlinear terms by radiating
a second harmonic and a mean flow which are not confined to the boundary, so that the energy is transferred from the
boundary layer to the outer region. This phenomenon is described in [13]. A rigorous mathematical study is provided
in [1]. In particular, [1] provides a consistent and Lyapunov stable solution in Lz(Ri)7 which is made of packets of
waves: those packets are linear superpositions of plane waves, whose wavenumbers are very strongly localized (in the
frequency space). The counterpart of the strong frequency localization, which makes the packets of waves of [1] very
close to single plane waves (at least L™, as in L? packets have finite energy) is the fact that the packets of waves
of [1] are very spread in all directions of the physical space. In this paper, we adopt a different point of view: we
want to work with beams, which are spatially localized wave-packets, whose localization takes place along their axis
of propagation. Axisymmetric beams are widely investigated in physics, see for instance [33, 3] and the dedicated
section in [34]. There are several reasons for being interested in the dynamics of beams. One of them is the fact
that their behavior in the context of instabilities of internal waves is very different from the case of plane waves. As
explained in [34], the finite width of beams reduces the time of energy absorption from unstable modes and therefore
it reduces (and in some cases avoid) instabilities. This is connected to the help of spatial localization in preventing
time resonances (and related time growths) that is also a key point of the space-time resonance method and the null
structures of [22, 24, 9]. The interest in the dynamics of internal gravity wave beams is one of the motivations of our
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work. In particular, we are able to provide the following explicit characterization: the Leray solution to the near-
critical reflection of internal waves in L?(R2) is L? close to a (finite) sum of (spatially localized) beam waves. Another
motivation to this work has been raised in [1], where the approximate solution to the near-critical reflection problem
contains a non-physical term/corrector that is not a consistent solution, so preventing any further improvement of
the accuracy of the approximation and/or the extension of its time of validity. Our approach will allow to overcome
this problem: we will provide a fully consistent and improved approximate (beam wave) solution in terms of accuracy.
This aspect will be further detailed below.

The criticality of the near-critical reflection phenomenon is measured in terms of closeness between the angle of the
incident internal wave 6 such that w = sinf in (1.7) and the angle of the slope. Therefore, the criticality parameter is
defined as follows

(1.8) ¢ :=w? —sin?y = sin? 0 — sin? .
The physical literature on this problem is quite vast, we refer to the first investigation that goes back to 1999 and it

is due to Dauxois & Young [13], but we point out that this is still an active direction of research in physics, see for
instance [23]. In the setting of Dauxois & Young, see [13], the considered scaling relation is

(1.9) ¢ ~ el

In the present work, we focus on this framework.

We consider a rotated coordinate system, with rotation angle given by the slope of inclination 7. The rotated
coordinates (see Figure 1 below) will be denoted by (x,y). Setting the notation k = (k, m) for the wavenumber in the
rotated coordinate system (z,y), the dispersion relation reads
(k cosy — msin~y)?

k2 4+ m?2
We also introduce the rotated coordinates (z*,y*), where x* is the direction along the wavenumber k (which forms
an angle 6 with the vertical) and y* its orthogonal (i.e. the direction given by the group velocity of the beam wave
of wavenumber k). We localize the beam wave in the physical space, along the direction z* of its wavevector (or
wavenumber) k, which is orthogonal to its group wvelocity. The spatial localization is expressed in terms of high
oscillations driven by a small parameter o. Notice that at this stage we do not assume any relation between ¢ and o.

(1.10) Wi = w(k,m) =

m

x*

X2

FI1GURE 1. Coordinate systems

Let us consider the following form of a quasi-axisymmetric incident beam wave

(1.11) wp

0 = M/ Xk,mq/p\e,a(kiae) e~ wttikz+my i dm,
R2
where 126,0(/@1‘ ,0) is a compactly supported C§° function that will be introduced more precisely later on, M is a (strictly
positive) normalizing constant which will be determined in the following, and Xy ,,, is the eigenvector of the form
1
—k
(112) Xk,m = i(k cos 'mi sin )

MWk, m

%[w + bln’y (k cos y—m sin 'y)]

MWk, m

The above expression of (almost) axisymmetric beam wave has been inspired by several works in theoretical physics
on internal gravity wave beams, in particular the group of Akylas, see for instance [33, 21]. As explained in [34],
laboratory experiments on internal wave beams are realized by means of a beam wave generator, that is for instance
a cylinder oscillating at a fixed frequency in a uniform stratification (see Figure 2).
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FIGURE 2. (a) Internal gravity wave beams generator, from [34]. (b) Experimental setup in [4].

As we report from [34], “Each wave beam is a combination of plane waves over a continuous range of wavenumbers,
resulting in the energy being present only over a finite width (along the common wave vector direction) in space. The
cylinder diameter imposes a length-scale on the finite width of the wave beams.” Here, this length-scale is represented
by the parameter ¢ in (1.11). Notice in particular that the superimposed plane waves inside the integral (1.11) have
the same (fixed) direction of propagation, so that the time-frequency w = wy is also fixed, while the modulus of their
wavenumber takes values in an interval that is bounded by o~!. In fact, we see in [(2.9), [34]] that, in the physics
literature, an axisymmetric beam is defined as

(o)
Y(t,z,y,6) = e‘iwot/ W (|k|)eFHimy g|k| + c.c.,
0

for some smooth and compactly supported function ¥. In the laboratory studies on the reflection of internal waves
from a slope (and internal wave attractors) by the group of Maas & Dauxois, the angle of inclination of the slope is
slightly modified by changing the trapezoidal geometry of the domain, see Figure 2, (b).

The mathematical approach that we adopt here provides a rigorous description of that problem. Our (incident)
beam wave (1.11) is a superposition of plane waves whose direction (angle of the dispersion relation (1.7)) is almost
fixed, so resulting in a quasi-azisymmetric beam wave. The angle 6 in (1.11) (and in Definition 2.1 later on) models
the near-criticality of the problem.

Comparison with the existing literature and presentation of our results. The Boussinesq equations attracted
the interest of the mathematical community thanks to their wide range of applications and to some common features
with 3D incompressible fluids: the inviscid 2D Boussinesq equations are equivalent to the incompressible axi-symmetric
3D Euler equations [31]; the global well-posedness of the 2D inviscid Boussinesq system is still largely open (see for
instance [20]), and a very active research direction focuses on the minimal amount of viscous/diffusive dissipation (see
[5, 7]) and/or damping (see [6]) that guarantees long-time well-posedness of the system. The near-critical reflection of
internal waves in two dimensions is well understood within a certain time-scale depending on the physical parameters of
the system: after a theoretical investigation due to Dauxois & Young [13], the mathematical theory of this phenomenon
was established by the first author, A.-L- Dalibard and L. Saint-Raymond in [1] (see also [2] for the linear analysis
with different sizes of viscosity and diffusivity). The approximate solution of [1] contains a non-physical corrector to
replace a mean flow that is degenerate (see [page 219, [1]), in the sense that its very slow decay does not assure in
general the boundedness of its L? norm (of its energy) and therefore it cannot be implemented in the construction of
the solution. The idea adopted in [1] to solve this issue is to use a non-physical corrector to assure stability, but this
rules out any possibility to improve the accuracy/time-scale of validity as the non-physical corrector is not a consistent
approximation to system (1.1). In this paper, we overcome this problem by constructing a spatially localized beam
wave approximate solution to the near-critical reflection of internal waves. In particular, our approximate solution is
constituted by all “physical” terms, i.e. consistent approximations to (1.1), and all the spatially localized wave-beam
terms of our solution have finite L? norm. Thus, in this paper we are able to construct a fully consistent and L?
stable approximate solution to the near-critical reflection of internal waves in the half-plane (Theorem 2.8). We also
show that the accuracy of our approximate solution can be further improved (Theorem 2.10), by exploiting the null
structure of the convection term for incompressible flows which was already pointed out in [13]. Finally, a byproduct of
our result is the characterization of the (unique) Leray solution to this problem within a certain (nonlinear) time-scale:
we prove that the Leray solution, emanating from a suitable set of initial conditions concentrated approximatively on
rays, maintains the same localization (Theorem 2.12).

To conclude, the beam wave approach is crucial in this work and it marks a strong difference with respect to [1]:
besides the physical relevance of beam waves ([33, 21]), it allows to characterize the Leray solution in the physical
space, to obtain consistency and to improve the accuracy of the approximate solution.

Notation and convention. We use the following notation and conventions.
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e The coordinates (x1,z2) denote the usual two-dimensional reference system. We will also use the following
rotated coordinate systems

T = Z1COsY + X2 siny;

(1.13) y = —x18iny + T2 cos?y.
¥ = x18in6 + x5 cos b;
(1.14) y* = —x1cosb + xosinb,

see Figure 1.

e Throughout this paper, we will use the convention a = O(b), a € R,;b € R, if there exists C > 0 such that
a < Ch.

e We use the notation a =~ b,a,b € R if there exist uniform constants ¢ > 0,C > 0 such that a > ¢b, a < Cb.

e For any f. = f(e),9. = g(e) = €%g with a € R, g € R, we use the notation f. ~ g. if g. is the leading order
term of the expansion of f. in terms of ¢, i.e. lim. g™ %f. = g.

e Given a function f, we denote by fits Fourier transform.

2. MAIN RESULTS

A very general form of wave beam is given by (1.11). The assumptions on 1/#\5,0(|k|, #) will be introduced later on.
Note that since k = (k,m) is the rotation of angle v in (1.13) of (k1,k2), and (k7, k3) is the rotation of angle 6 (in
Figure 1) in (1.14) of (k1, k2), then

exp(ikx + imy) = exp(i|k|(z sin(0 4+ ) + y cos(6 4+ 7))) = exp(i|k|z™¥),
and

kT = k1 sin@ + ko cos 0 = |k|.

Then, in (1.11), the function ’1,2570(]4:{, 0) = \/I)E,g(|k\, ), where 6 is the direction of the wavenumber k. In the physical
space, our wave beam will be localized in the x* direction, which is orthogonal to the wavenumber k.

We provide below the definition of wave beam (hereafter b.w. ) and boundary layer wave beam (resp. b.l.b.w. ).
Definition 2.1. [Beams, boundary layer and incident wave ansatz] For n > 0, we define

(I) a beam as any function vf_,  in L*(R x RT) of the form

(2.1) Vheam (2,9) =1, > 0(y) /oo /027r \Tl(|k|,e)e—mk,mt+z‘k(x—xo)+z'my k| d|k| df,
n
(IT) a boundary layer beam as any function v&; in L2(R x R*) of the form
(22) ’UEL(I’ y) _ Iy > 0(y> /oo [)2W \/I;(|k|, 0)67iﬂk,mt+ik(x7mo)*)\(k)y ‘k| d|k‘ d07
n
where

o U(k|,0)is a C*®compactly supported function in (|k]|, 6);
e the time frequency Qy , is a function of (k,m) =:k;
e Re(A(k)) >0 forall k, k|>n;

(IIT) a beam wave (b.w. ) as a three dimensional vector whose components are beams;

(IV) a boundary layer beam wave (b.l.b.w. ) as a three dimensional vector whose components are boundary layer
beams.

The two following objects crucial in our analysis:

(V) the incident b.w. as the following b.w. solving the linear part of system (1.1)

2m oo
(2.3) Wiie = —;/6 ; / Ve o (K[, 0) X, me whmttikle=mo)timy k| qk| dp,
n

where



(a) for any 0 < €,0 < 1 in the regime of Assumption 2.5, we define

~ sinf — sin~y cos — cos~y sin 6 + sin~y cos + cos~y
24 eg(K,0) = xolil) (x¢ (TR ) (T )y (R ) o (SRR ),

where x, ¥ € C§° with compact support, uniformly in ¢, o;

(b) the eigenvector Xy, ., is given by (1.12);
(c) the time frequency w = wy , is given by the dispersion relation (1.10), i

kcosy — msin~y

N
and, for the beam to be incident, since v > 0, we choose the sign of the time frequency w4 (k,m) in (2.5)
in such a way that Vi n,wi(k,m) - (0,1)T <0;

(2.5) w=wy ==+

(VI) alinear b.l.b.w. of order (v, 8,p, ¢) as a b.l.b.w. in (II) solving the linear part of system (1.1); it has the general
form

2m
(2.6) WBL ca 1= 1/6/ / \I;P#Z (Ik|,0) X e —iWk,mt+ik(z—xz0)— /\(ky‘k| d|k| de,

where
(a) a >0,
(b) for any 0 < ,0 < 1 in the regime of Assumption 2.5, and for any p,q € R,

(2.7) U2 (|k|,0) : = ap,q(c, k) Ve o (||, 0) where a, (e, [k|) = O(¢P|k|7) and . , is defined in (2.4);

£,07

(c) there exists a function £(#) € C°°(supp®¥?:4, C); Re(f) > 0 such that hH(l) e*Mk) = L(9)|k|?, B R,
e—

)
(d) the eigenvector Xy, » is given below in (3.7);
(e) the time frequency w = wg ., is in (2.5), with the same convention.

The following objects will appear in the course of our proofs:
(VII) a degenerate boundary layer beam wave of order (¢, 8,p, ¢), any function W}%Lﬁa given by (2.6), with a < 0;
(VIII) a mean flow beam of order (p, q), any (family of) function(s) b.w. Wy as in (III), with Qf ,, ~ 0; as € — 0;

(IX) a second harmonic beam wave of order (p,¢), any (family of) function(s) Wiy as in (III), with Qg ~ 2wk m
as € — 0, where wy, , in (2.5);
(X) amean flow b.l.b.w. of order (e, 3, p, ¢), any (family of) function(s) War.mr as in (IV), and Q ,, ~ 0 as e — 0;

(XI) asecond harmonic b.l.b.w. of order (e, 3, p, q), any (family of) function(s) Wgr.i1 as in (IV), with Qg ~ 2wk m
as € = 0, and wy, ,,, in (2.5).

Some remarks are in order.

Remark 2.2. We point out that, when evaluated at y = 0, beams and boundary layers are expressed by the same
formula in Definition 2.1.

Remark 2.3. Notice that, for any fixed w € R, there exist four frequency vectors k € R? fulfilling the relation

w? = sin?# = (sin? )(k). However, the amplitude \TJEJ in (2.4) selects the two (out of four) b.w. or b.l.b.w. with

collinear frequency vectors. We also remark that the sign of w = w4 in Definition 2.1 point (e) is chosen in such a

way that

k(mcosy + ksinv)
(k2 + m2)3/2

As the support of \/I\IE,U forces @ =~y + O(e3) or 0 =y + 7 + O(E%), we can check that in both cases the function

< 0.

Vi mw4 - (0, 1)T =

kcosy — msinvy
VE? +m?

satisfies the incidence condition V (i w4 - (0,1)T < 0. In other words, it automatically follows from the incidence

Wy =

condition that k and w always have the same sign. In fact, w = sinf = siny + O(e7) > 0 (in polar coordinates) if
k>0 and w =sinf = sin(y + 7) + O(e3) < 0 if k < 0. This remark will be important in the linear boundary later
analysis of the next section, where the sign of k/w influences in some specific case the sign of Re(A(k)) of b.l.b.w. in
Definition 2.1.
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Let us state immediately the following lemma that estimates the norms of vpeam and vgp, and which is proven in
Appendix A below.

Lemma 2.4. Let v}, be any beam (b.w. ) of order (p,q) and vl be any boundary layer beam (b.l.b.w. ) of order
(o, B,p,q). Then, uniformly int € Ry,

[0} cam |l L2 @ xR, ) = O(P™9);
lvBLll L2 xRy ) = O(estPts -1 3);
1 .
Hvlt)eam”L‘”(RXRJr) = O(5p+60' g 1);
PR
(2.8) vBLll L @®xr,) = O(ePTo07971).

Moreover, the following hold.

(i) OxVf gorms Oyt carn are b.w. of order (p,q +1).
(ii) Oyvhy, (resp. Oyvhy ) is a b.l.b.w. of order (o, B,p,q+ 1) (resp. (o, B,p— a,q+ fB)).
(iii) Given vl , v, b.l.b.w. of order (o, 8,p,q) and (¢/, 8,0, q) respectively, and vf ., . v, b.w. of order (p,q)
and (p',q’), one has the following estimates:

’ l I D 12
Hvéeam X v{)team”LQ(RXRJr) = O(Eerp Too l—a—q )

29 'Ut X ’Ult 2 = O Ep+p,+%+%a_%_q_q,
( BL X UBLIIL2(RxR4)
vRp, X U 2 = O(ePtP' tatig=s-a1d),
H fBL l/:)team”L (RxR4) O( prete

Lemma 2.4 (together with other features that will appear in the course of our proofs) leads to the following general
hypothesis on the parameters present in our analysis.

s

Assumption 2.5 (Admissible range of the involved parameters). First, we assume that v € (0, 5

assumptions in terms of the dimensionless parameter € are listed below.

). The scaling

e U=cly, K=EKp, [scaling of wiscosity/diffusion coefficients]
e §= O(U%E%) [strength of nonlinearity w.r.t. beam spatial concentration and critical parameter |
e g >cetforany 0 < u< %. [order of viscosity/diffusion w.r.t. spreading in frequencies of the beam |

First, the case v = 7 corresponds to the very degenerate case of the vertical propagation of internal gravity waves,
which is excluded from our analysis (and for v = 0 there is no slope).

The first scaling condition is simply the smallness of the viscosity v and diffusivity x coefficients. The third one is
dictated by the range of validity of the asymptotic expansions of the roots of the boundary layers in the next section,
which is chosen to be in accordance with the studies of [13]. If they are violated, different asymptotics for the decay
of the boundary layers (see the next section) should be expected. This is out of the scope of the present investigation.
The condition on the weakly nonlinear parameter ¢ is the minimal assumption (i.e. the maximal order of ¢) which
allows to prove that the approximate solution to system (1.1) constructed in this work is stable in L*(R3) (i.e. close
to the Leray solutions) for a (large) logarithmic time-scale given by (2.12). The smaller is d, the larger is the stability
time-scale.

Remark 2.6. It is interesting to compare Definition 2.1 ((V) and (VI)) with the setting of [1]. In [1] (see (2-14)-
(2-16), pp. 223-224 in [1]), the wavenumbers of the superposed waves k = (k,m) is an €3 correction of the critical
wavenumber kg = (ko, mp), so that its modulus (not only the angle) is almost fixed, i.e. |k| ~ |ko|. In this work,
instead, the modulus of the wavenumber is upper bounded by o~! < e™# (where 0 < 1, so that o > 1 as u > 0), while
its inclination 6 is an €3 correction of the critical angle . Thus, in this work we deal with a more general framework
where the spatial frequency of oscillations of the superimposed waves can vary largely. The choice of (almost) fixing
the angle/direction of the wavenumber is natural in the context of internal gravity waves, whose anisotropic dispersion
relation is completely determined by the inclination of the wavenumber, see [1, 13, 10].

Remark 2.7 (On the existence of Leray solutions). It follows from the standard theory on the two-dimensional Navier-
Stokes equations in general domains (see [8]), which can be readily extended to the two-dimensional Boussinesq system
(1.1) in the half-plane, that there exists a unique global-in-time weak solution W(t) to system (1.1) in C(R*;V.) N
L>(RT; L2(R3)) N LY (RT;V,), where V, := {(u,w,b) € H(R%); d,u + dyw = 0} and V/, is the dual of V,, with

initial data Wy := W(0) € L*(R%). The proof of that, which is an adaptation of the argument in [8], can be found in
the Appendix of [1].

The main aim of this work is to prove the following two theorems.

Theorem 2.8 (Consistency & stability). Let W0 be the incident b.w. introduced in (2.3) for some x, X .

Assume the validity, for any 0 < e < 1, of the scaling Assumptions 2.5 on the Boussinesq system (1.1).



Then, there exists an approximate solution W?PP to system (1.1) of the form
WRPP = (PP qy?PP baPD)T = W&C + Wg1, + Wit + Wur,

where Way, is a b.Lb.w. (boundary layer beam wave), Wi is a second harmonic b.w. (double time frequency of the
incident beam wave), Wyr is a mean flow b.w. (almost vanishing time frequency).

More precisely, the following results hold true.
(1) W2PP s q counsistent approximation to system (1.1), in the sense that it satisfies the following system

Opu™P — b*PP siny + 0,p™PP — vAUPP = —§(u®PP0, + w*PPO,)utP + RIPP,
DwPP — bPP cosy + 9y p*PP — VAW PP = —§(uPPH, + wPPHy)w + RIPP,
Ob*PP + PP gin y + wP cosy — KADPP = —§(u*PPI, + wPPY, )b PP + RyFP,

Dau™PP + 9w PP = 0,

with a remainder Rap, = (R2PP, R2PP, R¥PP)T = O(6es02) in L*(R%).
(#4) WPPP s a stable approximation to system (1.1) in the following sense. Consider the unique global-in-time Leray
solution W(t) to system (1.1) in C(RT; V,)NL>®(R*T; L?(R2))NLE (RT; V,,), where V, := {(u,w,b) € H'(R2); d,u+

loc

Oyw = 0} and V' is the dual of V,, with initial data W|i—g = W?PP|,—o. Then
(2:10) [V W) (1, )y < Cocto exp (= b0~ He)

Proof of Theorem 2.8. (i) The first part of the theorem is proven in Corollary 4.2 in Section 4 below.
(#4) The construction of the approximate solution W?PP will be the main body of the paper. The existence of a unique
global-in-time Leray solution W, which satisfies the energy inequality

t
||W(t)||iz(R2+) =+ QEVO/(; <||VU(S)|%2(R1) + vw(8)|%2(Ri)> dS

T
(2.11) +2€H0/0 ||Vb(5)||2L2(R§r)d3 < ||W0||i2(Ri)v

is classical and it follows by applying the Spectral Theorem to the inverse of the Stokes operator acting on the half
plane (see Remark 2.7 and [1, 8] for details, we omit them). It provides a regularized solution Wy(t), for which we
can derive an energy inequality (the inequality is rather for the difference W2PP — W)

d
IV = Wz ey + (LVPP = W VPP = W)(#) 12 r2)
+evo (VW™ = w)|fa ) + IV (@™ = w)|[72(g2)) + ko[ V(O™ = B)][72(g2)

20 a, 2 \/50'2/3 a, 2
< W”W PP — W2 rey + THR PP 22 (R2)s
which gives the desired control thanks to the skew-symmetry of L., using 5||VWapp||Loo(Ri) = O(6e~2073) (from
Proposition 3.1), and using || R*PP||12(r2) = O(650~2) (from (4.16)). O

Remark 2.9 (Consistency & Stability). Notice that the requirements for consistency alone and consistency & stability
are different. In fact, consistency is ensured as long as ||Rappllz2 = o(1), i.e. § < o2, while a more restrictive
condition, i.e. § = 0(5%0%), is needed to have stability. The stability estimate (2.10) implies that, if § ~ £203, then

W™ — Weeray |2 = O3~ 5#) exp(t),
so that [[W*PP — Wyeray |2 = o(1) within the logarithmic time-scale
(2.12) T3, = o(log(c 30337 1)) = o(log(e " 303)).

To have a longer stability time-scale, § has to be smaller, namely the stability time-scale depends on the weakly
nonlinear parameter J.

The approximate solution WP will be constructed in the following by a fixed point argument: we start from
the linear solution, then we correct the quadratic interactions due to the convection term. We could try to improve
the approximation by iteration, correcting the trilinear, quartic interactions and so on. However, the obstruction is
represented by the possible appearance of secular growths (see for instance [27]). A classical example of secular growth
is the weakly damped harmonic oscillator

i+4+2c2=0, x(0)=0, #(0)=1.
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The approximation at order e reads xz®PP(t) = sin(t) — etsin(t), so that the perturbation expansion becomes invalid

starting from the time-scale ¢ ~ e~ 1.

The approximate solution W?PP provided by Theorem 2.8 contains correctors to the quadratic terms. We shall see
in the following that in our case trilinear interactions can always be corrected as secular growths do not appear thanks
to the structure of the convection term for divergence-free flows. Therefore, the approximate solution WP can be
improved, by providing a more accurate consistent solution YW?*PP which contains the two next order terms of the
expansion (so taking into account trilinear and quartic interactions, but secular growth could be generated by quintic
interactions). This is the content of the following result, whose proof is given in Section 5.1.

Theorem/v2.10. Let W?PP be the approximate solution constructed in Theorem 2.8. For any t > 0, there exists a
corrector Weore € L2(R?), such that

Wapp = Wapp + Wcorr

is a consistent approrimate solution to system (1.1) in the sense of Theorem 2.8, with a remainder Eapp such that

| Rappll 22 = O(8%e 50~ E).

In the following result, we prove how beam waves are localized in the physical space. This marks a strong difference
with respect to the solution constructed in [1].

Lemma 2.11 (beam waves are localized in the physical space). The support of the incident beam wave (b.w. ) in
(2.3) is concentrated inside the following union of cones of the (upper) half plane

(2.13) C=CyUC_,

where, for v >0 small enough,
Ci ={(z,y) e R : =o' < (x — ) sin(2y + £37Y) +ycos(2y +e77Y) < o'V}
C-={(z,y) eR%: —o'7

in the sense that

(x — x0)sin(2y + 7 + 5%*”) +ycos(2y + 7+ 5%*”) <ol

IN

HWionc”m(Ri\c) = 0(5°O)||Wionc||L2(Ri)-

The support of the boundary layer beam waves (b.l.b.w. ) W]g 15 and W]%L 172 provided by Proposition 3.1 are

L,e
localized in a horizontal strip of size O(e3 ), O(c2 ") respectively, so that

2
||W]%L’51/3 “Lz(Ri);y>€“; aZ%fu = O(ESH)HWEL’EUB||L2(R2+)7
||W]%L751/2 HLZ(Ri);y>Ea; a>i-p = O(gﬂ)HW}(:_);L,gl/?”Lz(Ri)'
Finally,
War, 172 + WBL,EI/Q||L2(Ri\(crw{y>ea})) =0(e™) = 0(e™) [ Wegr 175 + WBL,sl/QHL?(Ri)-

Proof. From the definition of incident b.w. in (2.3) and integrating in |k|, we deduce that there exists a function g(6)
such that

o o [ (x — xg)sin(f + ) + ycos(6 +
W&c(%y)zm/ ezw(@)tg(e)x(( 0) sin( ;> y cos( 7)) do.

As x is a compactly supported function, it follows that X is a Schwartz function and therefore the first assertion is
proved.
For the b.L.b.w. , we consider Wgy, .1/2 (the same argument applies to Wgy, .1/3). From Proposition 3.1, we know that

0o 27
g I — Wk, mtt+(z—2 sin —As
Whe ci2(z,y) = Y /0 ; X P(|k|, 0)e k,mt+(z—z0) k| sin(6+7)—Asy k| d|k]| db,

where A3 = e~ 205(0)(1 + O(e7v)), so that the concentration of Wgt, c1/2 in a vertical band of size e2 7 easily follows.
The fact that Wgy, c1/2 + Wgy, o1/ is concentrated in C is a direct consequence of Proposition 3.1, from which we know
that the boundary contribution Wgy, c1/3|y=0 + Wsp, c1/2ly=0 = —Wincly=0, where Wiy is localized in C. The proof is
concluded. g

It is interesting to notice that the above cones C; and C_ correspond to the cases of upslope reflection and downslope
reflection introduced in [13].

As it will be clear in the course of the proofs, the approximate solution that we build shares the same localization
than the one in Lemma 2.11. Therefore, applying the aforementioned lemma, we get our last main result.
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Theorem 2.12 (Localization of the Leray solution). For any e > 0 and t = o(log(e"30%)), the Leray solution W ray

to system (1.1) with initial condition Wi2,,. = W3PP|i—q is L*-localized in C defined by (2.13) modulo £, i.e.

||W£eray||L2(]R3_\C) = O(Eoo)||WIzgray”L2(Ri)‘
Remark 2.13 (Time-scale of validity of the higher-order approximate solution Wapp.). We would like to provide
some remarks about the improved approximate solution Wapp, provided by Theorem 2.10. Its validity holds within
a certain time-scale. The time-scale of consistency alone is entirely determined by the possible appearance of secular
growths. More precisely, notice that by definition of boundary layers, the leading part of the approximate solution
(far from the boundary) is given by W2PP = W, + Wi + Wwur, where Wiy, has time oscillations which are localized
around the frequencies +wyp, and for instance Wiy oscillates around +2wg. Thus in the nonlinear contribution, one
has for instance the term 6Q(Wine + WY, Wine + Wir). Since the linear part (the linear oscillatory part, without
dissipation) L. of the operator of system (1.1) in the scaling of the boundary layers contains oscillations +wy, then
€£<tQ(Wine, Wi1) may give rise to linear time growths, which are usually called secural growths, see [13]. In particular,
it might produce an error Eapp = 0(620_%75) in L2, so that consistency would hold within a time-scale of the order
T. ~ 6 1o%. However, we will show in the following that no resonance (and then no secular growth) is generated by
the terms e“<*Q(Wine, Wir), €°<tQ(Wir, Wine). This happens thanks to some cancellations related to the structure of
the convection term for divergence-free flows (which satisfies the Jacobi identity, see [13, 33]). Then, the estimated

time of consistency of the improved approximate solution W2PP is much larger than 5*10?, as stated in Theorem
2.10.

Remark 2.14 (Stability of the higher-order approximate solution Wapp). Theorem 2.10 states that the higher-order
approximate solution WaPP is consistent. In fact, consistency is what we prove in Section 5. Notice however that
it can be proved that Lyapunov stability (and L? closeness to the Leray solution) remains valid for the improved
approximation Wapp7 by simply applying the machinery of Step 2: lifting the boundary conditions of Section 4
to each further corrector of the higher order approximation. We will not fully develop this last point in this paper for
the sake of readibility, but we are rather confident that this argument allows to prove that WaPP is still stable within

the time-scale Tl‘f)g in (2.12) with very small (improved) remainder term Eapp, whose L? norm is given by Theorem
2.10.

Plan of the paper. The paper is organized as follow. In Section 3, we provide a boundary layer analysis of the
linear part of system (1.1) and we construct an (almost) exact approximate solution to the linear problem. Section 4
is devoted to the weakly nonlinear system (1.1), for which we construct an approximate solution that is constituted by
the linear solution of Section 3 and further terms originating from nonlinear interactions, and to the proof of Theorem
2.8 (i) by Corollary 4.2. Finally, in Section 5, we show how the approximate solution can be improved and extended at
least to the next two orders of the asymptotic expansion with a very small error in L? prove Theorem 2.10 in Section
5.1.

3. LINEAR ANALYSIS
In this section, we solve the linear part of system (1.1) (with § = 0), in different regimes of w, |k|, and
(3.1) ¢ :=w? —sin?~.
The regime ¢ &~ £3 with w ~ +siny is called near-critical, according to (13, 1].

3.1. Linear analysis in the regime ( ~ £3, w ~ +sin ~. We provide the following result, where we show that one
can construct linear boundary layer beam waves (b.l.b.w.) to balance the contribution of the incident wave beam
WY _ (in Definition 2.1, (X)) on the boundary y = 0.

Proposition 3.1 (Critical reflection for a beam wave (b.w. ) ). Let vy > 0,59 > 0 be such that v = voe, k = Koe for
any € > 0. Let Assumption 2.5 be fulfilled. There exists s function W° = (u®,w®, b")T and a remainder

0

u?

0

w

Au® — b0 siny + 0op° — vpeAul =7
0w’ — Y cosy + aypo —peAuw’ =7
Opb° 4+ u® siny + w° cosy — ke AD® = 1),
Opu’ + aywo =0,
(3:2) uly—o = w’|y—o = 9yb°|y—0 =0,
with
(e, o 7”1?)||L2(R1) =0(ea™?).

ur ! wo
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The function W° reads

WO =W2 . +Wa;,

where WY, is the incident b.w. and Wy is a b.l.b.w. , as both defined in Definition 2.1. More precisely,
WgL = W]%L,sl/s + W]%L,El/27
where
o §L761/3 = (upp /8, Wpy, 2178, by, c1/8) T is a b.l.b.w. of order (3,%,—3,—%), as defined in Definition 2.1,
(VI);

0 _ : 1 11
® Wiy 172 = (UL c1/2, WL c1/2, bpy c1/2) is a b.Lb.w. of order (5,0, —5,—3).

Corollary 3.2. (Sizes of the components of WY) Let W be the approzimate solution to the linear part of system
(1.1) with ezact boundary conditions (1.2). The following estimates hold provided that pu < 5 :

ol

1 1
||WincHL2(Ri =0(1); ||W](;)>,L’51/3HL?(W+ = 0(0%); ||W12,L,51/2||L2(R1) =0(ei075);
[Winell Lo ®2) = O(eso™); ||WgL,51/s||Lw(R1) =0(0"3e70); HW](%L,51/2||L°°(R3_) =0(073);

2

1 2
(33) (VW llimm) < IVl + [VWBL I~z = O 20 ).

Proof. Recalling that Xj ,, in (1.12) and Xj 5, in (3.7) (for A;,j = 1,2,3 provided by Lemma 3.6) are uniformly
bounded and since we know that Wi, is a b.w. of order (0, 0), while W8L761/3 , W]%L,sl/Q are b.l.b.w. of order (%, %, —%, — %)
and (%, 0, f%, f%) respectively, then the results are a straightforward application of Lemma 2.4. O
Remark 3.3. The incident b.w. Wi, is chosen in such a way that it has automatically L? norm of O(1). The
intuition behind the finite L2 norm of b.Lb.w. is the following: because of the beam localization in the physical space,
a b.l.b.w. is localized in a band of size o of the (z,y) positive half plane. The b.l.b.w. Wgy, .1/5 is also localized in
a band of size €'/ near y = 0, thanks to the decay in y and the lower bound |k| > n. Then the support of the
b.Lb.w. Wgy, c1/5 is of size (o x €'/3). Thus

3\ 1
Werc1ssllzz < [We sl (o x €/%)2 = O(a1/°).

Remark 3.4. Notice that the solution W° provided by Proposition 3.1 solves the linear system (3.2) with boundary
conditions (1.2) without any error on the boundary y = 0. However, WY is an almost exact linear solution as an
error of size e 2 in L? is due to the purely oscillatory nature of the incident b.w. W2 . which is only an approzimate
solution to the linear viscous and diffusive system (3.2) (r® in Proposition 3.1).

3.2. Proof of Proposition 3.1. The first step to construct WY is to determine the values of (a, 3, p, q) characterizing
b.Lb.w. in (2.6) (as in Definition 2.1) which solve the linear system (3.2). Let us consider the ansatz in (2.6), where
we set

Ux
W
By |’
Py

(3.4) R*> Xy = with Uy = Ux(k), Wy = Wi(k), Bx = Bx(k), Py = P\(k).

Inserting this ansatz inside system (3.2), we obtain the corresponding (algebraic) linear system

Ux
(3.5) Ac(w, ko, vo, ky A) =0, where A.(w,ko,v,k,\) € space of matrices M**4,

Then, we look for vectors Xy, » € ker(A.(w, Ko, 0, k, X)), with the restriction that A = A(k) is such that Re(\) > 0,
as in Definition 2.1. To satisfy ker A.(w, ko, 10, k,\) # {0}, we impose det A.(w, ko, 10, k, A) = 0. This amounts at
finding the roots in A of the following characteristic polynomial associated with A.(w, ko, 1o, k, \):

PN = —2koro\® 4 (—icw(kg + o) + 3vproe?k?) At + (¢ + 2iw(ko + 1)ek? — 3uvproek?) A2
(3.6) — 2iMksiny cosy + k?(cos? v — w? —icw(vy + Ko)k? + voroek?).
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Furthermore, the vector Xy, € ker(A.(w, o, 10, k, A;) reads

1
ik
>\ .
(37) Xk,)\j = Aj sin'y-‘,zik cos y
Aj (iwfsm)(k2f)\§))
. oy —1
Lliw + evg(A? — k?) + sin 'y—sizrer:;?vfzi)v]
We shall rely on the following intermediate result.

Lemma 3.5 (Asymptotics of the roots in the critical case ¢ ~ 3 for w ~ +sin v). Let vy > 0,k9 > 0 be such that
v = evy,k = ekg for any 0 < € < 1. Let coe? < lw £ siny| < Coe? and ¢ = Cosé for some universal constants
co > 0,Co > 0 and (o € R. There exists ng = no(ko, vo,7y) > 0 such that, for any n > no, the characteristic polynomial
P(A) in (3.6) associated with a linear b.l.b.w. ansatz as in (2.6), i.e. the determinant of the matriz A.(w, Ko, Vo, k, \) of
the linear algebraic system (3.5), admits exactly three roots \; = X\;(k),j = 1,2,3, with Re(\;) > 0. Their asymptotic
expansions in terms of the singular parameter 0 < ¢ < 1 is as follows:

A o=c 3 |k|30,(0) + O(K]), Ao=c 3|kl56:(0) + O(|k|), A3 =c 205(0) + O 5),

for some functions £;(0) € C"X’(supp\fl, C), ie{1,2,3}.
More precisely, if n < |k| < o~ with o > e* and p > 0 small enough (Assumption 2.5), then

(3.8) A =e FRFLO) 1+ 0TI, N = 3[KIL(0)(1+ 05 TEH), Ay = e 2l5(0)(1 + O(eh)).

Moreover, there exists an exact solution to the linear part of system (1.1), with boundary conditions

(39) w|% 0 = Winc|y:0

dybly o
where WY, is given in Definition 2.1, (X). The solution is

A A3
(3.10) W]%L =WgL c1/8 + WBL 18+ Wai, el/2)

where Wi o, j = 1,2.3 is a linear b.l.b.w. as in (2.6). More precisely, WA W c/s are b.l.b.w. of order
BL,e /

BL el/3»
(%, %,f%,f%) with eigenvector Xy, x, as in (3.7), while W BL.c1/2 is a b.L.b.w. of order (%,O,f%,f%) with eigevector

Xk as in (3.7).
Proof. We want to apply Lemma B.1 to prove that there exist roots A of P(\) with singular (leading order) asymptotic
A ~ e k[%¢ where £ = £(§),a > 0,3 € R, i.e. blb.w.as in (II) of Definition 2.1. To this end, we first have to
identify the possibile values of a > 0. In other words, plugging the ansatz A ~ ¢~|k|?/ inside the expression of P()\),
one has to find the values of & > 0 for which the leading part of P(¢~%|k|?¢) is represented by at least two different
monomials, so providing a reduced (algebraic) equation with non-trivial solutions. We obtain the following.

e Plugging the ansatz A ~ ¢ 3|k|*/3¢ inside P()), and using that |k| < o¢~! < e # (Assumption 2.5), the

leading order part of the polynomial reads

(3.11) w(ko + vo)f3 + 2siny cosy = 0.

Since k and w have always the same sign (see Definition 2.1 and Remark 2.3), then the above equation admits
two roots

0 =0,(0) = <

2 sin 7y cosy
w(ko + o)

2sin 7y cosy

1/3
(o T 70) > exp(i5m/3)

1/3

> exp(im/3), Lo =43(0) = (
with strictly positive real part and such that ¢;(8) € C™ (supp\/I)), j=1,2. Now we want to prove that there
exist two roots \;j, j € {1,2} of the original polynomial P()\) which are r-close to e~/3|k|'/3¢; with ¢; solu-
tions to (3.11) for any 0 < r < e~1/3|k|!/3. We verify that the assumptions of Lemma B.1 are fulfilled: for ¢;
roots of (3.11), one has for € > 0 sufficiently small that

||k‘1 /3

k 1/3
[Col [K[72 P(e 3K [M3,)| < 2/¢o ISYER

2 el =
o |4;Ik|[sinycosy| < [P'(eV3K|Pe;)| < 41¢;]|K||siny cos y;
P )

71/3|k| 2/3
Pe= Ak )|

o [P(2)] < 2|C0\51/3 for |z| < 2r where r >
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Therefore, we have that

K"/ _ |62 Ik[? sinycos 2 _ [P/(e= /3 k[20) 2
ST UGS T Asupgy, [P(2)]

16| 2 3/5
& 16[¢)* < 45|k [”?sinycosy]? & k| > sup _ .Col i
jetrzy [4]?]sinycos ]

P I[2)] < 206!

3/5
="To,

s k> (16|<0|2(w(f<0 + Vo))2/3>

22/3| siny cos y|%/3

where 19 > 0 is in Definition 2.1. This way we obtain that the roots A;, j € {1,2} of the polynomial P(\)
admit the following expansion

Aj ~ e V3K|YEE; + 73Kk T2/30,, where £ solves (3.11) and for some £} = ¢}(6).
Applying Lemma B.1 once again, we obtain that
A~ e V3K + e 7B K230 + K| for some ¢ = 1] (6),

where we recall that n < |k| < e~
e Plugging the ansatz A3 ~ e~ /2( inside P()), we obtain that the leading order terms satisfy

(3.12) rovol? + iw(ko + 1) = 0.
We denote by
by = wlro + vo) exp(i7m/4)
Kolo

the root with strictly positive real part. Once again, we want to apply Lemma B.1 to prove that there exists
a root A3 ~ ¢~ 1/2 of P()). In this case we have

o P(e7V23) ~ B Pl e = = 070
o supP’(z) =0(1), |z| <Ce /0,

We check then that the assumptions of Lemma B.1 are fulfilled with r ~ ¢=1/6, and we obtain that
A3 ~ e 1/205 4+ e71/67% for some £ = ¢5(0) uniformly bounded.

It remains to construct an exact solution to the linear part of system (1.1) with boundary conditions (3.9). With

Aj and Xj »; in (3.7) in hand for j = 1,2,3, let us construct a ng 2o

automatically known that a; = ag = %, az = 3 and B = B = %, B3 = 0. We need to find the indexes (p;,q;),
i.e. to determine the function a,, 4, (¢, |k|) for each j = 1,2,3. Given the eigenvector Xy x; as in (3.7), let us denote
(U AW, B AJ.) the first three components of the four dimensional vector Xy, A, respectively. In order to determine

p,.q; = Op,.q; (€, |k|) for each j = 1,2,3, we have to solve the following linear algebraic system

as in (2.6). By the above analysis, it is

Apy,q1 Ux, + Aps,q2 Ux, + Qps,qs Uxs = u,
py1,q1 W)\l + Opy.gs W)\z + a’ps,QSWAs =1,
_al)hfh)‘lB/\l - ap2,Q2>‘2B)\2 + ap37Q3/\3B>\3 =b,

where we used the notation

u
0 30,0 i(kz—wt
Winc‘y=0 = / 1Y \Ile,o(‘k|a 9)6 ( ) dk dm.
R2 b
Using the precise structure of the eigenvector (3.7), one deduces that this amounts at inverting the matrix
1 1 1
ik ik ik
M = A1 X, Xs
_Aisingy+tikcosy  _ Aasiny+tikcosy Az sinytikcosy
iw—ekro(k2—A%) iw—erg(k2—A3) iw—erg(k2—A32) "

From (3.8), we know that \; = \;(k) ~ % €;(0)|k|% with £;(0)|k|% # £,(0)|k|% for all ¢ > 0 if ¢ # j. Then, the
eigenvectors Xy, y,, j = 1,2,3 are linearly independent,

3 s
detM= > O <k>\> ,

i,j=1,i#j
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and the above matrix A is invertible. Moreover, the leading order entries of the inverse matrix read

k(32— 23) Aa— g k(L — %)

M~'~ (det M) [ik(5E —42) A=Az k(5 — 5)
k(3 —32) Ae—A k(L - %)

-1
Since (det M)~ ~ (22:1 N k;‘?’) ~ £5k~%, then one obtains the leading order terms of a,, .. j = 1,2,3, i.e.

Gppgr ~ 8[R8 x (g = Ao) ~ 75 [R| 7S,
@p2.a2 ™ e81k|75 x (M — Ag) ~ e 5|k 75,
Gpage ~ €8 [R5 x (g = M) ~ e B[R 75

Recalling that (|k[, 5 — (6 + 1)) are the polar coordinates of k = (k,m), i.e. k= [k|sin(f + ), then thanks to the
angular localization due to U2;% in Definition 2.1, we have

Clg_2 12 Sl
(3.13) |apy | ~ e 3 KITE, fap, gl ~eTTK[TI, fapg,q| ~ 70 [k| 5.

This concludes the proof the lemma. O
End of the proof of Proposition 3.1. Let W3, = Wscgft% = ng’el/g + W}éi,el/a + ng,sl/% as constructed in Lemma

3.6. Then the solution to (3.2) with boundary conditions (1.2) is given by W° := WC _+ WS, , where the incident

b.w. is given by Definition 2.1. The only error of the approximation is due to viscosity and diffusivity acting on the
incident b.w. and, from Lemma 2.4, we have

(s P ) 22 = O(el| AWine|| 22) = O(ea ™).
The proof of the proposition is concluded. O

3.3. Linear analysis in different regimes. This section is dedicated to the construction of b.w. and b.l.b.w. solving
the linear system (3.2) for different asymptotics of w and ¢. In the course of the paper, in fact, we will also encounter
situations where w ~ 0 and w & 1 in the non-critical case, i.e. ( =~ 1. We will need the following two results.

Lemma 3.6 (Asymptotics of the roots for in the non-critical case ¢ = 1 for |w| < 1). Let vy > 0,k9 > 0 be such that
v=c¢vy,k=c¢ckg forany 0 < e < 1. Let w = e3. Consider a b.l.b.w. ansatz as in Definition 2.1 for some constant
value n = n(ko, vo,7) > 0 solving the linear part of system (1.1). The characteristic polynomial P(\) in (3.6), i.e. the
determinant of the matriz A.(w, ko, vo, k, \) associated with the linear algebraic system (3.5), admits exactly three roots
A = Aj(k),j = 1,2,3, with Re(X;) > 0. Their asymptotic expansions in terms of the singular parameter 0 < ¢ < 1
read as follows:

A = %(Sinvcosv +wvV 1 —w?) + el (0)k + O(2k5);

1

A =c20;(0)+0(5)  forj=2,3,

for some functions £;(0) € C*°(supp(¥),C), j= 2,3, £{/(0) € C(supp(¥),R), s.t. Re(¢{(0)) > 0, and where ¢ is the
criticality parameter in (1.8).

Proof. We apply again Lemma B.1 following the method of the proof of Lemma 3.5.
e Plugging the ansatz A ~ =3/ inside P()), and using that |k| < o~! < e7#, the leading order part of the polynomial
reads

vokol* 4 sin® v =0.
The solutions with positive real part are given by
Uy = (sin® v/ (voko)) 4 explin /4), €5 = (sin® ~v/(voro)) "/ * exp(iTm/4).
To apply Lemma B.1, it is enough to notice that for i = 1,2,
[P(e™/24:)] < 267 uwo| (ko + o)l

while

P _1/2£i
[P(e ) < Ce Y% for some universal constant C' > 0.

P
Moreover,
P2

- > (C’¢"'  for some universal constant ¢’ > 0.
88up|,<ce-1/6 |P"(2)]
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We check therefore that the assumptions of Lemma B.1 are fulfilled for every ¢ < £y small enough.
e Next, we look for an eigenvalue of the form A ~ kf. We find that the leading order equation is

Cl? — 2ilsiny cosy + cos? vy —w? =0,

whose solutions are given by
T+ Zk' . 2 . . 1/3 / . . / ZWO(Q)
AT = C—2(s1nvcosv +wV1 —w?) = —ikly £ i/ kl1(0) with ¢4 = —icoty; £(0) = — Sin?

+ o(1),

(in this context w = E%wo). We need to find the next order expansion of Ali. The Newton method yields

P(kly)  iew(ro + vo)k*(01)* — 2iw(vo + ko)ek*(€1)? + icw(ko + vo)k?

S\/i _ S\i - _ )
! ! P(kty)  —2iksinycosy — 2ksin? yly + 2e2/3wkl; + 2iel/3k sin? v
Since ¢ = —tafw, the numerator is strictly positive for € < ¢y small enough, while the first two addends of the
denominator vanish. Choosing among the two the solutions 5{ = —% — et/ 3¢, we have

Voo~ iaw(mo + Vo)k3((tan'7)_4 + (tan'y)_2 + 1) = k3¢
! 2ie1/3 sin? 04 + 2ig2/3w2 tan y~1 b

for some function ¢/ = £/ (6) such that Re(#;) > 0 (we recall that w = £'/3wp.) The next order expansion is then
~ ~_ ik )
M4 N = e e PR, + ek, Re(£Y) > 0.

Now, we want to prove that there exists a root A; of the original polynomial P(\) which is r-close to M —1—5\’17 applying
Lemma B.1. We have the following

].2V0/€0

P(M + X)) < e2k%;

tan2fy
P+ N
Hf—i)' < C(vo, ko, wo,7)e2 k|
[P'( A+ A7)
PO+ ke
[P (2)|jz1<ce2 ks 2tan? v’

We obtain therefore that the assumptions of Lemma B.1 are always fulfilled for € < g¢ small enough provided that
e2k? <« 1,1i.e. €272* « 1, namely p < 1. The proof is concluded. O

Lemma 3.7 (Asymptotics of the roots for in the non-critical case ¢ ~ 1 for bounded w). Let vy > 0, k9 > 0 be such
that v = evy, k = €rg for any 0 < e < 1. Let w = 1 and ( = 1. Consider a b.l.b.w. ansatz as in Definition 2.1 for
some constant value 1 = 1(ko, vo,7y) > 0 solving the linear part of system (1.1). The characteristic polynomial P(\)
in (3.6), i.e. the determinant of the matriz A.(w, ko, vo, k, \) associated with the linear algebraic system (3.5), admits
exactly three roots A; = \;j(k),j7 = 1,2,3, with Re();) > 0. Their asymptotic expansions in terms of the singular
parameter 0 < e < 1 read as follows:

ik ,
AL = %(sin’ycos'y +wV1—w?) +O(Elk®); A =e20;(0) + O([k]), j = 2,3,

~

for some functions £;(0) € C*(supp(¥),C), j =2,3.

Proof. We apply again the method of Lemma 3.5.
e We look for a root 013f the type A ~ kf. Since in this case w ~ 1, then the leading order terms read

C0? — 2ilsinycosy + cos®y — w? =0,
whose solutions are given by .
by = %(sin'ycos'y + wﬂ)
We want to apply Lemma B.1. Since |P(kly)| = O(ck*) and |P(kly)/P’(kls)| = (g|k|?), we have that
[P’ (k) ?
Sup|. <celkz [P (2)]

for all ¢ < ¢ small enough provided that ¢|k|? < e'=2# < 1, namely p < % Therefore, the assumptions of Lemma
B.1 are fulfilled and we deduce that there exists a root A; of the original polynomial P()\) such that

> C'E? > C"ek* > |P(kly)|,

AL = %(Sin'ycosv +wV1—w?)+0(lk]®), Re(A\) >0, Re(\1)=O0(lk]*).
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e Plugging the ansatz A ~ e~1/2¢, applying the same procedure as in the first part of the proof of the previous lemma
(where roots of asymptotics ~ £~/ are also investigated), we obtain completely analogous expansions and estimates
satisfying the assumptions of Lemma B.1. We omit the details and remind to the first part of the proof of the previous
lemma. The proof is therefore concluded. O

4. THE WEAKLY NONLINEAR SYSTEM

Since system (1.1) is weakly nonlinear as the nonlinear term is weakened by the small parameter 6 > 0, it is
reasonable to look at the solution WY to the linear system (3.2) in Proposition 3.1 as an approximate solution to the
weakly nonlinear system.

In the following, let us denote by P the standard Leray projector in L?(R%,R?), and we introduce

U —1peA 0 —sin~y u
(4.1) Lo|lw]|=P 0 —1peA  —cosy w
b sin ~y cosy  —KoeA b

For the unknowns W = (u,w,b)T, W' = (u/,w’,1’)T, we also introduce the following bilinear form
(4.2) QW W) = P(ud, + wdy )W'.

With this notation, the nonlinear system (1.1) rewrites as
(4.3) OW+ LW =—-6Q(W, W).

Plugging the linear solution W? inside the nonlinear system in compact form, it generates an error due to the
quadratic nonlinearity

(4.4) EY = —6QW°, W),

This section is devoted to the construction an approximate solution to (4.3) correcting the error £ generated by the
nonlinear term. Note that despite the presence of 0 < § < 1 in front of the nonlinear term, £° contains non-negligible
error terms because of the boundary layers of the linear solution W° provided by Proposition 3.1.

Proposition 4.1. Let W° provided by Proposition 3.1 be the solution to the linear system (3.2) with boundary
conditions (3.9). There exists a function W = (ul,w',b1)T and a remainder r* such that

OW + LW = —5QW°, W) + 1,
U1|y:0 = w'ly=o = aybl‘y:O =0,
with
|2 g2y = O(e80 %) = O(e 2.
The function W' reads
W = Wit + Wie + Wep ciys + W 12

where

Wl

e WY (11 for second harmonic) is associated to the time frequency wir = £2siny + O(g3);
e Wip (MF for mean flow) is associated to the frequency wyp = O(e3)
. WéL /2 (resp. WéL 51/3) 18 the product of a b.l.b.w. of order (%,0, —%, —%) and a b.l.b.w. of order (%,0,0, %)
(resp. (3,5,0,0) and (5,3,-2,-3))
The size of the boundary layer components read

R 1 _u
W cissllze = O(8e™507%), Wy aellzzme) = O(de™ 207 %),

—

while, for the mean flow and the second harmonic, we have
_1 _10
Wagllze ~ Wiz = O(3e ™50~ 7).

Corollary 4.2 (Proof of (i) of Theorem 2.8). The function W2PP = (u®PP PP paPP)T := WO L WL where WO, W
are provided by Proposition 3.1 and Proposition 4.1 respectively, is an approzimate solution to the system (1.1), in the
following sense:

atWaPP + ﬁEWaPP — 5Q(Wapp7 Wapp) + Rapp7

uPPly=0 = w*Ply=0 = 9,0’ |y=0 = 0,

where | R*P|| > = O(6es02).
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Proof. The approximate solution W?PP is given by
WP — WO L W,
Plugging now W?PP inside system (4.3)-(4.1), we have immediately from Proposition 3.1 and Proposition 4.1 that
OWEPP 1 L WP = QWP W) 479 ot
= 6QW™PP W) — 5(QV°, W) + QW' W) + QW W) + 70 + 7!
= 5Q(W?PP_ WRPP) | RAPP

where

(4.5) Rapp := 10 + 71 = 5(QONVO W) + QW W) + QW W),

with 70, 7! in Proposition 3.1 and Proposition 4.1 respectively. It can be checked that the term with the largest L2
norm among §Q(W°, W), Q(W*', WP),5Q(W?*, W1)) is proportional to

2
) wBL,51/3 wBL’€1/3 ayyuBL’El/s,

where W3, _1/s = (upy, 173, wpy, c1/3, bgy, c1/8)7 is provided by Proposition 3.1. We have that

5 ||wBL,sl/3wBL,51/3ayyuBL,sl/3 22 < 5 ||wBL,51/3 | ||“’BL,51/3 [l 2 ||8ywaL,sl/3 llz2-

Noticing that wpy, .15 is a b.Lb.w. of order (3, %,0,0) and dyyupy, .1/s is a b.LLb.w. of order (3,1, -1,0), using Lemma

3
2.4 we have
1

0% |w, 1o L= lwp c1/s | 2 [10yywpr erso | 12 = O(6* x e80! x €507 % x e 7807 7) = O(8% 6072
We have then that for § < O(e3) the dominant term of R?PP is r1. This way
1
1 Rappllzz = O(r!|12) = O(6es0~2).
O

The rest of this section is dedicated to the proof of Proposition 4.1. First, the sizes of the error terms are provided
by the following result.

Lemma 4.3. The quadratic terms to be corrected in (4.4) are described by the following Table 1.

TABLE 1. List of quadratic interactions

type of interaction | size in L? | typical decay rate |
(al) = Q(W]gL,sl/37WE03L,sl/3) ‘ O(o~"/0e=1/%) ‘ g”t/? ‘
(a2) = QWine, Wi, c1/s) ‘ O(o~/6=1/6) ‘ e~1/3 ‘
W= a0, 2 W] [0 TET [ |
(b2) = QWine, Wi, 1/2) ‘ O(c="/6e=1/12) ‘ e~1/2 ‘
(c1) = QWinc, Winc) | O(0c=21/5) | no decay ‘
(©2) = QUVS, 0 Wino) (O T/517%) [ |
(d1) = QgL c1/2 WL c1/s) ‘ O(o—11/6e1/4) ‘ e~1/2 ‘
@ = QW) [0 T [ |
(d3) = Q(W}[%L,gl/2’winc) ‘ O(o~13/6£5/12) ‘ g~ 1/2 ‘
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Proof. We systematically apply Lemma 2.4. Since Q(-,-) is a (non-symmetric) bilinear operator and W° = W2 +
ngL as t WgL .1/2 18 composed of three terms, QWP , WY) is a sum of nine terms. Their L? norm can be easily
computed by applying formula (2.9) of Lemma 2.4. Recalling that the unknown vector is W = (u,v,b)T, from the
expression of the quadratic term Q(W, W') = P(ud, + v9,)W' we notice that, if W’ is a b.L.w.b., one obtains that for

a universal constant C' > 0
[Q(WsL, WaL) |2 < Cllwsr x dyupylL2,

thanks to the structure of the Leray projector. On the other hand, when W, W’ are b.w., then one can use
QW W)Lz < Cllu x 0,u |2 or [|[QOWV, W)| L2 < Cllw x 9yu’||L2. In both cases, we apply Lemma 2.4.

e (al) Q(W]gL,sl/3’W]gL,el/3) : from (3.8)-(3.13), wpy, .75 is a b.l.w.b. of order (3,3,0,0), and dyupy, .1/5 is a
b.l.w.b. of order (%, %, —%, —%) From estimate (2.9) of Lemma 2.4, we immediately obtain

_7 _1
HQ(W%L,EI/B’W]%L,el/f-“)HLZ < Ollwpp,c1/s X Oyupy, c1/s| 2 = O(0™6e7%).

a2) QWine, W2 | .): we see that winc is a b.w. of order (0,0) and 9, upy, .15 isab.l.b.w. of order (%, £, -2 —1),
BL,el/ yUBL,e 3327373
Chen we have that

_7 1
IQWVie: War, c1/2) 22 < Clltwine X Oyt ci/s |2 = O(0™5e75).

e (bl) Q(W]gL 51/3,W8L 1/2): first, from (3.8)-(3.13), wgy, c1/s is a b.l.b.w. of order (%, %,0,0), next Jyupr, 1/2
is a b.LLb.w. of order (3,0,—2,—1), so that
|QOVBL /0 Wi c2) 122 < Cllwgy s X Oyupy, 22 = O =07 ).
o (b2) QM) e; Wi _1/2): Wine is a b.w. of order (0,0) and dyupy, .1/2 is a b.Lb.w. of order (3,0,—2,-1), s0

that

7

QAR WL c1/2) L2 < Cliwine X Byupy, c1/sllre = O(e™12078).
o (c1) QW2 WD )t tine is a b.w. of order (0,0), next d,ui, is a b.w. of order (0,1), so that
”Q(WioncvWSm)HLZ < C”uinc X a:cuinc||L2 = 0(5%0_2).

o (c2) Q(WgL’€1/3,W&C): upy, c1/s is a blb.w. of order (3,4, =%, —2) and d,uinc is a b.w. of order (0,1)

11
IQWgy, c1/as Wik e < Cllupy, ciss X Otinel|z2 = O(ev 07 7).

(d1) Q(WgLﬁl/ngL,El/g,): first, from (3.8)-(3.13), wpy, .1/2 is a b.L.Lb.w. of order (3,0, 3, 2), next dyugy, .1/
is a b.Lb.w. of order (3,4, —2,—1), so that
1 _u
HQ(WEL,EI/%W}%L,el/a)”Lz < Cllwpr,er/z X Oyupy c1/slr2 = Oeio™ ).
o (d2) QNS .12 W c1/2): Wi e1/z is a blw.b. of order (3,0, 3, 2), next dyupy, .12 is a b.lb.w. of order
(%,0, -2 —%), so that

1 _ 11
HQ(W}[%L@U%WgL,El/z)”L? < OHwBL,51/2 X ayUBL751/2HL2 =0(e10"5).

(d3) QNS 12 W) upp1/2 is a bLb.w. of order (3,0,—%,—1), next dyuine is a b.Lb.w. of order (0,1),
so that

5 13
1QWat, 12 Wine) L2 < Cllupy, c1/2 X Opttinel| 12 = O(eT2 0™ 7).

O

Remark 4.4 (On the size of the quadratic term and the role of spatial localization). The product of two b.w. (or
two b.l.b.w. or a b.w. and a b.L.Lb.w. ) does not preserve the localization in frequency space: the angle associated with
the vector (k + k', m + m') can assume any value even though the angles of (k,m) and (k',m') are well localized.
However, the localization in the physical space can provide a better (i.e. smaller) L?/L% norm with respect to the
case of packets of waves (this happens for instance for Wgy, .1/ in Corollary 3.2).

In contrast to [1], thanks to the spatial localization, every physical corrector of our approximate solution will have
a bounded L? norm and there will be no artificial corrector, so that the approximate solution that we build is fully
consistent.

We shall prove Proposition 4.1 interaction type by interaction type.
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4.1. Interactions of type (a). There are two terms of type (a) interaction, as given by Table 1:
(al) = Q(WgL,51/3’W]gL,51/3) and (a2) = Q(WianEL,El/s)-

Proposition 4.5. There exists a corrector W(la) = (u%a),w(la), b%a))T which solves
(46) OOV + LWLy = ~((a1) + (a2)) + 1.
(47) u%a)'?JZO = w(la) ‘y:O = ayb%a)|y:0 = 07
with ||r(1a)||Lz = O(6es~5H). The corrector is composed of

W(la) = W(la);H + W(la);MF + W(la) BL,el/3 + W(la);BL,El/z’

where for the boundary layer part, we have

1 _u
12 6
o6,

1oz
Wy sl = O 8078), Wl g s lliz@e) = O(de
while for the mean flow b.w. (MF) and the second harmonic b.w. (II) it holds
1 10
HW(la);MFHL2 ~ ||W(1a);HHL2 = 0(66 o 3 )
Moreover, if siny > % then the second harmonic W(la);H is evanescent, i.e. it has a decay of order O(1) in y.

The rest of Section 4.1 is devoted to the proof of Proposition 4.5, which is divided in two steps. We develop the
two steps below.
Step 1 : solving equation (4.6). We consider (al) = Q(W]gL,sl/3’WgL7el/3)' Being very similar, the treatment of
(a2) will be omitted.

We want to find a corrector V(la’rf;mlin solving the (al) part of equation (4.6) (in this step we ignore the boundary
conditions, which will be considered in the next step), i.e. such that

atv(lérf;)nlin + Esv(la,rf;)nlin _ *5(&1) + r%a).

The remainder r(la) is generated by the approximation of the Leray projector: we will see below that, in the scaling

introduced by the boundary layers, the 3x3 system (4.3)-(4.1) can be reduced to a 2x2 system by introducing the error
1

T7 oy
(a)

(i) : correcting the error for the components U, B.
We write the expression of the convection term
2
0 0 0, 0, 0,
(al) = Q(WBL,51/3’WBL,51/3) = Z P(UBL’€1/3893 + wBL,51/3ay)WBL,]51/3’

ij=1

where A;, \; with ¢, j € {1,2} are given by Lemma 3.5. For any ¢, j € {1, 2}, we use the notation

0, — (0N 0, 0,\; T _ T
WBL,51/3 - (UBL,51/37 wBL,51/3’ bBL,El/:;) = (U, VV, B) s

0,X; _ .07 0, 0, T / 1 pN\T
WBL,€1/3 - <uBL,El/37wBL,El/3’ bBL,€1/3) - (U ?W 7B ) .

This yields

(u%éjel/Sam + w]%’éjal/say)wlgﬁilm = 06_% /aiag\/I}e,aE’;,ae_i(w+w/)t+i(k+k/)(x_%)
U/
(4.8) x e~ NN (iU — NW) | W | dk dk' dm dm/,
B/

where a;,a;, ¥, ,, @éa are deduced from the proof of Lemma 3.5.

Notice that the Leray projector, which is a homogeneous pseudodifferential operator of degree 0, does not
1

change the structure of the convection term, but since Re()\;) ~ £s |k|3 for i = 1,2 and Re(A3) ~ g~1/2 (from
Lemma 3.5), it introduces a (spatial) scaling in terms of powers of the small parameter ¢ (see also [[1], Section
3]).

We explain this fact in the following for the boundary layers of decay A; ~ 5_%|k|%, i =1,2 (in Lemma
3.5).

It is known from classical references such as [8] that the two-dimensional Leray projector is the 0-th order
pseudodifferential operator of symbol of Id — VA~1V-. In order to include the variable b, in the present case
the Leray projector will be the operator associated with the symbol of

_ (ldgz —VA“IV. 0 (0
(). 0= (0)



21

Then, for A ~ e 3|k|3, k ~ +|k|siny (Lemma 3.5) and < [k| < e~# (Assumption 2.5), we have

U’ 0
(1d—P) [ eFe= | W' | | = et [ | W] +O(eso™5m) |,
B’ 0
yielding
U’ U’ U’
, . 12
(4.9) P | ethr—v Ig/’ = etk =y 39/ + O(es0™ 34 39/

Therefore, the approximation of the Leray projector introduces an error of the order ¢ x e3—5n (6 is due
to the quadratic term), which will be included in r(la) in Proposition 4.5. This implies that the main order
system corresponding to these boundary layers only involves two of the three variables, i.e. u and b, while the
vertical velocity w will be constructed by exploiting the divergence-free condition. Since the component W
is expected to be €3 smaller than U, B in this regime, to handle system (1.1) in a perturbative way, we first
reduce the system (1.1) to the equations for u,b ((U, B) denote their Fourier transform). In other words, we
consider the first and third equation where w = 0.

For V = (U, B)T, the equations in compact formulation read
(4.10) oY + LY = dexp(ilz — iat — \y)V',

where

. 0 -1
(4.11) L =siny (1 0 ) .

We simply have that exp(Lt) = exp(it sin )1} + exp(—it siny)II_, where

1/1 —i -
H+—2<Z. 1), . =T1,.

The solution to (4.10) is given by
YV =V(t) = dexp(ilz — iat — \y) Z(—ia +isiny) IV .
+

Since the localization due to ¥ in (2.4) implies that 6 is supported in a ball of radius e1/3 centered in v or
v 4, if follows that sin(f + ) +sin(#’ + ) is localized either in a ball of size €'/ around 42sin~ or in a ball
of size £'/% around 0. These two scenarios correspond to a second harmonic and a mean flow respectively. Tt
follows in particular that | — a £ siny| > ¢y > 0 as « is either close to £2sin+y or close to 0. Thus, recalling
from Lemma 3.5 the expressions of \;, ¢ = 1,2, we can define by superposition:

the “nonlinear” mean flow corrector for w +w’ = O(e'/?) as
(4.12)

. 562 [~ =~ , Ny / / (—K'U +iX,W) U’
1,nonlin __ ! o o—i(wtw ) t+i(k+E ) (x—x0)— (Xi+A))y i ! /.
Vi = 20 /\Ifg,gxps,gi;:l oiaie 0 X Loiny e ) dkdk dmdm;

the “nonlinear”second harmonic corrector for w + w’ = £sin 2y + 0(51/ %) as

(4.13)
i §o2 [~ =~ ) Ny , N (=K'U +iXW) U’
1,nonlin __ / o o (wHw ) t+i(k+E ) (z—20) — (Ni+A))y i / i
V(al);n =3 /\IIE,U\IIE’O-ii,El 2alaze 0 X ot Esing Il B dk dk’ dm dm’.
Hereafter we will use the notation
V(lﬂfnﬁn = (U(a1), ba1y)”  (resp. V(l;gl)onhn = (U(a2), b(a2))")

. 1,nonlin 1,nonlin 1,nonlin 1,nonlin
either for V Vg (resp. V(a2);MF) or for V) (1resp.V(8L2);II ).

(ii) : correcting the error of the quadratic term for W by restoring the divergence-free condition.

The vertical velocity w,1) does not appear in the main order system, as its size is smaller than V(la’b?)o nlin-

(u(lz;;f;m“n, bé:é;mhn), ¢=1,2, but it can be simply recovered for (al) (resp. (a2)) by integrating the divergence
free condition:

azU(al) + 8yw(a1) = 0.
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This gives, for ¢ = 1,2,

o2 ~ o~ . s , ,
/ / — t k+k — — (XA
Wal) = /3 > D aiapl WL e et o) 2y
c =12+
0,4/ =1,

i+ k) (KU +iNw)

4.14 X U’ +iB') dk dk’ dm dm’
( ) Xi + N w+w/:|:sin'y( i) mam,
and a similar expression holds for w(la’;mhn. Let use denote
1,nonlin
(415) W(aé) = (U(ag), W(ag), b(ag))T (= 1, 2.
By construction
1,nonlin 1,nonlin
| Do W™ |+ Lo | D Wen = —6((al) + (a2)) + 1y,
£=1,2 (=12
where r! | is an error term, generated by the approximation of the Leray projector in (4.9) (of order g5 3K
(a)
1
. 72(9)\k\§
and the viscosity term ((€0y, + d)m)e“““ﬂ 2173 Y = O(e3) for pu small enough, see Assumption 2.5 ).
Therefore, we have
1_2 1,nonlin
||7’(1a)||L2 < Coes SI—LHW(ag) HL2a
where, from (al) in Table 1, we recall that for £ = 1,2 we have
W™ llze = O™ 07%),
so that
(4.16) Ity llze = O(6es =5 1)

Finally note that W(l ail; nlin W(l agf nlin o orresponds to WgL .15 in the statement of Proposition 3.1.
Remark 4.6. Notice that the interactions of type (c) in Table 1 have the size of r(la) in the L2 norm. Therefore
we will not correct them.

Step 2: solving (4.7) by lifting the boundary conditions. The oscillating terms in (4.12)-(4.13) provide different

contributions. In fact, the superimposed plane waves in the integral (4.12) represent a nonlinear mean flow W(larll; Ili/l[lg

as w4 w' = O(c3), while (4.13) is a nonlinear second harmonic W(ld];;)?im as w4 w' = £2siny + O(e3).

Remark 4.7. The above contributions are a second harmonic and a mean flow in terms of time oscillation, thanks to
the strong localization of the angle . On the other hand, the spatial frequency of our beam wave is quite spread, indeed
k| < o' <e™H p>0,see (2.1). Thisis different with respect to the framework of [page 233, [1]], where the quadratic
term represents a second harmonic (resp. a mean flow) in time and space, in the sense that w = £2siny+O(e3) (resp.
w=0(e7) and k = +2ko + O(e3) (resp. k = O(e?)) for a given ko. In fact, while in [1] the approximate solution is
constructed as a sum of packets of plane waves with k lying in a neighborhood of some given k¢ (microlocalized), in
the present work we construct a beam wave approximate solution with spreading frequency and strong localization in
the physical space.

. . 1,lin . . 1,lin . .
Let us consider a linear mean flow W(az);MF and a linear second harmonic W(ae);n solving the linear part of system

(1.1) for £ = 1,2 (in the non-critical case, with w ~ 0 and w ~ $2sin~ respectively), which are provided by Lemma
3.6 (for the mean flow) and Lemma 3.7 (for the second harmonic). To balance the boundary contribution due to

W(lail;)rﬁ; (for w +w’ = O(e%)) and W(lalf;?im (for w + w' = £2sin~y + O(e3)), we will solve

2
1,nonlin 1,nonlin 1,lin 1,lin
(4.17) Z(W(aé);MF ly=0 + Wit lv=0 + Weeymelv=0 + Wieynly=0) = 0.
=1
We will deal with the MF (mean flow) contribution and the II (second harmonic) term separately. Let us start
with MF.
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(i) The mean flow corrector. The nonlinear mean flow contribution is the three dimensional vector in (4.15),
with w +w’ = O(e3). Evaluating it in y = 0 for £ = 1, it reads as follows

(4.18)
5o KU +iNW il
1,nonlin T i i(k+k') —i(wHw)t+i(k+k") (z—z
Wianarlv=0 = 51/3/ Z aia;\pq/,w—i—w’isin'y | T U xiB) [ e (IR (2 =20) e dk! dm dm!,
MO §=1,2 HiB’
where
(4.19) MO = {(k,K)ER? : w+w =0(e3), ein< |k+ k| <e ™ pu>0}
A similar expression holds for Wl HOH&F)
As w+w = O(e'/?), we seek for a solution to the linear part of system (1.1) such that w ~ e3. To this
end, we systematically apply Lemma 3.6, from which we know that for w ~ 5%, the characteristic polynomial
(3.6) admits exactly three roots with strictly positive real part (for fixed €), which read
z(k + k/) : / i 7 "3 2 N5
Al = —————>(sinycosy +w+w +o(e?)) +eli(0)(k+ k') +OE"(k+k)°);
sin” ~y
(4.20) A =e 3;(0) + O 7), j = 2,3.
We will use the apexes nonlin and lin in order to distinguish the linear and nonlinear contribution at each
step. Using the general expression of the eigenvector in (3.7), we write the first two components and multiply
the last one by —\; to express the no-flux condition on the buoyancy term on y = 0 in (1.2). Then, the vector
associated with the linear mean flow (the above A1) reads
A
U all) ;MF 1 N
(4.21) W(qll) . = _(ktf;?y +O(e3™#)
= B(all) ;MF sin? +O(63 H)
Moreover, in the regime w ~ £3wyp for some wo # 0 uniformly, the eigenvectors related to \; = 5_%&» 0) +
O(e75), j = 2,3, read
Aj
U(il) MF 1
J _ % 2 k+k 1_
(4.22) W(a&);MF = | =20 L Oes- )
,é 1sm Z]
N By ur £ 175 4 O(e737H)
The goal now is to find (1, co,c3) € C3, ¢; = ¢;(k, k") such that
2
1,nonlin 1,lin
(4.23) (W(aé)o;MF ly=0 + W(az);MF|y:0) =0,
=1
where
1 Jin 1, hn Aj
(aé) MF — Z W MF7
and, for j =1,2,3 and £/ = 1,2,
)\.
1,lin, A; 02 o~ U(az) MF . ’ ; ’ ’
(4.24) W(aé) A 61/3 / Cj(k, k/)\If\I/I W(aje) - e~ Hwtw)tti(k+E) (z—20)=X; (k+K)Y gL dk! dm dm)/ .
1,0 B)\J
(al);MF
Using (4.15) and the above expression of the components in (4.12) and (4.14), equation (4.23) reads
“ KU+ N 0"
/ o ey ? i(k+k") . .
(4.25) C'lex] = ‘Z aia VY —— Tans < | N (U'+iB") | =: (rhs.),
C3 i=1,2 1. B’
where
A A A
('111) ;MF U(a,21) ;MF U(;l) MF 1 ) 1 1 ) 1 .
(4.26) C' = W(all) AP W(;l) AP Wiy e ~ | —tany ez (k+ K5 ez (k: + k")es
_\B _\B Y B,\ (@-Hc ) 1%1n:y€? 1,51n:y€3
1 (al) MF 2 (al);MF 32 (al);MF sin? woed/6 woed/6
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In the regime of Assumptions 2.5, where e37 < |k +k'| < Co~1, one easily checks that
er(k+K)( — ) PR Sk K (G -6

wo

(C/)_l N ital’l’)/ff3 - 62) nan'l;ln?yés “ % —5% tan -y
0 _W _% cs tan ~y
O3 (k+K)) O(1) O(3(k+K'))
- o(1) o(1) O(e f)
O(1) O(1) O(es)

Now we can solve (4.25) by applying (C’)~! to (r.h.s). Let us first note from (4.12) and (4.14) (where we recall
that ¢ = 1,2 according with the numerology of Lemma 3.5) that

. . o(1)
(rhs) =e 3|k|73|K[5 [ OEs(k+K)) |,
o)
so that
(4.27) e =0 3k TFKF) x (k+ k), co3=0("3k3|K3).
We will now estimate the norm of VV(1 111)n 1\?{1«“7 j=1,2,3. Let us first focus on W(lilli)n, "
A
Recalling that W&):MF is O(1) in L*°, using (4.24), (4.20), the expression of ¢; in (4.27), we have
(a0);
B(all);MF
A1
in 60’2 o~ (af);MF —i(w4w’ i(k+k" ) (z—z 7 (e wiw! 1/3))q
Wilis = 5% [ e [ | e sk
1,0 Bx\l
(al);MF

x e ROV gk ak’ dm dm/

_1 —i(wHwt+i(k+k" ) (z—z i(k+k")(co “’+w o(el/3
_32/3/ O([KI=HYO(K[3) (ks + kY BT e~V rilletk ) (aao) il ) (ot 7 S5 +o(e' /)y

(4.28) —Re“l)y dk dk' dm dm’.

At a first stage, we ignore the decay. We want to compute the L? norm of

w+w

— 1/3
Wandeens = 75 / O]~ )OI |B) (k4 )™ e e ROt S e g k! o o

Let us consider the following change of variables

/
4.29 m=k cot’y—i—w._'—w o om =k |coty + —5— Wt .
2
sin® sin? v

The Jacobians of the change of variables are

det 1 coty k?(ksiny + mcos ) det 1 coty (K")2 (K siny + m’ cos )
w | = - . ; de (D) | =~ . ,
E(Omw) k|3 (sin 7)2 0 Ky [k'|3(sin )2

sinZ sin?

where the expressions of d,,w and 9,,/w’ can be computed from (1.10). Note that as (|k[, 5 — (6 + 7))
are the polar coordinates of (k,m) (resp. (k’,m')), it follows that ksiny + msiny = |k|sin(f 4+ 27) (resp.
k'siny +m' cosy = |k|sin(#’ + 27v)). Now, thanks to the angular localization provided by W, ¥’ inside the
integral, one has that

sin(3y) + O(e3)  if 0=~y +0(e3),

é
k|sin(6 + 2v) = |k 1 1
|k | sin( y) = | |{s1n( )+ O(e%) if 0=~ 47+0(h),

and the analogous expression holds for |k’|sin(#’ 4 7). Therefore, we see that
dkdk'dmdm’ = O(1) dkdk'dmdm/,

~/
so that, denoting k = (k,m), k = (k’, m’), we can rewrite

(4.30) Whodecay = 2/3 / O(K)O(K |3 )T etk k) o) Hi (Tt +0(e )y gk g din di



(4.31)

(4.32)
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Now note that from (4.29), denoting by 6 the angle of k and by 6’ the angle of E/, as w+w' = 0(5%) we
have that

~ ~/

tanf = % = COt’}/—I—O(E%); tan 6 = % = cot'y—l—O(E%).

We use this information to express the angular localization due to UV’ inside the integral in terms of the new
angular variables ,6’. Recall from the expression of \I’Og in Definition 2.1 that
W= W20k, 0)
= x(alk|)(x’ (5_% (sinf — sin’y))x(s_% (cosf — cosvy)) + X(e73 (sin § + sin 'y))X(zs_é (cos B 4 cosv))).
We recall from (2.5) that
w=sinf, w' =sin¢,
so that the change of variables (4.29) reads

~ =~

% = tanf = coty + sin 6 + sin 0’ % = tan@ = coty -+ sinf + sin @'

Now, the presence of U, U’ inside the integral implies that
0.0 € {y+0(ct), 7 +7+0(e)}.
As we are dealing with the linear mean flow b.w. , by definition w + w’ = O(e3). Thus let us consider for
simplicity the case
O =~v+0(3); 0 =v+m+0(3).
It then follows that
sinf — sinvy = tanf — coty + O(e %) sin @ + siny = tan@’ — coty + O(e %)
so that

6 = arctan(sin — siny + coty) + O(sé); ¢’ = arctan(sin 6 + sin~y + cot ) + 0(5%).
Since sinf — siny = O(¢%) and sin# + siny = O(¢3), we deduce that
6 = arctan cot v + O(s%); ¢’ = arctan coty + 0(5%),
which in the new tilde variables provides an angular localization with the same ¢!/ scaling (and a different
angle), i.e
3m
T2

In order to express the above angular localization of 5, ¢’ inside the integral, one has to write \fl, U’ as functions

~ ~ s
9,9'6{577 -7}

of k|, 6 and |K/|, 0’ respectively. It is immediate to notice that since (4.29) gives
i = kcoty + O3 ™) = [k| cot vsin(2y) + O3 ™),
il = K coty + 0 7) = —[K|' cotysin(2y) + O(ed ),

it follows that there exist two universal constants C, C’ such that x(c|k|) = x(Cok|) and y(o|K'|) = X(C’U\E/D.

This provides lower (Cn, C'n) and upper (Co~!,C’o~1) extreme values of the interval on which [k|, |E/\ take
values.

Taking into account the normalization factor e §o of a beam wave (see Definition 2.1) (and the weakly
nonlinear small parameter 9), we deduce from the above computations that (4.30) is approximately a product

of a b.w. of order (—%,2) by a b.w. of order (—%,2). Thus we can reproduce the proof of Lemma 2.4 to
estimate its L? norm. Using (2.9) yields

63
[Waodecay ||z = O(6e™80%).
Now we would like to use this information on the L? norm of Whodecay to deduce the size of 1/\/(1 ?nl\j{‘;ﬂ in
L2. We use the following change of variables
G=k+Fk, G=m+m
This yields that

52 ~ o , - _
Whoteews = 5575 [ ORI +[8)G BB rantemeo) it g dy dea
0

1
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Let us go back to Wl lm )‘1 in (4.28), with the slow decay in y given by Re()A1) in (4.20). We have that

Wie = 2/3/ O(K|3 + [C|3)cr(1 — e ReODW )G il ic (a—w0)+ilCarto(e3 ™Dy g 4y dcy dC.

One has to estimate the latter. Note that
(433)  Flomzo)oc: Waodecay = Wiiaik) = 2/3 / O(k[F + [¢[F) (e e liricay (1 — ¢=Rev) gl dif .

Now, we can compute for any A > 0

in do? ~2 2 o~ _Re ~
[ Fems0)56s Waodecay = Wiyl < 575 / O(([k| + [¢I ) [CHTW|[1 = e ROl dk dii da.

<€_)‘
Let us look at |1 — e ReGy|| , . From (4.20) and recalling that we are integrating over M in (4.19),
one has that ’
Re(A;) ~e(k + k) < O(e731).
In particular, there exists a universal constant C' > 0 such that
1— efRe()\l)y S 1— 67C51_3“’y.
Therefore, we have
_ 2
1= e ReOv) 1T =0 TR =0(1) for A< S(1-3p).
y<e—A y<e—A 3
This gives that
i 60'2 3 ~ 9 P ~~
1,lin, A —3u—3 2 2 ~
17 @20 Whodecay = Wiiniur)llzz__, < C gz x &= 2*/0((|k|3 + ¢3¢V dk din dCo.
Now we use Plancherel identity, so that

Jing A lin, A
||Wn0decay - W(l Ll ||L2 S ||.F(g;—w0)—)(1 (Wnodecay - W(lagm ; )”L2

2
yly<e—A ySs’”\

< Coo2eh—3n—3r (1K|3 + [¢I3) (¢’ dk dim dCy

2
LCl

< Ol 3e373=3N = O(fe3 T 13N,
where the additional £3 factor comes from the angular localization of the vector (k,m). Choosing for instance
A = 2(1 — 4p) with p small enough, since from (4.32) we have |[Wiaodecay |22 = O(8e=s~5#), under the
condltlon O(e™") < O(e~ 5~ %) (which is always satisfied for 1 > 0), it follows that

1,lin,\
HW(aél)r;lM%”L"’ lp<eA < 2Hyvnodeca»yHL2 y<e "

Coming back to the variables (k, m, k', m’), integrating by parts ﬁrst in m and next in time, we have that

. in do° i(m+m’ 'WE T2 T ,—i(w+w’ )t —Re ~ g~
WF o—zo)se Wiaprark) = =75 | €/ 05 (O(K|F + [k [3)¢ 00 e (Dt ReO0w) d dim dii

do2 U ~ ~ ~ ~ /
- —6;% T+ ) K| 7H([K|F + K |3))¢ 0 e i@+ )te—ReO)Y gk d diin.
This way
|]_- (Wl,lin,)\1)| _ —1|]_— (Wl Lin, )\1)|O(1+t)
(z=z0)= ¢ WV a),mr) | =Y (z—20)—=C1\"V(ar);MF
and
1Pz Weaayiam |2 L= 0+ )Wl e ez

C1oyly>e™

Now, since and A = 2(1 — 4y),

1,lin, A 1,lin, A 1,lin, A
IVl ey < IV 4 IV

y<e -7
we have that
Weapatellee (1= 05341+ 1) < Wil < 2/|Waodecay 112wz
(al);MF Ll ylyse—r = (al);MF Lx,y|y557A > nodecay || L2(R? )-
As p < %, we get the desired bound at least for times t = 0(5’%+%”), which is already longer than our

stability time-scale in Remark 2.9, but the same type of estimate for all times can be obtained by integrating



(4.34)

(4.35)

(4.36)

(4.37)
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by parts in time the last integral as W(la;)nl\;[\% X 1(z-x 1o0) at € fixed is the tail of an LQ(Ri) function in the

Schwartz space.

Now we compute the norms of the remaining W(la;)nl\’d\ll, for j = 2, 3. For the boundary layer part, recall from

(4.20) (and the above discussion) that for j = 2,3 we have Re(});) > E(f% for some universal constant C; > 0

independent of k, k’. Therefore, W(ldlll)nl\j\[%

b.l.b.w. of order (%, 0, —%, %) Using Lemma 2.4 yields

can be seen as a product of a b.L.b.w. of order (%, 0, —%, —%) and a

1,lin, \; 111 .
IWeaaielle = 0™ 207 7%),  j=2.3.

Remark 4.8. Note that in the quadratic term responsible of the appearance of the mean flow w + w’ ~ 55,
we have that e3 < k+ & < e # for > 0 small. This is different from the setting of [1], where k + k' ~ €3
if and only if w + w ~ £3 (namely, a time resonance is also a spatial resonance). In fact, in our case time
resonances do not correspond necessarily to spatial resonances thanks to the stronger spatial localization of
our wave beams with respect to the packets of plane waves in [1].

The second harmonic corrector. Similarly to what has been done before, now we seek for a linear solution
of system (3.2) that balances the boundary contribution due to the (nonlinear) second harmonic in (4.13).
Then we appeal to Lemma 3.7. We see that the asymptotics of the roots Aj,j = 1,2, 3 is the same as for the
mean flow in (4.20), but in the present case w + w' = £2siny + O(e3) and k + k' has a uniform lower bound
given by n > 0 for all € > 0. Note in particular that as Lemma 3.7 we know that

. ’
A1~ ik +¥) (sinycosy + (w+ w)y/1 — (w+ w')?),

((w+ w2 —sin?y)

then there is a contribution with with strictly positive real part if (w + w’)? > 1. Since w + w’ ~ £2sin~,
this real contribution appears if siny > % In this case, the second harmonic as a decay of O(1) in y and it is
called evanescent second harmonic (see [1, 13] for further details).

Now, exactly as before, we introduce the functions ¢; for j = 1,2,3 to be determined, and from (4.15) with
w+w' ~ +2sin+y for £ = 1,2 we have

Aj

U
(a€);(11)
Ll _ 007 % Aj (e Yt (kk ) (m—w0)— A (kK
Wiayny = 51/3/ c; (ks KWW | Wik any | € (e kD ema0) =2 DY s di dm dm/
1,1 B)\j

(af);(1T)

MU= {(k,K)ER? : wHw =+2siny+ O0(e3), n< |k+ K| <e ™, pn>0}
As before, the functions c; can be determined by inverting the linear algebraic system

2
1,nonlin 1,lin _
Z(W(aé)o?(n) |y:0 + W(ae);(ll) |y:0) - Oa
=1

where
> lin,\
1,lin _ 1,lin, Ay
Weaoran = 2 Wanran:
j=1

and we recall that W(la?)o r(lllgl is given exactly by the same expression in (4.18), with MO replaced by M. One
can repeat the argument of the previous section to obtain again that
Cly_Lly2 , _20 12
¢ =0 3[k[TFK[3) x (k+k), c23=0("3[k["3[k]3).

An application of Lemma 2.4 gives immediately that for the boundary layer part (for j = 2,3) we have

Wyl = OG0 %), j=2,3
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It remains to estimate the L?(R?) norm of W(ldlgl)n 1\11), i.e. the second harmonic b.w. We have that

U)\
: 7602 TRV (aZ) (D —1 ! i V(x— (H—k ) _ )2 1/3
1lin, Ay __ t(wtw' ) t+i(k+k") (z—x0)+1 (51n’ycos’y+(w+w I 1—(wtw')240(e'/3))y
Waann = 273 v’ W(;e),(n) e 0) g VI (@re?
Ml B 1

(al);(1I1)
x e*Re(M)y dk dk' dm dm’

_ / O ‘k|_7) (|k/‘ )(]C +k )\I/\I’I —i(wtw ) t+i(k+E ) (z—z0)+ zé’:;k ) (sin vy cos y+(w+w’)y/1—(wHw’)2+o(e/3))y
52/3
1,11

x e ReOY g ak! dm dm/ .

As before, we can ignore the decay in y. We apply again the change of variables (4.29). Notice that in this
case k ~ £|k|sin(2y), k" ~ £|k'|sin(2v), m ~ £|k|cos(2v),m’ ~ £|k’| cos(27), so that

ksiny + mcosy ~ k' siny +m’ cosy ~ cos(37).
Thus we need that 3y # Z. Notice however that when v = £, we have 1 — (w + w’)? ~ 0 and

! ! !
WHSIS_ _ 1y, Gt ~ CEDIS

Oy~ ————
1— (w4 w)? 1—(w+w)?

so that we have again
dkdk'dmdm’ = O(1)dkdk'dmdm’

Since now w + w’ = +2sin+y + O(e3), in this case the change of variables (4.29) gives that

);

); 6 ~ arctan(cot y +

0 ~ arctan(cot y + -
sin y sin y

so that the angular localization (with a different angle) still holds for the vectors (k,m), (k',m’). Therefore,
exactly as before, we have that

in 1 _ 10
Wb llze = O(e 807 5).

The proof of Proposition 4.5 is now complete.

4.2. Interactions of type (b). Consider the interactions (bf), ¢ =1,2.
Proposition 4.9. There exists a corrector W(lb) = (u%b),w(lb), b%b))T which solves
OW iy + LWy = =6 x ((b1) + (b2)) + (s,
u%b)'?J:O = w(lb)|y:0 = 8yb%b)|y:0 =0,
with ||’I"(1b)||L2 = O(8eio=5"). The corrector is composed of
Wity = Wibyat + Wenyaar + Wiy pre1/2:

where for the boundary layer part, we have

11

||W(1b);BL,al/2 |22y = O(0e™ 6 ),

while

_1_10
||W(1b);MF||L2 ~ ”W(lb);IIHLZ =0(de™ 2731,

The proof is identical to the proof of Proposition 4.5 as the interactions between b.w. and/or b.L.b.w. are exactly
the same as before modulo a re-scaling in . In fact, in this case every object has an additional smallness factor in
terms of positive powers of € (that is precisely sﬁ), so that it is smaller than the corresponding object in the proof
of Proposition 4.5, but it has the same structure. Therefore, we omit the proof of this proposition as it does not add
any new idea and it is already detailed in [1] in the case of strongly (frequency-) localized packets of waves.
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4.3. Proof of Proposition 4.1. We immediately have from Proposition 4.5 and Proposition 4.9 that, denoting
Wt .= W(la) + W(lb), it holds

OW' + LW = —5((al) + (a2) + (b1) + (b2)) + T{oy + T
= —0QW°, W) +4((cl) + (c2) + (d1) + (d2) + (d3)) + r(,) + (i)
= —6QV°, W) + 1,
where
(4.38) rti=6((cl) + (c2) + (d1) + (d2) + (d3)) + (o) + 1(p)-
From Table 1, we deduce that
722 < O(ll(c1)[lr2) = O(o2e%) = O(e5 7).

5. HIGHER-ORDER APPROXIMATION

A nice advantage of space-localized beam waves with respect to packets of waves in [1] is the possibility to construct
an approximate solution W?PP (in the previous sections) that is the some of a finite number of terms, each one of them
being physically relevant. With the last sentence, we mean that every term of W?PP in Theorem 2.8 is an approximate
solution of (1.1), with a remainder in L? which is strictly smaller that its L? size. We recall in fact that in [1], the
linear mean flow corrector Wi of Theorem 2.8 had a too singular amplitude combined with a too slow decay, in such
a way that its L? norm had a priori a bad dependency on the small physical parameter . Thus, in [1], that mean
flow contribution was replaced by a non-physical term, which balances the error of the approximate solution on the
boundary but it is not (even an approximate) solution to (1.1). In this work, in the previous sections, we succeeded to
overcome this problem using (almost) axisymmetric beam waves which are spatially localized, in such a way that we
can actually use the true mean flow to contruct W?PP and we do not introduce any non-physical corrector. This allows
us to push the approximation at next orders, using a nice cancellation of triadic interactions that was discovered in
[13], proposed again in [33], and it is due to the null form structure of the convection term for incompressible fluids,
[24].

This is the content of this last section, whose aim is to prove Theorem 2.10. To this end, we have to identify the
next order (triadic) contributions to be corrected, which are originated by the interactions in QW W0), QWY W1),
where W0 is the linear solution given by Proposition 3.1, and W! is the corrector provided by Proposition 4.1. We
recall from Proposition 4.1 that W' = Wi+ W}, where Wi is a mean flow, so that it has nearly zero time frequency,
while WY is a second harmonic, so its time frequency is about twice the time frequency of the incident wave. Now, as
showed in (5.3), the linear operator L (excluding viscosity/dissipation) of system (1.1) has pure imaginary eigenvalues
+iwg = tisin~y, which is nearly the frequency of the incident beam wave. Therefore, when the triadic terms in
QW WO) = exp(Fitwot) QOWV°, W) (and in QOWV°, W') = exp(itwot)QW', WP)) oscillate with the same time
frequency

WP LWAPP — _§ exp(+iwot) (QWE, WP) + QOV°, W),
the above source term is resonant with respect to the oscillations of the linear part of the system and linear growths
in time (secular growths) can appear [13, 27]. Let us analyze the next order triadic term. We recall from Proposition
4.1 that

1 _ 3yl 1 1 1 1 1
Wo =W + Wyr + WII,BL,51/2 + WMF,BL,51/2 + WII,BL,al/?' + WMF,BL,51/3'

All the terms in Table 2 could potentially generate secular growths. From Proposition 4.1 and Proposition 3.1, we
know that

”WIlLBL’El/SHLQ(Rz) - 0(65‘%0—%); HWI%/IF7BL,51/3||L2(R2) < O(6€_éa_%);
(5.1) ”VngL,gl/aHL?(R?) = O(a_%s_%).
Therefore, we can deduce from Lemma 2.4 that
(5:2) SI(AD)|g ~ 8l[(A2)|12 = O~ $o~ %),

The triadic interactions of Table 2 have decreasing L? norm. We look at the last one. From Proposition 4.1, we know
that
).

—
w‘w

Wil L2 w2y ~ [Whtell L2 re) = O(be™ o™ %); VWAl 22y ~ VWl L2 e2) = O(0c 50~
We also notice that
||VVVin6||L2 = O(J_l)‘
We can deduce that
SI(LD) 12 ~ SN (L2)]12 = O(8% 50~ ).
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TABLE 2. List of triadic interactions

type of interaction | time frequency | typical decay rate |
(A1) Q(Wlll,BL,el/3’W]gL,gl/3) ‘ Fwo; £3wo ‘ g~1/? ‘
(A2) Q(WI%/IF,BL,sl/?”W]gL,gl/?)) ‘ Fwo ‘ e~1/3 ‘
(B1) QI WEL .1/) \ +wo; £3wo ‘ 173 ‘
(52) QViir Wiy 1) ED B |
(C1) Q(WIII,BL,el/f“W]gL,sl/?) ‘ Fwo; F3wo ‘ g~ 1/? ‘
(C2) Q(WIE/IF,BL,sl/S’WEOBL,slﬁ) ‘ two ‘ e~ 1/2 ‘
(D1) QUi Why, 1/2) [ £wo; £3wo [ 172 |
(D2) QWairs Wi c1/2) \ +wo ‘ 172 ‘
(E1) Q(WIII,BL,EI/%WJ(%L,EIB) ‘ Fwo; £3wo ‘ e~1/? ‘
(E2) Q(Wﬁ/IF,BL,El/Q’WgL,El/Ii) ‘ +wo ‘ e~ 1/2 ‘
(F1) Q(W]gL@l/Q?WIII) ‘ Fwo; £3wo ‘ e~1/2 ‘
(F2) QWgp, c1/2> Warr) | £wo | 7172 |
(G1) Q(Wlll,BL,sl/2’W]gL,sl/2) ‘ two; £3wo ‘ e~ 1/2 ‘
(G2) Qg pr,e1/2 War, c1/2) ‘ Ewo ‘ g2 ‘
(H1) QW c1/ss W) | Fwo; £3wo [e73 |
(1) QR o Whse) B = |
(T1) QWL W) | Two; +3wo | no decay \
(12) QN W) = [mo decay \
(L1) QWL M) [ Ewo; £3wo [0 decay |
(L2) QWi W) | £wo [ no decay \

We show in the following that we can correct all the terms of the above table. Then the error of our consistent
approximation W2PP will be of size

= 1 _ 19
| Rappllz2 = O(8% =80~ %),

We finally remark that once the terms of Table 2 will be corrected in the following, the correctors will be trilinear with
time oscillation ~ 0, +2wq, and they could give rise to secular growths due to their interaction with W' in Proposition
4.1.

Lastly, we show how to exploit the nice cancellation in the convection term to correct the first triadic term (A1l).
Since it would not add anything but long and tedious computations, we omit the treatment of the other terms of Table
2. For (A1), whose decay in y is order 5%, we exploit the scaling of the boundary layer. As done in Section 3, we
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reduce the system (1.1) to the equations for u,b ((U, B) denote their Fourier transform). For V = (V1,V,) = (U, B)7,
the equations assume the general structure

OV + LV = §exp(ilz —iat — \y)V',

where

(5.3) L =siny ((1) 01) :

We now introduce (and explain the formal motivation of) a scaling in time. Notice that the boundary layer WBL 1/
in Proposition 3.1 has a vertical component of the velocity field that is approximatively of order % in L? or in L.
Since the vertical component of the velocity of the boundary layer is O(e%) in L* and has to balance the boundary
contribution of the incident wave of O(1), this balance will be effective after a time of the order e~ 3 as the group
velocity ¢; = Vi mw = O(]k|™') = O(1). This is the formal reason behind the time scaling ¢ = T~ 3, as suggested by
[13].

5.1. Proof of Theorem 2.10. We define a scaled time variable 7 = E%t so that 0; = 5%87 and we rewrite the
previous compact system as in (4.3)

(5.4) OV +e 5LV = —5e 3Q(V, V).

We recall from Section 3 that exp(e~3 Lt) = exp(ie~ 3sin y7)II; +exp(—ie~3siny7)II_. Now define the filtered variable
V= exp(e~# L7)V, so that the system reads

oV + 6_5(5exp(E_SLt)Q(eXp(—e_%Lt)lN), exp(—e_%LtﬁN)) =0.
We also use the notation V+ = H+1~), V- =I_V= 1~J+, where

1/1 i _
H+2<_i 1), I =1i,.

Exploiting the mutual orthogonality of the projectors, we have

~ 5 i i - - -
O-VE + 7 expl(iZg TV =0, 10, 0) - VY
(5.5) el/ /

) _sin~y o~ ~
+ 51? eXp( 1/3 )(Vl ’ _81/ 18$V1 ) . VVi =0

At this stage, notice that the approximate solution that we built in the previous section, i.e. W2PP = W0 + W' with
WV given by Proposition 3.1 and W' by Proposition 4.1, can be written as W2PP = W0 4 W19 since the expression
of W' in Proposition 4.1 is actually multiplied by the weakly nonlinear parameter 6. Notice that quadratic terms
in (5.5) are actually multiplied by £~348. This means that our first-order corrector SWH9 | where the singular factor
£~3 does not appear, is the result of time integration of the quadratic terms in (5.5). Thus, in order to push the
approximation at the next order and decrease its error, we expect to add a corrector of the form §2V/2. We denote
the approximate solution of the previous section in filtered form as Vapp VO 4 gPL. Now, we want an approximate
solution of the form Vf PP — PO 4 gL 4 52V2, where the last term has to be determined, while we recall from the
previous section that V! solves the equation

) Lt Lt  ~ Lt
viy 0 0y _ . -
oV + 173 X xp( 1/3)Q<6Xp(_81/3 % ,exp(—é_l/3 W) =0 (with boundary conditions).

To shorten the notation, we denote

Lt Lt Lt
BV,V) := exp(m)Q( exp(— 1/3)V, exp(—m)]}),

so that the system reads
5
o;V —|— B(V V) =

As we look for the next order corrector V2 we plug the ansatz Vlapp Vapp + 62V2 inside the compact system, and
we obtain

2 - ~, o~
0, VPP 4 525, 2 4 ﬁ5(1;0 Vo) + f—/g(s(v%w) +BVLVY)
63

(5.6) + ——(BOV°,V?) + BW2 V) +

6°
173 7 (B(V2, VY + BV, V?)) + 1—/36(1/2 V2).
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As already pointed out above, 9"’“’, constructed in the previous section, solves 687178@ + Ef%l?(fﬂ%ﬁo) = 0. The

next order approximation is obtained by requiring V2 to solve

2 ~ ~ ~ ~
(5.7) 520, v2++f—/3(3(v0,v1) +BVL V) =0

Recalling the definition of the bilinear form B(-, ) and equation (5.5), we write more explicitly

52 i - . -
520, V2t 4 O exp(z's;f/s VT, =019, 00) . VU (a)

21/3
62 _siny a0 .
+ ﬁ exp( cl/3 )(Vl ) _ay azvl ) VAV (b)
52 siny L~ ~
+ el TV, =010 - vVOE (o)
o SINY S0 519 0y g0t
(5.8) + EQXP(_ZWT)(W , =0, 10, V) 7) - VO E = 0. (d)

Now observe that, while V0% does not oscillate in time, since its time oscillations have been filtered by means of the

change of variable, the next order VPLE has time oscillations. More precisely, coming back to the non-filtered variable
V, it holds

(5.9) VUE = exp(ie 3 (siny)r)VVE,

where V1 = Vlll i—i—VMF constructed in the previous section contains a second hamornic and a mean flow contribution,
which oscillate in time with frequency wyy ~ £2 siny, wumr ~ 0, thanks to the angular localization of our wave
beam (due to the angular localization given by \1157,, in (2.4)). Therefore we deduce that V1* in (5.9) contains
contributions which oscillate in time with frequency ~ =+(sin~y)e~ 3, +3(siny)e~ 3. The dangerous point is that in
(5.8) the oscillations exp(£e~Fsiny) hit V=, As some terms of V1# oscillate with frequency +(sinv)e ™3, there are
some non-oscillating terms (resonances) in equation (5.8). When this is the case, V2 gatisfies an equation of the form

0:V? + f(V*PP)uir + (oscillating terms) = 0,

where f (\7app)MF is generic a function of a non-oscillating contribution in time. The solutions to this equations has
a linear growth in time, which is often named secular growth [13]. The only hope to avoid this growth, which would
prevent ourselves to be able to obtain an improved approximate solution, is that those non-oscillating terms cancel
thanks to the structure of the quadratic/bilinear form. This is precisely what happens in this context, as we show
below. We also point out that, even though at this stage this can appear as a miraculous cancellation, it is actually
related to the null form structure of the convection term for incompressible fluids, see for instance [24]. Now, in
equation (5.8), we recall that, in view of (5.5),

phE - 5exp(

= /3 VP, =8, 10,00 ) - wpoE

—dexp(—i—r )V, =0, 10, V) 7) - VVOE,

in
1/3
Plugging this expression inside (5.8), after some computations we obtain that
(a) + (c) = [0, (VAW - V), =0, 10,0, (VA - VD)
+ (Vo VT @ VA9 V) - V] - WV E 4 (oscillating terms);
(b) + (d) = —((a) + (c)) + (oscillating terms).

Therefore the non-oscillating (resonant) terms cancel out and we can correct the oscillating ones solving the equation
for V2. This implies that we can actually construct

VPP = V0 46V 4+ 5%V7,

with V2 solving (5.7). Looking at (5.6), the potential secular growth are in the second non-corrected term, i.e.
S (B(V2,VY) + B(VL,V?)). In fact, after correction with V2, the first non-corrected term §3c~3 (B(V°,V?) +
8(172, 170)) can only contain oscillating terms (this can be easily verified recalling that V2 contains the oscillations
0,42, +4 and therefore cannot generate any secular growth). Finally, recalling that we corrected the (A1)-(A2) terms
of Table 2, and using the estimates (5.1), we obtain that in the original time-scale ¢t = £737 the worst remainder
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(after correction of the worst terms (A1)-(A2) and of all the non-oscillating contribution due to the terms of Table 2)
is estimated using Lemma 2.4 as

||RapPHL2N64t||wB LR R e [
1
S oty 3 gy 3l log, 3y, e = 06 to~ )

APPENDIX A. PROOF OF LEMMA 2.4

By definition (2.1), v}, is the Fourier transform of the function
g T —iw
(A1) 9000 = Var 7 (Wer (1Kl 0)e™") g,

where (|k|,Z — (6 + 7)) are the polar coordinates of k in the rotated reference system (z,y) for 6 ~ v (i.e. the first

addend inside the integral (2.1), given by the first term of (I\'E_y(,(|k\,0) in Definition 2.1, while the second addend is
just the complex conjugate of the first one, yielding 6 ~ v + 7). We focus on the first term 6 ~ « and from now on,
we use the shortened notation

U, o (|k],0) = Xe.o(ofkl,e7/3(8 — 7)) O(e" K| 7)
for \TI&U in Definition 2.1. By the Plancherel equality, one has

0_2 00 2 B 9
[ 27Tﬁ Xz (olk],e73(0 — 7)) O(* [k|™) |K|d|k|
el/

2
— oS / [t 0 = i aan,

(A.2)
and the estimate easily follows. For the boundary layer term, one first notices that
(A.3)
2 [e'e)
v e < V2 1/6 / Xo.c(olk|,e7/3(0 — 7)) O(eP |k|?) e~ iwtFilkl sin(@+y)(z=z0) =A(k ”\k|d\k| do.
n L?c,y

By the Plancherel equality again, one has

‘ / ™ o (oKl e 1/3(8 — 1)) O(EP )it s 2030 g i

n L2
< O mame / X (01K, V30 — 7)) ke 2RO g,

Indeed, the function !

(A4) (k) = var / " X (olkl, V30 — )| eIl =A0) Py g

7
is nothing but the Fourier transform in |k| of the function

— —swt—+i|k| sin To— o,p
(A.5) FUK]) = Xoe(olk], e /3 (6 — ) K| 7H et ikl sin@En)zo =A™y

evaluated at the point sin(f + «)z. It is enough now to notice that

[ e lold 30— ) K200 g
n
—92in a,B S
< e 2inf Re(A(k) )y/ X57g(0'|k|,571/3(9_7))2‘k|2q+2d|k|
n

—2inf Re B 5 [
— . 2inf R (A(k) )ygfzqfd/ X/(p7€71/3(0 7))2 2q+2 dp.
n

Thanks to the assumptions on A(k)*? in Definition 2.1, there exists £ such that Re(f) > 0 and inf, Re(A(k)*#) >
Re(f)ll;—f > Re(f) I+, so that, integrating in y, one has
_9Re .8 _9Re(#) 12 o
e2ReB0 2, < o-2ReD 2, _ Oc),

Integrating in 6, it yields

27 o

1 _ 1

/o SN ERE | Xealp.e 0 )2 5142 dpas = O(c),
n
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and finally, we obtain
vhi |2 = O(edtPH8 gm0 7).
BLIIL2
2

Note that when o = %, q=-35,p= —% (the widest boundary layer of Proposition 3.1), we get
1
[vgLlzz = O(o%).
For the L> norm of the wave beam, simply notice that

1

2w o]
[Wheam e i) < 6”_%"/ / Xoe(olkl,e7/3(0 = ) (K| d]k|df = O("Tio 7).
0 n
Similarly, the L* norm of the wave beam boundary layer yields

27 [e'e]
v—1 — _ a,B T
bl < b0 [ [ salolid, 90 = 7)) suple O™ i ] ag
n

y=>0
< Ep_é”/ Xoe(olk|,e73(0 — 7)) [k|"T7 d|k| df = O(ePH 50777,
n

We further prove the remaining claims.
(i) Notice from (2.1) that

oo 2w
OV} o = 7510/6 / /0 i|k|sin(8 + ) xo.c (o]k|,e73(0 — 7)) O(eP k| 7)™ Witk sin(@+7) (@ =wo)+ilk| cos(O+7)y || 4 |K|df.
n

Therefore |i|k|sin(6 + 7)xo.c(colk|,e™/3(8 — 7))O(e?|k|?)| = O(eP|k|?H!) so that, by Definition 2.1, d, W, is
b.w. of order (p,q + 1). The same argument works for o, W} . .
(ii) The conclusion follows by applying exactly the same reasoning as for (i).

(iii) To estimate the product of two b.l.b.w. of order (o, 8,p,q) and (¢/, 8,9, ¢’) respectively, it is enough to notice
that
vk, X vBLllL2xr,) < min{||lvgp ] L2@xr ) 10BL Lo ®xR4 ) 10BLI Lo @ xR 1VBLI L2 @ xR, ) }
max{a,a’}

/o1 —o—ag —3
:O(€P+P +35+ 3 o174 2)7

where the estimates in (2.8) have been applied.
The product of a b.lL.b.w. vh; and a b.w. vf_, ., and of two b.w. vf_, . vt are estimated exactly in the same way.

APPENDIX B. A USEFUL LEMMA
The proofs of Lemmata 3.5, 3.6 and 3.7 rely on the following simple and useful result.

Lemma B.1. Let g be any complex polynomial. Let us suppose that, for some pg,

9" (ko) [”
< .
g(ILLO) =4 51{»13( ) lg//(y)|
IM1<2757G00
Then there exists a unique root u of g such that
|9(p0)|

| — pol <2 :
l9' (10)]

Proof. Let ¢ := g(10), o := ¢'(po) and
~ gz +po) —eo
flz) = Oz—o'
Then,
f0)=0, f'(0) = 1.

Therefore f satisfies the hypothesis of [26, Lemma 1.3 p. 130] which can be formulated as:

“f sup |f'(z) — f(2)] <s(r) <1and |yl < (1—s(r))r, then 3lx, |z| < r such that y = f(x).”

], |z|<r

We have
f(@) =y <= g(o + ) = yao + o

so that .
0
gpo+2) =0 y=——.

o
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Therefore, the lemma is proved as soon as one can find sy < 1 such that

leol |eo]

(B.1) sup  |f'(x) — f'(2)] < s <1 and <(1—s0)2— <5< 3
‘z|7|2|<2|‘2(3)|\ | 0| |Oé()|
Defining s¢ by
soim 2 sw (g2 s et g 2 s (@) - £
|2| <252k |zl,| 2| <220} |2, |z <2z
] lag ]
we find that (B.1) is satisfied as soon as ap < 3 that is
2 / 2
2|eo] i 1 Qg l9' (ko)
sup |¢"(2)| < 5 <=9 < — g(uo) < .
lol® <alzal : 4 sup |g"(2)| 4 sup |g"(v)l
Tagl |Z|§2(T% lv]<2 |‘7((ILL0))|‘
O
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