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CONSTRUCTIVE AND DESTRUCTIVE INTERFERENCES
IN NONLINEAR HYPERBOLIC EQUATIONS

Rémi Carles, Christophe Cheverry

Abstract. — This article introduces a physically realistic model for explaining how
electromagnetic waves can be internally generated, propagate and interact in strongly
magnetized plasmas or in nuclear magnetic resonance experiments. It studies high fre-
quency solutions of nonlinear hyperbolic equations for time scales at which dispersive
and nonlinear effects can be present in the leading term of the solutions. It explains
how the produced waves can accumulate during long times to produce constructive
and destructive interferences which, in the above contexts, are part of turbulent ef-
fects.

Résumé (Interférences constructives et destructives pour des équations hyperboliques
non linéaires)

Cet article introduit un modéle physiquement réaliste qui explique comment, dans
des plasmas fortement magnétisés ou lors d’expériences de résonance magnétique nu-
cléaire, des ondes électromagnétiques peuvent étre créées, se propager et interagir.
Il étudie des solutions haute fréquence de systémes hyperboliques non linéaires pour
lesquelles des effets dispersifs et non linéaires sont impliqués & I'ordre principal. 11
explique les modalités selon lesquelles les ondes produites peuvent s’accumuler dans
le temps long pour produire des interférences constructives et destructives qui, dans
ce contexte, peuvent étre interprétés comme des phénoménes de turbulence.

(© Mémoires de la Société Mathématique de France 174, SMF 2022
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CHAPTER 1

INTRODUCTION

In this introduction, we present the main aspects of our text. In Section 1.1, we
introduce a simple ODE model that is intended to serve as a guideline. In Section 1.2,
we extend this model to better incorporate important specificities of two realistic situ-
ations which are related to strongly magnetized plasmas (SMP) and nuclear magnetic
resonance (NMR). In Section 1.3, we state under simplified assumptions our two main
results, Theorems 1.3 and 1.4. We also give an overview of our article.

1.1. A toy model

Introduce the phase ¢ : R — R given by
(1.1) o(t) :=t+ y(cost — 1), v €]0,1/4].

Let € €]0,1] be a small parameter, and A € C. Fix numbers (41, j2,7) € N?> x R such
that j; + jo > 2. Select n € Z and w € R. Then, define

(1.2) Fr(e,t) := e3/2eine®/e Fni(e,t,u) := Ae¥e™t/ =1 g2,

DEFINITION 1.1. — The number g := w + j1 — j2 € R is called the gauge parameter
associated with Finp, .

Consider the ordinary differential equation on the complex plane C given by
(1.3) %u — éu = F(e,t,u) := Fr(e,t) + Fnr(e,t,u), ul,_, = 0.
We can study the equation (1.3) on three different time scales:

e Fast, when t ~ g, that is when F' undergoes a few number of oscillations;

e Normal, when t ~ 1, that is when F generates O(¢~!) oscillations, whereas the
periodic part (cost) inside ¢ sees a few number of oscillations;

e Slow, when t ~ e~! or T := et ~ 1, that is when F involves O(¢~?2) oscillations.

In this subsection, we analyze (1.3) during long times t ~ ¢~ or T' ~ 1. With this
in mind, we can change u according to

(1.4) u(t) = e U(et),  U(T) = e e T/ u(e1T).

SOCIETE MATHEMATIQUE DE FRANCE 2022



2 CHAPTER 1. INTRODUCTION

Expressed in terms of U, the equation (1.3) becomes

(1.5) iu - iei(n—1)T/€2+in“r(COS(T/E)—1)/6 + NV Hirtia=2ie—1)T/e* i gyia
dT NG

The initial data is still zero. Denote by Uy, the solution corresponding to the linear
evolution, that is the solution obtained from (1.5) when A = 0. When A # 0 and when
v+ j1 + jo > 2, the solution to (1.5) looks like Uj;,. Our aim is to first study the
expression Uj;,. Then, we incorporate nonlinear effects by looking at a critical size for
the nonlinearity, corresponding to the special case A # 0 and v + j; + jo = 2. This
means to single out the following equation

d ]. : 2 . . 2 L.
Ly~ i(n=1)T/e"+iny(cos(T/e)—1) /¢ i(g—1)T /€7 1517772 _
(1.6) dTu \/ge + Xe uru:, Uy, =0
The integral formulation of (1.6) reads
T
(1.7) U(T) = Un(T) + X / e @D/ Y (5)1 LU (5) ds.
0

In Paragraph 1.1.1, we first show that U;,(T") = O(1), an estimate which is sharp
when n = 1. As a consequence, the nonlinear contribution brought by the integral
term inside (1.7) is likely to be of the same order of magnitude as the linear one. It
can be expected that U(T) # Uyn(T) + o(1). In Paragraph 1.1.2, we prove that this
is indeed the case if and only if g = 1.

1.1.1. The linear case. — By construction, we have
t

(1.8) unin(t) == 56”/51/{11,1(50 = 63/26”/5/ eilne(s)=sl/egq.
0

We start the analysis of (1.7) by looking at the part U}, through the expression wuyy,
of (1.8). Examine the right hand side of (1.8). For harmonics n € Z with n # 1, since
0 < v < 1/4, remark that

(1.9) Vs € R, 1/2 < |n¢'(s) — 1| = |n— 1 — ynsins|.
Exploiting (1.9), a single integration by parts yields
VE>0,  win(t) = O(P/2(1+1t)).
In other words, assuming that n # 1, we find
(1.10) VI >0,  Upn(T) = O(? + VeT).

The situation is completely different when n = 1. Fix an integer K > 1. The solution
ulin computed at the time ¢ = 2K 7 can be viewed as a sum of contributions produced
over time by the source term, namely

2(k+1)w

K-1
(1.11) un (2K7) = Z Uk, U 1= 53/2ei2K”/5/ elle(s)=sl/egg.
k=0 2k
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1.1. A TOY MODEL 3

Since the function s — ¢(s) — s = v(coss — 1) is periodic of period 2w, the wave

packets uy can be interpreted according to uj = £3/2e?2K7/¢y; with
2km+3m/2 37/2
(1.12) v = / etv(coss—1)/eqo — o .— / eiv(coss—1)/e g0
2km—m/2 —7/2

The function s +— ~(cos s —1) has exactly two non-degenerate stationary points in the
interval [2km — /2, 2kw + 37 /2], at the positions s = 2km and s = 2kw + 7. Using the
periodicity to get rid of the boundary terms and applying stationary phase formula,
it follows that

(1.13) v = ,2726_1% (ei(%—%) +e—i(%—%)) _}_0(53/2)‘

Let A. € C be such that

2 _.a 2
. — ) Zeiteos(X T , limsup |[A%| = /— #0.
1.14 A2 7 2
Ty e 4 e—0 Ty

Observe that
(1.15) v =2mA2V/e + O(%?), lu| = 27| AZ|e? + O(?).

The combination of (1.11), (1.14) and (1.15) indicates that, when n = 1, wave pack-
ets uy of amplitude €2 are repeatedly created over time when solving (1.3) in the
case A = 0.

Look at (1.11). The emitted signals uy (one per period 27) have cumulative effects
up to the stopping time 2K 7. They give rise to a growth rate with respect to the time
variable t. For long times 7" ~ 1, assuming that n = 1, we can assert that

(1.16) Upn (T) = AT + O(c) = A2 /W 1jo.79(s)ds + O(e) = O(1).
0

This short discussion about the linear situation (A = 0) highlights a difference between
the cases n # 1—see (1.10)—and n = 1—see (1.16). This observation is important
in the perspective of nonlinear effects. As a matter of fact, it allows a first selection
between the different modes n € Z.

1.1.2. Nonlinear effects. — Here, we consider the nonlinear framework, when A # 0
and v + j; 4+ jo = 2. The difference W := U — Uy, is subject to

T
(1.17) WI(T) = A / O/ 1+ W)(8)7 (U + W)(5) ds.
0
Using a Picard scheme, it is easy to infer that the life span of the solution W to the
integral equation (1.17), and therefore of the solution U to (1.6), can be bounded
below by a positive constant not depending on ¢ € ]0,1]. Knowing (1.10) and (1.16),
it is also possible to deduce that W(T) is of size O(eU1132)/2) = O(¢) when n # 1,
and of size O(1) when n = 1. This means that the preceding dichotomy between the
two cases n # 1 and n = 1 remains when A # 0.

SOCIETE MATHEMATIQUE DE FRANCE 2022



4 CHAPTER 1. INTRODUCTION

FacT 1. — When solving (1.6), the harmonic n = 1 stands out from the others.
Given T > 0, we find U(T) = O(v/e) when n # 1, and U(T) = O(1) when n = 1.

Assume that g # 1. The identity (1.7) becomes after an integration by parts

3 2 2 . .
(1.18) U(T) = Uy (T) — leei(g—l)T/e U(T)U(T)

ire?

g—1
From the Equation (1.6), since we have seen that the solution U is (at least) bounded,
we know that 9,U(s) = O(¢~1/?). From (1.18), it follows that

VI eR,  UT) =Un(T) + O(3/?).

T
/ ei(g—l)s/5285 (u(s)ha(s)jz)d&
0

Now, assume that n = 1 and moreover that g = 1. To show that, in this situation,
nonlinear effects actually occur, it suffices to produce an example. To this end, take
(j1,42,v) = (2,0,0) and w = —1, so that g = 1. Choose A = 1. Then, using (1.16),
the identity (1.7) becomes

T
(1.19) U(T) = A2T + O(e) +/ U(s)*ds.
0

This implies that U(T') = Ac tan(A:.T) + O(e), and therefore
U(T) — Upin(T) = A tan(A.T) — A2T + O(e) # o(1).

In view of the above formula, the asymptotic behavior of the nonlinear solution &/ can
strongly differ from the one of the linear solution U;y,.

FacT 2. — When solving (1.6), the gauge parameter g = 1 stands out from the others.
When g # 1, the asymptotic behaviors of U and Uy, when & goes to 0 are the same.
On the contrary, when g = 1, nonlinear effects can be expected at leading order.

1.2. A more realistic model

The preceding features, Facts 1 and 2, which have been emphasized in the case
of ODEs, are still present when dealing with partial differential equations arising in
strongly magnetized plasmas (SMP) or in nuclear magnetic resonance experiments
(NMR). But, there are two emerging issues: the first is due to dispersive effects which
are completely absent in the ODE case; the second comes from the occurrence of non-
trivial spatial variations when dealing with the phase . At all events, the discussion
becomes much more subtle, and new important phenomena can and do occur.

In order to investigate SMP or NMR, we must consider the PDE counterpart of
(1.3), which is

(1.20) Byu — ép(eDm)u =F=F,+Fy,, u,_ =0 0<e<l,

MEMOIRES DE LA SMF 174



1.2. A MORE REALISTIC MODEL 5

where ¢ € R and x € R. The state variable is u € R and D, := —id,. The action of the
pseudo-differential operator p(¢D,) is given on the Fourier side by the multiplier p(££).

In what follows, we will focus on the scalar wave equation (1.20). The origin of
equation (1.20), its physical significances and the reasons why it may be seen as a
universal problem (when dealing with systems of hyperbolic equations) will be clearly
explained in Chapters 2 and 3. We will work in space dimension one. The possible
multidimensional effects will not be investigated here.

We now fix some notations and we introduce simplified assumptions intended to fa-
cilitate the presentation of our main results. We suppose that the symbol p is smooth,
say p € C*(R). The function p is even. It is such that p|[ = 0 for some &, > 0.

_Ecvfc]
It is strictly increasing on (&, 00). Moreover, for large values of &, it is subject to
1.21 li =1, I '(6&)=0, I <0, Il 4p"(€) = ¢,
(1.21) Jdim () Jim p(€) Jdim &)
as well as
, : ™ (6)]
(1.22) 3D > 4; Vn € {2,...,D}, limsup —_ == < +oo.
E—too P (f)
Fix some M € N*. The source term F7, is defined by
(1.23) Fr(e,t,z) = —&%/2 Z am (et t, x)emeE2)/E,

me[—M,MN\{0}

In the above line (1.23), the amplitudes a,, (T, t,z) are chosen in the set C5°(R3) of
smooth functions whose derivatives are all bounded. They are selected in such a way
that, for some 7 > 0 and some r € R* with r < /2, we have

(1.24) VYm € [-M, M]\ {0}, Suppa, C ]—o00, 7| x [1,+o00[ x [—r,1].

The amplitude a1 (7, t,z) is chosen periodic for large times in the second variable. In
other words, there exists t; € R* and a smooth function a(T',t, ) such that

(1.25) Vt>ts, VneN, ai(,t+nm-)=al,t+nm,-)=al,t,-).

The phase ¢ arising in (1.23) is more general than in (1.1). It does depend on the
spatial variable z € R. It is the sum of a quadratic part (in ¢ and z) and a periodic
part (in ¢).

ASSUMPTION 1.2 (Selection of a relevant phase ¢). — The function ¢ is
(1.26) p(t,z) =t — xt + y(cost — 1), 0<vy<1/4.

In Chapter 2, the above assumptions on p and ¢ will be motivated by the study of
two realistic situations which are related to strongly magnetized plasmas (SMP) and
nuclear magnetic resonance (NMR). In Chapter 3, to better incorporate important
specificities of SMP and NMR, they will be somewhat generalized.

In the right hand side of (1.20), the nonlinear part Fiy is, up to some localization
in time and space, of the same form as in the previous subsection. Select a nonnegative
cut-off function x which is equal to 1 in a neighborhood of the origin and which is

SOCIETE MATHEMATIQUE DE FRANCE 2022



6 CHAPTER 1. INTRODUCTION

such that supp x C [—1,1]. Fix some parameter ¢ € [0,1] which is aimed to measure
the strength of the spatial localization. We impose

(1.27) Fyr(e,t,z,u) = Ae”x(3 - 2%t>x (%) et/ ygiz,

Taking into account the conditions on the support of the a,,’s and x, the term Fxp
becomes effective only for ¢t > 7 /e, that is after the term Fj, has played its part. So
we observe successively two distinct phenomena: a possible linear amplification, and
then nonlinear interactions.

The solution u to (1.20) exists on a time interval [0, 7 /e] with 7 < 7. The argument
is similar to the one given for the toy model. Through the change (1.4), we can
reformulate the equation (1.20) in terms of W = U — Uyy, see (5.3) and (5.4). When
v+ j1+ j2 > 2, the lifespan expressed in terms of T' = et does not shrink to 7 when ¢
goes to zero. Note however that, due to the quadratic nonlinearity, the global-in-time
existence is not at all guaranteed concerning (1.20).

We still denote by wj, the linear solution obtained from (1.20) when A = 0. One
point should be underlined here. Our discussion of the linear situation is based on the
analysis in L*> of oscillatory integrals appearing in a suitable wave packet decompo-
sition of wuj;,. The precise structure of these wave packets is lost under the influence
of nonlinearities. It follows that our key argument cannot be iterated to obtain the
existence and the asymptotic behavior of the solution to the full nonlinear Equa-
tion (1.20). For this reason, we do not work with (1.20). Instead, we look at the first
two iterates of an associated Picard iterative scheme, which are

(1.28a) ou® — ép(sDx)u(O) = F, u|£02)0 =0,
(1.28b) du® — ép(sDz)u(l) =Fr + Fnp (u(o)), u|£1=)0 =0.
Generalizing (1.4), we can define
. 1 2 /T . : : T
(7) . ZemiT/e () (7 .— gett/egy(d) nd
(1.29) UYNT, z) : _e u (E,sz), u(t,x) == ee™ U (6t,€>.

The expression U(?) is the solution to the linear equation (A =0). Thus, we have
1 _. T
Z/{(O)(T, z) = Uin (T, 2) := fe_zT/EZuhn(—,Ez).
€ €

Symbols like p appear when looking at special branches V of characteristic varieties
describing the propagation of electromagnetic waves
(1.30) V= {(t,z,7,8);7 =p(&),(t € € R’} c T*(R?) = R? x R?.

On the other hand, the phase ¢ may reflect the transport properties of particles. The
graph G of the gradient of ¢ is associated with the Lagrangian manifold

(1.31) G :={(t,z,0p(t, x), 0z0(t, 7)); (t, ) € R*} C T*(R?) = R? x R?.
In the ODE framework of Paragraph 1.1, we simply find
Vode = {(t,2,1,€); (t,2,6) € R’} Goae = {(t, 2,1 — ysint,0); (¢, z) € R*},

MEMOIRES DE LA SMF 174



1.2. A MORE REALISTIC MODEL 7

so that
(1.32) Vode N Gode = {(km,z,1,0); (k,z) € Z x R}.

Thus, the production at the successive times kn with k € N of the wave packets uy
which appear at the level of (1.11) can be interpreted as coming from positions which
are inside Vyqe N Gode- This principle is illustrated in Figure 1 below, given at = fixed
and £ = 0, with ¢ in abscissa and the time frequency 7 in ordinate.

1.8

1.2

o.s -

o.5

o.a

o.2 -

FIGURE 1. Intersection (in red) of Voge (in blue) and Goge (in )

Similarly, in the general framework (1.20), two-dimensional oscillating waves uy
can emanate from the more complicated intersection

VNG ={(tzp(-t),-t);(t,z) € R and p(—t) =p(t) =1—xz — ysint}.

In view of (1.21), for large values of |¢], the dispersion relation p(§) = 7 mimics the
choice p =1 of (1.3). As in (1.32), the set VN G contains (near z = 0 and for ¢ large
enough) an infinite number of curve portions (in R?) which appear repeatedly in time,
and from which oscillating waves u; may be triggered.

In the framework of SMP and NMR, the symbol p and the phase ¢ are issued
from different physical laws. They are originally unrelated, see Chapter 2. But they
are connected when solving the equation (1.20). The interactions between “waves”
(associated with p) and “particles” (described by ¢) may be revealed through the
intersection between the two geometrical objects V and G, from which waves uy can
be emitted.

The amplification mechanism that may arise after summing the u’s can be viewed
as a resonance. But now, the waves u; are no more sure to overlap. In contrast to
the toy model, since d,¢ # 0 and p’ # 0, the waves u; do propagate in R2. They
propagate in different directions and with various group velocities. They can mix

before reaching the long times t ~ e71.

FacT 3. — In the PDE framework of Equation (1.28), the accumulation of the emitted
oscillating waves uy can produce during long times 7' ~ 1 both constructive and
destructive interferences.

SOCIETE MATHEMATIQUE DE FRANCE 2022
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8 CHAPTER 1. INTRODUCTION

1.3. Statement of main results

The analysis of the creation, the propagation, the linear superposition, and the
nonlinear interaction of the wx’s is a manner to approach some kind of turbulence.
We start with situations where the linear aspects are predominant. A standard Picard
scheme can be used to approximate the nonlinear Equation (1.20). The corresponding
first two iterates yield the Cauchy problems (1.28a) and (1.28b).

THEOREM 1.3 (Situations where the linear asymptotic behavior is predominant). —
Select a source term Fy, as indicated in (1.23) with a phase ¢ depending on v ac-
cording to (1.26). Take profiles an, satisfying both (1.24) and (1.25). Look at the
Equation (1.20) with a symbol p subject to both (1.21) and (1.22). Introduce the pro-
files UY) | with j € {0,1}, which are issued from (1.29) after solving (1.28). Fix
some T > 0.

The aim here is to describe the asymptotic behavior of the UY) when e goes to
zero. Below, in (1), we first examine what happens in the linear case, when Fyy, = 0.
Then, in (2), we identify nonlinearities Fny, #Z 0 whose introduction has no impact
at leading order.

1. Linear case (Fyr = 0). Concerning the profile U = Uyin, we can produce the
following distinct asymptotic behaviors when € goes to zero.

— Constructive interferences. For all j € Z and T € [T,27T],

+OO 1 T
(133)  Upn(T,2)) = O(1) = A2 / =161~ %)g(s,0,0)ds + o(1),
0

2 _;a
where A2 = |/ —e "= cos (1 - %) is as in (1.14).
Ty 5

— Destructive interferences. By contrast, for all z € R\ 2Z and for all T €
[T,27], we find that

(1.34) Uhin(T', 2)| = o(1).

2. Nonlinear case (Fnr # 0). Adjust the nonlinearity Fyp as in (1.27), with real
parameters v, ji, jo w and . Assume that either v+j1+jo > 2, orv+j1+7j2 = 2
with w+j1—jo # 1. Fiz some ¢ € [0,1]. In the case v+j1+j2—2 = w+j1—j2 = 0,
set © = 1. Then the nonlinearity plays no role at leading order in the sense that

(1.35) Y(T,z) €[0,2T] xR,  UD(T,z) = Uyn(T, 2) + o(1).

Interpreted in the setting of SMP, Theorem 1.3 shows, as forecast in [8], that
small plasma waves (the u;’s) driven by microscopic instabilities can accumulate over
long times to furnish nontrivial effects. In turn, this phenomenon participate in some
anomalous transport [7] and can trigger instabilities which may act as obstructions to
the confinement of magnetized plasmas [11]. Applied in the context of NMR, our result
investigates the processes whereby human tissues could be heated during magnetic
resonance imaging [21].

MEMOIRES DE LA SMF 174
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1.3. STATEMENT OF MAIN RESULTS 9

It is worth noting that the turbulent aspects which are revealed by Theorem 1.3
are inherently linked to spatial heterogeneity. They are caused by the impact of the
inhomogeneous source term Fy,, which involves special oscillating wave front sets.
Both in SMP and NMR, the input of energy is due to a strong external magnetic
field B, whose directions vary with the spatial positions, see Chapter 2.

Theorem 1.3 indicates that Facts 1, 2 and 3 indeed prevail. We still have two notions
of criticality as far as nonlinear effects are concerned: the size of the nonlinearity
(through the choice of v + j; + j2) and the nature of oscillations (involving the gauge
parameter g = w + j; — j2).

The case v + j; + j2 > 2 corresponds to a nonlinearity whose amplitude is too weak
to have effects at leading order, regardless of the gauge. The case v + j; + j2 = 2 cor-
responds to a nonlinearity with a critical size, for which we have to further investigate
the content of the oscillations. For g # 1, that is for w + j; — jo # 1, the oscillations
in the nonlinear term are not resonant. They prevent the nonlinearity from having a
leading order contribution. This is why we have (1.35).

In practice, the expression (1.33) is built as a sum of wave packets, which may
be viewed as corresponding to the terms wuy of (1.12). But now, the wave packets
accumulate only at special positions which, in the space variable x, are located on a
moving lattice of size €. The complete statement is Proposition 4.16, which takes into
account the general choices of p and FJ, introduced in Chapter 2.

By contrast, at all other positions, as indicated in (1.34), the wave packets wuy
compensate to furnish asymptotic disappearance. This is due to mixing properties
induced by the variations of the phase (9,¢ # 0) and dispersive effects (p’ # 0),
mixing properties which are recorded in the arithmetic properties of a phase shift.
This is a feature of the PDE (1.20), which is completely absent from the ODE (1.3).
The full statement can be found in Proposition 4.18.

Compare (1.16) and (1.33). The characteristic function 1jo 7}(s) of (1.16) plays the
role of a(s,0,0) inside (1.33). Observe however that the Formula (1.33) differs from
(1.16), due to the factor exp(—i%(% — L)) in front of a. This additional factor is
induced by the rate of convergence of p”’(£) towards 1, which appears at the end of
line (1.21). It is absent when p = 1. In comparison to (1.16), due to the presence of
an oscillating factor, it can reduce the amplification phenomenon which is revealed
by (1.33). It reflects some microlocal effect, which is encoded in the behavior of p, on
the asymptotic behavior of the solution ;.

Remark that the constructive interferences (1.33) would be very difficult to detect
in Lebesgue norms other than L>, like L?. This is because the asymptotic profile
of Uy, is nontrivial only on a set of Lebesgue measure zero (the lattice Z). To some
extent, we can say that the underlying mechanisms rely on the recombination of small
scales (rapid oscillations) into larger scales, which produces (asymptotically) a very
weak solution.

As already explained, the linear part (1) of Theorem 1.3 is a direct consequence
of Propositions 4.16 and 4.18. The proof relies basically on classical stationary and
non-stationary phase arguments to precisely describe the infinite number (k € N)
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of emitted signals u,. But the linear superposition of the uy is a quite complicated
mechanism. This requires to sort between dispersive and almost stationary waves,
and this means to carefully examine the phase compensation phenomena that occur
in the summation process. The integral inside (1.33) appears ultimately as the limit
of a Riemann sum indexed by k.

The comparison between the linear solution U 0) =74, and the expression U @) ig
a nontrivial test to measure whether or not nonlinear effects can alter the solution
at leading order. Subparagraph (2) of Theorem 1.3 deals with situations where this
effect is negligible, see (1.35).

The content of (1.35) is proved in Chapter 5.2. According to the choice of g or
v € [0,1], the size of the o(1) inside (1.35) may be improved, see Propositions 5.18,
5.19 and 5.20. In view of Theorem 1.3, nonlinear phenomena can be expected only
under critical nonlinearities (v + j; + j2 = 2) and resonant oscillations (g = 1).

General nonlinear source terms will be investigated in Sections 5.1 and 5.2. But,
because it is simpler and already quite illustrative, in Section 5.3, we only examine
the case of u2. Other quadratic nonlinearities may be more difficult to resolve. Retain
also that, higher-order nonlinearities, like the cubic choice |u|?u, appear to be not
directly manageable through our approach, see Remark 5.26.

Recall that F7, has been defined at the level of (1.23). The implementation of u?
corresponds at the level of (1.27) to the selection of A = 1 and (v, j1, j2) = (0,2,0),
so that w = —1 (since we want to impose g = 1). Thus, we consider the solution
u® = yy, to (1.28a), as well as the solution u® to u(1)|t70 = 0 together with

1 et T ; 2
1.36 O™ — Lp(—icd,)u® = Fr +x(3 - 22 )x (= ) e/ (u®)”,
(1.36) L Ep( €0z )u L+ X 7)x()e (u'?)
THEOREM 1.4 (Nontrivial nonlinear effects in the presence of resonances). — The
general context is as in Theorem 1.8. We fixv =1, j1 =2, jo =0 and w = —1 to

deal with the quadratic source term u? of (1.36). It follows that the gauge parameter
g = w+j1 — jo = 1 is resonant. Select some ¢ € Jo_,1[ with t_ = (13 — /89)/8.
Then, for all time T € [T,27T] and for all position z € R, the expressions U (T, ")
and UMD (T, -) which are issued from (1.29) after solving (1.28a) and (1.36) have the
following asymptotic behaviors when € goes to zero.

— Constructive interferences. When z = 2j for some j € Z, the nonlinear interac-
tions have some effect at leading order. As a matter of fact, we find

WOT,2j) = UD(T,2j) —U(T, 25)

T S
(1.37) =o(1)+Ag/ x(3-22)
O T

+oo +oo —1:£ T—s
X (/ / e ©(o1to2)? b(O’], S)b(O'Q, 8)d0’1d0’2> dS,
0 0

where A? is as in (1.14) and b(o, s) := e_ié(%_a%)g(a,o,O).
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— Destructive interferences. By contrast, when z € R\ 27Z, the nonlinear interac-
tions are still negligible at leading order in the sense that

(1.38) Vz € R\ 27, IWO(T, 2)| = o(1).

Theorem 1.4 means that both constructive and destructive interferences persist in
the nonlinear framework.

The different wave packets uj, composing U(?) interact through the quadratic term
of Equation (1.36). There are consequently additional nonlinear effects which are
reflected in the triple integral appearing in the right hand side of (1.37). The nonlinear
impact is not obtained, as could be expected by extrapolating (1.19), that is by just

multiplying the linear profiles b inherited from (1.33). It also involves the correlation

—il(T—s) )
6(01+0‘2)2 :

It should be emphasized that Theorem 1.4 cannot be inferred from Theorem 1.3,
even on a formal level, due to the fact that nonlinear effects are quite strong. We will
discuss more specifically these aspects at the end of Chapter 5, in Section 5.3, where
Theorem 1.4 is proved.

It may seem that the assumptions made to state Theorem 1.4 are quite restrictive,
for instance: the space and time localization of the nonlinearity (through the cut-off
function ), a rather strange lower bound on the parameter ¢ related to the spatial
scale, and the fact that we consider only the first two iterates of a Picard’s scheme
(this last point was already motivated above). Nevertheless, to obtain Theorem 1.4,
we need already a rather involved analysis and careful estimates to deal with the
oscillatory integrals coming from Duhamel’s formula.

Pursuing the analysis in order to examine the “complete” nonlinear situation (1.20)
is beyond the scope of this article, see Remark 5.27.

In conclusion, the key innovation of the present article is, in the context of SMP
and NMR, a refined analysis of resonances, as well as a subsequent study of related
interferences and nonlinear interactions. This will be done first in a linear setting
(Chapter 4) and then in a nonlinear framework (Chapter 5).

coefficient exp (
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CHAPTER 2

THE ORIGIN OF THE MODEL

The equation (1.3) with ¢ as in (1.1) first appears in [8] as a textbook case when
it comes to studying plasma turbulence. It is a very elementary model aimed at
explaining wave-particle interaction [32]. In (1.3), the “wave” is represented by u while
the influence of “particles’ is incorporated at the level of the source term, through the
special structure of the phase ¢ inside F, as well as the choice of the nonlinearity Fiyr,.

The content of ¢, of Equation (1.3), of F, and of Fyy, must be adjusted in connec-
tion with physics. In this section, we examine two frameworks. The first one deals with
strongly magnetized plasmas (SMP); the second is about nuclear magnetic resonance
(NMR). From these perspectives, the properties of ¢, (1.3), F, and Fnr, selected in
Section 1.1 are far from sufficient.

Both SMP and NMR involve a strong varying external magnetic field B(-), and
both imply rapid oscillations around the field lines generated by B(-) at a Larmor
frequency which, in the time variable ¢, is ¢! with ¢ < 1. In SMP, the gyroscopic
motion refers to the dynamics of charged particles, and it is governed by the Vlasov
equation. In NMR, this motion concerns the magnetic moment M that is induced by
the spin of particles, and it is handled by Bloch equations.

These two applications share another remarkable feature. They both entail some
secondary slower periodic motion.

— In SMP like coronas, planetary magnetospheres or fusion devices, the latter
comes from the bouncing back and forth of charged particles between two mirror
points [6, 7].

— In NMR, it is generated by the repeated action of many radio frequency exci-
tations [21].

This second time periodic motion emerges at the level of the phase ¢ through the
presence of the periodic function “cost” inside (1.1). It also appears through the two
time scales T'/e and T'/e? in the right hand side of (1.6). But there is more: the spatial
inhomogeneities of the field B generate variations of the phase ¢ with respect to the
variable z. The graph G of the gradient of ¢, which is defined by (1.31), is associated
with special Lagrangian manifolds, whose geometries reflect the peculiarities of B.
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14 CHAPTER 2. THE ORIGIN OF THE MODEL

In SMP, classical choices of B are the dipole model [6] and the axisymmetric
field [7] which are respectively adapted to the description of magnetospheres and
tokamaks. In both situations, the condition V¢ # 0 results from some spreading of
the characteristics. The level surfaces of ¢ involve very specific patterns. They give
rise to wavefronts that are isolated and studied in [6, 7|, where they are associated
with a self-organization into coherent structures.

In NMR, the applied field B is the sum of a background field By, plus a gradient
field G of the form 3 -z with 8 € R and =z € R3, plus a time dependent periodic
field B;. In other words

B(t,z) = Bg + G(z) + B4 (), G(z)=0"=.

In the course of an experiment, the static field G is turned on and off by selecting a
collection of data 8 € R? in view of signal processing. On the other hand, the radio
frequency excitation B is triggered again and again to counterbalance the effects of
noise in the measurements. The property V¢ # 0 is due to the gradient fields G.
The corresponding structure of ¢ is identified (without exploitation) in the text [21].
It will be more highlighted in what follows, see Paragraph 2.2.

Whether for SMP or NMR, the function ¢ is the sum of a linear function in ¢, plus
(locally near the origin) a quadratic function in (¢,z), plus a periodic function in .
A representative selection of ¢ is the one given in (1.26). More details are given in
the course of this section. Section 2.1 is devoted to SMP, while Section 2.2 deals with
NMR.

2.1. Resonant wave-particle interactions

What happens inside collisionless plasmas is basically described by the Vlasov-
Maxwell system, see [11] for a specific study concerning the strongly magnetized case.
Simplified models (of fluid type) are also available through magnetohydrodynam-
ics, see for instance the PhD thesis [22, Appendix A.2] and the numerous references
therein. In the latter case, the equations take the form

1
(2.1) Owu+ —L(eDz)u+ F =0, ul,_, =0
c -

In Paragraph 2.1.1, we exhibit some specificities of the differential operator L(eD,),
which acts on the wave u. In Paragraph 2.1.2, we explain the features of the source
term F', which result from the motion of charged particles (electrons or protons). The
coupling between v and F through (2.1) is a way to investigate phenomena related
to wave-particle interactions [32].
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2.1.1. Plasma dispersion relations. — In this subsection, the spatial dimension is d
with d = 3. The state variable is v = (B, E,J) € R®. It involves the magnetic
field B € R3, the electric field E € R?, and the electric current J € R3. Unlike the
external fixed magnetic field B, the electromagnetic field (E, B) is self-consistent, and
therefore it is unknown.

The wave propagation in strongly magnetized plasmas (SMP) is studied in detail
in the articles [9, 10]. It can be undertaken through the asymptotic analysis (when ¢
goes to zero) of

d 1
atu—l—ZSjawju—i— gAu—i-F:O, u,_, = 0.
j=1
In practice, the number ¢! is a large parameter (¢! ~ 10°) that is issued from a
gyrofrequency. Now, to recover the formulation (2.1), it suffices to define

3 0 +Vyx 0
(2.2) L(eD;) =Y Sjebs, +A=c|-V,x 0 0|+A

3=1 0 0 0
In (2.2), the differential operators £V, come from Maxwell’s equations in vacuum.

The matrix A can be decomposed into 9 blocks of size 3 x 3 given by (for some
constant b, proportional to the strength of the external magnetic field)

0 0 0 0 -1 0 0
(2.3) A=10 0 +Id|, A=e3sx=]4+1 0 0], e3:=]0
0 —Id b.A 0 0 0 1

The skew-symmetric matrix A can be split into two distinct parts involving +Id and
beA. The two components £1Id are due to the coupling between the charged particles
and E. They take into account one aspect of wave-particle interactions, arising in the
electron cyclotron regime when computing the electric current in the Vlasov-Maxwell
system. On the other hand, the skew-symmetric matrix b,A captures the influence
of the Lorentz force. It corresponds to the effects of a strong external magnetic field
having (rescaled) amplitude b, and fixed direction es.

To underline the dependence of the semi-classical operator L(eD,) upon S and A,
we will sometimes denote by L(S, A, &) the symbol of this operator. Thus

L(§) = L(S, A,§) := 1§51 + 16252 + €353 + A.

In vacuum, when A = 0, the kernel of L(S,0,¢) is (for £ # 0) of dimension 5. The
situation is different in magnetized plasmas, when A # 0. When A is as in (2.3), the
dimension of kerL (S, A,£) may be 2 or 3. In any case, it is strictly less than 5. This
means that some nonzero eigenvalue 7;(S, 4, &) of iL(S, A, €) is connected to 0 when
A goes to 0, while the corresponding dispersion relation 7;(S, 4, ) remains bounded
for large values of £&. Emphasis will be placed on such eigenvalue.
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The characteristic variety associated with (2.1) is
Char L = Ry x R3 x {(7,€) € R x R3;det (it Id +L(£)) =0} .

The analysis of Char L in the context of (2.2)-(2.3) is achieved in the article [9],
with explicit algebraic formulas. The general situation is rather complicated. But,
for parallel propagation, meaning that ¢ = %(0,0,£3) || es, the computations are
simplified. With this in mind, we consider solutions u which depend only on the
third coordinate z3 € R so that z = z3 € R (we work in space dimension d = 1)
and £ = £ € R. Then, the dispersion relations issued from (2.2) are displayed in
this link [37], which presents basic features of electron waves. As usual in physics, in
[37], the functions 7; are available through implicit relations involving the index of
refraction &/7.

In particular, one can distinguish the right circular polarization corresponding to
R-waves (which are sometimes also called whistler modes)

242 W2 /72
(2.4) w8 _ L.
T2 1— (we/T)
There is also the left circular polarization corresponding to L-waves
242 w2 /72
(2.5) b =1- L.
T2 1+ (we/T)

In (2.4) and (2.5), the three constants cyg, w, and w. represent respectively the
speed of light in vacuum, the plasma frequency, and the electron cyclotron reso-
nance frequency. The two conditions (2.4) and (2.5) correspond to the selection of
two important branches inside CharL. The first is issued from (2.4); it is valid only
for 0 < 7 < w,; and it becomes physically relevant when 7 becomes close to the
resonance frequency w.. The second branch comes from (2.5); it operates when 7 is
above a cutoff frequency.

The two conditions (2.4) and (2.5) can be written in dimensionless form (implying
that ¢ = 1 and w, = w. = 1). Concerning the relation (2.4), this yields

1 T—1

(26) ? = G_(T), G_(T) = m, 0<7<L1.
From (2.5), we can extract

1 T+1 V6 —1
(2.7 i Gy (1), Gi(r):= P Py g 5 <T

A simple calculation shows that

(28)  Vreloll G.(r)= (TQ__T:_ZlJri)/:((TT;_l)T(T__l;’Z)—:Q_ 1,
and that
(2.9) lim G_(7) = 400, G_(1) =0, G (1) =-1.

7—0+
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2.1. RESONANT WAVE-PARTICLE INTERACTIONS 17

The function G_ is continuous and strictly decreasing from |0, 1] onto [0, +oo[. There-
fore, it gives rise to a diffeomorphism between these two intervals, with inverse func-
tion GZ!. The whistler dispersion relation expresses 7 as a function of &, through
T = Tw(€) = G:1(§_2). This function 7,(-) is even. This property does not come
from the general condition (3.3), but from other specificities related to (2.2). By con-
struction, we have

(2.10) Jim, GZ'(67%) = 1 (0) =0, Jim GT'(?) = Jim 7§ = 1.

In (2.10), the first limit means that the whistler dispersion relation is linked to some
zero eigenvalue of L(S, A,0) = A. The second limit indicates, as noted before, that it
appears as a perturbation (in terms of A) of some zero eigenvalue of L(S,0,¢). This
is consistent with a bounded behavior of 7 when || goes to infinity.

1

oo

o.s

o.7 —

o6 —

o.s ]

o4

o.3 |

o2 -

o.1 —

o

FIGURE 1. Graph of the function £ — 7,(§) on R4 in red. Asymptotic
direction of the dispersion relation in magenta.

The function 7,, connects 0 (for £ = 0) to w. = 1 (for £ = +00), in a one-to-one
smooth relation. Moreover, we can see on Figure 1 that the value 7 becomes close
to w, = 1 on condition that |£| goes to infinity. In view of applications (see e.g.,
[20, 35]), the whistler dispersion relation 7,, has more impact near the resonance, that
is when |£| becomes large enough.

On the other hand, the regime is semiclassical. This means that the value £ = 0
corresponds to a transition zone between spatial frequencies of size 1 and ¢~!. What
happens near £ = 0 is therefore physically less significant. For this reason and also
to avoid a possible singularity at £ = 0, we can skip what occurs near £ = 0. Thus,
we can multiply 7, by 1 — x where x is an even, smooth cut-off function which, for
instance, is such that

(2.11a) V|s| < 5/8, x(s)=
(2.11b) V|s| > 1, x(s)

1, Vs 6]5/831[7 0< X(S) =X(_8)a
0, Vs €15/8,1[, x'(s) <O.

EXAMPLE 2.1 (The physical model of R-waves). — Take p € C*°(R;R) with
(212) p(§) = (1= x(8)G=H(7?) = (1 = x(©)7w(®)-
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The function p inside (2.12) is even; it is equal to 0 in a neighborhood of £ = 0; it
coincides with the function 7, for 1 < |£|. Applying Faa di Bruno’s formula, we can
also see that
(2.13) Vn € N*, . lim &2tmp™(¢) = (=1)"(n + 1)!

— 400

This article is a first mathematical approach of the subject. Thus, we will only
consider a scalar wave equation in one space dimension (d = 1), like (1.20). In what
follows, the special choice (2.12) of p will serve to guide the discussion.

2.1.2. The impact of charged particles. — The source term F' inside (2.1) is aimed to
collect extra contributions appearing when passing from the Vlasov-Maxwell system
to MHD equations. Typically, the function F' is built with moments

M (f) .—/v®~--®vf(t,w,v)dv, neN
n times
of the distribution function f(¢,z,v) satisfying the Vlasov equation. As explained in
[22, Appendix A.2], the content of F' must take into account the underlying physics.
In the context of confined magnetized plasmas, the function F' inherits from the
computation of M, (f) a special set of characteristics.
We consider as a first approximation that the expression F' takes the following form

_ o(t, )
(2.14) F= F(s,st,t,a}, 6 ,u).

The function F(e,T,t,x,0,u) inside (2.14) depends on the parameter € € [0, 1], on
the long time variable T' := et with T' € [0, 7] for some 7 > 0, on the time variable
t > 0, on the spatial position = € R, on the periodic variable § € T := R/(27Z), and
on the state variable u € R. It is a smooth function of class C* of all these variables,
on the domain [0,1] x [0,7] x R? x T x R.

We must specify more precisely the three-scale, oscillating and nonlinear structure
of F'. In Paragraph 2.1.2.1, we explain the origin of . In Paragraph 2.1.2.2, we describe
the dependence of F'(-) on 6 and wu.

2.1.2.1. The monophase context. — Under the influence of a strong external magnetic
field, the collective motion of charged particles creates coherent structures which in-
volve mesoscopic oscillations [6, 7]. Through a procedure detailed in [8], when comput-
ing the moments M, (f), this furnishes macroscopic oscillations involving a specific
phase ¢(t,x). As outlined in [8], see the lines (2.7) and (3.7) there, the relevant func-
tion ¢ is issued from a mesoscopic gyrophase after freezing the momentum v at mirror
points. It can be determined through

(2.15) @(t,x):/o be (X, (s, 2))ds,

where the function X, can be deduced from gyrokinetic equations or, as in [6, 7],
from a notion of reduced Hamiltonian (the subscript r in X, stands for reduced). The
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function X, is smooth, and it can be viewed as a flow on R?, with d = 3 in the case of
applications. We refer to the articles [6, 7] for more details concerning the properties
of X, in connection with plasma physics, and to [8] for a short presentation.

In what follows, we will just retain the basic representative features of X,., and
therefore of . There is a remarkable fact concerning X,., which is due to underlying
integrability conditions. For all z, the function X,.(-, z) is periodic with respect to the
first variable s. To simplify the discussion (or after reductions), we can even suppose
that the period of X,.(-, z) is uniform with respect to all positions z, say equal to 2,
so that

(2.16) Y(s,z) € R x R, X-(0,2) ==z, X (s+2mz) = X, (s,2).

The periodic function X,.(-, z) produces a spatial periodic trajectory, starting from x
at time s = 0. From (2.15), we can deduce a decomposition of ¢ separating average
and oscillatory parts. The average part is

(be 0 X, )(z) := 2;/0 ﬂbe (X, (s, z))ds.

The oscillatory part (beo X, )* (¢, z) is 2m-periodic with zero average. It may be defined
according to

(be o X,)*(t,z) = /0 [be 0 X, (s,z) — (be 0 X, )(z)]ds
= o(t,z) — (be 0 X;) ().

Recall that the quantity b, (z) represents the strictly positive amplitude of the external
magnetic field computed at x. In (2.17), the linear part (b o X,.)(x)t is produced by
the mean effect of the bouncing back and forth of charged particles between the mirror
points.

On the other hand, the oscillating part (be o X,.)*(¢,z) # 0 takes into account the
variations around this mean value. By definition, given z € R3, the latter term is of
mean value zero with respect to ¢t € T. Observe that

(2.18) Op(t,z) = be 0 X,.(t,x) = (be 0 X;.)(x) + ¢(be 0 X;)*(t, ) > 0.

(2.17)

Working in the vicinity of a fixed position, say near the origin = 0, we can roughly
replace the part (b, o X,.)(-) by

(2.19) (beo X,)(z) ~a+ -z, (o, B) € R x R?,
with the following identifications
(2.20) a=(b.0oX,)(0) >0, B =Vu(b.oX,)(0)c R\ {0}

In fact, for the purpose of our analysis, the choice of ¢ or —¢ does not matter.
The remark (2.18) just says that d;¢ has a constant sign which is positive under the
convention (2.15) since the function b, is positive. As a consequence, we have to retain
that a > 0 at the level of (2.20).
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The dimensionless quantity o has a physical meaning. It is a measure of the ratio
between the size of the magnetic field and the cyclotron resonance frequency we.
Thus, when w, = 1, as will be assumed later after rescaling (the aim of this arbitrary
choice is just to simplify notations), the number « indicates the average amplitude of
the (rescaled) external magnetic field. Now, resonances arise when « ~ w,. For this
reason, we select the value a = 1.

In practice, both functions b, and X, are nontrivial functions of x. This is why we
set B # 0 at the level of (2.20). In fact, the inhomogeneities of the external magnetic
field induce some spreading of the integral curves which are associated to the Vlasov
equation. This is reflected in the term 5 -z # 0 of (2.19). Without loss of generality,
after spatial rotations and rescalings, we can always adjust 8 so that 8 = (0,0, —1).
For solutions which depend only on the direction x3, as it was supposed before, we

just find 8 = —1. Finally, as a prototype of a nontrivial periodic function with zero
mean, we can take
(2.21) O¢(be 0 X;)*(t,z) = —ysint.

Combining (2.19), (2.20) and (2.21), the positivity condition (2.18) is satisfied, at least
for small enough positions z, on condition that 0 < v < a = 1. To work on a spatial
domain where the amplitude b.(-) is expected to remain of magnitude comparable
to the mean value a, we fix v in the interval ]0,1/4[. This assumption turns out
to be rather convenient for the forthcoming computations. It ensures that only one
harmonic is resonant. The more general case v > 0 would be more complicated. It
may lead to supplementary dynamics compared to the one described in this paper.
Since ¢(0,-) = 0, the preceding discussion indicates that a choice of ¢ which should
be relevant from the viewpoint of applications is given by (1.26).

2.1.2.2. Nonlinear aspects. — In the articles [6, 7], the function f(¢,z,v) is obtained
as the composition of a localized initial data fo(x,v) with the oscillatory flow that
is issued from the Vlasov equation. It follows that all harmonics me with m € Z
are necessarily involved. Accordingly, the periodic function F'(e,T,t, z,-,u) can be
decomposed in Fourier series

F(e, T,t,z,0,u) = Z Fo(e, T, t,z,u)e™?.
meZ

The MHD equations resulting from the Vlasov-Maxwell system are not closed. Some
approximations are needed to recover self-contained equations. They usually are made
in the form of nonlinearities. In the scalar setting (1.3), this means to consider that the
source term F' is semilinear in u and %. The function F' is made up of a part F, which
is affine with respect to (u, @), plus some nonlinear part Fyr,. We can decompose F,
into Fr(-,u) = FY + Fju+ F} 4 with

(2.22) FL()=F(,0),  Fi(-):=08,F(,0),  Fi(-):=08F(,0).

REMARK 2.2 (About the elimination of F}). — The influence of F} can sometimes be
removed. This can be achieved for instance by modifying the dependence on ¢ inside
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F?, F} and Fyr. To simplify, assume that F} does not depend on (z,6) but only
n (T,t). Then, define

t
(2.23) v(t,x) = e 0O/ 5y(t, z), 0(¢t) := —ie/ F}(e,es,8)ds.
0
The new function v solves
v — Ep(zSDgU)v + e‘ie(t)/sFLO + e_2i9(t)/€F£T1 +e WO /epy, (E, et, t, e+i‘9(t)/6v).
€

In particular, when F} (e, T,t) = e~'F}(t) with a function F} purely imaginary and
periodic in ¢t with mean zero, the above expression # becomes a periodic real valued
function. This means that the gauge transformation (2.23) can introduce in the source
term of (1.3) oscillations with a phase similar to (1.1). In other words, the oscillations
of (1.1) can appear after a procedure aimed to absorb the “potential” FLI, even if
such oscillations are not visible at first sight. This provides another motivation for
implementing phases ¢ like in (1.26).

The nonlinear part Fiyr, is chosen of the same form as in the introduction. As will
be seen, an oscillatory source term such as (2.14) does generate oscillations of the
solution u. By a mechanism similar to (1.11)-(1.13), the function u can be viewed as
a sum of oscillating waves ui. Note that, in the present context, nonlinear aspects
can be revealed at the level of the source term F' (coming from Vlasov) through the
harmonics of ¢ but also inside the wave w itself (related to Maxwell) through the
harmonics of the phases involved by the u’s.

In the case of the Earth’s magnetosphere, the emission of whistler waves uy is a
long-standing experimental evidence, coming back to works of H. Barkhausen in 1917,
T.L. Eckersley in 1935, and L.R.O. Storey in 1953 [36]. Thanks to progress in satellite
means, like Van Allen Probes of NASA or Cluster of ESA, whistler waves uj, can be
today observed in detail. The internal mechanisms underlying the production of the
ug’s are clarified in [6].

In practice, the whistler waves uy accumulate and form a chorus. Theorems 1.3 and
1.4 describe intermittency phenomena that can occur during this process. It should be
stressed that our results deal with a plasma turbulence which by nature is anisotropic.
The energizing external field B points in special directions, which undergo variations
according to specific geometries (revealed by the Lagrangian manifold G). We will
not further investigate here the potential implications of our analysis in terms of
plasma physics. We just refer to the text [8] for preliminary comparisons between
mathematical previsions and concrete observations.

2.2. Nuclear magnetic resonance

The general framework concerning Nuclear Magnetic Resonance (NMR) is well ex-
plained in a paper of C.L. Epstein, see [21] and the references therein. The NMR ex-
periments are intended (for instance) to determine the distribution of water molecules
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in an extended domain. To this end, an external magnetic field B(¢,x) is repeatedly
applied to the object under examination. At a microscopic level, the spins of particles
react to the presence of B by producing a magnetization field M(¢, x).

The time evolution of M is described by Bloch equations which, in the absence of

relaxation terms, take the following form
dM

The function B is usually viewed as a sum B = By + G(z) + By (¢), where By is a
constant background field, G is a gradient field which is collinear with By, whereas
B; is a time dependent radio frequency field which is orthogonal to By and G(z).
Typically [21], the components By and G can be adjusted according to

By = %(0,0,b), G(z) ='(0,0,8 - x),

where by > 0 is the strength of the external magnet, and where the vector § € R3
comes from a collection of static fields that are turned on and off. In hospital magnetic
resonance imaging devices, acceptable orders of magnitude [21] are

(2.25) g~ 10" — 10%rad/Tesla, by ~ 1 — 10Teslas.

In the absence of By, at the position z, the magnetization M(-, z) undergoes a (coun-
terclockwise) precession about the z-axis with the angular frequency
w(x) :=wo+ gl -z, wo = gby ~ 108.

This underscores the importance of the small parameter ¢ := wy ! « 1, which is the
inverse of the Larmor frequency wg. The field B; represents the repeated action during
the experiments of RF-excitations, which are all adjusted near the resonant frequency
w(x). As explained in [21], this can be modeled by

+ cos(w(z)t + e1(t, z))
(2.26) Bi(t) = bi(t,z) | —sin(w(z)t +ci(t,z))
0

In (2.26), the amplitude by of the field B; is a scalar function. On the other hand,
the phase shift ¢; takes into account the small variations occurring when calibrating
the frequency of the RF-pulse.

To model the repetition of measurements, which is aimed to reduce noise effects,
the function by (-, z) may be chosen periodic in ¢ (say of period 27). Define

(2.27) dy(t,z) == g/o bi(s,x)ds = gt (x) + gb}(t, ),

where

27
by () := i/ b1 (s, x)ds, bi(t,x) := by(t,x) — by (t,x) = bj(t + 27, ).
0
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The equation (2.24) can be interpreted by following the motion of M(-, z) in a frame
rotating exactly at the frequency w(z). This amounts to replacing M by the new
unknown

0 1 0
N(t,z) := ef‘“(z)tAM(t,x), A=1]1 -1 00
0 00
The equation satisfied by N is simply
0 0 sin ¢ (¢, x)
% = gbi1(t,x) 0 0 coscy(t,z) | N.
—siney(t,z) —cosei(t,x) 0

When ¢; does not depend on ¢, for instance when ¢; = 0, the solution is explicit. With
dy as in (2.27), the solution operator U associated with (2.24) is given by

+ cos(wt) sin(wt) 0 1 0 0
(2.28) U(t,z) = | —sin(wt) cos(wt) 0 0 +cosd; sind;
0 0 1 0 —sind; cosd;

The formula (2.28) reveals the role of the phase w(z)t and also, after linearization,
the presence in the description of U(¢,z) of the two extra phases w(z)t £ di (¢, ).
In coherence with (2.25), we can take by = 1, so that wy = g = ¢~ !. In one space
dimension (when the vectors 8 have a fixed direction), there remains -z = Bz with
B € R and z € R. Then, for the special choices 3 = —1, by = 0 and b} = (1 — cost),
we just find wt — d; = ¢/e with ¢ exactly as in (1.26).

The solution M to (2.24) does oscillate at the frequency ' according to the
phase . Thus, by plugging M into Maxwell’s equations through the magnetization
current J,,, := V x M, we end up with a model similar to (2.1). Note also that the
influence of such oscillating function M in the source term of Maxwell’s equations can
also appear in the context of Maxwell-Landau-Lifshitz equations [19].

1

REMARK 2.3 (Dispersion relations in human tissues). — In the context of NMR,
the relevant functions p do not appear to have been modeled precisely. But, like in
SMP, the NMR experiments involve a magnetized medium. As a consequence, the
corresponding dispersion relations should share common characteristics. Be that as
it may, both situations involve hyperbolic systems to depict wave propagation. And,
as will be seen in the next section, the properties of p which have been introduced in
Section 2.1 are fairly general in such a framework.

The production of the uy’s corresponds to some electromagnetic radiation. When
dealing with magnetic resonance imaging, this may contribute to the heating of human
tissues in a way which could be a consequence of Theorems 1.3 and 1.4.
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CHAPTER 3

GENERAL SETTING AND ASSUMPTIONS

In this section, we present a general framework which includes the previous two ex-
amples: strongly magnetized plasmas and nuclear magnetic resonance. We also gather
the assumptions that will be retained in the rest of the analysis.

3.1. The evolution equation

In this subsection, we start with N € N* state variables, so that v € RY. The
time variable is t € R. The spatial dimension is d > 1, so that z € R?. The general
context is based on dispersive nonlinear geometric optics [17, 33]. Consider a system
of equations having the form

=0.

1
(3.1) Owu + EL(er)u +F =0, ul,_, =

The real number € € ]0,1] is a small parameter (¢ < 1). The dual variables of ¢ and
x are denoted by 7 € R and ¢ € R?, respectively. In Paragraph 3.1.1, we describe
precisely the content of L(eD,). In Paragraph 3.1.2, we decompose (3.1) into a di-
agonal system of transport equations, which are coupled through semilinear terms.
Then, we make a strong decoupling assumption to work with NV = 1, and we restrict
our attention to one dimensional effects so that d = 1. This reduction process leads to
(1.20). At the end of this subsection, in Paragraph 3.1.3, we explain how to express
the solution to (1.20) as an oscillatory integral.

3.1.1. The pseudo-differential operator L(eD,). — The semiclassical symbol that is
associated to L(eD,) is a matrix L(£). We suppose that (3.1) is symmetrizable, that
is, L(&) is antihermitian. Typically, we work with systems that can be reduced to the
following symmetric form

d
1
(3.2) Ou+ Y S0, u+ “Au+F=0,  ul_ =0

Jj=1

SOCIETE MATHEMATIQUE DE FRANCE 2022
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In (3.2), the letters S; represent real-valued symmetric matrices. On the other hand,
the matrix A may be complex-valued and is antihermitian. In other words

(3.3) Vie{l,...,d}, S; ="S; A*="A=-A
The symbol associated to (3.2) is
d
L(S,A,€) =) i£;S;+ A= —L(S, A,&)".
j=1

The matrix-valued symbol ¢L(S, A, £) is hermitian. It is therefore diagonalizable, with
real eigenvalues 7; (S, 4, §) satisfying

(34) Tj(S7Aa§) = Tj(s,o,f) + |§| {Tj (Sa éa i) —Tj (S,O, £) } .

€1 [€] €]
The function 7; is Lipschitz continuous on compact sets, including the compact neigh-
borhoods of {(S,0)} x S¥~1. With this in mind, exploiting (3.4) and assuming a little
more regularity in the variable A near the position (S,0,0) with o = £/|¢|, we can
infer that

(3.5) 7j(S,A,€) = 7;(5,0,6) + (A~ Va4)7;(5,0,0) + O(|€] 7).

By this way, the expression 7;(S5, A,£) appears for large values of || as a bounded
perturbation of the eigenvalue 7;(S,0,&). Since 7;(S,0,-) is homogeneous of degree
one in ¢, the directions o € S¥~! with 7;(S,0,0) # 0 give rise to symbols 7;(S, A, &)
which tend to oo when & = Ao goes to infinity (when A — +00). On the contrary,
the directions o € S%~! such that

(3.6) 7;(S,0,0) =0
furnish eigenvalues 7;(5, A, §) of iL(S, A, §) satisfying
(3.7 /\th_l 7;(S, A, Aa) = 177°(S, A, 0) := (A - Va)7;(5,0,0).

The condition (3.7) appears already in Paragraph 2.1.1 at the level of (2.10) when
studying wave propagation in magnetized plasmas. It is reflected at the level of Fig-
ure 1 by the horizontal asymptotic line. In what follows, the focus will be on such
situations, which in fact have a general scope.

REMARK 3.1 (Omnipresence of a finite limit). — Zero eigenvalues 7;(S5,0,£) = 0
of iL(S,0,¢) are nearly always present in the evolution equations of mathematical
physics. In the most favorable cases, there is a number of indices j such that (3.6)
is verified for all directions o € S?~!. Otherwise, fix any o € S?~!. Then, change x
into z — t7;(5,0,0)0, and modify the solution u accordingly. By this way, it can be
ensured that 7;(5,0,0) = 0. Consequently, given o € S?~1, the existence of a finite
limit as in (3.7) is (modulo adequate transformations) systematic.
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From now on, the matrices S; and A are fixed, with A # 0. The symbol L(S, A4, §) is
simply denoted by L = L(£). We assume that, for £ # 0, the matrix L(£) has exactly
N>1 (with N<N ) distinct eigenvalues which are of constant multiplicity, denoted
by —i7;(€) with j = 1,..., N. The characteristic variety which is issued from L(eD,)
is Char(L) := R; x R% x V with

(3.8) V= {(r,€) € R x R4 det(irId +L(€)) = 0}.

By construction, the set V consists of a finite number N of smooth sheets, which
correspond to different branches of Char(L), and which are nonintersecting except
possibly at the position £ = 0.

We have (t,z,7,&) € Char(L) if and only if 7 = 7;(£) for some j. The functions 7;
are called dispersion relations. They are smooth away from the origin £ = 0. Retain
that 7; € C°(R?\ {0}; R).

3.1.2. Reduction to a scalar equation. — The aim here is to explain how to pass from
the system (3.1) to a finite number of scalar equations.

LEMMA 3.2. — For all ¢ € R?\ {0}, the normal matriz L(£) is unitarily similar to a
diagonal matriz D(). In other words

WEeUN);  UET=UE)"  UELEUE)" =D

In addition, the function U can be chosen smooth away from {& = 0}, bounded as well
as all its derivatives, and it has a non-zero limit in each direction

(3.9) Vo € ST, U, € U(N); Jim U(\o) = U,.

Proof. — The diagonalisation is straightforward since L(&) is antihermitian. On the
other hand, the smoothness of the map £ — U(&) follows easily from the constant
multiplicity assumption. It remains to focus on (3.9).

In the case A = 0, the function U is homogeneous of degree zero, and we have (3.9)
with U, = U(c). The lemma then follows from perturbative arguments. For large
values of |£|, the contribution issued from introducing A yields only O(1/|€|) terms,
as in the previous paragraph. U

To avoid a possible singularity of p at £ = 0, we introduce a cut-off function X,
near the zero frequency. In the absence of singularity at £ = 0, just take £, = 0 and
X, = 0. In the presence of a singularity at £ = 0, fix some &, > 0, and select a smooth
even cut-off function X, satisfying

(3.10) e e S X, < L-2¢2¢.)-

The diagonal entries of the matrix D(§) are the imaginary numbers —i7;(§). Apply
the operator [1 — Xc(sDx)]U(sDx) on the left side of (3.2). Accordingly, define the
modal decomposition

Yug,...,un) == [1— Xc(sDx)]U(st)u e RV,

SOCIETE MATHEMATIQUE DE FRANCE 2022



28 CHAPTER 3. GENERAL SETTING AND ASSUMPTIONS

We emphasize again that this (possible) cut-off near £ = 0 is consistent with physical
approaches. In practice, the dispersion relation near the zero frequency requires often
a distinct treatment. Examples include the Alfvén wave regime as opposed to the
Whistler wave regime, see e.g., [20, 35]. By this way, the PDE (3.2) is reduced to a
coupled system of N scalar equations

(3.11) Ortty, — gpn(st) +[1- X, (eDy )] [U(EDI)F]n =0, 1<n<N.

n (3.11), the pseudo-differential operator p,(eD,) involves a symbol p,, which is a
smooth function that comes from a dispersion relation 7;. More precisely

(3.12) Fje{l,..,NY pa®) = [1-x,(O)]75(6).

The multiplication by 1 — x_(€) inside (3.12) allows a smooth connection of the val-
ues 7;(§) for £ # 0 to the value p,(0) = 0 for £ = 0. Now, we can remove the index n.
The above polarization and microlocalization procedure does highlight the important
role of scalar equations of the type

(3.13) Oru = ép(er)u +C(eDa)F =0, uj_ =0,

where ((£) := (1 — Xc(g))U(f). In (3.13), there is only one mode of propagation. We
have u € R and N = 1. Moreover, assuming that the function F' depends only on u,
there is no more coupling between the different modes u;’s.

Of course, the passage from (3.11) to (3.13) is a great simplification. Nonetheless,
the equation (3.13) is very interesting. It is a simplified model giving a good indication
of many mechanisms occurring at the level of systems like (3.2). Of special interest
are the symbols p which, like in Chapter 2, stem from realistic models. Indeed, they
allow to identify key physical phenomena.

3.1.3. Solving the scalar equation. — In a first stage, we consider (3.13) when the source
term F' reduces to

(3.14) F(e,t,x) = FO(e,t,2) = =32, (et, t, x)e™mPB2)/e,

The function a,, is a smooth profile, which is compactly supported with respect to
the spatial variable z; the function ¢ is defined in (1.26), and m € Z. More general
choices of F' will be presented in Section 3.2. By interpreting the equation (3.13) on
the Fourier side, we can extract

it €) = / [ e i () e, s, ) dsdy,
where the Fourier transform is defined as

B13)  JO=FHO= [ @n F @ = o [ e

MEMOIRES DE LA SMF 174



3.2. MAIN ASSUMPTIONS 29

Since ( is smooth and bounded, and a,(es, s, -) is in the Schwartz space, the expres-
sion 4(t,-) is rapidly decreasing and therefore integrable (in &). The inverse Fourier
transform of 4(t,-) furnishes

t
ult,z) = _% / pit ( /0 / ei[—<s—t>p<es>—y(a&)}/ag(_gg)F(as,y)dsdy> 3

Replacing F' as indicated in (3.14), and changing the variable £ into —¢/e in the
resulting integral yields u(t, z) = Z (e, t, z; myp, {, a) where the oscillatory integral Z is
given by

\/g ‘ —i®(t,x;8,y,€) /e
(3.16) 7= o e WEYLIEC(E)ales, s, y)dsdy ) dE,
m 0
and where, assuming that p is even, the function ® stands for the phase

(3.17) D(t,2;5,,8) = (s — 1)p(&) + (z — y)§ — me(s,y).

The notation ®(t,z;s,y,£) emphasizes the dependence of the function of (s,y,&)
upon the parameters (¢,x). A large part of our work will focus on the asymptotic
behavior when & goes to zero of expressions like (3.16). Note that the application
a(et,t,-) — u(t,-) belongs to the general category of Fourier integral operators, see
the book [18]. Non-standard features come here from the large domain of integration
in time (of size s ~ £7!) and from the unusual properties of the phase ® (during large
times s ~ ¢~ 1). Typically, the phase (s, y) is linear in y for fixed time, but with an
increasing coefficient s, which enhances new phenomena.

3.2. Main assumptions

Consider (3.13). By incorporating the action of ((¢D,) inside the definition of F,
we find a scalar equation in one space dimension like

(3.18) Ou — ép (eDg)u+ F =0, ul,_, =0

As in Paragraph 2.1.2.2, we can decompose the source term F into F' = Fp, + Fnp,
with Fp, as in (2.22). Below, we state our general assumptions regarding the terms
which are present in (3.18).

3.2.1. Assumptions on the dispersion relation. — We select some j giving rise to (3.6),
and we consider the subset of Char(L) which is associated to the choice of the eigen-
value 7;(5, A,€&) = 7;. For convenience, we will sometimes omit to mention j when
dealing with 7; or related expressions. The surface

V=V, = {(r;(6),€);€ € R} c R+

does not depend on (¢,x), and it is contained in all sections of Char(L). Our aim
is to study the equation (3.18) with a pseudo-differential operator p(—icd,) whose
symbol p = (1 — XC)T is satisfying assumptions which are inspired by (2.12). With
this in mind, we impose the following conditions.

SOCIETE MATHEMATIQUE DE FRANCE 2022



30 CHAPTER 3. GENERAL SETTING AND ASSUMPTIONS

AssuMPTION 3.3 (Existence of a resonance). — The symbol p € C*°(R;R) satisfies:
(a) There exists €. € [0,1/2] such that Ploe = 0,

(b) The function p’ is positive on the interval |, +oo[;
(¢) The derivative p'(§) converges to zero when £ tends to +00;

(d) The function p is such that

(3.19) Jg>2 and £<0; lim ¢712p"(¢) = ¢;

£—+o0

(e) The function p is even.

In other words, we have (3.19) together with

(3.20a) V€ € [0,&], p(§) =0,
(3.20b) Ve € J¢., +ool, 0<p'(§),
(3.20c) V¢ € [0, +o00], 0 < p(§) = p(=¢),
as well as

(3.21) gﬁlfoo p'(€)=0.

As seen in Chapter 2, the formula (2.12) furnishes a typical example of symbol p,
which is issued from electromagnetism.

LEMMA 3.4. — Assumption 3.8 is satisfied by the function p of (2.12).

Proof. — Recall that G~' is strictly decreasing from [0, 4oo[ to ]0,1]. Taking into
account (2.11) and (2.12), we have (a) with £, = 5/8. Compute

P =—X(OGZ(€7?) —2(1 = x(8)¢ 3G 0 GZH(¢7?)

For £ > &, in view of (2.8) and (2.11b), p/(£) is the sum of two positive expressions.
This furnishes (b). On the other hand, using (2.9), we find

-1

lim &p/(&) =-2 lim G oG ' (¢?) '=—2¢ (1) =2
Jm €9 Jm GLoGz (€7?) G (1)

As a direct consequence, we have (c). For £ > 1, there remains
-3

p(€) = 664G 0 GZ1(672) T —4675G" 0 GZH(E72)GL 0 G (¢7?)

Passing to the limit £ — +o00, we recover (3.19) with ¢ = 2 and £ = —6 < 0. Finally,
by construction, the function p is the product of two even functions, and therefore we
have (e). O
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REMARK 3.5 (About the optimality of Assumption 3.3). — Most of our results remain
valid when ¢ > 1, and some of them hold true when (3.19) is relaxed according to

(3.22) J(q,£) €)0, +oo[xR_; lim ¢972p"(¢) = ¢.

E—+o0

For instance, with x as in (2.11) and p(§) = [1— x(£€)]7(£) as in (3.12), we could also
consider the following choices

2 4
T(f): farctan|§|, g=1, éz_f)
7T£ ds ™
= _ {=—-1—q.
’T(g) /(; 14+ |S|1+q’ q>07 q

However, the precise description of the large time behavior of u (for ¢ of order 1/,
as in Proposition 4.16) does require £ < 0. As a matter of fact, the case £ = 0 is an
option which does not allow to quantify the dispersive effects (as in Lemma 4.7).

From (3.19), we obtain that p” is integrable on R . Using (3.21), this yields

“+o0
PO=-[ s
3
Then, exploiting (3.22), we can obtain

1
3.23 lim () =——=>0
(323) Jim_ €15(6) = ——
Note that the condition (3.20b) implies that the limit in the right hand side of (3.23)
should be nonnegative. This is compatible with the condition £ < 0 of (3.19) or with
the condition £ < 0 of (3.22). Now, from (3.23), we know that p’ is integrable on R.
Thus, we can find a number w3® > 0 such that

“+o00
(3.24) Jim p6) =T = [ >0

The limit w$® has clear physical meaning, in the sense of a resonance frequency. In
the context of SMP, the number w?° coincides with the electron cyclotron resonance
frequency w. introduced at the level of (2.4) and (2.5). In the text [8], it is called a
resonance of the first type.

In the scalar framework (3.18) which involves only one dispersion relation, changing
the time scale t into w$°t, the symbol p and the source term F are respectively replaced
by (w)™'p and (w®)~'F. By this way, we can ensure that w3 = 1.

AssuMPTION 3.6 (Normalization of the resonance). — The resonance frequency, that
1s the limit w3°, is normalized to unity.

(3.25) Jm p(©) =1
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Consequently, for £ large enough, the dispersion relation 7 = p(§) does mimic the
choice p = 1 of (1.3). However, in Assumption 3.3, due to (b), the function p is
definitely not constant, and therefore the variety V is curved. Again, this is a hint
that some kind of dispersive effects are present. Let us clarify this point. On the one
hand, combining (3.23) and (3.25), we get easily

Eﬁgloop'(ﬁ)&p(ﬁ)’l —0#1.

In the vocabulary of geometric optics, this means that the group velocity p’(£) and
the phase velocity p(£)/¢ are (asymptotically) different, and hence dispersive effects
persist (see e.g., [34]). On the other hand, because the symbol p is bounded, there are
no (local in time) Strichartz estimates which could be associated to the propagator
e*?(Pz) improving Sobolev embeddings, in the sense that if

”eitp(Dz)f”La([O,T];Lb(R)) < CM\fllaewy, VfeHNR),

for some T' > 0 and (a,b) satisfying % = % — % (admissible pair), then necessarily,
k > 3 — 1 (see [4]). On the other hand, frequency localized Strichartz estimates

are available (see [5]): since we consider high frequency phenomena, these localized
estimates are not helpful. One thus has to be cautious about the notion of dispersive
effects that is involved. In this article, it refers to the first interpretation.

REMARK 3.7. — The Equation (1.3) of the introduction can be put in the form (3.18)
with p = 1. It is also dispersive since, for £ # 0, the derivative p’(£) = 0 is different
from ¢~ 1p(€) = ¢71. It satisfies Assumption 3.6 but not Assumption 3.3. Indeed, in
contradiction with (3.20b), the group velocity p’(£) is simply zero.

Now, let us come back to the content of (a), (b), (c), (d) and (e).

— (a). By multiplying the eigenvalue 7 by the cut-off function 1 — X, with x _asin
(3.10), we can always guarantee (a) for p = (1 —x )7

— (b). To better understand the origin of (b) and the conditions under which the
property (b) is indeed accessible, we can examine what happens in the one dimensional
framework (d = 1). Starting from (3.2), this means to fix ¢ € S%!, to identify
L(S,0,0) with some symmetric matrix S, and to look at

(3.26) Opu+ SOu+ e T Au+ F =0, ul,_, =0, z €R.

As already explained, to obtain (3.6) for some index j, zero must be an eigenvalue of
the symmetric matrix L(S,0,1), which coincides with —S. Let P be the orthogonal
projector onto the kernel of S. If the matrix S commutes with A, that is if [S, A] = 0,
the two matrices S and A are simultaneously diagonalizable, and the system (3.26)
can be decoupled into distinct transport equations. In particular, from (3.26), we can
extract

(3.27) OPu+ e *(PAP)Pu + PF =0, Pu|,_ =0.

Among the eigenvalues 7;(S, 4, §) of iL(S, A, ), we can distinguish those coming from
(3.27), which are simply eigenvalues of PAP, and therefore constant in £. Then, the
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condition (b) is not verified. This means that interesting situations may arise only on
condition that [S, A] # 0.

In fact, in order to have the condition (b), the important thing is the presence
asymptotically, say for £ > &, with £, € R, of some nontrivial monotone behavior
of 7. Then, changing ¢ into —t if necessary, we get the growth criterion p’(§) > 0
for £ > &,. Changing  into pyz with g € R, we can obtain 0 < £, < { < 1/2.
Then, multiplying 7; by 1 — x_as in (3.12), the situation does fit in with (b). The
supplementary restriction p’(§) > 0 is aimed to guarantee that dispersive effects
associated with the variations of p actually occur.

— (c). The condition (c) is useful to infer (3.24) from (3.19). Subject to (3.6), it
is an easy consequence of (b). Let us briefly explain why. In view of Remark 3.1,
the condition (3.6) gives rise to the existence of a finite limit 70° = 77°(S, 4,0). At
this stage, there is no sign condition on 77° € R. Now, given any A € R, we can
change the solution wu(t,-) into (¢, ) := exp(iAt/e)u(t, ). This gauge transformation
is not without consequence on the source term F' (see Paragraph 2.1.2.2), which must
be adjusted accordingly. It also modifies the matrix A into A := A — i), and the
symbol 7;(S, 4, ) into

7i(S,4,6) = 7,(S, 4,6) = 7;(5, 4,6) + \.
It follows that 70° and 7;(S, A,0) are respectively turned into
FP=1 4\, 7(S,4,0) =7;(S,4,0) + A

J
For the choice of a sufficiently large number A, the new limit 77° becomes positive,
like w?® in (3.24). Moreover, provided that 7;(S, A,-) is increasing on R, , which
means that we can take £, = 0 as well as {, > 0 arbitrarily small, by selecting
A= —7;(S,A,0), we can ensure that 7;(S, fl,O) =0 and 77° = w3 > 0. Then, as in
the whistler case, the function %j(S,A, -) connects some zero eigenvalue of S (when
£ — 400) to some zero eigenvalue of A (when & = 0).

— (d). The condition (3.19) does not only guarantee the existence of a resonance
frequency. It is much more restrictive. It provides information about the asymptotic

behavior inside (3.7). Indeed, from (3.23), we can extract the rate of convergence

q /
(3.28) ghrjrﬂ £ [wP - p(€)] = e >0

— (e). The last restriction (e) is not essential. It is inspired by the whistler dispersion
relation 7, which is an even function, and for which a global analysis up to the zero
frequency &, = 0 is directly available, without involving a cut-off function X, with
& large. It is imposed here for the sake of simplicity. It can be avoided, albelt with
technicalities to distinguish what happens in the two directions +o.

To conclude, let us illustrate the above discussion in the context of equation (3.26),
when N = 2. After adequate rescalings, the framework can be reduced to

(0 0 _ —ia —b—ic 4
S_(O _1>, A_<b—ic id >, (a,b,c,d) € R*.
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The pertinent eigenvalue 7(£) of

. . a C—Zb
iL(s,A,§) = -5+ 1A = < ct+ib d+¢§ )

is the one issued from the zero eigenvalue of S. Thus, it must be zero when A = 0.
For £ > 0, this means to select

£ =5 +a+d—VE—aTdF +AR ), lm 1(¢) =a

For large values of £ > 0, the function 7 is constant (equal to a) if and only if b = ¢ = 0,
or equivalently if and only if [S, A] = 0. We have to address the opposite case, when
[S, A] # 0 or when bc # 0. By adjusting the gauge parameter A\, we can work with
a = 1. Multiply 7 by 1 — x_ to form p = 1- Kc)z' Then, for all choice of £, > 0, we
obtain (a), (b) and (c). We also find the substitute (3.22) for (3.19) - or (d) - with
g = 1. We do not have (e) but, as seen before, this is just a simplifying assumption.

For technical reasons, we need to highlight the following condition.

AssuMPTION 3.8 (Control of derivatives of p). — We have

_ : P (©)
(3.29) aD € N\ {0,1}; Vn € {2,...,D}, limsup ——=~ < +o0.

§—+o0 p/(g)

LEMMA 3.9. — Assumption 3.8 implies Assumption 3.8.

Proof. — When ¢ < 0 as required in (3.19), from (3.19) and (3.23), we deduce that

(3]
lim =—q—1,
IS G
and hence )
. p
lim sup =0
£—+o00 p/(g)
By this way, we find (3.29) for n = D = 2. O

Come back to (2.12) with G_ as in (2.6). In this case, comparing (2.13) and (3.23),
we see that the finiteness condition in Assumption 3.8 is verified for all D. However,
in the general case, when D > 2, Assumption 3.8 is adding new information, as shown
by the example

14 1 6
p’(€) = ey <1+ e cos& ), ¢g=2,/<0 and D =3.
In order to examine the role of D, we will keep track of D in the various estimates.

REMARK 3.10 (About other nonlinear effects). — The model (3.18) does not see the
interactions that occur between the different modes w,, inside (3.11). Just a quick
comment on this. In view of (2.6), the set V is symmetric with respect to the 7-axis.
Consider a phase 1¥(t,0,0, z3) satisfying the eikonal equation associated to R-waves

(3.30) Op = p(8:,(t,0,0,z3)), Vzs € R.
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The function (¢,0,0, —z3) is also a solution to (3.30). On the other hand, the di-
rection (7,&) is subject to (2.6) if and only if its opposite (—7,—¢), and (—7,§), is
satisfying (2.7). If a phase %(¢,0,0,z3) is as in (3.30), the function —(t,0,0,z3)
satisfies the eikonal equation associated to L-waves.

The same would apply for extended functions (t,z) which could be issued
from (t,0,0,z3) by the resolution of the complete eikonal equation, related to
some ¢ € R%\ {0}. Now, due to possible nonlinear interactions, a non oscillating term
can be produced by combining the phases —¢ and +%. Since the value 7 = 0 is still
characteristic when &35 = 0 (the zero eigenvalue is not completely eliminated, see [9,
Lemma 6.1]), this term may propagate and be amplified. There would be at the level
of the full system (2.2) a three-wave resonance to study.

The two conditions N = 1 and d = 1 are of course quite restrictive. They do not
allow to take into account a number of multidimensional and nonlinear aspects. But
again, the focus here is on resonances, intermittencies and related nonlinear effects,
in a framework as accessible as possible.

3.2.2. The source term F;,. — After adequate gauge transformations, see Remarks 2.2
and 2.3 as well as the comment about (c) in the preceding Section 3.2.1, we look
at the equation (3.18) under Assumption 3.3. To simplify matters, we can suppose
that F, = F?. On the other hand, to take into account the cut-off by X, and the
possible pseudo-differential action {(—eD,) introduced in (3.13), we extend below
the choice made in (3.14). Given M € N*, we consider
(3.31) Fp = FQ =¢%/? Z A (et,t, @, —ied,)*emeta)/e)

me&[—M,M]
where the phase ¢ is given by (1.26), that is ¢(t,z) = ¢t — zt + y(cost — 1) with
0 < v < 1/4, and the action of the adjoint A}, of the semi-classical pseudo-differential
operator A,,(et,t, z, —icd,) corresponds to the right quantization

(3.32) A (et t, x, —icdy) u(x) := // e TTVEA, (et t,y, e€)u(y)dydE.

AssuMPTION 3.11 (Choice of the coefficients A,,). — For all integers m € [—M, M],
we impose Ap, (T, t,2,£) = (m(—&)am (T, t, ) where the functions (,, € C*°(R;R) and
am € C°(R3) satisfy the following conditions.

— (m goes to 1 at infinity with

1
m = @ ) 5
Cm(§) =1+ (|§|) €] — o0

— form =0, (o is identically zero near the origin,
30 >0, Cojl—¢o.60] =05
— there exists some T > 0 and some r € |0,v/2[ such that
(3.33) VYm € [-M, M], suppa,, C ]—o00,7] x [1,+oo[ x [-7,7].
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Since ¢y, is multiplied by a,,, the asymptotic value lim¢| o (m(£§) = 1 is somehow
arbitrary. It could be replaced by any non-zero constant. Also, some coefficients a,,
may very well be identically zero. We will see that the most important coefficient is a .
All other coefficients will have a negligible contribution in the regime we consider in
this paper (this is Fact 1).

As explained in [6, 7], when dealing with strongly magnetized confined plasmas
(SMP), the solution to the Vlasov equation is transported by an oscillating flow,
see for instance (2.4) and (2.9) in [8]. This induces special structures of the electric
current J. which does enter in the composition of F at the level of (3.18).

Again, due to the bouncing back and forth (of charged particles) between the
mirror points at a frequency which has been normalized in (2.16) to the value 2,
it is expected that the profiles a,, inherit similar periodic structures with respect
to t € R. The same applies in the case of nuclear magnetic resonance (NMR). Ac-
cording to (2.28), the profiles a,, would be constant. But, in practice, they should be
periodic due to relaxation phenomena between the repeated action of radio frequency
(RF-)excitations.

In fact, the periodicity property is important for our results only as far as the
coefficient a, is concerned. That is why we just impose the following condition, which
is a relaxed version of (1.25).

ASSUMPTION 3.12 (a; is 2m-periodic in ¢ for large times). — There exists ts > 0 and
a function a € C*°(R x T x R) such that
(3.34) Vi >ts, YneN, ai(,t+2nm, ) =a(-,t+2nn, ) =a(,t,-).

3.2.3. The nonlinearity Fyr . — The coupling between “particles’ and “waves’ could
also be described by nonlinear source terms. This induces an additional mixing, and
provides a further complication. In the same vein as (1.2) or (1.27), the expres-
sion Fiyr, is chosen as a polynomial function in €71, ¢, u and 4.

AssuMPTION 3.13 (Choice of the nonlinearity). — Given J € N with 2 < J € N and
K €N, as well as complex numbers Aj, ;,, € C, we impose

K
(3.35) Fyi(et,mu) = ) Yo N Figa(e tizu),

2<j1+j2<J v=2—j1—J2

where (j1,72,v) € N2 x Z, whereas

, " o
(336) FjleV(E,t,CC,’U,) = 6yele1j2yt/6X <3 - 22) X (%) ua”,

for a frequency wj,;,, € R and parameters T, r and ¢ satisfying as before the condi-
tions 0 <T,0< 71 <v/2<1/8 and ¢ € [0,1].
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We could assume more generally v € R (taking finitely many values), provided that
the size of the nonlinear coupling is at most critical, in the sense that j; 4+ jo +v < 2.
Since the critical case corresponds to the choice j; 4 jo +v = 2, assuming that v € Z is
not a strong restriction.

At the level of (3.36), the nonlinearity undergoes extra time and space localizations.
The reasons for doing so will become clear in Chapter 5. They are related to the nature
of the information established in the linear case (Chapter 4). Indeed, we will get a
precise pointwise description of the linear solution only for sufficiently large time
(t 2 1/¢), and only in a small neighborhood of the origin (|z| < r).

The amplitude £3/2 of the source term Fy, and the nonlinearity (3.35) are inspired

by Section 1.1. They are adjusted so that nonlinear effects can actually be critical in
the limit € — 0 on the long time scale T' ~ 1 under consideration.

3.3. The notion of quasi-rectification

The term rectification has been first introduced in [30] in the context of nonlinear
diffractive geometric optics where it means the creation of non-oscillatory waves from
highly oscillatory sources. A distinction is made between hyperplanes which are in
the characteristic variety (contained in the section V) and curved sheets.

For wave vectors belonging to flat parts inside V), the interaction cannot be ig-
nored, while for wave vectors on curved parts, it is negligible at leading order. In the
subsequent articles [13, 33], these ideas are extended to dispersive equations and to
situations of “almost rectification” (when the resonance comes from the tangent space
to the characteristic variety).

In what follows, the expression quasi-rectification will be used in reference to the
pioneering work [30]. As a matter of fact, as detailed in Paragraph 3.3.1, our approach
presents certain similarities with that of [30]. But there are also significant differences
that will be emphasized in Paragraph 3.3.2. In order to avoid confusion, it is important
to explain clearly what the situation is. In Paragraph 3.3.3, we provide an overview
of what quasi-rectification is. The last Paragraph 3.3.4 is aimed to summarize the
discussion.

3.3.1. Analogies. — As in [30], we study a nonlinear hyperbolic equation for long time
scales at which nonlinear effects are present. As in [30], the characteristic variety
is a mix of curved and flat features. In Figure 1, the red graph is curved while its
magenta asymptote is flat. As in [30], amplification phenomena can occur (on small
sets). Moreover, in the spirit of [33], we deal with a kind of “almost-rectification” (at
infinity in our case), which is addressed in our title through the expression “quasi-
rectification”. But here is where the comparisons stop.
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3.3.2. Differences. — The first change involves (2.2). In [30], the authors impose the
condition A = 0, and they investigate diffractive effects. On the contrary, we work
here with A # 0, and we consider dispersive effects. When A = 0 and d = 1, the
characteristic variety is a union of lines. By contrast, when A # 0 and d = 1, the
section V does contain curved parts.

Since N = 1 and d = 1, many aspects of [30] are not present here. For instance,
we will not discuss problems related to the interaction of different modes (N > 1) of
propagation (the interaction between the u, ). Nor are we going to manage the multi-
dimensional (d > 1) spreading of waves. However, there will be many new difficulties
to deal with.

There is another distinction. In the article [30], the oscillations of the source term
come from the oscillations of the initial data after a selection process implying the
properties of the differential operator L(eD,). That is not the case here. As a matter
of fact, at the level of (3.2), the Cauchy data are simply zero.

Here, the oscillations are imposed from outside, as a part of the source term F'.
They are issued from the concrete considerations exposed in Chapter 2. They do not
at all involve the differential operator L(eD,). As a matter of fact, the phase ¢ has no
link with L(eD,). In particular, the function ¢ is not solution to the eikonal equation
that is associated with L(eD,).

In [30], there is a clear dichotomy between the flat and curved sheets contained in
the characteristic variety V. In Figure 1, there is no such strict separation. Instead,
in view of (3.19), the function p is concave for large values of £. Hence, there is no
flat part. But there is a progressive transition between a curved dispersion relation
and its flat asymptote (for £ large). While the rectification would refer, among other
things, to the presence inside V of branches without curvature, the quasi-rectification
exploits the property that the curvature of the section V asymptotically approaches
Zero.

3.3.3. Underlying mechanisms. — The eikonal equation associated to p, the one which
could be obtained at the first step of a WKB analysis, would give the value of 0;¢ in
terms of 9,1 through

(337) 8t¢(t7$) = p(aww(twr)) — (3t¢,3z¢)(t7$) ev.

Given a generic position (¢,z), the phase ¢ that is involved in the source term F'
will not satisfy (3.37). But remark that the spatial derivative d,¢(t,x) = —t becomes
large when ¢ is growing, while the time derivative Oyp(t,z) = 1 — x — ysint remains
close to 1 (at least for |z| < 1 and ¢ ~ 0 modulo 7). Taking into account (3.25), it
follows that p(9.¢(t,z)) = p(—t) = p(t) is not far from dyp(t,z) when t = nr with
n going to infinity. This is the type of resonance which has been illustrated in the
introduction through (1.16). This is the reason why the asymptotic direction 7 = 1
of V is physically so important.

MEMOIRES DE LA SMF 174



3.3. THE NOTION OF QUASI-RECTIFICATION 39

Now, let us compare the position of V; ;¢ relative to V more precisely. When ¢ is
as in (1.26), the gradient of ¢ gives rise to a folded Lagrangian manifold G(y) (see
Figure 3 in [8]), which is

g(‘)o) = {(tax»at(p7ax§0)(t7m) = (taw’ l-z— ’YSint» _t); (t,l‘) € Rx R}

In general, the direction (0;p, 0,¢)(t, z) is away from V. But, near x = 0 and for large
values of ¢, it will repeatedly cross the section V in the course of time. Given some
small z, denote by t; = ty(z) with t5 < tx41 and k € N* the successive intersection
points. The t;’s form a countably infinite set. By this way, wave packets u; may be
generated. As in (1.13), they look like

uk(tvx) = \/gak(ta1")62-1/%(75@)/E +o (\/g) ) k €N,

with 1), subject to the eikonal equation (3.37).

The phase ¥y, and the profile a are determined by the local geometrical properties
of V near the position (9;p, 8,¢) (tx(x), z) € V. Since p’(§) with £ = —t is very small
for large values of ¢, especially when ¢t ~ €71, the waves u; become almost stationary
for large integers k. Their group velocity is not zero, but it tends to zero. It follows
that the emitted waves u; with k large can strongly interact and produce important
local effects during long times t ~ g1,

Since the accumulation process of the uy’s is related to the asymptotic shape of the
set V (for large values of &) and of the set G(p) (for large values of t), what happens
ultimately depends on the global geometrical properties of V and G(p). As will be
seen, amplification phenomena can occur, but not everywhere.

The creation, propagation, accumulation and nonlinear interaction at the level of
the evolution equation (3.2) of almost standing waves generated near a resonance by
highly oscillatory sources like (2.14), with ¢ as in (1.26), is what is called here quasi-
rectification. As alluded to above, the study of quasi-rectification requires to combine
local and global geometrical features of G(¢) and V. From a physics viewpoint, the
notion of quasi-rectification is well adapted to describe the observed production of
quasi-electrostatic waves in SMP [1] or NMR [21], and to measure the relative impacts.

Note that certain mechanisms which are involved show also similarities with what
is observed about surface plasmons [29].

The same applies for vortex filaments [2, 3, 15] with Talbot effect. In this case,
specific spatial structures appear at special times, while in the present context, we
will obtain specific spatial structures which remain over long time intervals. In Theo-
rems 1.3 and 1.4, the wave function U is of size O(1) at integer points only, over large
time intervals.

We would also like to cite the recent works of Y. Colin de Verdiére and L. Saint-
Raymond, see [14] and references therein. The motivations (fluid mechanics/SMP and
NMR), the mechanisms (periodic medium/oscillating phase), the structures (PDEs
involving variable/constant coefficients, flat/corrugated Lagrangian) and the tools
(semiclassical/ WKB methods) are distinct. But still, there are similarities and deep
connections. The two viewpoints are complementary.
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3.3.4. Back to the physical models, and summary. — In SMP, the motion of charged
particles generates an electric current J.. In NMR, the precession of the magnetic
moment M creates a magnetization current J,,. These two sorts of currents oscillate
according to the phase ¢, and they both appear as a source term inside equations of
Maxwell’s type. But since the plasmas (in SMP) and the human tissues (in NMR)
are inhomogeneous media, dispersion phenomena occur.

The characteristic variety Char L := {(t,z,p(£),); (t,z,€) € R3} C R? x R? is
more complicated than hyperplanes such as 7 = p(§) = 1. In real situations, there
are dispersive effects which are encoded in the variations of the symbol p. As we have
seen in Section 3.1, this happens generically.

In the context of SMP, the dispersive effects can be specified in details. Indeed, the
dielectric tensor of magnetized plasmas can be computed, both in the cold case [9]
and in the hot case [10]. In SMP, the pertinent function p is available, and it is such
that p’(§) # 0. Less information exists concerning NMR, but the situation should be
similar.

The reason why the model p = 1 is so important is the following. On the one hand,
after normalization, the function p will converge to 1 when |£| goes to infinity; thus,
for large values of |£]|, the dispersion relation T = p(£) mimics the choice p = 1 of
(1.3). On the other hand, from (1.26), we can deduce that the derivative d;p remains
close to 1 and that 9, = —t; thus, for large values of ¢ and especially during long
times ¢t ~ €1, the eikonal equation is almost satisfied. Due to the periodic part inside
©, it is in fact repeatedly verified. By this way, two-dimensional oscillating waves uy
may be emitted.

Vlasov and Bloch equations are completely distinct from Maxwell’s equations. The
two objects ¢ and p are issued from different physical laws. As a consequence, the
phase ¢ has nothing to do with the symbol p. But they can intersect incidentally, in
the sense of G N V. For the foregoing reasons, they can even cross again and again.
Such a configuration is a facet of what can be a resonance.

As explained in [8], the cyclotron resonances and the internal repeated emissions
of electromagnetic signals are both important phenomena which are involved in all
collisionless magnetized plasmas. Applied in the context of SMP, our work helps to
better understand the underlying mechanisms which are known to generate in coronas,
magnetospheres and fusion devices some heating and some anomalous transport. It
also sheds a new light on some aspects of NMR.
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CHAPTER 4

LINEAR ANALYSIS

In this section, we look at the evolution equation (3.18) with a source term F' not
involving w, that is when F' = F, with Fy, as in Paragraph 3.2.2 and ¢ as in (1.26).
Since the problem is linear, we can study separately each term of the sum present
in F. Accordingly, we consider here what happens when F' reduces to

t
(41) F (8757571:71‘7 (p( ,I),u) - 53/214 (Et t Zz, —166 )* ngo(t z)/s
3

We denote by u™ the solution to (3.18) issued from the choice (4.1). As usual, it is
referred as the mode m. The purpose is to study the subsequent oscillatory integral
Z(e,t,z;mep, am), which is given by (3.16), with ¢ = (,,,. In Section 4.1, we examine
the case of a non-resonant phase. The rest of Chapter 4 is devoted to the analysis of the
resonant situation. This starts in Section 4.2 with a presentation of the strategy and
results. Then, Sections 4.3, 4.4 and 4.5 give the details. Given a phase 1 € C*(R?;R),
consider a generalization of (3.16)—(3.17) which is

(42)  T(e v Ca)= L = ( / [ eietemenorg(eates, s y)dsdy) de,

where

(4.3) ®(t,x58,y,8) == (s —t)p(§) + (z — y)& —¥(s,9).

We assume that the phase 9 is at most quadratic, in the sense that (for all n > 2)
(4.4) sup  sup |07, ¢(t,x)| =: BY < 0.

2<]al<n (t,7)€R?

Such a notion is quite standard (see e.g., [23, 31]) in the construction of fundamental
solutions which are issued from Schrédinger equations involving a potential that is at
most quadratic in space. Then, Hamilton-Jacobi equations with phases which are at
most quadratic in space come into play. Here, the right variable is (¢,z). In the case
of ¢, see (1.26), the phase is of the form linear+ quadratict+bounded. The quadratic
part corresponds to the factor ¢z, and the function ¢ is indeed at most quadratic. The
asymptotic behavior of Z when ¢ goes to 0 depends heavily on the existence or not
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of stationary points when looking at the phase ®(¢, z;-) as a function of the variables
(s,9,€). In view of (4.2), we have

(4.5a) Os®(t, @ 5,y,€) = 0:D(s,y, &) = p(§) — 0s9(s,9),
(45b) ayq)(t7x7 87y7§) = ay@(syyaf) =G — ay¢(37y)

4.1. Non-resonant oscillatory integrals

Unlike the derivative 0¢®(¢,z;-), the right hand sides of (4.5) do not involve the
parameter t. This makes things easier in the perspective of nonstationary phase argu-
ments (in s and y) applied with ¢t ~ ¢~1. For this reason, we introduce the following
notion.

DEFINITION 4.1 (Non-resonant phase). — Let r € ]0,~v/2[ be the number allowing at
the level of (3.31) to control uniformly the spatial supports of the profiles A, inside
(3.31). Fiz some domain N satisfying

(4.6) N c{(s,9,¢) €10,00[ x |-, r[ x R}.

The phase 1 is said to be non-resonant on the domain N if there exists a positive
constant n > 0 such that

(4.7) V(s,y,6) €N, [p(§) — 0s(s,y)| + 1§ + y(s,y)| = n.
As a subset of the characteristic variety Char(L), one can distinguish
Char(L,N) := {(s,y,p(£),€); (s,9,&) € N} C T*(R?).
As a subset of the Lagrangian manifold G(¢) C T*(R?), one can identify
Gr() = {(s,4, 059, 0y1)(s,y); s €]0,400[,y € ]—r,7[}.
The geometrical interpretation of Definition 4.1 is the following. The phase % is non-
resonant on the domain N if and only if the two subsets Char(L, ) and G,.(¢) of the
cotangent bundle T*(R?) stay a positive distance 1 away from each other. We now

address the various harmonics ¢ = me, where ¢ is given by (1.26). We will see that
two values play a special role, namely m = 0 and m = 1.

LEMMA 4.2 (Non-resonant harmonics my). — Take
N ={(s,9,&) €10,00[ x |—r,7[ x R}.

Let ¢ as in (1.26). For m € Z\ {0,1}, the phase my is non-resonant on N .
Proof. — In the case of ) = my, the condition (4.7) becomes

V(s,y,8&) € N, 0<n<|p(&) —m+my+ymsins| + [ — ms|.
For m < 0, the properties p > 0, and r < /2 from Assumption 3.11, yield

Ip(§) —m + my + ymsins| > |p(§) —m| — my + ym sin 5|
> |m|(1l—r—7) >5/8.
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For m > 2, the property 0 < p(§) < 1 yields
[p(&) —m +my +ymsins| >m (1—-7r—7v) —1>1/4.
It suffices to take n = 1/4 to get the result. O

The phase ¥ = 0, which corresponds to the choice my with m = 0, requires a
different treatment, which explains the hypothesis on (y in Assumption 3.11.
LEMMA 4.3 (The non-resonant zero-phase). — For § > 0, set

Ng = {(5,9,€) €]0,00[ x |1, 7[ x R, [¢] > 6}.
Then, for all § > 0, the phase ) = 0 is non-resonant on NZ.

Proof. — It suffices to remark that
V(s,y,6) €Ng,  0<6<[El < [p(&)] + €]
This yields (4.7) in the case ¢ = 0. O

REMARK 4.4. — The above lemma becomes wrong when é = 0, even if £, = 0. Indeed,
in view of Assumption 3.3, the sum |p(§)| + |¢| vanishes at £ = 0.

Finally, the remaining case m = 1 turns out to be the richest. It will be analyzed
in details in Section 4.2.
The above notion of non-resonant phase is motivated by the following result.

PROPOSITION 4.5 (Vanishing oscillatory integrals in the non-resonant situation). —
Let 1 € C*°(R?%;R) be an at most quadratic phase in the sense of (4.4). We assume
that v is non-resonant on a domain N satisfying (4.6). Let ¢ and a be two smooth
functions which satisfy the conditions enumerated in Assumption 3.11. We also as-
sume that the product ((£)a(T,t, ) allows to localize inside N, in the sense that

(4.8) VT € Ry, supp(¢(-)a(T,-)) C N.

Then, for all time t > ¢~1T, the Fourier integral operator Z(e,t,x;%,(,a) issued from
(4.2) is well-defined as an oscillatory integral. In addition, for all n > 2, there exists
a constant Cyp, > 0 such that, for all t < 2T /e and for all x € R, we have

(e, t, 259, ¢, a)] < CorT e 30 47 (1 + B || a [lwn.oo () -
As a corollary, we can assert that Z = O(e*).

Proof. — The notion of non-resonant phase is designed to apply nonstationary phase

arguments with respect to the variables s and y. But the details remain to be worked

out. The main problems when dealing with (4.2) are due to the domain of integration

which, knowing that ¢ ~ 7!, is of size e !, as well as to the quadratic behavior of .
Due to (3.33) and (4.8), we have to deal with

7= ;i ///N eiiq)/e((f)a(es,s,y)dsdydf.

SOCIETE MATHEMATIQUE DE FRANCE 2022



44 CHAPTER 4. LINEAR ANALYSIS

As a consequence of (4.5) and (4.7), we find that (9;®)? + (9,®)? # 0 on the domain
of integration N. Thus, we can introduce on A the differential operator

Q5,6 05,0y) =i ((8:2)% + (8,2)%) " (8,20, + 0, 3,).
By construction, we have
(4.9) V(s,9,6) €N, €Q(s,y,&0s,0y)e "/ = e "P/e,

Select some n > 1. After n integrations by parts (with respect to s and y only) using
the identity (4.9), the expression Z of (4.2) is transformed into

@) 1=t ([ @ ) c@ates, s asay) e

where Q* is the adjoint operator of Q.

We start by focusing on the expression which inside (4.10) is put between brackets.
Thus, we can look at £ as a parameter which may be not mentioned. Still, it will
be reintroduced at the level of (4.14) in the perspective of the integration in . We
emphasize again that only values (s,y, &) inside A/ are involved.

To evaluate the size of 7 using (4.10), we have to compute Q*. First remark that
(4.11) 02,0 = -2y, 2,0 =-0%49,  02,®=-027.
Recall the standard conventions
a=(a,02) €N o] i=ag +ag, X =(X1,X2), X*=XMXJ2

Introduce the rational functions

X) 1 1 POl,]_(X)

Py
Ri,o(X) = Pl,O(X) =X, Ro,l(X) = X2 + x2°
1 2

. PlL(X)=X
X12+X227 0,1( ) 2

as well as

Py o(X)
Rjo(X) = ()(120’_?_7)(22)27 Pyo(X) == (=020 + 92,0)(X] — X3) + 402, X1 Xs.

Using (4.11) and the above definitions, we get
—iQ* = R} o(0:®,0,®)d; + Rj 1 (0:9,0,2)0, + Rg (0P, 0, ®).

Since 1 is at most quadratic, the functions P!(X;, X,) are in the polynomial ring
C°(R?)[X1, X5, whose elements of degree less than j take the following form

P(X)= Y Ca(s,y) X*,  Ca €CP(R?).

lo <3

The derivative 0,, with 0, = 0, or 0, = Jy, can act on the coeflicients of P. Define

O.P(X) = 3 (0.Ca)(5,9)X,  0,.Ca€CP(RY),  deg(d,P) < j

la| <y
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The two polynomials P}, and Pj ; are of degree 1, whereas Py , is of degree 2. All the
coefficients of these polynomials are bounded by a constant multiplied by % , with
%2 as in (4.4). Introduce the graded ring

T P(X) oo ,

j=1

We have R}, € Ry and Rj; € Ri. On the other hand, we find Rj, € Ra. Now,
given R € R; as above, we can compute

5 P(05®,0,®) _ (0240x, P + 82,90, P)(0:2° + 0,9%)
" L(0:2)% + (8,2)2)7 | ((0:@)% + (9,®)?)/*

(0,8 1 (0,22 T (0,82 + (0,9)2)7

This implies that 0,R; C R; ® R;j+1. Now, a simple induction on n shows that

(4.12) (—)"Q"(5,4;05,0,)" = > RL(0:®,0,2)02,,
la|<n
with
2n—|af . 2n—|o|
Pri(X) o
4.1 (X)) = SR P < n
(4.13) Ry(X) ; 0 T X3y deg Py? <j, Rg € QB R;.

In view of (4.10), (4.12) and (4.13), to get a control on Z, we have to estimate terms
which look like

27 /e |pw (9, <1> 0 <I>)| | a [lwno )

From (4.7), we can deduce that

1 me( 2.1
(4.14) 0< @2+ (9,22 = nf (G |§+ayw<s,y>|2)'

On the other hand, the coefficients of P™J can be roughly controlled by a constant
multiplied by (1 + B¥)". Note that 9;® and 9,® are not necessarily bounded in e
for s ~ e71. Actually, the expression 9,® is not at all bounded in the case of ¢. This
is why the information deg P™J < j is important. Exploiting (4.14), we can find a
constant C™ such that

[P (0,8,0,)] _ €™

Py\n
(.0)2 + (8,0)2)772 = g LT B)"

V(s,y,6) €N

SOCIETE MATHEMATIQUE DE FRANCE 2022



46 CHAPTER 4. LINEAR ANALYSIS

Now, the idea is to use the right hand side of (4.14) and the condition 2 < n < j
inside (4.13) to recover some integrability in . As a matter of fact, we have

/ (/ ms [ @oa, <I>>2>J‘/2) “
/27/5 /_J:T (/ mf = |§—|-8y1[1(s y)|3)d€> dsdy

4rT
P 2
< o [ mi(2hs g e < v

Combining all the above information, we get the expected result. O

Preliminary conclusion. — In view of Lemma 4.2 together with Proposition 4.5, for
all m € Z\ {0,1}, we get u™ = O(¢*°). In the case m = 0, the property & > 0
in Assumption 3.11, Lemma 4.3 (with § = &) as well as Proposition 4.5 also yield
u® = O(e*). This means that all modes u™ with m # 1 are negligible.

The harmonic m = 1 is the only choice which may give rise to interesting phenom-
ena from the viewpoint of quasi-rectification. This is Fact 1 in the PDE context (1.3).
With this in mind, in the rest of this section, we focus on the case m = 1. We work
with ¢ = ¢ and @ = a'. Unless otherwise specified, for m = 1, we will simply use
the notations a = a' and w = u'. Thus, in the next Subsection 4.2, the function u
represents the solution to

(4.15) Oru — ép (eDz)u+ 53/2A’fei<p(t,z)/5 =0, ul,_, = 0.

4.2. Resonant oscillatory integrals

The analysis of the expression Z defined by (4.2)-(4.3) with ¥ = ¢ relies quite
heavily on the explicit formula (1.26). The aim here is to give an overview of next
Sections 4.3, 4.4 and 4.5, where precise results will be established. The reader who is
not interested in the details of proofs can read this Section 4.2, and then go directly
to Chapter 5. In Paragraph 4.2.1, we clarify what is new in comparison with the
phenomena which have been exhibited in the introduction. In Paragraph 4.2.2, we
introduce a well-adapted partition of the long time interval [0, 7 /e] with 7 > 0. Then,
in Paragraph 4.2.3, this leads to a distinction between a dispersive and some almost
stationary regime. What happens in these two regimes is described in Paragraphs 4.2.4
and 4.2.5, successively.

4.2.1. Basic mechanisms. — The toy model presented in Section 1.1 explains how wave
packets can be produced over large time. It shows that the creation of wave packets is
basically due to the combination of two factors: the first is the presence of a resonance;
the second is the introduction as a source term of well-adjusted oscillations. In the
toy model of the introduction, the discussion involves basic choices of L (p = 1) and
¢ (which does not depend on z). Now, we want to better understand what happens
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under the more realistic geometrical conditions, which are Assumptions 3.3 and 3.11,
together with Formulas (1.26) and (3.31).

When the symbol p is not constant, the emitted signals do propagate spatially. The
form of the wave packets is determined by the local geometrical characteristics of V
at the intersection points between Char(L) and G(¢). But the way in which these
wave packets propagate and can accumulate over time depends on the asymptotic
properties of V when [£| goes to 400 and of G(¢) when ¢ goes to +oo.

It follows that the whole picture is a combination of local and global geometrical
features of Char(L) and G(p). The resulting effects are constructive and destructive
interferences. They appear in the absence of nonlinearity.

4.2.2. Decomposition into wave packets. — The function ® of (3.17) with m =1 - or
equivalently the function ® of (4.3) with ¢ = ¢ - can be separated into two parts,
according to ® = ¢ + v — ¢. Since the symbol p is even, we find

¢t 35,9,€) = (s — ) [p(€) — 1] + (z — y)& +ys — v cosss.
Accordingly, another way to formulate (4.2) is to write
t
(4.16) 7= %ei(t”ﬁ/s/ (/ /e_i¢(t’x;s’y’5)/":((§)a(es,s,y)dsdy> deg.
m 0

From now on, it is implicitly assumed that ¢ (or T' = €t) runs over a finite period of
long times, in coherence with (3.33). More precisely, we wait until the action of the
perturbation through a is completed, that is

(4.17) T/e<t<2T/e, orequivalently 7 <T <27.
Given to > 0, with x as in (2.11), define
(4.18) Vs € R, Xto (8) = x(s/t0).
In addition, we can tune x so that it generates a partition of unity with
(4.19) Z Xan/s(x — km) = 1.

keZ

We introduce some truncation near the diagonal s = £, namely

t
(4200 w(tz) = /O / / e/ (¢)a(es, s, y)xa /(s — €)dsdyde.

The above expression v(¢,z) is given by the integral in (s,y,£) on the compact do-
main [0,¢] X [—-r,r] X [-1/4,1/4+t] of functions depending smoothly on (e, ¢, z). It is
therefore a well-defined smooth function of (e, ¢, z). This choice is motivated by the
following lemma.

LEMMA 4.6. — For all 6 > 0, the phase ¢ given by (1.26) is non-resonant on the set
N? = {(s,4,€) €]0,00[ x R X R, [ —s|> 5}
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Proof. — Requiring ¢ being non-resonant on N amounts to finding 1 > 0 such that
V(s,5,6) €NT,  0<n<|p(§) —1+y+ysins|+ ¢ —s|.

Now, by definition, we have § < |¢ — s| for all (s,y,£&) € N{. Thus, the choice n = § is
suitable. O

In view of Lemma 4.6 with § = 1/4, Proposition 4.5 yields
27T

(4.21) u(t,z) = ?ei(t_”’)/sv(t, z)+0((>®), zeR, 5
7r

o [N

<t

There remains to analyze v. Using again (3.33) with m = 1 and a = a1, we can replace
(4.20) by an integral on the whole domain R3, which is

(4.22) v(t,r) = /// e_id’(t’w?s’y’ﬁ)/E((f)a(ss,s,y)X1/4(s — &)dsdyd¢.
Using (4.17) and (4.19), we can write

2 T
4.23 t = t Ki=keNk< -4+ —
(4.23) v(t, x) Igcvk(,m), { eN; _3+m},

where, for k € K, we have introduced the signal

(@20 wt.a) = [[ [ emioon O g(epales, ) s a(5—E)xar s —km)dsdyde
Fix k € Z, and change s into s — k7 and £ into £ — k7 in order to obtain
(4.25) vg(t, z) = e iRk 2 (1 2),

with

(426)  welt,z) = / / / eItz 20, (¢, 5y €)X /a(s — €)Xanys(s)dsdydE,

and where
(4.27a) ax(g,8,9,€) := ((km + &)alekm +es, km + s,y),
(4.27b) p(t,x;8,y,&) = (kr — t)p(km + &) + s[p(kr + &) — 1]

+ (@ — )€+ sy — (~1)*y cos s.

In view of (4.23), the expression v is the sum of the wave packets vg. Now, the
advantage when working with vy, (or wy) is that the domain of integration in (s, y, ) is
compact and independent of €, k and ¢. As a counterpart, at the level of line (4.26),
the phase ®; and the profile a; involve ¢, k and t as parameters.

The expression F, of (3.31) looks like the one of (1.2). By analogy with (1.8)-(1.16),
the expected amplitude of u is O(e). In comparison to this reference threshold, all
terms of smaller size o(¢) will be considered negligible.
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4.2.3. Dispersive vs. almost stationary regime. — The asymptotic behavior of wy when
€ goes to 0 depends heavily on the size of k. In view of (2.11) and (3.33), it suffices
to deal with integers k such that k£ € K, with K as in (4.23). Let ¢ be the integer of
Assumption 3.3. Given some ¢ > 0, we can decompose K into two separate parts Kg
and K¢ with

(4.282) /c;z/cg(q%) = {keN;kg 61/(%1)}
(4.28b) /cgs/cg(q%l) = {keN;slTiﬂ)<k§§+%}.

In (4.28), the symbol K has exponent ¢ and subscripts d or s. The exponent c¢ is aimed
to specify the choice of the constant ¢, while the subscripts d or s are used to refer
respectively to the words dispersion and almost stationary.

— In Section 4.3, by adjusting ¢ > 0 small enough, we can ensure some strong
dispersion of the wave packets wy, for values of k in K and for ¢ of order 1/e.
The contribution of these wave packets is negligible. They mainly emerge from
the ball |z| < r, with r as in Assumption 3.11.

— In Section 4.4, we consider the case k € K¢, for which signals may be emitted
at a higher order. Such signals are almost stationary, and therefore they can be
detected during long times ¢t ~ ¢! inside the ball |z| < r. In Section 4.5, we
study the local accumulation (near the position x = 0) of these wave packets.

4.2.4. Dispersive regime (k € Kj). — Using a non-stationary phase argument in &,
we will establish in Lemma 4.7 that for any given choice of R > 0, we can find a
constant ¢ > 0 such that

Sup{|wk(t,x)|;0 <k< 61/(%1),5 <t< %, lz| < R} =0 (5D*1) ’
where D > 2 is the integer appearing in Assumption 3.8. Therefore, since g > 2, the
terms wy, with k € K enter into the composition of v through a contribution which
can be estimated according to

(4.29) ;ﬁ > lwi(t,z)| < e?tP1maT <76 <« e
& OSkScs*l/(lZ+1)

4.2.5. Stationary regime (k € K¢). — The absence of dispersion may be revealed
through the existence of critical points when looking at the phase ®. Accordingly,
for k € K¢, the asymptotic behavior of wy when € goes to 0 will be analyzed by
stationary phase arguments:

— For all k£ € K¢, the phase ®; involved in the definition of wy in (4.26) has at
most one critical point in the domain of integration (Lemma 4.8).

— For all k£ € K¢, the above mentioned possible critical point is necessarily non-
degenerate (Lemma 4.11).
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— Possible values of k£ such that ¢ < ek < ¢ with c¢; large enough belong to a
transition zone, treated as a black box. For all £k € K¢, the phase @, has indeed
a unique critical point (Lemma 4.12).

— When D > 3, the solution u to (4.15) can be viewed modulo O (55/3) as a sum
of wave packets uy with k € K& (Lemma 4.15).

4.2.6. Accumulation of the wave packets. — At this stage, Assumption 3.12 (about the
property of periodicity for large times) on the amplitude a is needed. Then, a clear
asymptotic dichotomy occurs regarding the order of magnitude of u. According to the
position in time and space, different orders of magnitude are possible for the wave
function u, with a precise expression when u reaches its maximal order of magnitude.

— Constructive interference (Proposition 4.16). For x = 2je with j € Z—as fore-
cast by (1.16) with u! multiplied by £3/2—the solution u to (4.15) is of order ¢
exactly, see (4.78) and (4.79).

— Destructive interference (Proposition 4.18). On the contrary, for z = ae with
o & 27, we find that the amplitude of u is o(g), see (4.92).

4.3. The dispersive regime

This is when &k € K§ with IS defined as in (4.28a). In the sum (4.22), the associated
waves v or wy are emitted by the source term during relatively small times s. Thus,
for ¢ large enough, that is for ¢ as indicated at the level of (4.17), these waves have
enough time to (partially) disperse away from any ball |z| < R.

It is this idea that is developed and quantified in Lemma 4.7 below. The notations

have been set up in Section 4.2. In particular, the wave packets vy and wy are given
by (4.24) and (4.26), respectively.

LEMMA 4.7 (Dispersion of waves when k € K3). — Let wy be defined as in (4.26).
With D as in Assumption 8.8, and for R > 0 fixed, there exists a constant ¢ > 0
(depending on R) such that

T o7 b
g St ol SR}_O(E )

(4.30) sup {|wk(t,m)|;0 <k<

Note that since |vg(t, z)| = |wg (¢, )|, the same applies to vg.

Proof. — Observe first that the integral defining wy, at the level of (4.26) is restricted
to the compact set

(4.31) T:= {(s,y,f) eR3|s| <27/3,|y| <7 |s — €| < 1/4},

where 7 comes from Assumption 3.11. We apply the principle of non-stationary phase,
but this time through integrations by parts involving £. To this end, with ®; as in
(4.27b), we have to compute

(4.32) 0P (t,z;8,y,8) = (kr+s—t)p (kn+ &) +z —y.
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The situation is the following. Knowing (3.23), for & < e/(¢*1) and ¢ > 1/¢, since
s,x and y are bounded, we find

et
cq+1 - ~o:

t

For ¢ small enough, the right hand side becomes positive. The rest of the proof consists
in making this heuristical computation more quantitative.

In view of (3.33), on the domain of integration giving rise to wy, we have 1 < kmw+s
as well as (in view of the support of x;,4) the inequality —1/4 < £ — s. It follows
that & < 1/2 < 3/4 < km 4 &. Taking into account (3.20b) and (3.23), knowing
that £ < 0, for such values of £, we have

(4.33) 35 >0, 6 < up n?tp' (n) < (km + T (km + €).
3/4<n

For ¢ as in (4.17), for (s,y,&) as in (4.31), and for |z| < R, we have

T 2 2

;—lm—?ﬂgt—lm—s, k7r+§§k7r+§+1, lz—y| <r+R.
It follows that

T 2 2T —g-1
. k-2 il —r—R< ; :
(4 34) 50(5 km 3 )(kﬂ"f’ 3 +1> T R_ |8£¢k(t7$787ya£)|
Define
30+1 50T 1 50T T
(4.35) €0 i= 0 . = — <°> o
(6 + 47)9+1 2(6g + 7 + R) 2m \2(do + 7+ R)

By this way, for ¢ < ep and k < cs_l/(‘”l), we can assert that

_1_

11<27r+1)<1< 6T >+ . <1( 5T )
€1 — — | ettkr < — | ——— .
3 ~2\2(0+7+R) ’ ~2\2(0+r+R)

Sum these two inequalities and rearrange the terms to get

2 “h ST
(4.36) (6 + 7+ R) (kw+7r+1) <22
3 2e
In particular
2 27 g+l 6T
- < J— < —
5 (k7r+ . +1> < (50+r+R)(k7r+ . +1) <3
and hence
T > b 4 27 T < T 1 27
— T+ — — <= —kr——.
2 — 3’ 2 ~ ¢ 3
Exploiting (4.36), it follows that
27 atl 6T T 27
i < 27 < Z _2C
(6o+r+R)(k7r+ 3 —|—1) < 5 _50(E km 3>
Coming back to (4.34), this yields
(4.37) Ve € (0,e0], VkeNN]O, ce_l/(‘”l)], 0o < 0@ (t, x;8,y,8)|
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As long as 0¢®), # 0, the following identity may be used

(4.38) eTIk/T = Dee /S De = D(k)e i= = a0
8§<I>k
The differential operator D¢ is not self-adjoint. We have to deal with
% « £1 52’82 @k(t,(li;s,y,g)
(4.39) D = D(k); = &€

0D (t,738,9,€) * (9D (t,2;5,9,)%
Knowing that (4. 37) is verified on the domain of integration giving rise to wg, an
integration by parts (in the variable £) using D yields

|w (L, ) ‘/// e BR(tEs Y L) /ey [ak(a 5,y)x1 (s — &)xzx(s) dsdyd&‘

Taking (4.37) into account, the application of DE allows to gain a power of € on
condition that

|02 @r(t, 258, 9,6)] |(km 4+ s — t)p" (km + &)
3§‘I)k(tax§3ay,§)2 |(k‘ﬂ-+3_t)pl(kﬂ-+€)+x_y|2
The difficulty is that, at the level of (4.30), neither k nor ¢ can be bounded uniformly
in € €]0,1]. However, with X := (k7 + s — ¢)p' (k7 + £), remark that

(4.40) =0(1).

-yl _1 |08 2| s :v—y’ P!k + )

10" (5)]
= <2
X =2 T 0% -

"(km+&) — 5231:/)4 p'(s)
On the other hand, using (4.37) and then |z — y| < r + R, we have
o=yl 1 O%cPul _ |X|Ip"(kn + )] 20+ B) ()]
|X| 2 |0 i S0 p'(km+€) S0 s>3/4 P'(8)
From (3.19) and (3.23), we can deduce that
C(p) := sup {|p"(s)|/p'(s)} < +oo.

s>3/4

In short, we have (4.40) with
|3§5¢kt$8y§)|<7 (1.r+R
Oe®r(t, w5 8,9,8)* ~ do " o

By extension, the action of ('DE)"‘I with n < D involves the quotients 82 D). /0Dy,

with 0 < 5 < n. Under Assumption 3.8, the above argument can be repeated D — 1
times, leading to the estimate (4.30). O

)C(p) < +00.

Note that (4.21) allows to capture any position z € R. On the contrary, to obtain
uniform O(e”) bounds and to measure more precisely the quantitative aspects of the
dispersive effects, we need to restrict the size of the spatial domain, as in (4.30). This
is why we will work with R = r, where r is fixed as in Assumption 3.11. In agreement
with Lemma 4.2, we restrict the discussion to the ball |z| < r. From now on, the
values of g9 and ¢ are adjusted as indicated in (4.35) with R = r.
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4.4. The regime of standing waves

This is when k € K¢ with K¢ as in (4.28b) and ¢ as in (4.35). The novelty when
k € K¢ is that the oscillatory integral (4.26) defining wy, may involve stationary points,
which are positions (s, y, ) satisfying

vsvngék(t, Z;s8,Y, S) =0,

or equivalently

(4.41a) 5@y (t,z;5,y,&) = plkn + &) —1+y+ (—1)Fysins = 0,
(4.41b) 0y Pr(t,z;8,y,§) =s—£=0,
(4.41¢) 0P (t,z;8,y,6) = (kr+s—t)p'(kr+ &) +z—y=0.

In Paragraph 4.4.1, we show that there exists inside T, with T as in (4.31), at most
one critical point which is denoted by (s, Yk, x)(t, ). This means that (s, yx, k) is
as in (4.41), together with

(4.42) —27/3 < s, <2m/3, —r<uyp<r, sp—1/4<& <sp+1/4.

In Paragraph 4.4.2, we derive asymptotic formulas describing the behavior of s when
k goes to infinity. In Paragraph 4.4.3, we remark that the critical points are all non-
degenerate. In Paragraph 4.4.4, we take k € K¢ with ¢; > ¢ large enough to find that
there exists indeed a critical point. In Paragraph 4.4.5, we consider conditions under
which stationary phase arguments can be employed.

4.4.1. Possible existence of critical points. — The phase ®(¢,x;-) depends on (k,t,x)
and also (implicitly) on € € ]0,eq] through the condition 0 < ¢t < 27 /e. The same
applies to (sk, Yk, &) (t, ).

LEMMA 4.8 (At most one signal may be emitted from any value k € K¢). — Let us

start by fizing €9 as in (4.35). Up to decreasing this value of €g, for all € € ]0,¢&¢],
for all k € K¢ and for oll (t,x) € [0,27 /e] x [—r, 7], there is inside Y, in the sense of
(4.41), at most one critical point (s, yx, k) (t, ) of the phase Py (t, z; -), with positions
Yy and & determined by

(4.43) yr = 1 — p(km + sg) — (—=1)*ysin sy, &k = Sk.
Proof. — The constraint (4.41b) reads s = £. Thus, we can focus on the positions
(s,y, s) satisfying (4.42) together with (4.41a) and (4.41c), which become
(4.44a) y=1—p(kr +5) — (—1)*ysins,
(4.44b) z = hg(t;s) ;=1 —p(km 4+ s) — (=1)"ysins
— (km + s —t)p' (km + s).

This furnishes already (4.43). Now, we can consider the determination of s. The time
s is a priori localized as indicated in (4.42). But, using (4.44a), it is possible to get a
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more precise information on s. We know that |y| <r < 1/8. On the other hand, from
(3.28), we can infer that

(4.45) 3C; >0, VE>1, 0<E1—-p()] < Co.
Using the condition ce~'/(4+1) < k inside the definition of K¢, as well as (4.45), since

r < 7v/2, we have from (4.44a) that

. T 02 1
4.46 <42 <409,
( ) |Sln8|_’y+7(k7r+s)q_2+ (8 )

In view of (4.46), for ¢ € |0,e0] with €9 small enough, we have to deal with the

necessary condition |sins| < v/3/2. Since |s| < 27/3, this means that 1/2 < coss.
Given this, we can deduce the preliminary information

(4.47) /3 <s<m/3.
Compute
Dshy(t;s) == —2p' (kw +5) — (km + s — t)p” (kw + s) — (—1)*y cos s.
Exploiting (3.19) and (3.23), as well as |t — km — s| < 27 /¢, we find
|0shi(t;8)| = | coss| + O((km +8)797) + e PO((kr + s)"772).

Knowing that s must satisfy (4.47) and that k£ € K¢ is bounded from below as indi-
cated in (4.28b), there remains

|05k (£ 5)| = 7| cos s| + O (e TV) = O(1),
Thus, for € € ]0,&] with ¢ small enough, we can assert that
(4.48) VkeKke, Vse, O0< % < |8sh(t; 5)).

It follows that the function hy(t;-) is one-to-one from the interval |—m /3, 7/3[ onto its
image, which may or may not contain the real number z. At all events, there exists
at most one position si(t,x) € |—m/3,7/3[ such that

(4.49) hi(t; sk (t, ) = .
In short, any position (s,y,&) satisfying (4.41) and (4.42) is subject to |s| < w/3.

Knowing this, as claimed in Lemma 4.8, there exists inside T at most one critical
point (sg,yx,&k)(t,z) and, if any, the value of si(¢,z) is determined through the

implicit relation (4.49), while (yx,&x) (¢, z) is given by (4.43). O
By construction, the function sy (¢, ) is, for all ¢ € [0,27 /¢], defined on the interval
7r 7r
(4.50) Tsu(t) i= {hk(t, S)i—g <s< §}~

LEMMA 4.9 (Properties of sx). — Let g9 as in Lemma 4.8, as well as € €]0,&9] and
k € K¢. The function si determined by (4.49) with hy as in (4.44b) is smooth on its
domain of definition, which is

Dsy = {(t,z) € [0,2T /e] x R;z € Ts(t)}.
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For all a € N?, we can find C,, > 0 giving rise to the uniform estimate

(4.51) sup sup |9, sk(t,w)] < Co, Ve €]0,e0].
keEKe (t,x)EDsy

For a = (1,0), we get the following more precise estimate

(4.52) sup  |Osi(t,z)| = Ok™971) = O(e).
(t,x)EDsy,

Proof. — The bound (4.51) is, for a = (0,0), a direct consequence of (4.42). Compute
'(k t, 1
_p ( il Sk( x)) ) 8zsk(t7x) = .
ash(k,t;sk(t, :c)) ash(k,t;sk(t, x))
In view of (3.23) and (4.48), this furnishes (4.52) for a = (1,0), and also (4.51)

for & = (0,1). The general case || > 1 can be obtained by induction. As a matter of
fact, for |a| > 1, the expression

(4.53) Osi(t,x) =

dsh(k, t; sk(t,z)) ‘alat‘fzsk(t, x)

is a finite linear combination of products involving p(km + si), 8 h(k,t; s) and 85zsk
with ¢ < |a, j < || and |B| < |a|. It suffices to remark that all these quantities are
uniformly bounded. This comes from Assumption 3.8 concerning p* and 87h. This is
due to the inductive hypothesis regarding (95 25k~ O

4.4.2. Asymptotic formulas related to the critical points. — In the rest of this section
and in Chapter 5, we need to identify the asymptotic behavior of s; and y;, for large
values of k. To this end, introduce

(4.54) Tk(t;8) =1 — p(km + ) — (km + s — t)p' (k7 + ),
and remark that (4.49) can also be formulated as

Tk (t; s (t, x)) )

X
4.55 sk(t,z) = (—1)F*? arcsin(f -
(4.55) (t,z) = (-1) ,y S

LEMMA 4.10 (Asymptotic formulas). — Let €g as in Lemma 4.8 as well as € € ]0,¢eq].
Uniformly in k € K¢ and t € 0,27 /¢], the critical point (sk, yr,&k)(t, z), if any, is
such that

Lz T 1
(4.56a) sk(t,x) = (—1)’”‘ arcsm(; + kT> + O(sk‘l+2)7
(4.56D) yi(t, ) =z + (km — t)p'(k7) + O(Ekq%) = O(g%l)
where
0 ! !
(4.57) 7 () == 7(t;0) = 1 — p(km) — (km — t)p'(km) = 0(%)
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Recall that
. 1 1 1
VkEICS, O(W>:O(E>:O(€q+ ),
so that (4.56) furnishes indeed an explicit description of si (¢, z) and yi (¢, ) modulo
a small remainder. Remark that 70(t) = O(1) as long as k ~ ¢~ /(4T1) and ¢t ~ 7.
By contrast, when k9! is large, we can exploit the following information

(4.58) sk(t ) = &(t, @) = s + O( k‘;'l) ve(t,z) =z + O( ki‘*'l)
with

T ._ (_1\k+1 (T
(4.59) sy = (-1) ar051n(7).

Proof. — It suffices to write
Ti(t; 8) = 77 (8) + [p(km) — p(km + 5)]
— (km — t)[p'(km + s) — p' (km)] — sp/(km + s).

On the one hand, we have |s| < 27/3. On the other hand, we can exploit (3.19) and
(3.23) to obtain (since ek is bounded when k € K¢)

(4.60)

1
(4.61a) m@s)_ﬂgo+c(kﬁ&)+o(aﬁgg %@)+0(kﬁa)
1 1
0(p) — _
(4.61b) ) =0() +0( kq+1) = 0(—71)-
We can deduce (4.56a) from (4.55) and (4.61a). Similarly, (4.56b) is a consequence
of the relation (4.41c). O

4.4.3. All critical points are non-degenerate. — In view of stationary phase arguments,
introduce the Hessian matrix Sk (¢, z) of the scalar function ®(¢,z; ), that is

Sk(t,z) = Hess(@k)(t x; s(t, ), yr(t, x),ﬁk(t,x))
02,0, 02,0y &%
= aésq)k 82 (I)k %gq)k (tax;sk(tax)ayk(t’m)agk(tvl‘))'

It is notable that a control on the invertibility of Sy turns out to be available for
all k£ € K. What is even more remarkable is that such a control can be obtained with
uniform bounds with respect to k € K¢ and ¢ as in (4.17).

LEMMA 4.11 (The critical points are uniformly non-degenerate). — Up to decreasing
again the value of g9 € ]0,1], for all € € ]0,&0], for all k € K¢ as well as for all
(t,z) € 0,27 /e] x [—r,7], the possible critical point (s, Yk, k) (t,x) of ®r(t,x;-) is
non-degenerate, such that |si(t,z)| < 7/3, and there exists C € RY such that

(4.62) V(k,t,z) € KS % [0,2T [e] x [—r, 7], 0 < C < |detSk(t, ).
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In addition, the signature of the matriz Sk(t, z), that is the number of positive eigen-
values minus the number of negative eigenvalues, is given by

(4.63) sign(Sk(t,z)) = (—1)".

Proof. — We have already proven the condition |sx| < 7/3, see (4.47). Now, taking
into account (4.27), we find

(=1)*ycossp 1 ' (km + &)
Sk = 1 0 -1

(4.64) P (k4 &) —1 (km+sp —t)p"(km + &)

ol

= 8% + O(Tmz)
with the conventions

+6, 1 0 1
4.65)  S¥taz)=|1 0 -1], % < 6= 8i(t,2) = ycos s < 7.
0 -1 0

For k € K¢, we find e 1k~772 < /(a+1) « 1. This furnishes

(4.66) det S = det(S?fl)k) +o(1) = —(—1)k5k +o(1).

In particular, this implies (4.62). On the other hand, we have the algebraic property
(4.67) Tr(S%) = +6;, = — det(S3*) # 0.

The trace is the sum of the eigenvalues, and the determinant is their product. In view
of (4.67), the eigenvalues cannot all have the same sign. Since Si’“ is a 3 X 3 matrix,
we have only two possibilities:

— The integer k is even. From (4.66), the determinant must be negative. Two
eigenvalues are positive and one is negative. The signature is 1.

— The integer k is odd. From (4.66), the determinant must be positive. One eigen-
value is positive and two are negative. The signature is —1.

Both results are consistent with (4.63). O

4.4.4. The existence for sure of critical points when £ is large enough. — Let ¢; > c.
Define K¢ as in (4.28b). The inequality ¢ < ¢; implies that K¢ C K¢. For ¢; large
enough, the content of Lemma 4.8 can be refined.

LEMMA 4.12 (Signals from K$' with ¢; large enough are always detected). — Let
as in Lemma 4.11 as well as € € ]0,e0]. There exists ¢c; > ¢ such that, for all k € K
and for all (t,z) € [0,27 /e] x [—r,7], there is exactly one position (Sk,Yk,Ek)(t, )
satisfying the two conditions (4.41) and (4.42).
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Proof. — First observe that, given €y as in Lemma 4.11, all preceding estimates remain
valid if, like in the case of ¢;, we fix the value of ¢ above the one of (4.35). Consider
(4.44b), and remark that
(4.68) hi(t;s) = (=1)* 1ysins + O(k~9) + e 1O(k971).
Since c1e~ /@t < k. it follows that
hi(t;£7/3) = £(=1)F1V/3v/2 + O(e7H7) + O (7).
In particular, for ¢; large enough and e sufficiently small, we find
+(—1)" Ry (t; £7/3) > /2.
Taking into account (4.50), we have
x € [—r,r] C[—7/2,7/2] C Tsi(t).

Since hg(t;-) is continuous, we can apply the intermediate value theorem. It says
that we can find si(¢,z) € |—7/3,7/3[ satisfying (4.49). Lemma 4.8 guarantees that
such sy (t, x) is unique in the interval |—27/3, 27/3]. O

4.4.5. Towards stationary phase results. — Below, we recall a standard statement,
which can be found e.g., in [16, Proposition 5.2] or [38, Theorem 3.16]. It will be
used in this section and in the nonlinear analysis of Chapter 5.3.

THEOREM 4.13 (From [16, 38]). — Select ¢ € C*°(R™;R) and a € C°(R™) satisfying
suppa =Y. Let h > 0. Denote

I}, = I(a, ¢) ::/ e_w(’”)/ha(x)dx.

n

Suppose that
Zo € Ta ngb(xo) =0, det 82(13(1‘0) 7é 0.

Assume further that Vy¢(xz) # 0 on T \ {zo}. Then, for all N € N*, there exist
differential operators Myj(x; D) of order less than or equal to 2j such that

N-1
‘Ih _ /2 Z B [M2j(x;D)a(.)]wzmoe—mb(mo)/h‘
=0
< CNhn/2+N Z “6040(”[100'
|a|<2N+n+1

The constant Cy depends on the compact Y and also on the L>® norm of ¢ and its
derivatives on Y. In particular, denoting by sign S the signature of S, we find

B (27‘.)n/2
| det 926(z0)|1/2

—iZ sign 8% ¢(wo)

(4.69) M,

MEMOIRES DE LA SMF 174



4.5. THE ACCUMULATION OF WAVE PACKETS 59

Theorem 4.13 is aimed to be applied to the oscillatory integral defining wy. When
doing this, it is important to get uniform estimates with respect to all parameters k, ¢
and z. Lemma 4.11 is a first indication that this works well. Another aspect is related
to the uniform control of the constants C'ny. As mentioned above, this can be achieved
by looking at the derivatives of ®; on Y.

LEMMA 4.14 (Estimates on the derivatives of ®). — Let gg as in Lemma 4.11 as well
as € € 10,&9]. With the compact set T given by (4.31), for all N > 2, there exists a
constant Cy such that uniformly in t as in (4.17) and in x with |x| < r, we have

(4.70) sup  sup Z 105y £ P (t, 255, , )| < Cn.
REXS (s.4,€T 1< <N

Proof. — Looking at (4.31) and (4.41b), we have indeed (4.70) for the terms which are
involving multi-indices o = (a1, g, a3) with 1 < ay. For as = 0 and 1 < a, consider
the line (4.41a). When «; = 1, just apply (3.25). For 1 < «ay, combine the property
(3.23) together with (3.29). Now, assume that oy = a3 = 0 and 1 < ag < N. Then,
exploiting (3.29), we find

lkm + s — t|[pl@) (kw4 &)| S e p(kr + &) = e LO(k™97Y).

Since k € K¢, the right hand side is bounded. Summing the preceding upper bounds
over multi-indices « yields (4.70). O

4.5. The accumulation of wave packets

In Paragraph 4.5.1, the solution u to the equation (4.15) is represented mod-
ulo some o(¢) as a sum of wave packets uj with k£ € K¢. Then, the purpose
is to distinguish between situations where constructive interferences occur (Para-
graph 4.5.2) from those where, on the contrary, destructive interferences take place
(Paragraph 4.5.3).

4.5.1. The solution as a sum of wave packets. — Combining (4.21), (4.22) and (4.25),
the solution u to (4.15) can be put in the form

(4.71) u(t,e) = 3wt 2) + O(=®),

keN
with
(4.72) up(t, ) := gei(_“’k”_k”)kwk(t,x).

LEMMA 4.15. — Fiz ¢ as in Lemma 4.12. Under Assumption 8.8 with D > 3, we
can expand u according to

(4.73) ult,z) = Y uk(t,z) + O(* 7).

ket
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The wave packets uy, are of size O(e?). Assuming that D > 4, they have the form

(4.74) up(t, ) = e2by(e,t, x)et VrB@sr)/e 4 (’)(62+qu1) = 0(e?),
with phases Uy and profiles by given by
(4.75a) Wy (t, @, s5) := —y +t + (—=1)Fy cos s,
+ [1 —plkm + sk)] (km+ sk — t) — (km + sg)z,
1/2 e_i(_l)k%
(4.75b) bi(e, t,z) := (2m) a(ekm + esp, kT + Sk, Yr)-

| det Sy,|1/2
Proof. — The sum inside (4.71) can be split into

ut,z) = Y wlt,z)+ > up(t,z)+ > up(t,z) +O(e™).

keKs keKs!

c c1
/(D <F= 7T

-~ -~

o) @ &)

We may recognize here the dispersive part (D, the transitional part @ which is pos-
sibly absent (when ¢ = ¢;), and the cumulative part 3). Not all k € N have a leading
order contribution, and not all with the same size. We will explain separately how to
estimate each part.

@ For k € KCg, it suffices to apply Lemma 4.7 to get

Y wto)| < LY o) < OvE Y P = 0P bat),

kEKS keKs keKg

@ For k € K¢ with ¢ as in (4.35), the idea is to exploit Lemma 4.11 to implement
Theorem 4.13 at the level of the oscillatory integral (4.26). To do this, all assumptions
must be checked:

— The first, and most important, is (4.31) which guarantees that the integration is
on a compact set (independent of k, ¢ or ¢).

— The second is (4.70) which enables, away from (sg,yx,&k), to perform D — 1
integrations by parts, and still to obtain some O(¢P~1) error term. When doing this,
a major difficulty is that the phase ®y, still depends on (¢, z). And therefore, according
to (4.17), since t may be of size ¢!, it does depend on ¢. The aim of the control (4.70)
is precisely to overcome this difficulty.

— The main contribution is provided by a small neighborhood of (sg, yx,&x). The
implementation of Morse Lemma (usually used when proving Theorem 4.13) is made
possible by Lemma, 4.11. It requires three derivatives of ®; to obtain a C!-diffeomor-
phism. This implies that D must be at least equal to 3.

— The phase ®(t, ;) depends on the three variables (s,y, &) € R3, and therefore
the leading-order term is of amplitude €2 modulo some small o(¢%/2). Then, any
extra derivative on ®; allows to gain a power of ¢ in the asymptotic expansion. We
must take D > 4 to be sure of some O(¢%/2) precision.
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Now, the expression wy of (4.26) can be expanded in powers of & through The-
orem 4.13. To this end, taking into account the definitions (2.11), (4.18) and (4.43)
together with Lemma 4.11 which implies |sx| < /3, first remark that

(4.76) X1/4(5k - §k)X27T/3(5k) = X1/4(0)X27r/3(sk‘) =1
By Assumption 3.11, (&) = 1+ O(1/|€]) as |£] — oo, so
Vk € K¢, C(km+sk) =1+ O(1/k), 1— x(km+sg) = 1.
Therefore, for all k € K¢, we find
A(ekm + esp, kT + sk, Yi, kT + s1,) = a(ehm + s, k1 + sg, yx) + O (e 4TD),

On the other hand, the signature is given by (4.63). Combining all the above infor-
mation, Theorem 4.13 yields (with N = 1)
—i(-1)* %

t,x) = (2 3/2 € —i®k (L2358, Yk:8k) /€
(4.77) wilt ) = @re) ™ qers, i

x a(ekm + esg, kT + Sk, yk) + O(g%"’ﬁ)’

where the remainder term, larger than the one provided by Theorem 4.13, stems from
the above approximation of A. In (4.77), the O is uniform with respect to k € K¢ or
t as in (4.17). Whether there exists a stationary point or not, we have wy, = O(e3/?),
hence uy = O(e?). This rough estimation gives rise to

Z uk(t,x)‘ :O(EQ_QTll).

cs*l/(Q+1)<k<015*1/(Q+1)

@ For k € K¢t with ¢; as in Lemma 4.12, the content of u; can be specified.
Using the definition of uy at the level of (4.72) together with (4.77), we find (4.74),
with (4.75). Integers k € K¢ are the most numerous; they may provide the main
contribution; and therefore they are set aside at the level of (4.73). Since D —1/2 > 2
when D = 3, we can retain (4.73). O

In a similar way to the elementary model of Chapter 1.1, the superposition of the
wave packets u;, can induce a time growth of the solution u to (4.15). The source term
of (3.18) is of size £3/2; in view of (4.74), it can trigger signals uy of amplitude £2; at
first sight, it can produce during long times t ~ ¢~!T a contribution which may be of
size €%t ~ eT.

That being said, this cumulative effect is only likely but not certain to occur, due
to possible cancelations. The aim of the next Paragraphs 4.5.2 and 4.5.3 is to check
what is actually happening.
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4.5.2. Constructive interferences. — In this paragraph, we show that the amplification
phenomenon of the preamble does apply at special positions.

PROPOSITION 4.16 (Asymptotic behavior of the solution on some moving lattice).
— Under Assumptions 3.8, 3.6 and 3.8 (with D > 4) on the symbol p, as well as
Assumption 8.12 on the profile a = a*, for all T € [T,27] and all j € Z, the solution
u to (4.15) is such that

T ) Y
u <,2j6> =o(e) + E_ i (e_ZZ / e’ %_s%)g(s,(),())ds
€ 0

(4.78) oo
+e Z(2?7*%)/ e_’%(%_s%)g(s,w,O)ds)
0
— Ifg> 2,
T . . 14922 3 iL [ iz teo
o) U <6,2]5> =0 (5 q+1) + \/me <2 (e 4 /0 a(s,0,0)ds

The leading term in the right hand side of (4.78) and (4.79) does not depend on j.
On the other hand, for j = 0, the formula (4.78) provides the asymptotic behavior
of u(T/e,-) at a fixed position, which is the origin = = 0.

Now, compare (1.16) multiplied by £3/2 with (4.79). When ¢ > 2 and in the (ex-
tended) situation where a(-,0,0) = 1jo, 7], the two formulas coincide. However, in the
critical case ¢ = 2, there are some differences. The wave packets u; have larger group
velocities; their wave front sets can mix; they can interact meaningfully. As a matter
of fact, the identity (4.78) is more complicated, and the amplification effect can be
altered by the oscillatory factor in front of a.

We also note that if @ is not only 27-periodic in its second argument, but w-periodic,
then the above formula boils down to the one stated in Theorem 1.3.

Proof. — The starting point is (4.73) together with (4.74). Select some a € R. Since
the O(e?) inside (4.74) is uniform with respect to k and ¢, a rough estimate yields

(4.80) e tu(t,ea) = Z eby (e, t, ea)etVrteas)/e L 0 (5&) .

kekst
Recall the definitions inside (4.75). The ingredients ¥y, and by of (4.80) are not free
from a dependence on € which may arise when specifying the choice of k£, when replac-
ing t by T'/e, or when substituting « with e«. A first step in the analysis is to simplify
modulo small error terms the content of ¥ and by. Let us start by reducing ¥;. With
s7 as in (4.59), coming back to (4.75a), compute

Uy (t,m,s1) — Ui (t,z,s8) = (—1)Fy(cos sy — cos s¥) — (s, — s¥)x
+[1 = p(km + s7)] (sk — 5§) + (km + s, — t) [p(km + s7) — p(km + si)].
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Combine the mean value theorem with (3.28) and (3.23). For large values of k, this
gives rise to

1 1 1
\Ilk(t,x,sk) — \Ifk(t,a:,5“,§) = |:1 + O <kq> + EO <k"1+1>] O(|Sk — SiD

Then, knowing that k € K, we can apply (4.58) to just retain

- 1
(4.81) U (t,x, ) = O(t, z,s%) + O (gkq+1> .

For k € K¢ and e small enough to be sure that t; < km + s; with t; as in (3.34),
using (3.34) and (4.58), we find

1
(4.82) a(ekm + esg, km + sk, yx) = a(ekm, km + s3,2) + O(e) + O <6kq+1) .

Examine (4.75b). To interpret the quantity |det Sk|, exploit Lemma 4.11 (and its
proof). There remains

bi(e,t,z) = (2m)"/2e7 D" (y cos 57) /2
1

(4.83) xa(ekm, km + si,x) + O(e) + O <> .

ckatl
Replace z by ea. Coming back to (4.59), this yields

55% = (=1)"! arcsin (?) = (—1)k+1% + O(e?).

It follows that

(4.84a) it ea, sp) = UN(t) — krae + O (2) + O (e7'k971),
(4.84b) bi(e,t,eq) = by + O (e) + O (e 7'k~ 771,

with:

(4.84c) TYU(t) = =y + t + (=1)*y + [1 — p(km)] (k7 — t),
(4.84d) b = (2#)1/26_i(_1)kz’y_l/QQ(Ekﬂ',kﬂ',O).

For k € K&, a precision like O(1/ek9t!) is not enough, since for k ~ g=1/(a+1)
it is not necessarily small. By contrast, for larger k’s, assuming that ¢ 'y < k for
some 7 € (0, 1], since ¢ > 1, we have O(1/ek?t!) = O(e?/n91), and therefore

T ea,s € iw? e —tkma qul
(4.85) iUk (teasi) /e _ iU(1)/e —ik +(’)(e)+(9(nq+1>.

Note the loss of precision by the power e ! when dividing ¥, by ¢, as well as a bad
dependence upon 7 near = 0 inside the last term above. For the moment, we fix
some 7 € ]0,1]. Back to (4.80), for k € K¢ with k < e~ n, just apply (4.74) in the
rough form uy, = O(£?) to get
(4.86) > ebple tea)ertEas)/E = 0 ()

Kilsk<e—1lnq
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For k € K¢ with e71n < k, we can separate even numbers k from odd numbers k. In
other words, we can split K¢ into K¢(e) U KS(o0) with

Ki(e) :== {k € K¢; kis even}, Ki(o) :=={k € KS; kis odd}.
By this way, using (4.80), (4.84Db), (4.85) and (4.86), we get

e lu(t,ea) = Z Z Ebgei\ﬂﬁ(t)/se—ikm
arc{e,0} g—1 °1 (par
(4.87) par€{e.o} e nékii (par)

€ e
+O(77) +O (77(1_‘_1) +O (€q+1) .
Now, we consider the dependence on k when computing the two sums inside (4.87):

i) For o = 2j as required in (4.78), we have to deal with e~ 7™ = ¢=#2(ki)7™ — 1,
The phase shift induced by the spatial inhomogeneities of ¢ is not detected;

ii) For par = e or par = o, the power (—1)* inside (4.84c) is simply 1 or —1;

iii) According to k € KS¢(e) or k € K¢ (o), we can replace a(eckm,km,0)
by a(ekm,0,0), or by a(ekn,,0), respectively.

After that, a dependence upon k remains inside (4.87). It is examined in detail
below. In view of (3.28), remark that

N e (e =)
+ <]:q - k:—1> o(1).

For k with e7'n < k € K% (e), since 2 < ¢, exploiting (4.84c) and (4.88) together
with ii) and iii), we can deduce that

i GO (T 2 jm T —g—~ L R
bgeé‘l’k(?) — /—g(skw,0,0)6_14+52 e laatD (e(kw)qfl 52(k1r)‘1)
0

(4.88)

(4.89) .
= o972 = o972
+ nqo(s )+ anlo(s ).

Introduce the symbols O,(e*) and o,(c*) to mean respectively C(n)O(e*) and
C(n)o(g*) for some constant C(n) which may go to +0o when 1 goes to zero. When
summing even k at the level of the first sum inside (4.87), with par = e, we recognize a
Riemann sum with small width €27. Since the regularity of the integrand degenerates
at s = 0, the rate of convergence is simply O, (¢). By this way, in view of (4.89),
when ¢ = 2, we obtain

ig0(T e'e _it(i_T
E ebes¥n(3) = — e 5 732)q(s,0,0)ds
e~ 1In<keKs(e)
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where we have used the property that kme goes up to 7, so the integral carries over
the whole support of a(-,0,0). When ¢ > 2, since n < ek < 7, observe that (4.89)
involves the factor

e 1 T e 1 T q—2 q—2
e 'aatD <e(kﬂ)q*1 52(k7r)‘1) — ¢ 'a(@FD ((‘nsk)‘Z*l (wek)q)e =14+0 (5 - .
n

Hence, when ¢ > 2, the Riemann sum argument together with (4.89) yields simply

ig0(T ei(s%i%) too ga72
Z ebefVR(E) = 7/ a(s,0,0)ds + O(e) + O ( p ) ,
™

e~ In<keKs(e)

where we have used the fact that for a smooth integrand (as it is the case with g only,
that is, without the above singular phase term), a convergence rate (of the order of the
discretization parameter) is available in Riemann sums. In the two preceding integrals,
the integrand is bounded near s = 0. Modulo some O(n), we can integrate from 0
to 4+o00. Similar considerations apply when dealing with odd values of k. Summing
up, we find the leading-order term of (4.78).

Now, come back to (4.87). From the preceding estimates, when ¢ = 2, the error
term is of the type

5[0(77)+(9<

g11

nq+1> +0 (77) + 0y(%) + Oy (&) | = £[O(n) + 0y ()]

This is valid for all 5 € ]0, 1]. By fixing 7 increasingly smaller and then letting £ go to
zero, this implies the bound o(¢), as expected in (4.78). On the contrary, when g > 2,
we have to deal with an error term like

e ((’)(n) o (;;1) +0(eit) +0@) + 0 (5;2)) .

Setting n = £4¥1 then yields (4.79). O

The set C2(R,) of all continuous functions having a compact support is a Banach
space when it is equipped with the sup-norm. Define A\(¢) = £ if ¢ = 2 (with £ as in
Assumption 3.3) and A\(q) = 0if ¢ > 2. Given T > 0 and ¢ > 2, consider the nontrivial
continuous linear form

L(T):COR,) — R
Foo 2 A(q) (1
a — L(T)(a) ::/ e_z%(g_s%)g(s)ds.
0

Its kernel kerL(T') is a closed vector space of codimension one. Obviously, the com-
plement (kerL(T))c of kerL(T') is dense so that, generically, a € (kerL(T )<

COROLLARY 4.17 (Constructive interference). — Fiz any T € [T,27]. Select a as in
Assumption 3.12, with moreover a(-,0,0) or a(-,,0) in (ker/.',(T))c. Looking at the
solution u to (4.2) at the time T /e and at well chosen positions (which may depend on
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the parameter €), one can observe some amplification of the sup norm. As a matter
of fact, for all j € Z, we have:

. 1 /T “
(4.90) llgiip ‘gu(;, 25])‘ =0:#0
with )
= (1£(T)(a(-,0,0))| + |£(T)(a(-, m, 0))I] -

T

2mry

Assume moreover that a(-,0,0) is m-periodic. Then, (4.78) gives rise to

(4.91) Eu(gzgg)] - %mm(@(.,o,om cos(y — g)é +o(1).
Therefore, any number contained in the interval [0,£5] is an adherent point of the
family {e7|u(e 7T, 2¢j )|}E This is typical of a highly oscillating behavior. As men-
tioned before, the formula (1.16) looks like (4.78) and (4.79). But, as will be seen in the
next paragraph, outside the moving lattice {2¢5;j € Z}, the situation is completely
different.

4.5.3. Destructive interferences. — In this paragraph, we consider the situation where
x = ae with @ € R\ {2Z}. Then, the property i) in the proof of Proposition 4.16
no longer applies. The definition (4.72) of uj does contain the factor e~*"® which
comes from the spatial inhomogeneities of the phase ¢ and which, after summation,
can induce additional cancelations.

PROPOSITION 4.18 (Destructive interference). — Select any o € R\ {2Z}. Suppose
that Assumptions 3.3, 3.6, 8.8 (with D > 4) and 8.12 are satisfied. Then for all
T € [T,2T], the solution u to (4.15) is such that

(4.92) u (T,as) _] ¢ oe_s va=2
€ 10 <6T) if q>2.

Proof. — We resume (4.87), which holds for all » > 0. Exploiting (4.88) and (4.89),
this becomes

1 T 1/2.—1/2 i(L—=) —ikmo e
L R I

where by definition
Gele,s) 1= e 8T 0(5,0,0),  Gle,s) = e HETET a5, m,0).

MEMOIRES DE LA SMF 174



4.5. THE ACCUMULATION OF WAVE PACKETS 67

We consider separately the two above sums. We discuss the case k even, the case k
odd being similar. The idea is to use Abel’s summation formula. To this end, given
some 9§ € ]0,1], we interpret the sum as follows

E seﬂkaz(s,skw) = E E 5e’lka2(e,ek7r).
ggkevengwls %Sjgi i Skevenﬁw

js (G+1)8

e’ €

For all j, fix some k; even inside [
gives rise to

] . For all k£ in this interval, Taylor’s formula

q—2
|GS (e, k) — GS (e, k)| < 76 sup |0,G5 (e, s)| = 50 (57] ) +50(1).

s>7mn 3
It follows that

Y eeTHTG (e ekym) = ES+ Y eGl(e,ekym) X > e~ thme,

n T
Z2<keven<

o3

ij% %Skevenﬁ@

The error term £° can be estimated according to
T 56 g1-2 €12
r=———¢|6 00(1)| =6 00(1).
b 27T565[O<n3)+0()} O<n3)+o()

Since e~ #£ 1, we have

— 1
E eGy (g, ek;m) x E e~ thma) — SO(E)'
%SJ’S% %Skevengi(jtlw

In short, we have

o=
IS
—~
o[
o
™
~—
Il

g—1 q q—2
O(n)+ 0O <;q+1> +0 <qul) +o0 <5nq >
€12

+50 < 5 > +50(1) + %(9(5).

This is valid for all (1, 6) € ]0,1]°. We fix § = 5* so that

O(n) + 50 (5; > +50(1) + Z0(e) = O() + %0(5).

By fixing 7 increasingly smaller and then letting e goes to zero, we can recover
some o(e?) or, after multiplication by ¢, some o(¢) as announced in (4.92). When ¢ > 2,
a better estimate is available by optimizing the choice of 5. Just take n = £(¢=2)/54 to
obtain (4.92). O

REMARK 4.19 (Contrast between constructive and destructive interferences). — The
controls of the error terms inside (4.78), (4.79) and (4.92) are not claimed to be sharp.
For instance, by specifying a rate of convergence at the level of (3.22), the precision
o(¢) in (4.78) and (4.92) could be improved into O(e!'™*) for some k > 0. At all
events, the amplitude of the solution u to (4.2) is asymptotically maximal on a set
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of Lebesgue measure zero, which is the lattice eZ moving with e € ]0,1]. Everywhere
else, it is smaller.
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CHAPTER 5

NONLINEAR ANALYSIS

In this chapter, we prove the nonlinear information (2) of Theorem 1.3, as well
as Theorem 1.4. In Chapter 5.1, we precise the framework, and we collect various
estimates about the solution u(®) of (1.28a). In Chapter 5.2, we measure the influence
of different types of nonlinearity according to gauge parameters g that characterize
them. We prove that nonlinear effects are not detected at leading order as long as
g # 1. This is Fact 2 in the PDE context. As a consequence, when g # 1, the distinction
between constructive and destructive interferences remains in the same state as in
the linear case. This dichotomy does persist when g = 1. But, as will be seen in
Chapter 5.3, the profiles exhibited in (4.78) must be modified accordingly, in order to
take into account the nontrivial effects of nonlinearity.

5.1. General setting

In Paragraph 5.1.1, we recall the main assumptions, and we start the discussion
about nonlinear effects. In Paragraph 5.1.2, we study the kernel of a singular opera-
tor, which appears when seeking sup norm estimates. In Paragraph 5.1.3, we classify
the different sorts of gauge parameters, and we illustrate them by examples. In Para-
graph 5.1.4, we establish various estimates concerning the solution u(® of (1.28a).

5.1.1. Main assumptions. — We work under the hypotheses of Theorems 1.3 and 1.4
concerning p and . In particular, we suppose that ¢ = 2 and D > 4. The phase
¢ is subject to Assumption 1.2. The expression u(?) is obtained by solving the linear
Equation (1.28a), with F, as in (3.31). In (3.31), the sum is assumed to be finite, to
avoid extra discussions about the convergence of infinite sums which can appear in
the approximating process.

In view of Propositions 4.16 and 4.18, the function u(%) is of size £ in L. It follows
that the quadratic nonlinearity of (1.36) can be expected to play a role at leading
order for long times ¢t ~ e~1. The right hand side of (1.36) may seem quite specific. It is
adjusted in order to generate through (1.36) a solution u(!) of size comparable to u(®).
To understand why, and also to discern the possible effects of other nonlinearities, it

SOCIETE MATHEMATIQUE DE FRANCE 2022



70 CHAPTER 5. NONLINEAR ANALYSIS

is interesting to generalize (1.36) up to some extent. With this in mind, we replace
(1.36) by (1.28b) with Fir, satisfying Assumption 3.13. Following (1.29), we introduce

5.1 u (t, ) = e YD (et, 2 UINT, 2) = 1e_iT/‘Szu(j) r €z ).
) 76 ) ) € 57

The solution u) to (1.28b) is a superposition of the contributions brought by the
different terms Fj, ;,, composing Fixr,, see (3.36). Thus, we can study separately what
happens for a fixed choice of (ji,j2,) € N? x Z. With this in mind, we focus our
attention on a single monomial having the form

(5.2) Fnp =Fjj,0 = 6”ei“’t/‘€x(3 - Q%t)x(%)ujlﬂjz.

We have seen in Section 1.1 that the gauge parameter g is a good indicator of the
time oscillations which remain in the source term of equation (1.5) after filtering out
of the equation (1.3) through the change (1.4). When dealing with (5.2), a similar
definition applies.

DEFINITION 5.1 (Gauge parameter). — The gauge parameter associated with Fj, j,, is
the real number g;, j,., defined by g;, 5., = w + j1 — Ja.

From now on, we fix Fiyz, as in (5.2) with indices v, j; and j adjusted in such a
way that v+ ji + jo > 2. We will sometimes simply note g = g;,,,, € R. In (5.2), the
coefficient which appears in front of u/1%’> is the product of three factors.

In the light of the first factor e**/¢  in the case of a non-zero frequency w # 0, the
source term Fy does involve time oscillations. Reasons for introducing eiwt/e have
been explained in Remark 2.2, and also in Paragraph 3.2.1 when adjusting p in order
to recover (3.24).

Looking at the second factor, the source term F)p, is switched on after all signals
have been emitted, that is during the long time interval [7 /e,27 /e], which could
be replaced by [n/e,1/(ne)] for any n € ]0,1]. But a positive gap (n > 0) seems to
be needed. Indeed, Lemma 4.7 makes a first group of wave packets which, due to
a dispersive phenomenon, is negligible in the limit ¢ — 0. It requires to consider
sufficiently large times, so the phase ®; could be uniformly non-stationary in &.

In the light of the third factor, the source term Flyj is spatially localized in a
ball of size re*. The impact of Fi is potentially all the more stronger that ¢ is
small. The choice of a large negative parameter ¢, with + < —1, involves almost no
spatial localization. The case ¢ = 0 corresponds to a diluted source which acts on the
domain where Propositions 4.16 and 4.18 furnish some refined information. Finally,
the selection of the limiting value ¢ = 1 implies a concentrated source which, for
convenience, is placed here at the origin. Larger values of ¢, with + > 1, will not be
investigated because they have little interest.

The impact of the nonlinearity (5.2) can be measured by looking at the difference
W :=UD — 4O From (1.28a) and (1.28b), it is easy to deduce that

7 . v+ji+j2—2 i(g— e? pe
(5.3) OrWw — = (p(—id,) — 1) W = gV tirtir—2¢i(e=1)T/e" Ge W|,_, =0,
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where g = g;, ,, is as in Definition 5.1, and the source term G° is determined by

T o .
(5.4) G4(T,2) = x(3 - 2 )x (== JUO (T, )P U O (T, 2.

By construction, the function G is smooth and compactly supported in (7T, z). We
have seen in Chapter 4 that U(°)(T, z), and therefore G*(T, z), is some O(1) as long
as (T, z) is such that 7 < T < 27 and |z| < r/e. Moreover, this control is sharp when
z € Z. Coming back to (5.3), Duhamel’s formula reads

W(T, z) = Eu+j1+j2—2(2ﬂ)—1
T
(5:5) X/ // e—i(z—y)é-i-iTaES(P(S)—1)+i(9—1)fzg€(8’y)dsdydg_
0

Our aim is to study W(T, z) through (5.5). As a first step, we would like to establish
that, for G° as in (5.4), we have

T
(5.6) / // e—i(Z—y)E‘HTEzS(p(g)—l)"‘i(g—l)ﬁgi(&y)dsdydé‘ =O(1) in L*®.
0

We know already that the function G° is of size 1 at integer points, and that it is of
smaller amplitude at all other spatial positions. Thus, the matter is to understand
how the integral operator inside (5.6) acts on L°°. The main problem when dealing
with (5.6) is the global domain of integration in & and (for ¢ < 1) the large domain
(of size e*~1) of integration in y. This difficulty is examined, and partly solved, in the
next paragraph.

5.1.2. A singular integral operator. — Following the convention (3.15), denote by F,
the partial Fourier transform with respect to the variable x € {y,£}. Given 7 € R and
A € L>=(R), define the operator B2 by

(5.7) B2GE(2) i= Fe (2m (¢TPOY — 1) A()(F, 1 G°)(€)) ()
= // e~ (z=y)¢ (eif(p(ﬁ)—l) — 1)A(§)g€(y)dyd§.

When A = 1, the operator B2 is simply denoted by B, := B*. Looking at (5.7), it
is clear that B2 : H°(R) — H°(R) is a bounded operator for all o € R, with

(5-8) | BRGE e () < 20 Al o= ) 1G° | 717 (-

In (5.7), we first integrate in y and then in £. Another viewpoint, which is more
adapted to get L°°-estimates, is to first integrate in £ and then in y. By this way, we
find BAG® = K2 % G° with a kernel K2 given by

(5.9) KMy) = /e—iyf(e”@(f)—l) - 1)A(¢)d¢, K, =K}

In view of (3.28), where w® = 1 and ¢ = 2, the integrand inside (5.9) is integrable,
and it depends smoothly on the parameters 7 and y. The expression Kﬁ(y) is therefore
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well defined. It is continuous with respect to (7,y), and in view of (3.28),

d§
A
(.10 2 <0t ([ 15 lleco.
Now, the solution W to (5.3) can be decomposed into W; + W,,; with
T
(5.11) Wi(T, z) := 5”+j1+j2_2/ @3/ Ge (s 2)ds,
0
€V+j1+j2—2

(5.12) Wh(T, z) :=

T
- /0 ei(g_l)s/szB(T_S)/azge(s,Z)ds.

By this way, the improper integral inside (5.5) is defined without ambiguity. Indeed,
both (5.11) and (5.12) involve local integrals with respect to s of bounded functions.
For (5.11), this is obvious since G°(s, z) = O(1). Concerning (5.12), this results from
the pointwise estimate

|B(r—s)/e2G° (5, 2)| < | K(r—s)/e2 Lo @ 1G° (3, )l 1 my S €7

Let us look more closely at Wi(T, z). To get Wi(T, z), it suffices to know G°(:, z),
that is L{(O)(-,z). In this sense, the action on G° leading to W, is local in space, and
therefore it is consistent with the dichotomy between constructive and destructive
interferences exhibited in Propositions 4.16 and 4.18. In fact, a precise asymptotic
description of W, is available.

LEMMA 5.2 (Description of the part W,). — We work under Assumption 3.12,
with moreover a(T,-,x) periodic of period w. Then, for all z € R\ {2Z}, we find
that Wi(T, z) = o(1). When v + j1 + jo > 2 or when g # 1, for all z = 2§ with j € Z,
we have again Wi(T,2j) = o(1). On the contrary, when ¢ € [0,1], v+ j1 +j2 = 2 and
g =1, we obtain that

. 2 R i P - R T s
5.13 T,25) = o(1 [,/7 1T ] (32 11)7/6/ 3 o5
( ) WI(T,25) = o(1) + p— cos b e i X -

1

+oo ,iﬁ(T,i) j +oo iﬁ(%,i) j
X / e ° 71 71a(51,0,0)doy ! / e’ 72 93 7g(0y,0,0)doy *ds.
0 0

Lemma 5.2 is instructive. It indicates, among other things, that the constructive
interferences do not impact W, when g # 1. As will be seen, this principle also applies
to Wnl~

Proof. — First, recall that W)(T,2) = 0 when 0 < T < 7. For 7 < T, observe that
T
(514) |W1(T, Z)| < €V+j1+j2—2/ |u(0) (5’ z>|j1+j2d8 _ O(€V+j1+j2—2)'
T
When v + j; + jo > 2, the smallness of W, (T, z) follows directly from (5.14). Now,
assume that v + j; + jo = 2. The first assertion of Lemma 5.2, the one implying posi-

tions z € R\ {2Z}, is a direct consequence of (5.14), Proposition 4.18 and Lebesgue’s
dominated convergence theorem. Finally, consider the case z = 25 with j € Z. From
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the forthcoming bound (5.29), that will be derived independently in Paragraph 5.1.4,
we know that

10565 (5, 2)| = 010U (s, 2)]) = O(e7¥/3).

When g # 1, an integration by parts in s performed at the level of (5.11) indicates
that [W(s, z)| = O(¢*/3). When g = 1, the time oscillating factor disappears from
(5.11). Plug (4.78) into (5.1) to recover an asymptotic description of U(°). When
¢ € [0, 1], for small values of &, we find x(2j/re‘~!) = 1, yielding (5.13). O

It should be noticed that the formula (5.13) with (j1, j2) = (2, 0) differs from (1.37).
In (5.13), the two integrals in do; and doy are separated while, at the level of (1.37),
they are correlated through a nontrivial factor. The reason of this difference is that
the contribution W,,; is not at all a small perturbation of W,. As will be seen, the
decomposition of W into W, and W, is suitable to show (at least when g # 1) the sup
norm decreasing of W. But it is not sufficiently precise to obtain (1.37). When g =1,
the two terms W, and W, combine asymptotically to form (1.37), which provides
with the correct prediction.

There remains to study W,,;. The access to W,,; is more complicated than for W;.
Indeed, in (5.12), the action of B, is non local in space, and it is also singular in
terms of € when € goes to zero. Let us examine this in more detail. From Young’s
convolution inequality, we know that

(5.15) IBRGE o=y < IEM Lo @) IG5 oo @ys VP € [1,+00).

Come back to (5.12). Since 7 is aimed to be replaced by (T — s)/e2, the access to Wy,
needs to consider large values of 7, say 7 € [1,400].

LEMMA 5.3 (Estimates on the L2 and L* norms of the kernel K2). — Fiz p > 0, and
assume that A € L™ (R) is such that A(§) = O(|€|7°) when |£| goes to +oo. Denote
by ¢ := p/(p — 1) the Holder conjugate of p. By convention, we have ¢ = 1 when
p = oo, and § = 2 when p = 2. Then, for large values of T, we find

(5.16) W€ (00,2}, K ey S 14701070,
where ¢ > 2 is the number stemming from (3.19).
When A is just bounded (p = 0), the estimate (5.16) helps control the explosion

when 7 — 400 of the LP(R)-norm of K. The situation is improving when p > 0. In
particular, when ¢ = 1 and p = 1, the family (K2), is bounded in L>®(R).

Proof. — We can assert that

1/q

+o0 - B
1K ascey 5 (1+ [ 1= cos(r(1 = p@)| " (0 )
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This is obvious when = +o00. This is a consequence of (5.9) and Plancherel theorem
when p = 2. The change of variables n = 1 — p(§) sends & = 1 to the positive
value 71 ;=1 — p(1), and £ = 400 to 1 = 0. It gives rise to

m — cos(tn)|d/2 _ 1/4
||K Loy S ( +/0 |1(1_S()77)|()|Ao(1— p)” 1(77)|qd77) /,

where (1 — p)~t :]0,m1] — [1,+o00[ is the inverse function of 1 — p. From (3.23) and
(3.28), it is easy to infer that

3C>0,  po(1—p)m) =Cn Ve vy elo,n,
30>0,  |Ao(1—p) ()T < Crr¥e, W e o,ml.
It follows that

N TN B - 1/4
6A1) KM lase S (14700 [T - cosyi2g e tsen/agy)
0

The integral on the right hand side of (5.17) is convergent near 7., = 0 because

vge{l,2}, ¢-1-(1/9)+(pq/q) > —1.
When pg =1, (5.16) is a direct consequence of (5.17). Otherwise, remark that

o i/2, (—a—1+p3)/ 29 (pi-1)/a —(1-pd)/
(5.18) |1 — cosn|?/<n' "9 POy < 1= 7M (1-7 PO/a),
m - pPq
From (5.17) and (5.18), we can deduce (5.16). O

LEMMA 5.4 (Pointwise estimates on the kernel K.). — In the case A = 1g and g = 2,
we find (for some c € C) that

(5.19) K.(0) ~cr/?,  whereas: Vy#0, K.(y)= 0.

Proof. — For large values of ||, we know that 1 — p(§) ~ c£72 for some positive
constant ¢, say ¢ = 1. In what follows, to simplify the discussion, we directly replace
1 — p(€) by £€72. Then, the change of variables 762 = 7 gives rise to

+oo )
K. (0) = 7'1/2/ (e™™ —1)n~3/2dn ~ cr'/?,
0

This furnishes the left part of (5.19), and this indicates that (5.16) is sharp (at least
when p = 400 and p = 0). Now, fix some y # 0, and decompose K. (y) into

] . 1 B
K. (y) = / "W (eI — 1)de + f/ De (e~ ) d¢
l§1<1 Y Ji<|g|<ert/s

+/ e~ WEHTE ) ge +/ e~ WE(e T _ 1)de.
1<[¢]<ert/s er/3<|g]

The first line is clearly some O(1). An integration by parts in the last term yields,
modulo O(1), a better decreasing in £, namely

/ e—iyé(e—iré —1)de = O(1) + 27/ 5—3e—i(y£+rﬁ’2)d§'
er1/3<g| Y Jert/agig
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1/3

Then, apply the change of variables £ = 7°/°n to obtain

271/3

K, (y) = O(1) + 71/3/ e—i71/3(y71+7772)d,7+ / n_3e—”1/3(y”+"72)dn.
1<|n|<e Y Jeinl

Use the principle of non-stationary phase to restrict the domain of integration near

the (unique) critical point 7 = (2/y)'/3. When doing this, note that the boundary

terms can be avoided by smoothing the above localizations. After stationary phase

approximation, there remains some O(Tl/ 6) as expected. O

Lemma 5.4 indicates that, when |7| goes to 400, the function K, may explode
more rapidly near the origin than elsewhere. In view of (5.19), the L2-information
contained in (5.16) appears as an intermediate information between the two extreme
behaviors at y = 0 and y # 0. It is more precise than the local L2-estimate that could
be deduced from (5.16) when p = +oo.

COROLLARY 5.5. — Fiz p > 0, and assume that A € L*°(R) is such that A(§) =
O(|€|~?) when €| goes to +oo. Let h € L (R). Define

N
G°() = x(= ) h(2)-
Then, for all v € [0,1], we have

(5.20) 1B{r—e)/e29° ey < NPl zoe(2) (50_1)/2 + 6“/2)“_1) .

The loss in the right hand side of (5.20) is decreasing when p is growing to p = 1/2,
and then it is saturated for p = 1/2 at the value e“~1)/2, As will be seen in the proof
below, this residual loss (when ¢ € [0, 1]) is coming from the L2-impact of the spatial
localization in a domain of size e*~!.

Proof. — Exploit (5.15) with p = 2, and then (5.16) with = 2 (and ¢ = 2) to get

(1/4)—(p/2)
T — s z 2 1/2
1B _ gy /e2G° L) S <1 + > {/x( ) h(z)2dz}

g2 rei—1
S 1Al Lo w) (1 + 5_(1/2)+P) =172
which yields (5.20) since ¢ < 1. 0
Applied in the context of W,,;, this furnishes
B2 (oo S OB gy (107,

The influence of nonlinearities is clearly stronger when v + j; + jo is small. In view
of (5.21), for v + j1 + j2 + 5 — 3 > 0, it may be neglected. On the contrary, when
v+ j1+j2+ 5 —3 < 0, the control (5.21) does not help to extract some uniform
bound in L*°. For instance, it is clearly insufficient when v + j; + jo = 2, even in the
most favorable case ¢ = 1.

The preceding analysis does not take into account the time oscillations (with respect
to the variable s) which can lead to further cancelations when computing the integral
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term inside (5.12). Observe that the time derivative (in s) of the phase involved in
(5.5) is g — p(&). This is why the discussion in the next paragraph is organized around
the zeroes of this function.

5.1.3. Classification of gauge parameters. — Recall that the gauge parameter g has
been introduced at the level of Definition 1.1 (or 5.1). Compare the oscillating integral
(3.16) with (5.5). For the choice ¢(s,y) = gs in (3.17), the phase ® of (3.16) coincides
with the one which is coming from (5.5). But, in comparison with Chapter 3, the
novelty is that the expression G*(T), z), in contrast to a(T, s, x), is not strictly speaking
a “profile”. The spatial variables z and z are not the same. The support of G°(T, ) is
(at least when ¢ < 1) of size e'~! >> 1, while the support of a(7}s,) is of size one.
Dealing with G¢ in the original variable z (instead of z) would mean to involve an
expression that is expected to be rapidly oscillating in z, and therefore that is not
compatible with integrations by parts in z.

Much less information is available on G than on a. However, due to the filtering
procedure (5.1), it could be expected that 9,G° is (to some extent) under control. This
forecast, that will be confirmed in what follows, explains why integrations by parts
in s should remain effective. But, to this end, the criterion (4.7) must be restricted.
We must now focus on the role of ;@ = p(£) — g. In place of 5 in (4.7), define the
threshold

(5.22) cg = inf{|p(¢) — g|; € € R}.

Different situations can occur.

DEFINITION 5.6. — The gauge parameter g is said:

— non resonant when g ¢ [0,1] so that cg > 0;

— transitionally resonant when g = 0 so that cg = 0. Then, p = g = 0 on the whole
interval [—&.,&.], and it becomes non zero near £&£.;

— pointwise resonant when g € |0,1[ so that ¢g = 0, and we can find a unique
position &g € 1€, +o00[ such that p(&§g) = p(—&;) = g;

— completely resonant when g = 1 so that ¢g = 0. Then, the function p(§) can
become arbitrarily closed to g =1 when |£| goes to +o0.

Below, we list some examples of F1, where for the simplicity of the presentation,
we leave out the localizations involving the function x.

EXAMPLE 5.7 (A standard choice). — Just take Fyyz, = u? so that (51, jo, v) = (2,0,0)
and w = 0. We find v + j; + jo = 2 (critical size). The gauge parameter is g = 2. It is
non resonant.

EXAMPLE 5.8 (Quadratic nonlinearity in |u|). — For the selection of Fy1, = |u|? = u,
we find (j1,J2,7) = (1,1,0) and w = 0. We still have v + j; + jo = 2 (critical size),
but this time, the gauge parameter is g = 0. It is transitionally resonant.
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EXAMPLE 5.9 (Presence of time oscillations). — For Fyy, = e**/¢|u|? with w € ]0, 1],
we find g € ]0, 1[. The gauge parameter is pointwise resonant.

EXAMPLE 5.10 (The nonlinearity investigated in Theorem 1.3 and 1.4). — The choice
made in Equation (1.36), that is Fyz = e~*/*u?, is built with (j1,j2,) = (2,0,0)
and w = —1, so that v 4+ j; + jo = 2 and g = 1. The size is critical and the gauge
parameter is completely resonant.

EXAMPLE 5.11 (Critical cubic nonlinearity). — The critical size can be achieved for
a cubic nonlinearity like Fy; = e~ 'e**/¢|u|?u, in which case (ji,7j2,v) = (2,1, —1).
When w = 0, the gauge parameter is completely non resonant. This situation is
expected to involve leading order nonlinear effects, like in Example 5.10.

5.1.4. Various estimates involving /(*). — The purpose of this paragraph is to list
estimates that are accessible concerning (9, and therefore that could be used when
dealing with G° at the level of (5.5). Propositions 4.16 and 4.18 already furnish the
following optimal local (for |z| < 7 or |z| < r/e) sup norm estimate

(5.23) 3C >0, VT €[T,2T], V|z|<r/e, [UO(T, 2)|<C.

Global L? and L controls are also available. Unlike (5.23), they may not be sharp.

LEMMA 5.12 (Global control in L? and L®-norm). — For all (j,n) € N2, we have
G21) VT2, [HOUOT Y = O,
(5.25) vT € 10,271, ||3%32U(0)(T, M oo () = O(E—2j—n—%)'

We emphasize the discrepancy between the optimal uniform L°°-bound inside
(5.23) (for data localized in space), and the bound (5.25) with j = n = 0, which
holds globally in space. This loss of an e ~3/2 factor is most likely “only” technical. It
explains why in the forthcoming analysis, the presence at the level of (5.4) of some
spatial cut-off (driven by ¢ with 0 < ¢ < 1) is needed.

The derivatives 0; and 0, applied to oscillations of the form (3.31) with ¢ as in
(1.26) produce respectively the factors e 19, ~ e~! and €710, ~ e~ 't. Thus, for
long times t ~ €71, it could be expected that the action of 9%, takes the form of a
loss similar to

(526) Va = (041,042) c N27 8%2 ~ 67041+a28f; ~ 572a1ta2 ~ 5720117&2.
The bounds (5.24) and (5.25) are both in agreement with this prediction since the

application of Or = 719, and 8, = €0, cost respectively e 2 and e~ L.

Proof. — Consider the equation (1.28a) with F, = F as in (4.1). Since p(eD,) is
a pseudo-differential operator with constant coefficients, it does commute with the
derivative 8;07. Thus, through usual L2-energy estimates, we can infer that

0u107 05w |Gy S € D 10]05u O] L) 107 O AL, ™™ 2 )

|m|<M
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Remark that
RFAL =D ( i ) ( : > (9 O Am)" 07V O
in=0i,=0 ~ 7

By assumption, the symbol 9,”9i» A,,(et,t,,-) is smooth, and its derivatives with
respect to x and & are uniformly bounded in ¢. From the Calderén-Vaillancourt The-
orem, we know that (9,”9i A,,)* acts continuously on L%(R). On the other hand,
the function a,,, and therefore 8, 9" A,,, is spatially supported in the ball |z| < 7.
Thus, we can replace e™#/¢ by the L2-function x(|z|/7)e™™¥/¢ where 7 := 8r/5. And
thereby, we have to estimate a sum of terms similar to

18775 827 (x (/7)™ /) || 2 ) -

The derivatives d; and 8,, when they are applied to the oscillation e”™#/¢, produce
respectively the singular factors e 10;p ~ ¢! and €710, ~ te~!. The worst term
arises when (4;,%,) = (0,0). As a consequence, we find that

0:/|0] 05w |72y < €227t e ™8] 03w | L2y,
and therefore, by Gréonwall’s lemma, that
18] 5u® (8, )| L2my S ¢ F1 @RI,

Then, in line with (5.24), we get that

; 1 J j i —iT/e2 i—i; an T
040U T irey = 1| X (7)) 07 7] o o (L)

i;=0 > L2(R)
R L T
g E—1+"—J Z e Y (Bf_”(?;‘u(o)) <7€'>
by’ € L2(R)
J
) 1 I T
comg o (2
= Ve ¢ Jlrem
j n
< g~ 1+n—j Z e s iz€3/267(17i]’) Z e = (9(5*2j’”’1).
i;=0 vee c

This furnishes (5.24). The sup norm control (5.25) is then a consequence of the stan-
dard one-dimensional Gagliardo-Nirenberg inequality

(5.27) Ve @ < V2V gy 10:V1 gy O

The interest of using U(*) instead of u(?) is twofold. First, as noted in (5.23), the
amplitude of the wave becomes of size one. Secondly, when passing from u(®) to ¢/(?),
the main temporal oscillations are locally filtered out in the following sense.
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LeEMMA 5.13 (Local sup norm controls involving derivatives of U(©)). —

(5.28) 3C >0, VT €[T,2T], V|z| <r/e, |0.UNT,z)| <Ce?,
(5.29) 3C >0, VT €[T,2T], V|z| <r/e, |0rUON(T,z)| < Ce?/3,
(5.30) 3C >0, VT €[T,2T], V|z| <r/e, |02.UON(T,z)| <Ce3/2

Proposition 4.16 implies that the information (5.23) is sharp. Starting from (5.23),
the two controls (5.29) and (5.30), which both involve time derivatives, represent
improvements in comparison to what would be provided by (5.26). This means that
the time oscillations contained in u(®) have indeed been somewhat filtered out when
passing from u(® to /().

Proof. — Denote by u$)) with j € {0,1} the m!* harmonic of u(). In particular, u{

can be obtained by solving
(5.31) pul® — 3p(—igaa:)ugﬁz) =32 A, (et t, x, —ied,)*eme (2 /e
€

with initial data ug,?)|t:0 = 0. The situation is as in Paragraph 3.1.3, see (3.14) and
(3.17), with

In order to lighten the notations, we drop the dependence of the phase upon m. As
in Paragraph 4.2.2, we can separate ® according to ® = ¢ + m(y — t) to deal with

¢t 258,,€) = (s = 1) [p(€) = m] + (z — y)& + mys — mry cos s.
The function ' looks like v in (4.16), that is

Ve T
W (t,5) = Yoemle [ [ eiotaenaieg, (€)a,(es,s.y)dsdyd.
™ 0

Apply the derivative 9, to the above relation. This introduces a factor £/¢ in the
integral. Since ¢ is like < e~ ! at the critical points, a rough estimate furnishes

(5.32)

amugg)(t,:c)‘ < Veed2e7 e = g7

where the products of powers of ¢ follows, one after another, from the amplitude,
the stationary phase approximation (in dimension 3), the term £/e ~ £~2, and the
number ¢! of critical points. The bound (5.32) is equivalent to (5.28).

From (5.31), we can deduce that

Oy (e_“/su?(,?)) = e3/2Ar eilme—t)/e 4 E.e_it/‘e (p(—ied,) — 1) ul?.
€
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Then, from the above integral representation of ug,?), we get

4 ei(mt—t—mw)/s

2m+\/e

t
x /0 / / eIV (p(€) — 1) G (E)am (s, 5,y)dsdydE .

=:Pm (t,z)

(5.33) Oy (e”uQ(t,x)) = /2 A%, eime /e |

Coming back to (3.32) where u is replaced adequately, the first term in (5.33) can be
expressed as

* _i(mep— 1 i(r§—yE—m
[Apsetme=0/e| = 2| [ [ eteecveminleg, (€)a, et )y

The phase involved has only one critical point (y,&) = (x, —mt) which is non degen-
erate. Since the dimension is two, this allows to gain the factor € so that
(5.34) €312 A, (et t, @, —ied, ) * el meta) =D /e — O (3/2),

Let us now consider the expression P, emphasized in (5.33). In view of Lemma 4.2
and Lemma 4.3, and since {; = 0 near the origin (Assumption 3.11), Proposition 4.5
implies that P, = O(¢*) when m # 1, so that

(5.35) vm #1, 0(e”ul0(t,z)) = O(e¥?), |z| <,

o 1N

2T
<t< —.
€

We thus focus on the resonant case m = 1. We decompose P; as w
at the level of (4.23) and (4.24), to get

@

did concerning v

2 7T
(5.36) Pl(t7x)=1§cpl,k(t7$), K= {kEN;kS §+E}'

The analysis of Chapter 4.3 readily shows that we can find a constant ¢ > 0 such that
(recall that here, ¢ = 2)

(5.37) Z |P1Li(t, @) < Z D=1 < cD=4/3,
0<k<ce—1/3 0<k<ce—1/3

For k € K with ce~'/3 < k, as in Chapter 4.4, we can rely on a stationary phase
argument. The only difference in the treatment of P; compared to the preceding
analysis of u(®) is the presence of the factor p(¢) — 1 in the integral. Remark that

Ip(km + &) — 1] = O(k™2), uniformly in |[¢] < 1.

This property allows to improve the convergence of the sum of wave packets. As a
matter of fact, resuming the stationary phase argument in (s, y, ¢) and relying on the
decay in k which is provided by the factor to gain the convergence of the series in k,
we come up with

1
(5.38) S Puta) £ Y - < £3/21/3 _ 11/6,
ce—1/3<keEK ce—1/3<keK
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As prescribed at the level of (5.33), divide (5.37) and (5.38) by /. Since D > 4, we
can retain that

4 oT
(5.39) 0 (e7*uV(t,2)) = O(¢Y?), |z|<r, 0<t< —.

Compute
1 ;
(0) - - —it/e, (0)
orU'\" (T, z) 626,5 (e u (t,sz))

t=T/e
To estimate OpU(?), it suffices to multiply (5.35) and (5.39) by =2, and to sum on
the finite number of integers m satisfying |m| < M. This yields (5.29).

Now, in order to get (5.30), just take the derivative of (5.33) with respect to z.
Since 9,p/e ~ t/e ~ 1/e%, we have

£3/29, (Am(st,t,x, —isax)*ei(m“”(t’m)_t)/s) = 0(?).

This term turns out to bring the largest contribution. As a matter of fact, at the level
of the oscillating integral in the second line of (5.33), the z-derivative produces the
factor 0, ¢/c = £/e. The multiplication by £ is compensated by the decreasing of p—1.
Due to the assumptions on p, the symbol 5(p(§) — 1)Cm(§) remains in a convenient
class. We can still apply Lemma 4.7, except that the control inside (5.37) must be
replaced by some O(¢P~7/3). On the other hand, at the critical points, £ /e behaves
like k/e, so the estimate (5.38) becomes

1k 1 1

3/2 s 1/2 - -

€ E R E p <+velhn -
ce—1/3<kek ce—1/3<kek

Gathering the above three estimates and recalling that 9, = €0,,, we can easily infer
the content of (5.30). O

So far, we have not exploited the fact that (5.23) is achieved on a set of zero
Lebesgue measure. This property is useful for what follows.

LEMMA 5.14 (Local vanishing properties). — Let (m,n) € N*xN. Given a function w
in the Schwartz space S(R), define

Je = Je(T) = Je(mn,w;T) = / o) O T, )™ | 0rU O (T, )" dy.
Then, for all T € [T,27T], we have J. = o(1).
Proof. — Decompose J. into J. = J.X + J. with
I 1=/ @)U (T, )™ 2 00t O (T, )| dy.
+ely|<+£r
Exploit the global estimate (5.25) and the decreasing of w € S(R) to obtain
|| < Cem GOm0 w1 <epyy = O().
On the other hand, due to (5.23) and (5.29), the family
L esrsel @) w @)U (T, )2 20rU(T, y)*, € €]0,1]
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is uniformly bounded by C|w| € L*(R). Applying Proposition 4.18, it converges to
zero out of the set 2Z, which is of Lebesgue measure 0 in R. Under such hypotheses,
the Lebesgue dominated convergence theorem guarantees that 7 = o(1). O

5.1.5. General estimates involving W = U/(!) —1/(9), — Depending on the choice of the
parameters v, j1, jo, w and ¢, the source term Fy; can bring a contribution which
is of the same size of U, or not. To understand what happens, it is interesting to
first investigate a situation implying no condition on v, ji, j2, w, and no particular
assumptions (through ¢) on the spatial localization. To this end, we could directly
exploit (5.25) with j = n = 0 at the level of (5.21) to obtain a preliminary sup norm
control on W. But, knowing (5.28), it is possible to improve this first bound.

LEMMA 5.15 (Global sup norm control on UM — (). — Fiz any v € ]—oc0,1]. Then
(5.40) IU® ~UONT, )@y = O 27272,

Proof. — Recall (5.27) and (5.8) which allow to control B2V in sup norm uniformly
in 7 through the L?-norms of V and 9,V as indicated below

(5.41) 1BV ey S IBAV ey 10 (BAV) | sy

2 2
S Al gy IV 18 VY2,

On the other hand, using (5.24) and (5.25) with j = 0 and n € {0,1}, we can infer
that, for all k € {0,1}, we have

(5:42) 105 DT U (51T O (s, P ey
< IO (L (U (5 )2y + 195U O (5, ) 2e)
S (IR e,

Recall that W = U —U© = W, + W,,; with W, and W,,; as in (5.11) and (5.12).
The part W, can be controlled according to

Wil gy S €772 72)G7)
From (5.4) and (5.25) with j = n = 0, we can easily deduce (5.40). On the other
hand, combine (5.41) and (5.42) at the level of (5.12) to get
Vg1 +jo— 1/2 1/2
Wil @y S 44272 G2 it 10:G°1 47y

< 8v+j1+jz—2(5—%)j1+jz—18—% (5—%)j1+j2—18—1’

| oo ()

which leads directly to (5.40). O
The preliminary estimate (5.40) is far from enough to reach some O(1) or less,

under the sole condition v+ j; + jo > 2. More specific arguments (involving especially
the spatial localization) are needed to improve the above analysis.
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5.2. Sorting of gauge parameters

The constructive interferences of Theorem 1.3 occur on a set of Lebesgue measure
zero. From this viewpoint, comparisons in LP-norms with p < 400 cannot be relevant.
We must stick to the use of the sup norm. This motivates the following definition,
which is inspired by a notion of linearizability introduced in [25].

DEFINITION 5.16 (Linearizability during long times). — We say that the nonlinearity
plays no role at leading order during long times when

(5.43) sup [[UD —UO)(T, )]l (z) = 0(1) as e — 0.
0<T<2T

In this subsection, we show that when g # 1, nonlinear effects are absent at lead-
ing order during long times (in the sense of Definition 5.16), provided that ¢ = 1.
When g ¢ {0,1}, the assumption ¢ = 1 may be relaxed to ¢ € [0,1]. In the next
Paragraphs 5.2.1, 5.2.2 and 5.2.3, following the distinctions which have been made in
Definition 5.6, we examine successively the cases g & [0, 1], g € ]0,1[, and g = 0.

REMARK 5.17. — The results of this subsection, Propositions 5.18, 5.19 and 5.20, rely
on the estimates (5.23), (5.28), (5.29) and (5.30), which have been established only
for T' > T, hence the time localizing factor x(3 — 2et/7) in G°. We will see later that
these estimates could be adapted for T' > n with n > 0. But the case of smaller times
t < n/e is not straightforward.

5.2.1. The case of non resonant gauge parameters. — This is when g ¢ [0,1]. Then,
the distance from p(£) to g remains bounded below by a positive constant. In other
words, the function

'R — R
€ — TE):=e-9)"
is bounded, that is ' € L*(R).

PROPOSITION 5.18. — Assume that g & [0,1] and ¢ € [0,1]. Then, the nonlinearity
plays no role at leading order during long times. More precisely

(5.44) vT € [0,27], @™ — U@y (T, oo ) = O(eH/2+1/3),

Proof. — It suffices to examine the critical size case, where v + j; + jo = 2. In the
case v + ji + j» > 2, the above O (¢¥/2¥1/3) is readily improved to O (gt/2+1/3+v+i1+i-2),
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The idea is to come back to Duhamel’s Formula (5.5), and to exploit the oscillations
occurring with respect to the time variable s. Integrating by parts in s, we find

W(T, 2) = / / / i T O~ D 5 G (5 ) dsdyde
= 7// e—i(z—y)€+iTEEs(p(E)—1)+i(9—1)E%F(£)g6(S y)dydé T
2w ’ s=0

2 T
_ E/ // eI NEHIZE PO+ BT (£)9,G% (s, y)dsdyde.
T Jo

Given s € [0,T], for j € {0,1}, write the integral in (y,¢) in the more concise form

1 —i(z— i-% — i o€ 1% - - | GE
oo [[ T EOO IR 016 s, y)dyde = Fe (¢ F PO ITE)F, (0167)).
Set apart the Weight

[(0,6) =T.(0,€) i= 'ZPEO-VT(g), S}JP]HszLOO(R?) < +oo0.
€€]0,1

To estimate such a term in L, we use the L%-norms as intermediary norms, so we
lose as little information as possible at the level of Fourier transforms, thanks to
Plancherel identity. To do so, we invoke Gagliardo-Nirenberg inequality,

H 1/2 ‘ 1/2

|Fe(@r @) < | F(0F 006

(FF;0i69)]

Lo (R) L2

1/2

i ~e||1/2 €
SN03Ge(l s [lowolge || = -

The assumption ¢ > 0 is needed to later invoke the L*° estimates of Lemma 5.13,
concerning U©). Below, to simplify notations, we can drop the exponent in U(®).
For j € {0,1}, since ¢ € [0, 1], we can assert that

J - J174d2
Hay [X (5“17“) O Ut )] ‘ L2(R)
S eI L 2y 10U () | Low 1212 0)
+ eV () 1152, o 109U (9) | o (121 <) 105U () Los (121 <)

t—1)/2 j1+j2—1 1
R IOEDUS) Lo (a1 -

Since ¢ € [0, 1], we can exploit the local sup norm estimates (5.23), (5.28), (5.29) and
(5.30), so the above estimate yields

ot (=) ],

< c(1=0)/2,-2/8 | J(=1)/2.~~2/3 4 (:=1)/2,~2/3-5]/6 < t/2.~i~T/6
We conclude that

G45)  UD - UONT )| S 2 x T el 2
which is exactly (5.44). 0
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5.2.2. The case of pointwise resonant gauge parameters. — This is when g € ]0,1[. In
view of (3.20), we can assert that

(5.46) N €&, +oof;  p(&G) =9, 0<p'(&)

PROPOSITION 5.19. — Assume that g € ]0,1[ and that ¢ € [0,1]. Then, the nonlinearity
plays no role at leading order during long times. More precisely, for all uy < 1/6, we
have

(47) VT e[0,2T], UY —UO)T,pmm = OE/ ).

This furnishes again some o(1) in line with Definition 5.16. When ¢ = 0, this bound
is weaker than (5.44).

Proof. — We can still work with v+ j; +j2 = 2. Fix 5 € [0, 1[. We perform a frequency
localization of size 7 near the two problematic positions ££4. In practice, we insert
in the integral (5.5) defining the error ™) — /(%) the decomposition

(548) 1=(1-x) (5;59) +x (iﬂ) .

Concerning the left part of (5.48), that is away from the values £ = ££;, the proof of
Proposition 5.18 can be repeated with I' replaced by

2 42
) = ﬁ(l -X) (iﬁ) .

By construction, the function I, is zero on some set of size €7 containing +&;. It
follows from (3.20) and (5.46) that I, is globally bounded by Ce™". The integration
by parts with respect to the time variable s can still be performed, but now we have
to take into account this singular estimate for ||I';||z~. As a consequence, the gain is
€277 instead of £2. The corresponding contribution is therefore of size €573 instead
of being of size £33 as in (5.44).

From now on, we fix n € [0, 5 + %[ (so the above estimate yields a small contribu-
tion), and we study the contribution coming from the right part of (5.48). The idea
is to exploit at the level of (5.5) the oscillations with respect to . To this end, the
identity (5.5) may be reformulated as

T
649 W)= o [ [0 NE T T~ 5,265 (. p)dsdy
0

where we have put aside the oscillatory integral

2 _ ¢2
(5.50) J(e:5,y,2) = / eV Oy <w> de,

en
built with the phase ¥(£) = ¥(e, s,y, 2;£) given by
(5.51) $(€) = sp(§) — Xz —y)E, Y€)= sp'(§) —*(z —y).
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Due to the presence of x, we have the obvious estimate |J| < . Fix § € [n, 1]. Since
p' (&) > 0, for all time s > €%, we have /() > €° for all £ at a distance ~ " from &g,
and for all y and z located at a distance less than ~ ¢! from the origin. For s > €°,
an integration by parts with respect to & yields

o [ ey |_ YO (€& 26 (&€-€&
J =ic /e [¢’(£)2X< gng +5’71/J’(§)X gng de.

2—-20

This indicates a gain of ¢ when computing 7. Since this operation may be re-
peated indefinitely, we deduce that J = O(e>) for s > £°.

There remains to control the contribution which, in (5.49), is brought by the times s
satisfying T — Ce® < s < T. For such s, a rough estimate based on (5.23) yields, since
|7| < &7, some O(e5+7H+=1) error term. By optimizing the smallness of £2 =73 and

gtn+=1 through the selection of n = 2 — g — L, we get some e%~5+5 estimate. Since
d < 1 can be chosen arbitrarily closed to 1, we obtain (5.47). O

5.2.3. The case of the transitional gauge parameter. — This is when g = 0. In this case,
for all £ in the interval [—&.,&.], we have p(§) = g = 0. On the other hand, in the
case & > 0 (which we shall assume in this paragraph), the transitional region near
the extreme positions £, is much more degenerate than in Paragraph 5.2.2. The
function p is flat near +£.. Consequently, there is no way to exploit as before, in the
vicinity of ££., the oscillations with respect to £. Still, we can show the following
result, by restricting the order of the spatial localization.

PROPOSITION 5.20. — Assume that g = 0 and that « = 1. Then, the nonlinearity plays
no role at leading order during long times, in the sense of Definition 5.16.

Proof. — Again, we can suppose that the order of magnitude of the nonlinearity is
critical, v + j; + jo = 2. We recall that we assume here £, > 0. If £, = 0, the proof
of Proposition 5.19 can be repeated. The argument of Paragraph 5.2.1, that is an
integration by parts with respect to the time variable, does apply for frequencies &
located away from [—2&.,2€.]. Then, it suffices to consider

T
(5.52) W(T, z) = %/ /e—iT/azj(e,T — 5,9,2)G°(s,y)dsdy,
0

where, with 9 as in (5.51), we have put aside

(5.53) T (e, s,y,2) = /ew’@)/szx (42) dé = O(1).

c

By this way, using the uniform boundedness of A(®) and (5.23), we find

UD —UONT,2)| S / X (%) U (s,y)ldy.

From Lemma 5.14 with m = 1 and n = 0, the integral on the right hand side goes to 0
with e. This argument based on the Dominated Convergence Theorem breaks down
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when 0 < ¢ < 1 because the localizing function x(y/(¢*~'r)) is no longer integrable
uniformly in €. O

The condition ¢ = 1 is quite restrictive because it requires a concentrated source.
In fact, the difficulties raised by the value g = 0 are somewhat artificial. They are
induced by the localization procedure of Paragraph 3.1.2. At the level of (3.12), the
symbol is multiplied by 1 — x(§). This operation does not correspond to a physical
phenomenon but rather to a technical simplification.

In the next subsection, we examine the remaining situation g = 1, especially in the
interesting and representative framework of equation (1.36).

5.3. The completely resonant situation

We now prove Theorem 1.4, along with some generalizations. When g = 1, there
exists no £ € R such that p(§) = g. But, due to (3.25), the quantity p(¢) becomes
arbitrarily close to the limiting value g = 1 when |£| goes to infinity. Since large values
of ¢ are addressed when dealing with (5.5), the effects of this approximated resonance
are enhanced in the actual context. The study of (1.36) corresponds to the choice
(j1,42,v) = (2,0,0) with w = —1, so that indeed g = 1. The expression G¢ of (5.4)
reduces to

T

(5.54) G5(T, 2) == x <3 - 27) X (:?Z) UO(T, 2)2.

And, in this context, Duhamel’s formula (5.5) simply reads
(5.55) W(T, z) = Op(9)(T, 2),

where we have introduced the integral operator

T
(5.56) Op(9)(T, z) := %/0 // e*i(Z*y)EHTEES(P(i)*l)g(S’y)dsdydg_

To lighten the notations, we will often write u for u(?) and U for U(®). The above
integral involves the extended spatial cut-off |y| < re*~!, through the introduction
of x(e - /re*) inside G°. Like in the previous subsection, we impose ¢ € [0,1]. This
condition is needed because precise information regarding (s, y) is available on con-
dition that |y| < re~!. Indeed, Chapter 4 provides a description of the solution u(t, z)

to (1.28a) only for |z| < r, that is only for |y| < re~ 1.

The formula (5.54) also involves, through the implementation of x(3 — 2s/7),
the time cut-off 7 < s < 27. The choice of [7T,27] is inherited from (5.23) and
Lemma 5.13. It is introduced for convenience. It could be relaxed by expanding the
time domain of integration to any compact set inside ]0, oo[. For instance, it could be
adapted to any interval of the form [n7,n~17] with n €]0, 1].
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When g = 1, the estimates of Lemma 5.13 do not suffice to show the smallness
of W. And for good reason: the nonlinearity plays a role at leading order, and modifies
the asymptotic behavior by a nontrivial O(1)-effect that is revealed by (1.37). To see
why, the idea is to use the fine description of the function ¢ = U(®) which is provided
by Chapter 4, and to inject it into (5.55). Thus, like in Chapter 4, we impose ¢ > 2
and D > 4.

In Paragraph 5.3.1, we explain how to exchange U? inside (5.54)-(5.55)-(5.55) with
a more tractable expression made of a sum of wave packets, without changing the
content of W modulo o(1). In Paragraph 5.3.2, we simplify the content of these wave
packets, and we exploit their specific structure in order to replace the triple inte-
gral (5.56) by a simple integral in time. In the last Paragraph 5.3.3, we perform the
asymptotic analysis, showing Theorem 1.4.

5.3.1. Reduction to a sum of oscillating waves. — The strategy to analyze WW when
g =1 is to approximate U by a sum of oscillating waves indexed by k € K¢. Looking
at U2, this yields a bilinear form indexed by (ki,k2) € K¢ x KS. Given 8 € [0,1],
define

(5.57) DKE(B) = {(k1, k) € KEx KSee™P < k1 + ko .

In Chapter 4.4, we have seen that, for all ¥ € K¢, the function ®(¢,z;-) has at
most one critical point (s, yx, £x) which satisfies (4.42), which is non-degenerate, and
which is such that & = si. Recall that s and yx depend smoothly on (¢,z). Using

the function s (¢, z) issued from Lemma 4.8, we define the auxiliary function
(5.58) by, (t, @) = —zkm — zsg(t,2) + (—=1)Fy cos sy (t, z)
. + [1 = p(km + si(t,z))] (km + si(t,z) — t).

In the statement below, we eliminate from (5.55) a number of terms which seem
difficult to identify precisely, but which are small enough.

PROPOSITION 5.21 (The difference W = U1 —U(©) as a sum of interacting terms).
— Fiz 1 €[0,1], and B such that

1 3+
5.59 — <pf<—< 1L
(5:59) <<
Then, the difference W = U —UO) is such that
(5.60) W(T2)=o)+ 3 Wi (T2,

(k1,k2)€DKS(B)
where DKS(B) is as in (5.57), whereas

(5.61) Wi, 1, (T, 2) i= €22/ Op(G5, 4,)(T, 2).
With vy, as in (5.58), the bilinear interaction term Gi . of (5.61) is given by
S €y i(y s/e,
(5.62) Gk ks (s,9) = x (3 — 2?) X <T7€L) RIS TNICTE sy)/sB]gChl€2 (s/e, ey).
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The functions By, ;,(t,x) are defined on [0,27] x [—r,r]. They take the form
(5.63) B, k1= (2m) T2 AR AL, k= Ao +eAr
with
A5 o(t,7) = (2m)/2e 71D T | det Sy (¢, x)| /2
X Qg (53 Sk(tv l‘), yk(tv SC), Sk(ta 'T)))
where the matriz Sy, is defined at the beginning of Paragraph 4.4.3, with det Si(t, )
as in (4.62), whereas ay, is as in (5.67). For all i € {0,1}, we can find a positive
constant C; such that

(5.65) sup sup sup sup |Aj (¢t )| <C;.
c€]0,1] kEKS t€[0,2T] z€[—r,r] ’

(5.64)

Moreover, for all « € N2, we can find a constant C,, > 0 such that

(5.66) sup sup sup  sup |0, Bg, k,(t,2)| < Cs.
€€]0,1] (k1,k2)€DKS(B) t€[0,2T] x€[—r,7]

The double sum inside (5.60) is actually finite since k = O(¢~!) when k € K¢
it runs over at most O(¢2) terms. It involves fewer terms when 3 becomes close to
the upper bound (3 + ¢)/5 which is important because, as will be seen later, other
conditions will be needed on 3. In comparison to 242, the advantage of working with
an expression like G in (5.62) is a clear separation between an “explicit phase” ¢ and,
in view of (5.66), a “generalized profile” B. Knowing ¢, this will allow us to compute
more precisely the content of W.

Proof. — To prepare the analysis of VW, we have first to resume the stationary phase
arguments playing a central role in Chapter 4. As already explained, see Lemmas 4.2
and 4.3 together with Proposition 4.5, the harmonic m = 1 inside (3.31) is the only
one which may contribute to u = u(® or « = U® modulo O(¢*). Thus, it suffices to
deal with a = a;. In coherence with (4.27), we work with

ar(e,8,9,8) = C(km + &)a(ekm + s, km + s,y),
(5.67) ak(e,5,9,€) := ar(e, 8,4, §)x1/4(s — E)X2n/3(s),
Oy (t, 7;5,y,8) = (kr — )p(km + €) + s[pllm + &) — 1] + (z — y)¢
+ sy — (—=1)*ycoss.

Taking into account (5.67), the wave packet wy, of (4.26) becomes

(5.68) k(t,z) == /// —i®k(taisy8)/eg, (e, s, y, €)dsdydE.

Back to u through (4.21), (4.23) and (4.25), we find

669 utn)=0E)+ Y Y )

™
0<k<2/3+T/(me)
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Recall the distinction (4.28) between G and K¢. Then, use (5.1) to translate (5.69)
in terms of U according to

1 _; T 1
U(T, z) :ge_’T/‘EZu(g,Ez) =0(*) + F\/EG_ZT/EZ

(3 + et (L.e).

keks  keks

(5.70)

We have proved in Chapter 4.3, see Lemma 4.7, that for ¢ > 0 sufficiently small and
for T /e < t < 2T /e, we have wy, = O(¢P~1) uniformly on Kg. Since ¢ > 2 and D > 4,
in (5.70), the sum on K§ accounts for some

O(s_%_ﬁll“j_l) = O(?).
Rearranging the terms, we can retain that
e—i'y/e

21/

When k € K¢, the content of the wy’s can be more detailed through asymptotic
expansions in powers of €. In the absence of a critical point, by nonstationary phase
arguments, we just find wr = O(£*°). Otherwise, we can apply Theorem 4.13 to (5.68)
in space dimension n = 3, with variables (s, y, ) € R3. This time, by stationary phase
arguments, there exist differential operators denoted by M2kj (5,¥,&; Ds y.¢), giving rise
to functions

(5.71) U(T, z) = O(?) +

. 2 . T
§ :e—zT/s ez(kﬂ'—kwsz)/ewk(i’gz).
3
keKe

e R k. ~ .
(5.72) k’j(t’x) o [sz(s,y,f,Ds,y,g)ak(E, )]|(s,y,£):(5k,yk,£k)(t»m)
such that
N—-1
w(t, ) — e3/2 Z Ein j(t,x)e—i%(t,w;Sk(t,w),yk(t,w),ﬁk(t,z))/s — 0(53/2+N)_
=0

The expressions Aj, ; depend smoothly on & € [0,1] through ag(e,-). In fact, taking
into account (4.43), they can be viewed as smooth functions of ¢ € [0,1] and sg.
Then, the smoothness of G, and s; is communicated to Ai’ ;e The expressions Ai,o
and Aj ; of (5.63) are defined by (5.72). In particular, combining (4.63) and (4.69),
we find (5.64).

As a result of Lemma 4.14, the coefficients of the differential operator Mij are
uniformly bounded with respect to k € K¢. Due to Assumption 3.11, the same applies
to all derivatives of @; and to the preceding O(e®/?*"). Applying Lemma 4.9, we
can assert that the quantities 6fszi’j (t,z) are, for all @ € N2, uniformly bounded
with respect to ¢ € [0,1], k € K¢, ¢t € [0,27] and = € [—r,7]. And therefore the
functions Ai) ; can be viewed as “generalized profiles” satisfying the condition (5.66),
which defines an algebra. As a consequence, coming back to the definition (5.63)
of By, 1, we have (5.66).
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Plug the above expansion of wy with N = 2 inside (5.71). The different phases
combine to produce in coherence with the definition (5.58) the new phase

i (t,2) = —t + kr — krz — @ (8, 3 51 (t, 2), yi (8, 2), €k (L, 7))
When N = 2, the remainder is of size
Z O(e 3/2+2 _1/25_10(53/2+2) — O(e?).
f keke
Recalling the definition Aj = Ay o + €Ag,1, there remains
e—i’y/e

(5.73) UT,z) = O} +¢ o

> I (T e e2),

keke

where, by convention, we set A5 = 0 when there is no critical point. In (5.73), the
sum on K¢ runs over O(1/¢) terms which are all uniformly of size O(1). Since € is in
factor of the sum, this may furnish some O(1). Now, we can compute

U(T,2)? = *RE(T,2) + 2727/ N~ 3" B 4, (Tfe,ez)e’ Wt T/oe2)/e
k1€’<:§ kgeng

whereR® = O(1) and By, x, = (27) 2 Ay, Ag,. Define

RQE(T,z)::X(B 2= ) ( )R

Replace U? as given by the above representation inside (5.54) and (5.55). This explains
the origin of the bilinear interaction term G , = O(1) of (5.62). Also, with Wg, .
as in (5.61), this gives rise to

(5.74) W = e? Op(RG°) + Z Z Wi, ks

k1€EKS k2 €S

To go further, we have now to evaluate the amplitude of Wy , . To this end, we
interpret (5.61) as we did with W at the level of (5.11) and (5.12). In other words,
we write Wi, =W o+ Wy, g, With

T
(5.75) WE, ot (T 2) i= e(2m)e~2/e [, Gi, k,(5,2)ds = O(?),
) T
(576) W/ihkz,nl(T? Z) = 526_2“//5 /T B(T—S)/Ezgzhk& (S’ Z)dS

At the level of (5.76), we perform integrations by parts in y, based on the identity

A©)(1 = 82) e = eve, A(€) == (1+[¢[)"1/4 = O(lg| 773,
to get

T
Wiy kot (T 2) 1= 5267217/5/ Bé\T_s)/EQ (1- 3;)1/4g§17k2)(8, 2)ds,
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where we recall that the operator B2 is defined in (5.7). Coming back to (5.58), (5.62)
and (5.66), we see that a spatial derivative 0, applied on Gf ; (s,y) induces some
loss of size O(k1 + k2), where the O is uniform in ¢ whereas its argument k; + ko,
which comes from the plane wave part zkn inside ¢, (-), is not, since ki, ko € K. By
interpolation,

(1= 39)"*GE, 1,)(s,y) = O((kr + k2)'/2).
Then, from Corollary 5.5 applied with the optimal choice p = 1/2, we obtain that

(5.77) kithke<e® = Wi k(T z) = 0(2H07170/2),

Concerning RG¢, the same type of arguments (this time involving Corollary 5.5 with
simply p = 0) yields a single contribution of the type

(5.78) 2 Op(RGF) = O(2) + O(e+/2) = O(e1+(/2),
In (5.74), given 8 as in (5.59), we split the double sum into

22 = 2 )

k1€KS k2€KS  ki+ka<e=F  (ki,k2)€DKS(B)

In the above right hand side, the first sum involves at most O(¢~2#) terms. Thus,
using successively (5.78), (5.75) and (5.77), we obtain

W(T,z) = O(eF/2) 4 e7280(e2) + =20 (217 1=P)/2))
(5.79) + > Wi (T2).
(k1,k2)€DKS(B)

Computing
24 (—1-p8)/2—28=(3+.—58)/2,
we obtain a positive number provided (5.59) is satisfied, hence (5.60). O

At this stage, it is instructive to revisit the proof of Lemma 5.13 on the basis of the
representation (5.73) of «. When computing O through (5.73), we can focus on the
sum involving k € K¢, and neglect the O(£?) term which is presumed to be negligible.
Coming back to the definition (5.58) of ¢, and because A}, can be viewed as a smooth
function of € € [0,1] and sk, the most significant contributions are brought by

Or [y, (T /e,e2) /€] = e72(0,) (T /e, €2)
Se 2 [(1+ O %™ + 579)) |0k | + |1 — p(km + s1)]]
< O ) 05| + Ok ),

or[AL(T/e,e2)/e] S et |Oskl.

Using (4.52), we can see that the right hand sides are O(¢~2k~9). This means that
the wave packets composing U inside (5.73) contain less and less time oscillations as k
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becomes large. This also implies that the derivative Orif appears as a sum of terms
which may be controlled according to (with ¢ = 2)

OrU(T,2)| Se Y e k™1 Semt (e /Wty ot < em1el/3 < em2/8,
keke
This corresponds exactly to (5.29), which should be therefore optimal. In the same
way, starting from (5.58) and exploiting (4.51) with a = (0, 1), we find that

9. (4, (T/e,e2)/e] = O(k).
This yields
0U(T,2)| Se Y kSe ™,
keke
which indicates that (5.28) could not be improved any further.

5.3.2. Analysis of the bilinear interaction term. — We now come back to the study of
the operator Op given by (5.56). Since p(§) — 1 ~ 0 when || goes to +o0, for large
values of &, there is no way to gain some smallness in € by performing integrations
by parts with respect to s. Thus, the strategy is to fix s, to integrate in (y,&), and
to exploit the special form of Gf , in order to get a more tractable expression. The
formula (5.62) reveals the role of the phase

Phy k2 (t,z) = “pkl (t,z) + ¢k2 (t, ).

On the other hand, since |z| = ¢]y| < & on the domain of integration, for ¢ € 10, 1],
only small values of z are involved. This remark indicates that the impact of p, &,
should be mainly driven by its Taylor expansion near x = 0, which may be written
(580) pkhkz (t? .’IT) = pgl,kg (t) + xpil,kz (t) + x2tk1 ko (t7 CL’),
where ty, , is the smooth function which is issued from the Lagrange remainder at
second order.

On the other hand, we find

G812) bl ()= 4, (60 + 4, (60 = 3 { (DM cos sk, (1,0)

HMN

+ [1 = p(ki + sk, (£,0) ](k7r+sk (t,0) 1)},
(5.81b) Py (1) 1= Oty (£,0) + Oay (£,0) = — (k1 + ko)
+ Z{ —51, (t,0) — (=1)*78, 51, (t,0) sin sy, (, 0)

[ — p(kim + sk, (t,0))]0usk, (£, 0)
_ p/(/{:i']T + Sk, (t, 0))83@.3]61 (t, 0) (k‘ﬂl’ + Sk, (t, 0) — t) }

As stated below, both pgh K, (t) and p,lch k, (t) are involved in the asymptotic behavior
of Wi, ., at leading order.
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PROPOSITION 5.22 (Simplification of the bilinear interaction terms). — Fiz v € |t_, 1]
with v := (13 — v/89)/8 < 1/2, and select 5 such that

1-2
5 §3L+(3/L)( L)<ﬁ<&<1 if v€]i_,1/2],
5 89 2(q+1) g+1 5
(52 3 <1+L<ﬂ<&<1 if te1/2,1]
2(g+1) ~ qg+1 5 T

Then, uniformly in (k1,k2) € DKS(B), with Aj  as in (5.64), we have
(5.83)

T
Wlil,k2 (T,Z) _ 0(52) + 52(27r)—2€—2i'y/8/ X (3 _ 2%) ewgl,;Q (s/e)/e
0

% @1#Pky kg (3/€) Gi(T—5)[powE ) i, (5/2)—1] /¢ (Azl,oAiz,o)(s/EvO)d&

Note that the reduction of (5.61)-(5.62) to (5.83) is quite striking. As a matter of
fact, we got rid of the nonlocal aspect in dyd¢ that is involved by the operator Op
of (5.56). Indeed, knowing that G is as in (5.62), the integral in dydf reduces to
a multiplication by the factor exhibited in (5.83). This new presentation has many
advantages. The action of Op on L™ is not uniformly controlled in e € ]0,1] with
apparently, in view of Corollary 5.5, an optimal loss of the type e*~1)/2 when p = 1/2.
Looking at (5.61), we can only say that Wf , = 0O(eB3+9/2), But, looking at (5.83),
as a direct consequence of (5.65), we can assert that

(5.84) (ki ka) € DKS(B), Wi, 1 (T,2) = O(<2).
Proof. — The oscillating part inside (5.62) can be decomposed according to

o, Fhi)(s/eev) /e ipd, x, (s/e)/ }@

(5.85) s eiPhy g (5/2)y }@

i€ ™ kg iy (s/2,29) (e T )7 }@

The general idea of the proof is the following. At s fixed, the contribution D does
not participate to the integration in (y,&), and hence appears as a simple factor at
the level of (5.83). The oscillation 2 may be combined with e®¥¢ to produce after
integration with respect to y a phase shift of size p,lcl, k, (8/€) on the Fourier side, that
is in £&. Knowing that ¢!~‘|y| < 1, the contribution 3) may be associated with the
cut-off x(r~te!~*y) to produce, for > 1/2 in the spatial variable § := r~lel=‘y, a
localized non oscillating term that may be viewed as a profile (: = 1/2), or a some
modulation (¢ > 1/2). The other case ¢ < 1/2 is slightly different, more difficult,
and will be considered separately. Finally, the integration in £ operates as an inverse
Fourier transform, which is reminiscent of a Dirac mass at £ = p,lﬂ’,w(s /€).
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Now, let us get into the specifics. Using Fubini’s theorem together with (5.85), we
can interpret (5.56), (5.61) and (5.62) according to

EQe—Zi’y/a s o
€ - 9= P, ky(8/€)/E
Wi, ks (T 2) o /0 X (3 27’) ek ko
(5.86) X {/eiziJri(TS)(P(é)1)/62
% {/eiy(5+pllcl’k2(s/€))g;§1,k2(8/6 il )dy}d{}ds

where, taking § = r~'e'~‘y as a new variable to work with a spatial localization of

size one, we have introduced

2 Ly =2 B
(5.87) &y () = X(@)e™ S e (TN BE (1, re' ).
Obviously, we have
VE>0,  supp€, 4, (t,) C suppx C [—1,1].

As long as ¢ € [1/2,1], the expression & , (t,) does not oscillate in §. Otherwise,
when ¢ € [0,1/2], each derivative in § causes a loss of €2*~1. On the other hand, the
Lagrange remainder v, j, is built with second order derivatives of {, (¢,-) which, in
view of (4.51), may be uniformly bounded in (k1, k2) € DKS(F). We can combine this
information with (5.66) to see that, for all j € N, we can find a constant C; > 0 such
that

sup  sup sup sup|2EF (£, §) < C;(14+e@717),
(k1,k2)€DKE(B) t20 c€]0,1] FER

By integration by parts in y and then interpolation, it follows that for all p > 0 we
can find a constant C, > 0 such that, uniformly in (k1, k2) € DKS(5), we have

(5.88) sup sup sup |(1+ [§%)"2F (&5, 1, (t,)) (€)] < Cp(1+®7D7).
t>0 £€]0,1] £eR

In (5.86), the integral with respect to y is exactly
re' T F (5 ko (s/e,))(€), &= —re M (E+ pi, 4, (5/€))-

In the interest of simplifying notation, we sometimes note p! in place of p,lghkz (s/e).
Then, the last two lines of (5.86) become

/emplw TG ATl TN (ge | (o/e ) (E)d = @ + B,
with, since the function p is even
@ = einlei(T—s)(p(_pl)_l)/Ez/ iz~ lel™ Lff(gkl kz(S/E, ))( )df,

= ¢ HTIREPDTIE 0m) F o F (€7, 4, (s/e,)) (740 12)

_ eizplei(T—S)(P(Pl)—l)/52(27r)5,§1’k2(S/E,El_br_lz)~
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In view of the definition (5.87) together with (5.66), we have
Err ko (t, et ™ r~12) = X(el_br_lz)eiszztkl"“2(’5’”)8217@ (t,ez)
= x(e 771 2) (14 O(e)) (B, 1, (£,0) + O(e))
= x(e' T 2)BE, 1, (t,0) + O(e).
With (5.63) and (5.65), this becomes
ko (b6 7T 2) = X (1T 2) (2m) T2 (A, AR, 0) (8,0) + O(e).

Plug @ with Sghb as above in place of the integral in dyd¢ (the two last lines) of
(5.86). This furnishes the leading-order term of (5.83). Thus, it remains to control
the part ®, which is

. 1 —1_1— nt
© = /ezz(p O F (g (s/2,)) ()
o I:ei(Tfs)(p(fpl77‘_151_L§~)71)/E2 _ ei(T*S)(p(*pl)*l)/ﬁ]dé

Since p is even, we have

T =) (p(—p —r T T 1)/ _ (T =) (p(—p") 1)/

T— .

sin (S (o + 771 1E) — p(e")) )|
T
62

(5.89) <2

<

lp(p* + e 7€) — p(p")|.

For the moment, we assume that 0 < ¢ < 1. In the integral defining 5, we can
distinguish a part where ¢!~ |§~ | <1 to take advantage of the smallness of the difference
lp(p* + 7' =€) — p(p!)|, and a part where 1 < e'~*|€| to benefit from the rapid
decreasing of f(S,ihkz(s/s, -)). In other words, we use the fact that

(5.90) |®] <®. + G,
with (for 0 < ¢ < 1):
L T- 11—z T
5y = L o6+ 711 748) — ()| (65, s (/2 ) E)IdE:

2 -
€ el-|€]<+1

Since |p| is bounded by 1, exploiting (5.88), we find

LT - _ R
®" < | _ S|/ ) 20p(1+8(2b l)p)(1+ |§|2) p/2d§-
€ 1<et €]

T—s L Lo — D) (p— _
| 3 | </1< - IEI L£| pd(z’fl 6))5(1 V(p 1)(1 + 8(2[, l)p)
SerTt

< 20p|T—s|(/
1

<20,

|§|—pd§)6<1—n<p—1>—2 (1 4 £2De),
<lel
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From now on, we fix some p satisfying

{p>—1+3/L >5 if +€]0,1/2],

(5.91) p>1+2/(1—1) 25 if Le[1/2,1].

By this way, we can recover ®° = o(1).
To control @1, we remark that

5 < T et vol) [ el

2
€ l¢|<r=1

(14 £Ce1r)
(L+ [P *er?

1+4e@—Dp
) EI-H .

<Ceir—q(f (1 JER)00/248) (s /(e )

‘ —1

Since (1 — p)/2 < —2, the above integral in £ is finite. Now, we want to extract some
additional smallness from the sup term. To this end, we come back to the definition
(5.81b) of p'. Knowing that (k1,ks) € DKS(B), we get

2

[P (0] > e = 3~ { s, (£,0) + 710051, (1,0)]

i=1
+ [1 = p (ki + 55, (£,0))] [0z, (¢, 0)|
+ 2Ty (ki + s, (£,0)) [Dus, (£, 0) }.

Since k; € K¢, we can exploit (4.51) and (3.23) to obtain
2

(5.92) |0k, o (B)| > eme™P —2C(g,0) — 2(v + 1)Clo,1) — Z 2Te ' O(k; ™) Co,1)
. i1

>eme P —0Q1) 2"
Then, from (3.23), we get

(5.93) sup [p/(p* +&)| < ePlath),
[¢|<r—t

It follows that we can find p satisfying (5.91) and so that ®', = o(1) if
=31+ (3/1)(2t—=1)+p(¢g+1)>0 if +€]0,1/2],
—1—-t+8(g+1)>0 it ve[1/2,1].

This provides with a lower bound for 8 which must be compatible with (5.59). When

v € [1/2,1], we demand
3+

—1—1+(g+1)
a condition which is always satisfied for ¢ > 2 and « < 1. When ¢ € ]0,1/2], we require
3+

=3t+ (3/1)(2t— 1)+ (¢ +1) >0,

a condition which boils down, in the less favorable case ¢ = 2, to

122 — 39,4+ 15 < 0.
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Recalling that ¢ < 1, this condition implies that ¢« < . This is where the specific
value ¢_ appears.

There remains to discuss the limiting case ¢ = 1. The definition of ®" for 0 < ¢ < 1
could be extended in the case ¢« = 1. But the preceding argument does not work when
t = 1, because there is no finite choice of p satisfying (5.91). For this reason, we adopt
the following alternative definition

T — 5|

2 -
€ £|E|<te—n

@i : ’p(pl + r_lg) - p(pl)“]:(glil,kz (S/E’ )) (g)|d£

Use (5.88) with p > 1+ (2/u) > 3. When dealing with the sign —, the above shift
toward high frequencies e ™# < |£| allows to recover some smallness. Indeed:
T = s

& e~r<|€]

|T_5|/ - £ -1
< eHE|7Pd(eHE) ) erP—1)
([ i)

SIr—si(f | lrdg)ers < o)

6! < 2C,(1 4 e@=D9) (1 + |€2)~P/2dé

On the other hand, this does not affect the control of the part with the sign +. Taking
into account (5.92), we find that

(5.94) VIE| < rlek, Ipt 4+ r1E| > 7P,

and therefore, as before, we have

T — s| 1 2
® < | sup  [p'(p" + )| / rHE|Cy——
* e? (|s|srlew ) & <e—n (14 |€2)er?

< 20, — s ([ (1 +162) 0020 202,

dé

which is some o(1) for § as in (5.82). Note that the above argument applied in the
case 0 < ¢ < 1 would not improve (5.82). As a matter of fact, the condition (5.82) is
issued from the analysis of @i which is not modified by using (5.94).

At this stage, we have proved

T
Wei ks (T, 2) = o(?) + 62(2#)_26_2”/5)((81_%‘_12')/ X (3 — 2%) eiPhy ky (5/)/2
0
X Pk ky (5/9) T =0)lpobiy iy (/) U/ (pe A ) (s /e, 0)ds.

Since ¢ > 0, we can substitute inside the term y (¢! ~*r~!z) with x(0) = 1, hence (5.83).
U
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5.3.3. The asymptotic analysis. — From now on, we fix § as indicated in (5.82). As a
consequence of (5.84), for j =1 or j = 2, we have

> Wi,k (Th2)| S e7Pe71e® = O(e'7F) = o(1).
kj<e™P (ki,k2)€DKS(B)
Knowing this, we can replace (5.60) by
(5.95) W(T,z)=o(1)+ Y > W (T 2).
e P<ki1€EKS e~ P<kr€KS

The final stage is to exploit the tools and the arguments of Chapter 4 in order to pass
to the limit at the level of (5.95) when e goes to zero.

PROPOSITION 5.23 (Proof of Theorem 1.4). — Fiz ¢ € Jv_,1] and 8 as in (5.82).
Then, the limit of W(T, z) when € goes to zero is given by (1.37) when z = 2j with
Jj € Z, and by (1.38) otherwise.

Proof. — The starting point is (5.83) together with (5.95). The information e=* < k;
inside (5.95) is crucial because it allows to simplify the content of p°, p! and Aij,o

at the level of (5.83). All these expressions depend on s; and yi. But, knowing that
=P <k, from (4.56a) (4.56b) and (4.57), we have

(5.96) sk(t,0) = O(elatDB-1y, yr = O(eatDA-1y,
where, taking into account (5.82), we are sure that
(5.97) 2¢+1B-2>1, ¢8> (¢+1)B-1
Now, look at (5.81a) to extract
2
P (®) = S (-1 + O (51,(4,0)?)
i=1

+ [1 = p(kim + 5, (1,0))] (ki — £) + O(k; ) s, (£,0) | }.
From (3.28) and (5.96), we can deduce that

2
Ph s (1) = Z{(—l)’“w + O(e2la+1)B-2y

_ q(qi— ) ((kﬂrl)qfl - (k;r)q> (1 + 0(1)) + 0(5‘15-&-((1-0-1)5—1)}.
Using (5.97), there remains
pkl,kz(s/E)/e =o(1)+ ( )kz) (v/e)
(5.98) 2 ( pea-2 ) .
;{ q(q gkiﬁ)qq - (Ekﬁr)q) (1+ 0(1))}.

SOCIETE MATHEMATIQUE DE FRANCE 2022



100 CHAPTER 5. NONLINEAR ANALYSIS

Next, consider (5.81b). Taking into account (4.51) with again (5.96) and (5.97), this
gives rise to

Bl () = = (k1 + k2)m + Y {O(Is,(8,0)]) + O + O™ k") |

=1
= —(ky + k)7 + O 9HVPY) = _(ky + ko) 4 o(1).
With (3.23), this implies that
po P/lcl,k2 () =p(=(kr + k2)m) + O (k1 + k2) " ') x O (5<q+1w_1> )

and therefore

<p O Pk, ko (8/€) — 1) _ (p(k1m + kam) — 1) + O(e2a+D)5-3)

g2 e?
kym 4 komr) — 1
(5.99) _ (p(kam +€227r) ) 4+ o(1)
0ea=2 1

T (g + 1) (ki + ekym)e (1+0(1)) +0(1).

Finally, we examine (5.64). From (4.64), (5.96) and (5.97), we get easily

1
k+1
det S, = (—1) ycos s + O <5kq 2)

= (=1)F* 1y + O(2aHD8-2) 4 0 (5—1+B(q+2)>
= (~1)*1y + O(VE),
On the other hand, combining (5.67) and (5.96), we find that
ax (57 Sk (tﬂ 0)7 Yk (t7 0)3 Sk (t7 0)) = C(kﬂ')a(é—:k‘ﬂ', kﬂ-a 0) + O(\/g)

From Assumption 3.11, we know that ((k7) = 1+ O(k™!) = 1 + O(e?). To make
things easier, we replace Assumption 3.12 by the more restrictive condition (1.25).
Then, we can infer that

ak (57 sk(ta O)a yk(t7 O)a sk(t7 O)) = (I(Ekﬂ', kﬂ-a O) + 0(1)

(5.100) = a(ekm,0,0) + o(1).

From now on, we work with the case ¢ = 2, which is the most interesting and also
the most difficult situation, because (5.98) and (5.99) contain supplementary contri-
butions modulo o(1). We can decompose the sum inside (5.95) into

> > = > > X

gfﬁgkle)Cg gfﬁgk?‘e}Cg {(>,<1);>is even or odd gfﬁgk;le](jg 8,5§k2e’<::
<lis even or odd} k;is of typel> kais of type<

We deal below with the sum corresponding to the choice (I>,<1) = (even,even), the
other cases being completely similar. When k; and k5 are even, by combining (5.98),
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(5.99) and (5.100), the product inside (5.83) can be reworded into

eipgl,kQ(S/E)/Eeizpil,kQ(S/E)ei(T—S)(POPil,k2(8/8)—1)/62 (AS, 0 AS, 0)(s/e,0)

= o(1) —i(2m)3y L2/ cem k)T (enky emhy, s),

with

gL (L _ s ° it L _ s °
d6(0-170-273) =e 6(01 a%)(l“l‘ (1))6 6(02 a%)(l+ (1))
(5.101)

it _T=s _
x e '8 @ rapz 1ol

a(01,0,0)a(02,0,0),

where the dependence on ¢ is hidden in the o(1). Passing to the limit when ¢ goes
to 0, the o(1) disappears from (5.101). There remains

it _T=s
(5102) do(O’l,O'Q,S) =e 6 (o1+02)? b(O’l,S)b(UQ,S),
where, in coherence with the introduction, we have introduced
b(o,s) = e_l%(%_a%)g(a,o, 0).

When z ¢ 27, the Abel sum argument can be readily repeated. As before, the
terms e~ "1™ or e~%**2™ compensate (locally in k; or in ko) after summation. By
this way, we can recover (1.38). Otherwise, we can recognize a double Riemann sum
with a width of em, which is

2i (T s
-—— X (3 - 2—) Z Z (em)?d.(emhy, emka, s)ds.
YT Jo T -8B c_—8 c
€ SkleKSE Sk)zG’Cs
k1is even k2is even

For all s € [0, T, the function d.(-, s) is defined on the quadrant Q := R} x R%. It is
smooth and bounded on the open domain Q. The singularities of the exponents near
o1 = 0 or o9 = 0 translate only into fast oscillations. Moreover, due to (3.33), the sup-
port of the function d. (-, s) is uniformly bounded. In particular, the function doy(-, s) is
integrable on Q. As a consequence, the double Riemann sum does converge (when
v < 1) towards

2i (T s Foo oo
_’TTF ) X (3 - 2?) </0 /0 do(al,ag,s)d01d02> ds.

The other choices of (r>, <1) combine to form (1.37). O
We conclude with a series of comments.

REMARK 5.24 (The origin of the correlation coefficient). — As is well known, the
weak limit of a product is in general different from the product of the weak limits.
Comparing (1.33) and (1.37), this principle applies in the present context. Indeed, the
function dgy of (5.102) is not the product of b(c1, s) and b(og, s). There is a correlation
coefficient which is issued from the multiplication inside (5.83) by

i(T=5)(poPh, 1, (5/6) 1)/
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Looking at (5.99), we see that this nonlinear effect depends on dispersive properties
through the asymptotic behavior of the symbol p when |£| goes to +00. It measures
how the various frequencies k; and ks interact asymptotically (through their sum) in
order to affect the profile.

REMARK 5.25 (About the spatial localization). — The limiting case ¢ = 1 could be
incorporated just by multiplying (1.37) by x(r~'z). By contrast, the case ¢ < ¢_
seems more difficult to assess. By pushing the Taylor expansion (5.80) up to the
next order 3, for ¢ € [1/3,1/2], it would be still possible to separate some explicit
“oscillating part” from some “generalized profile”. But then, explicit formulas are no
more available, and the presence of some extra oscillations can really change the
asymptotic behavior (1.37).

REMARK 5.26 (About the critical cubic nonlinearity). — Come back to Example 5.11.
This corresponds to the study of
UD (T, 2) = UO(T, z)
1 [T : Tos
+ %/ // o i EV)E+ITS (p(ﬁ)*l)x< Y )|L{(0)(s,y)\QU(O)(s,y)dsdydf.
0

ret—1

The above trilinear interaction involves the phase

Pha oo ks (6, 2) 1=y (6, 2) = by, (8,2) + by (8,2) = PR, iy iy (7)) = (k1 =z + k) + -
and thereby, the Dirac mass argument should select the position (k1 — ko + k3)7. It
could be expected to obtain triple integrals of the form

T s +oo +oo +oo it T—s _
/ X (3 - 2*) / / / e ®(zoazon)? h(gq, 8)b(09, $)b(0s, s)dsdordoados.
0 T/ Jo 0 0

But the presence of two wave-numbers (k; and ky) with opposite signs may change
the situation. Indeed, for large values of k; and ko with k; —ke = O(1), the asymptotic
behavior of p is no more involved when computing p o p. The analysis is apparently
different. It should require further development.

REMARK 5.27 (About the full nonlinear case). — The description of the solution u to
(1.20) with Fiyz, as in (1.27) is a far more complicated task for a number of reasons.
Consider for instance the non completely resonant case, when g # 1. The linearizabil-
ity has been established by nonstationary phase arguments relying on Lemma 5.13.
From this perspective, the global controls provided by Lemma 5.12 do not suffice.
As a consequence, to prove Theorem 1.4 in the case of the complete nonlinear equa-
tion (as opposed to the first two Picard iterates), we would need estimates similar to
those from Lemma 5.13. However, those do not seem to be propagated in an easy way
by an iterative scheme. Since the proof of Lemma 5.13 actually relies on the wave
packets decomposition of Chapter 4, extending this wave packets decomposition to a
nonlinear framework (like in e.g., [12, 24], or [26, 27, 28], which may be understood as
generalizations of WKB methods) might be a way to treat the full nonlinear equation.
As evoked in the introduction, we will not pursue this question here.
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This article introduces a physically realistic model for explaining how
electromagnetic waves can be internally generated, propagate and interact in
strongly magnetized plasmas or in nuclear magnetic resonance experiments.
It studies high frequency solutions of nonlinear hyperbolic equations for time
scales at which dispersive and nonlinear effects can be present in the leading
term of the solutions. It explains how the produced waves can accumulate
during long times to produce constructive and destructive interferences which,
in the above contexts, are part of turbulent effects.

Cet article introduit un modéle physiquement réaliste qui explique
comment, dans des plasmas fortement magnétisés ou lors d’expériences de
résonance magnétique nucléaire, des ondes électromagnétiques peuvent étre
créées, se propager et interagir. Il étudie des solutions haute fréquence de
systémes hyperboliques non linéaires pour lesquelles des effets dispersifs et
non linéaires sont impliqués & 'ordre principal. Il explique les modalités selon
lesquelles les ondes produites peuvent s’accumuler dans le temps long pour
produire des interférences constructives et destructives qui, dans ce contexte,
peuvent étre interprétés comme des phénoménes de turbulence.
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