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ON THE LANDAU DAMPING
(BETA VERSION 1 OF April 17, 2009)

C. MOUHOT AND C. VILLANI

ABSTRACT. Going beyond the linearized study has been a longstanding problem
in the theory of the Landau damping. In this paper we establish Landau damp-
ing for the nonlinear Vlasov equation, for any interaction potential less singular
than Coulomb. The damping phenomenon is reinterpreted in terms of transfer
of regularity between kinetic and spatial variables, rather than exchanges of en-
ergy. The analysis involves new families of analytic norms, measuring regularity
by comparison with solutions of the free transport equation; new functional in-
equalities; a control of nonlinear echoes; sharp scattering estimates; and a Newton
approximation scheme. We point out the (a priori unexpected) critical nature of
the Coulomb potential and analytic regularity, which can be seen only at the non-
linear level; in this case we derive Landau damping over finite but exponentially
long times. Physical implications are discussed.
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Landau damping may be the single most famous mystery of classical plasma
physics. For the past sixty years it has been treated in the linear setting at various
degrees of rigor; but its nonlinear version has remained elusive, since the only avail-
able results [0, PJ] prove the existence of some damped solutions, without telling
anything about their genericity.

In the present work we nearly close this gap by treating the nonlinear version
of Landau damping, under assumptions which cover both attractive and repulsive
interactions, of any regularity down to Coulomb/Newton excluded. Furthermore, we
show that for Coulomb/Newton interaction, damping still holds over exponentially
large times.

For this we shall be led to develop a whole theory, complete with its own functional
spaces and functional inequalities. Let us make it clear that this study is not just
for the sake of mathematical rigor: indeed, we shall get new insights in the physics
of the problem, and identify new mathematical phenomena.

The plan of the paper is as follows.

In Section [I] we provide an introduction to the Landau damping, including his-
torical comments and a review of the existing literature. In Section [, we state
and comment on our main result about the “nonlinear Landau damping”, for any
interaction less singular than Coulomb/Newton.

In Section [J we provide a rather complete treatment of the linear Landau damping.
This section can be read independently of the rest.

In Section f] we define the spaces of analytic functions which are used in the
sequel of the paper. The careful choice of norms is one of the keys of our analysis;
the complexity of the problem will naturally lead us to work with norms having up
to 5 parameters. As a first application, we shall revisit the linear Landau damping
within this framework.

In Sections [ to [] we establish four types of new estimates (scattering estimates,
short-term and long-term regularity extortion, echo control); these are the key sec-
tions containing in particular the physically relevant new material.

In Section f§ we adapt the Newton algorithm to the setting of the nonlinear Vlasov
equation. Then in Sections [] and [[(J we establish some iterative estimates along this
scheme.

From the estimates our main result is easily deduced in Section [[J]. Then in
Section [[J we adapt our result to the case of Coulomb/Newton interaction.

Some counterexamples are sketched in Section [[3

Final comments about the range of applicability of these results are provided in

Section [[4.
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Even though it only proves one main result, this paper is very long. This is due
partly to the intrinsic complexity and richness of the problem, partly to the need to
develop an adequate functional theory from scratch, and partly to the inclusion of
many remarks, comments, and explanations, as well as a few developments which
are not necessary, but could prove useful in related problems. The whole process
culminates in the extremely technical iteration performed in Section [(Q.

This project started from an unlikely conjunction of discussions of the authors
with various people, most notably Yan Guo, Dong Li, Freddy Bouchet and Etienne
Ghys. We also got crucial inspiration from the books [], § by James Binney and
Scott Tremaine; and [ by Serge Alinhac and Patrick Gérard. Warm thanks to
Julien Barré, Jean Dolbeault, Thierry Gallay, Gregory Hammett, Donald Lynden-
Bell, Michael Sigal, Eric Séré and especially Michael Kiessling for useful exchanges
and references; and to Francis Filbet and Irene Gamba for providing numerical
simulations. Final thanks to the Institute for Advanced Study in Princeton, for
offering the second author a serene atmosphere of work and concentration during
the best part of the preparation of this work.

1. INTRODUCTION TO THE LANDAU DAMPING

1.1. Modelling and history. Under adequate assumptions (collisionless regime,
nonrelativistic motion, heavy ions, no magnetic field), a dilute plasma is well de-
scribed by the nonlinear Vlasov—Poisson equation

of

F
1.1 9 . o _
(1.1) S0 Vaf +— -V, f =0,

where f = f(t,x,v) > 0 is the density of electrons in phase space (z= position, v=
velocity), m is the mass of an electron, and F' = F(t, ) is the mean-field electrostatic
force:

(1.2) F=—cE, E = VA~ (4mp).

Here e > 0 is the electron charge, £ = E(t,x) is the electric field, and p = p(t, x) is
the density of charges

(1.3) p:pi—e/fdv,

p; being the density of charges induced by ions. This model and its many variants
are of tantamount importance in plasma physics [, @, B1, B9

In contrast with models incorporating collisions [6{], the Vlasov—Poisson equation
is time-reversible. However, in 1946 Landau [B4] stunned the physical community
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by predicting an irreversible behavior on the basis of this equation. His argument
relied on the solution of the Cauchy problem for the linearized Vlasov—Poisson equa-
tion equation around a spatially homogeneous Maxwellian equilibrium. He formally
solved the equation by means of Fourier and Laplace transforms, and after a study
of singularities in the complex plane, concluded that the electric field decays expo-
nentially fast; he further studied rate of decay as a function of the wave vector k.
Landau’s computations are reproduced in [BY, Section 34] or [, Section 4.2].

An alternative argument appears in [Bg, Section 30]: there the thermodynamical
formalism is applied to compute the amount of heat () which is dissipated when
a (small) oscillating electric field E(t,x) = Ee'**=%% (k a wave vector, w > 0 a
frequency) is applied to a plasma whose distribution f° is homogeneous and isotropic;
the result is

mme?w , [ w
(14) Q=P T (),

where ¢(v1) = [ fO(v1,v2,v3) dvg dvs. In particular, ([Z4) is always positive (see the
last remark in [BY, Section 30]), which means that the system reacts against the
perturbation, and thus possesses some “active” stabilization mechanism.

A third argument [BY, Section 32] consists in studying the dispersion relation,
or equivalently searching the (generalized) eigenmodes of the linearized Vlasov—
Poisson equation, now with complex frequency w. After appropriate selection, these
eigenmodes are all decaying (Sw < 0) as t — oo. This again suggests stability,
although in a somewhat weaker sense than the computation of heat release.

The first and third arguments also apply to the gravitational Vlasov—Poisson equa-
tion, which is the main model for nonrelativistic galactic dynamics. This equation
is similar to ([[.1), but now m is the mass of a star (!), and f is the density of stars
in phase space; moreover the first equation of ([.) and the relation ([.J) should be
replaced by

(1.5) F =—-GmE, p=m /fdv;

where G is the gravitational constant, F the gravitational field, and p the density
of mass. The books by Binney and Tremaine [[], §] constitute excellent references
about the use of the Vlasov—Poisson equation in stellar dynamics — where it is
often called the “collisionless Boltzmann equation”, see footnote on [§, p. 276]. The
Vlasov—Poisson equation is thought to be an accurate description of very large star
systems, which are now accessible to numerical simulations.
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Since the work of Lynden-Bell [Bg it has been recognized that Landau damping,
and wilder collisionless relaxation processes generically dubbed “violent relaxation”,
constitute a fundamental stabilizing ingredient of galactic dynamics. Without these
still poorly understood mechanisms, the surprisingly short time scales for relaxation
of the universe would remain unexplained.

One main difference between the electrostatic and the gravitational interactions
is that in the latter case the Landau damping should occur only at wavelengths
smaller than the Jeans length [}, Section 5.2]; beyond this scale, even for very
nice (say Maxwellian) velocity profiles, the Jeans instability takes over and governs
planet and galaxy aggregation |

On the contrary, in plasma physics, the Landau damping should hold at all scales
under suitable assumptions on the velocity profile; and in fact one is in general not
interested in scales smaller than the Debye length, which is roughly defined in the
same way as the Jeans length.

1.2. Interpretation. True to his legend, Landau deduced the damping effect from
a mathematical-style studyf], without bothering to give a physical explanation of the
underlying mechanism. His arguments anyway yield exact formulas, which in prin-
ciple can be checked experimentally, and indeed provide good qualitative agreement
with observations [BJ].

A first set of problems in the interpretation are related to the arrow of time. In
the thermodynamic argument, the exterior field is awkwardly imposed from time
—o0 on; moreover, reconciling a positive energy dissipation with the reversibility
of the equation is not obvious. In the dispersion argument, one has to arbitrarily
impose the location of the singularities taking into account the arrow of time; at
mathematical level this is equivalent to a choice of principal value:

1 <1) )
— =p.v. | — | +imdo.
z—10 z

This is not so serious, but then the spectral study requires thinking. All in all, the
most convincing argument remains Landau’s original one, since it is based only on

Lor at least would do, if galactic matter was smoothly distributed; in presence of “microscopic”

heterogeneities, the phase transition for aggregation can occur far below this scale [@] In the
language of statistical mechanics, the Jeans length corresponds to a “spinodal point” rather than
a phase transition [54).

2not completely rigorous from the mathematical point of view, but formally correct, in contrast
with the previous studies by Landau’s fellow physicists — as Landau himself pointed out without

mercy @]
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the study of the Cauchy problem, which makes more physical sense than the study
of the dispersion relation (see the remark in [[, p. 682]).

A more fundamental issue resides in the use of analytic function theory, with
contour integration, singularities and residue computation, which has played a major
role in the theory of the Vlasov—Poisson equation ever since Landau [BY, Chapter
32] [B, Subsection 5.2.4]. Not only does this impose stringent assumptions on the
data, but it helps little, if at all, to understand the underlying physical mechanism ]

The most popular interpretation of the Landau damping considers the phenom-
enon from an energetic point of view, as the result of the interaction of a plasma
wave with particles of nearby velocity [B3, p. 18] [§, p. 412] [, Section 4.2.3] B3,
p. 127]. In a nutshell, the argument says that dominant exchanges occur with those
particles which are “trapped” by the wave because their velocity is close to the wave
velocity. If the distribution function is a decreasing function of |v|, among trapped
particles more are accelerated than are decelerated, so the wave loses energy to the
plasma — or the plasma windsurfs on the wave — and the wave is damped by the
interaction.

Appealing as this image may seem, to a mathematically-oriented mind it will
probably make little sense at first hearing. A more down-to-Earth interpretation
emerged in the fifties from the “wave packet” analysis of Van Kampen [pg] and Case
[[1]: Landau damping would result from phase mixing. This phenomenon, well-
known in galactic dynamics, describes the damping of oscillations occurring when a
continuum is transported in phase space along an anharmonic Hamiltonian system
B, pp. 379-380]. The mixing results from the simple fact that particles following
different orbits travel at different angular speeds, so perturbations start “spiralling”
(see Figure 4.27 on [}, p. 379]) and homogenize by fast spatial oscillation. From
the mathematical point of view, phase mixing results in weak convergence; from the
physical point of view, this is just the convergence of observables (this is sometimes
called “convergence in the mean”).

At first sight, both points of view seem hardly compatible: the Landau scenario
suggests a very smooth process, while the phase mixing one involves tremendous
oscillations. The coexistence of these two interpretations did generate some specu-
lation on the nature of the damping, and on its relation to phase mixing, see e.g.
BYl or B, p. 413]. There is actually no contradiction between the two points of
view; many physicists have rightly pointed out that that Landau damping should

3Van Kampen [@] summarizes the conceptual problems posed to his contemporaries by Landau’s
treatment, and comments on more or less clumsy attempts to resolve the apparent paradox caused
by the singularity in the complex plane.
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come with filamentation and oscillations of the distribution function [B§, p. 962] B3,
p. 141] [, Vol. 1, pp. 223-224] B7, pp. 294-295]. Nowadays these oscillations can
be visualized spectacularly thanks to deterministic numerical schemes, see e.g. [B]]
B4, Fig. 3] [Id]. We reproduce below some examples provided by Filbet.
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1.3. Range of validity. The following issues are addressed in the literature [RG,

Py, [, and slightly controversial:

e Does Landau damping really hold for gravitational interaction? The case seems
thinner in this situation than for plasma interaction, all the more that there are many
instability results in the gravitational context; at present there does not seem to be
any consensus in the physical mathematical community [B(]. (Numerical evidence
is not conclusive because of the difficulty of accurate simulations in very large time
— even in one dimension of space.)

e Does the damping hold for unbounded systems? Counterexamples from [I§, [J
show that some kind of confinement is necessary, even in the electrostatic case.
More precisely, Glassey and Schaeffer show that a solution of the linearized Vlasov—
Poisson equation in the whole space (linearized around a homogeneous equilibrium
f° of infinite mass) decays at best like O(t~1), modulo logarithmic corrections, for
fP(v) = ¢/(1 + |v[*); and like O((logt)™®) if f° is a Gaussian. In fact, Landau’s
original calculations already indicated that the damping is extremely weak at large
wavenumbers; see the discussion in [Bf, Section 32]. Of course, in the gravitational
case, this is even more dramatic because of the Jeans instability.

e Does convergence hold for the solution of the “full” nonlinear equation? This
is not clear at all since there is no mechanism that would keep the distribution
close to the original equilibrium for all times. (Such a mechanism would contradict
reversibility!) Some authors do not believe that there is convergence as t — oo;
others believe that there is convergence but argue that it should be very slow [R4],
say O(1/t). The so-called “quasilinear relaxation theory” [BH, Section 49] [, Sec-
tion 9.1.2] [BI, Chapter 10] uses second-order approximation of the Vlasov equa-
tion to predict the convergence of the spatial average of the distribution function.
The procedure is most esoteric, involving averaging over statistical ensembles, and
diffusion equations with discontinuous coefficients, acting only near the resonance
velocity for particle-wave exchanges. Because of these discontinuities, the predicted
asymptotic state is discontinuous, and collisions are invoked to restore smoothness.
Fokker—Planck equations in velocity space have also been used in astrophysics [BS,
p. 111], but only on phenomenological grounds (the ad hoc addition of a friction
term leading to a Gaussian stationary state).

Careful numerical simulation [f]]] seems to show that the solution of the nonlinear
Vlasov—Poisson equation does converge to a spatially homogeneous distribution,
but only as long as the size of the perturbation is small enough. We shall call
this phenomenon the nonlinear Landau damping. This terminology summarizes

well the problem, still it is subject to criticism since (a) Landau himself sticked to
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the linear case and did not discuss the large-time convergence of the data; (b) this
damping is expected to hold when the regime is close to linear, but not necessarily
when the nonlinear term dominatesf]; and (c) this expression is used to designate a
related but different phenomenon [, Section 10.1.3].

e [s Landau damping related to the more classical notion of stability in orbital
sense? Orbital stability means that the system, slightly perturbed at initial time
from an equilibrium distribution, will always remain close to this equilibrium. Even
in the favorable electrostatic case, stability is not granted; the most prominent phe-
nomenon being the Penrose instability [19] according to which a distribution with
two deep bumps may be unstable. In the more subtle gravitational case, various
stability and unstability criteria are associated with the names of Chandrasekhar,
Antonov, Goodman, Doremus, Feix, Baumann, ... [, Section 7.4]. There is a wide-
spread agreement (see e.g. the comments in [1]]) that Landau damping and stability
are related, and that Landau damping cannot be hoped for if there is no orbital sta-
bility.[]

1.4. Conceptual problems. Summarizing, we can identify three main conceptual
obstacles which make the Landau damping mysterious, even sixty years after its
discovery:

(i) The equation is time-reversible, yet we are looking for an irreversible behavior
as t — 400 (or t — —o0). The value of the entropy does not change in time, which
physically speaking means that there is no loss of information in the distribution
function. The spectacular experiment of the “plasma echo” illustrates this conser-
vation of microscopic information [B0, fI7]: a plasma which is apparently back to
equilibrium after an initial disturbance, will react to a second disturbance in a way
that shows that it has not forgotten the first onef] And at the linear level, if there
are decaying modes, there also has to be growing modes!

4although phase mixing might still play a crucial role in violent relaxation or other unclassified
nonlinear phenomena.

5The question is not so absurd as it may seem. Common wisdom says, why worry about a fine
damping if the system anyway goes away from the equilibrium? However, it could be the case that
the system goes away in strong topology, and remains close in weak topology. Still there is no hint
for such a behavior, and there is no reason to doubt the common view.

SInterestingly enough, this experiment was suggested as a way to measure the strength of irre-
versible phenomena going on inside a plasma, e.g. collision frequency, by measuring attenuations
with respect to the predicted echo. See [ for an interesting application and appealing figures.
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(ii) When one perturbs an equilibrium, there is no mechanism forcing the system
to go back to this equilibrium in large time; so there is no justification in the use of
linearization to predict the large-time behavior.

(iii) At the technical level, Landau damping rests on analyticity, and its most
attractive interpretation is in terms of phase mixing. But both phenomena are in-
compatible in the large-time limit: phase mixing implies an irreversible deterioration
of analyticity. For instance, it is easily checked that free transport induces an ex-
ponential growth of analytic norms as ¢ — 400 — except if the initial datum is
spatially homogeneous. In particular, the Vlasov—Poisson equation is unstable (in
large time) in any norm incorporating velocity regularity. (Space-averaging is one of
the ingredients used in the quasilinear theory to formally get rid of this instability.)

How can we respond to these issues?

One way to solve the first problem (time-reversibility) is to appeal to Van Kam-
pen modes as in [§, p. 415]; however these are not so physical, as noticed in [[i],
p. 682]. A simpler conceptual solution is to invoke the notion of weak convergence:
reversibility manifests itself in the conservation of the information contained in the
density function; but information may be lost irreversibly in the limit when we con-
sider weak convergence. Weak convergence only describes the long-time behavior of
arbitrary observables, each of which does not contain as much information as the
density function.f] As a very simple illustration, consider the time-reversible evo-
lution defined by u(t,z) = ¢ u;(z), and notice that it does converge weakly to 0
as t — 4o00; this convergence is even exponentially fast if the initial datum w; is
analytic. (Our example is not chosen at random: although it is extremely simple, it
may be a good illustration of what happens in phase mixing.)

The second problem only indicates that there is a large gap between the under-
standing of the linear Landau damping, and that of the nonlinear phenomenon.

The third problem, maybe the most troubling, does not dismiss the phase mixing
explanation, but suggests that we shall have to keep track of the initial time, in the
sense that a rigorous proof cannot be based on the propagation of some phenomenon.
This situation is of course in sharp contrast with the study of dissipative systems
admitting a Lyapunov functional, as do many collisional kinetic equations [p(, F9[;
it will require completely different mathematical techniques.

In Lynden-Bell’s appealing words [@, p-295], “a system whose density has achieved a steady
state will have information about its birth still stored in the peculiar velocities of its stars.”
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1.5. Previous mathematical results. At the linear level, the first rigorous treat-
ments of Landau damping were performed in the sixties; see Saenz [pJ] for rather
complete results and a review of earlier works. The theory was rediscovered and
renewed at the beginning of the eighties by Degond [[[J], and Maslov and Fedoryuk
E3]. In all these works, analytic arguments play a crucial role (for instance for an-
alytic extension of resolvent operators), and asymptotic expansions for the electric
field associated to the linearized Vlasov—Poisson equation are obtained.

Also at the linearized level, there are counterexamples by Glassey and Schaeffer
8, [ showing that there is in general no exponential decay for the linearized
Vlasov—Poisson equation without analyticity, or without confining.

In a nonlinear setting, the only rigorous treatments so far are those by Caglioti—
Maffei [[[(], and later Hwang-Vélazquez P7]. Both sets of authors work in the
one-dimensional torus and use fixed-point theorems and perturbative arguments to
prove the ezistence of a class of solutions behaving, asymptotically as t — 400,
and in a strong sense, like perturbed solutions of free transport. Since solutions of
free transport weakly converge to spatially homogeneous distributions, the solutions
constructed by this “scattering” approach are indeed damped.

The weakness of these results is that they say nothing about the initial perturba-
tions leading to such solutions, which could be very special. In other words: damped
solutions do exist, but do we ever reach them?

Sparse as it may seem, this list is kind of exhaustive. On the other hand, there
is a rather large mathematical literature on the orbital stability problem, due to
Wolansky, Strauss, Guo, Rein and other. In this respect see for instance [BJ] for the
plasma case, and [2J] for the gravitational case; both sources contain many refer-
ences on the subject. This body of works has confirmed the intuition of physicists,
although with quite different methods. The gap between a formal, linear treatment
and a rigorous, nonlinear one is striking: Compare the Appendix of B3] to the rest
of the paper.

Our treatment of Landau damping will be performed from scratch, and will not
rely on any of these results.

2. MAIN RESULT

2.1. Modelling. We shall work in adimensional units throughout the paper, in d
dimensions of space and d dimensions of velocity (d € N).

It should be clear from Section [[] that to observe Landau damping, we need to
put a restriction on the length scale; to achieve this we shall take the position space
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to be the d-dimensional torus of side L, namely T¢ = R¢/(LZ)4. This is admittedly
a bit unphysical, but it is commonly done in plasma physics (see e.g. [H]).

In a periodic setting the Poisson equation has to be reinterpreted, since A~!p
is not well-defined unless fT% p = 0. The natural solution consists in removing the
mean value of p, independently of any “neutrality” assumption; in galactic dynamics
this is known as the Jeans swindle, a trick considered as efficient but logically
absurd. However, in 2003 Kiessling [B0] re-opened the case and acquitted Jeans, on
the basis that his “swindle” can be justified by a simple limit procedure. In the
present case, one may adapt Kiessling’s argument and approximate the Coulomb
potential V' by any cutoffed version V., e.g. of Debye type (invoking screening for a
plasma, or a cosmological constant for stellar systems; anyway the particular choice
of approximation has no influence on the result). Then VV, % p makes sense for a
periodic p, and moreover

YV, % pla) = / VValx — y) ply) dy = /[ YV =) oty
R 0,L]d
where V,.(2) = > ,cza V(2 + £L). Passing to the limit as x — 0 yields
VVE (2 —y) ply) dy = VVE (@ —y) (p—(p) (y) dy = =V AL (p—(p)),

[0,L]¢ [0,L]*

where A' is the inverse Laplace operator on T¢. (We refer to [B0] for a discussion
of the physics underlying this limit.)

More generally, we may consider any interaction potential W on T¢, satisfying
certain regularity assumptions. Then the self-consistent field will be given by

F=VWep  pla) = [ fav)ds

where now * denotes the convolution on T¢.
In accordance with our conventions from Appendix [A.3, we shall write W& =
Jpa €2 ™ LW (x) dz. In particular, if W is the periodization of a potential RY — R
L

(still denoted W by abuse of notation), i.e.,
W(z) = Z W(x+ (L),

Lezd
then

(2.1) WO (k) =W (E) :
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where W (£) = Jpa €2 W (x) da is the original Fourier transform in the whole
space.

2.2. Linear damping. It is well-known that Landau damping requires some stabil-
ity assumptions on the unperturbed homogeneous distribution function, say f°(v).
In this paper we shall use a very general assumption, expressed in terms of the
Fourier transform

(22) P = [ e o) av,
Rd
the length L, and the interaction potential W. To state it, we define, for ¢ > 0 and
k ez,
LI
e

and, for any ¢ € C, we define a function £ via the Fourier-Laplace transform of K°
in the time variable:

+o0 k
(2.4) L(E k) = / ¢ 1 O k) dit
0

(2.3) K°(t, k) = 4> WP (k) f° (%)

where £* is the complex conjugate to £. Our linear damping condition is expressed
as follows:

(L) There are constants \,k > 0, and € > 0 such that |f°(n)] = O(e=2nl);
and for any & € C with —e < RE < A,
inf |L(¢,k)—1| > k.

kezd

We now give two sufficient conditions for (L) to be satisfied. The first one can
be thought of as a smallness assumption on either the length, or the potential, or
the velocity distribution. The second one is a structure assumption involving the
marginals of f° along arbitrary wave vectors k:

(2.5) wr(v) = /L . fP(w)dw, veR.

[k

Proposition 2.1. Let f© = fO(v) be a velocity distribution such that f* decays
exponentially fast at infinity, let L > 0 and let W be an interaction potential on T4,
W € LYT%). If any one of the following two conditions is satisfied:
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(a) smallness:

(2.6) Ar? <max\/u7@>(k)\) <sup /oo\fO(m)\rdr> <1

keZd lo|l=1 Jo
(b) repulsive interaction and decreasing marginals: for all k € 7,

_ {v<0:><p§€(v)20

(2.7) WE (k) > 0;
v>0= ¢ (v) <0

then (L) holds true for some A,k > 0.

Remark 2.2. [BY, Problem, Section 30] If f° is radially symmetric and positive,
and d > 3, then all marginals of f° are decreasing functions of |v|. Indeed, if

() = [gar [(y/V?+ [w]?) dw, then after differentiation and integration by parts

we find
() = —(d—3)u / FVEToR) 22 (> g

Rd-1 |wl?
P(v) ==2mvf(v])  (d=3).

Example 2.3. Take a gravitational interaction and Mawellian background:

—~ g e_‘;)ﬁ
W(k) = e o) =p° @xT)

Recalling (R.1]), we see that (2.4) becomes
(2.8) L < |5 =: LT, ).
The length L; is the celebrated Jeans length [B, BJ], so criterion (a) can be applied,

all the way up to the onset of the Jeans instability.

Example 2.4. 1f we replace the gravitational interaction by the electrostatic interac-
tion, the same computation yields

T
(2.9) L<y\gp= Lp(T, p%),

and now Lp is essentially the Debye length. Then criterion (a) becomes quite
restrictive, but because the interaction is repulsive we can use criterion (b) as soon
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as fC is a strictly monotone function of |v|; this covers in particular Maxwellian
distributions, independently of the size of the box. Criterion (b) also applies if d > 3
and f° has radial symmetry; or even if f° has two bumps but L is not too large.
Then in the case of two bumps with large L, the Penrose instability will take over.

We shall show in Section [ that (L) implies the linear Landau damping; and that
(a) or (b) implies (L). The general ideas are close to those appearing in previous
works, including Landau himself; the only novelties lie in the slightly more general
assumptions, the elementary nature of the arguments, and the slightly more precise
quantitative results.

2.3. Nonlinear damping. As others have done before in the study of Vlasov—
Poisson [[[(], we shall quantify the analyticity by means of norms involving Fourier
transform in both variables (also denoted with a tilde in the sequel); so we define

[k

(2.10) [Fllnse = sup (€21 25 FO (k)| ),
kn

where k varies in Z%, n € R%, \, i are positive parameters, and we recall the depen-
dence of the Fourier transform on L (see Appendix A for conventions). Now we
can state our main result as follows:

Theorem 2.5 (nonlinear Landau damping). Let f° : R? — R, be an analytic
velocity profile. Let L >0 and W : T¢ — R be an interaction potential satisfying

— C
(2.11) Viezd,  |[WP(k) < ‘kTV_VM

for some constants Cyy > 0, v > 1. Assume that f° and W satisfy the stability
condition (L) from Subsection [2.3, with some constants A,k > 0; further assume
that, for the same parameter X,

o o o
@12) s (1P| ™) < Co, N Vi ey < Co < +oc.

d
neR nENg

Then for any0 < N < X\, 6> 0,0 </ < u, thereise = e(d, L, Cy, Co, 5, \, N, i, it/ 3,7)
with the following property: if f; is an initial datum satisfying

(2.13) S lfi= P+ [ 1= PleMdvde <,
T¢ xR9

then
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e the unique classical solution f to the nonlinear Viasov equation

of
2.14 — Vaof = (VW xp) -V, f =0, = dv,
214) eV = (YW VoS o= [ s

with initial datum f(0, -) = f;, converges in weak topology as t — “+oo, with rate
O(e=2™11), to a homogeneous equilibrium fioo;

e the density p(t,x) = [ f(t,z,v)dv converges in strong topology as t — o0, with
rate O(e=2™N'I!) to the constant density

Poo = %// fi(z,v) dx dv;

e the space average (f)(t,v) = [ f(t,x,v) dx converges in strong topology ast —
+o0, with rate O(e ™) to fio.

More precisely, there are C > 0, and homogeneous distributions fi..(v) and f_(v),
depending continuously on f;, such that

(2.15) sup Hf(t,x +vt,v) — fo(v)H < Co;

teR o'

VneRY, | fr(n) — fO(n)] < Coe 2NN

and

V(kn) €ZxRY L FOE R, m) — Froo(n)lhco| = Ol ) as ¢ = +oo;
Y (k,n) € Z¢xRY, ‘L‘d o, k,n)—f_m(k,n)1k:0‘ — 0¥ M) g5t — —o0:
(2.16) VreN,  [p(t,) = pol o = O(e M) as |t] — oo;

(217) VreN Vo0, ||(f(t0) - finCg — 0@ M) ast— oo

In this statement C” stands for the usual norm on r times continuously dif-
ferentiable functions, and C7 involves in addition moments of order o, namely

1fllcy = supy<ypera |f77 () (14 [0]7)].
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2.4. Comments. Let us start with some remarks about Theorem P.5.

e Our result covers both attractive and repulsive interactions, as long as the
linear damping condition is satisfied; it fails just short of covering Newton/Coulomb
potential (this would be v = 1 in (E.I1))). We hope that our method can be adapted
to include this limit case, and will examine this in future work; but anyway the proof
clearly breaks down for v < 1. This is a nonlinear effect, as any v > 0 would work
for the linearized equation.

e Condition (I2) could be replaced by

(2.18) \]70(7))\ < Cp e 2l /fo(v) Yl dv < .

But condition (£:19) is more general, in view of Theorem [I.2{] below. For instance,
f°(v) = 1/(14+v?%) in dimension d = 1 satisfies (R.1J) but not (R.18); this distribution
is commonly used in theoretical and numerical studies, see e.g. [R4]. We shall also
establish slightly more precise estimates under slightly more stringent conditions on
19, see (T1.1).

e Our conditions are expressed in terms of the initial datum, which is a consider-
able improvement over [0, ).

e Strictly speaking, known existence and uniqueness results for solutions of the
nonlinear Vlasov—Poisson equation [[, Bg] do not apply to the present setting of
close-to-homogeneous analytic solutions. (The problem with [[] is that velocities are
assumed to be uniformly bounded, and the problem with [Bf] is that the position
space is the whole of R? in both papers these assumptions are not superficial.)
However, this really is not a big deal: our proof will provide an existence theorem,
together with regularity estimates which are considerably stronger than what is
needed to prove the uniqueness. We shall not come back to these issues which
are rather irrelevant for our study: uniqueness only needs local in time regularity
estimates, while all the difficulty in the study of Landau damping consists in getting
uniform in time bounds.

e The smallness assumption on f; — f° is expected, for instance in view of the
numerical results of [61]. We also make the standard assumption that f; — f° is well
localized.

e The norm in (.13) cannot be weakened much. The free case (W = 0, no inter-
action) shows that the v-analyticity is mandatory to get the exponential convergence
to equilibrium. Our scheme of proof also needs some dose of analyticity in z, but u
in Theorem P.J can be arbitrarily small.
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e In any case, no convergence can be hoped if the initial datum is only close to f°
in the weak topology: indeed there is instability in the weak topology, even around
a Maxwellian [I{].

e Estimate (217) expresses the orbital “travelling stability” around f?; it is much
stronger than the usual orbital stability in Lebesgue norms. An equivalent formu-
lation is that if (7});er stands for the nonlinear Vlasov semigroup, and (T));cr for
the free transport semigroup, then in a neighborhood of a homogeneous equilibrium
satisfying the stability criterion (L), T°, o T; remains uniformly close to Id for all ¢.

e f(t,-) is not close to f° in analytic norm as t — oo, and does not converge
to anything in strong topology, so the conclusion cannot be improved much. Still
we shall establish more precise quantitative results, and the limit profiles fi., are
obtained by a constructive argument.

With respect to the questions raised above, our analysis brings the following an-
swers (admitting that the exclusion of Coulomb/Newton is only of technical nature):

(a) Convergence of the distribution f does hold for t — +o00; it is indeed based on
phase mixing, and involves very fast oscillations. In this sense it is right to consider
the Landau damping as a “wild” process. But on the other hand, the spatial density
(and therefore the force field) converges strongly and smoothly.

(b) The space average (f) does converge in large time. However the conclusions
are radically different from those of quasilinear relaxation theory, since there is no
need for extra randomness, and the limiting distribution is smooth, even without
collisions.

(c) Landau damping is a linear phenomenon, which survives nonlinear pertur-
bation thanks to the structure of the Vlasov—Poisson equation. The nonlinearity
manifests itself by the presence of self-induced echoes. FEchoes were well-known to
specialists of plasma physics [B3, Section 35] [fl, Section 12.7], but were not identified
as a possible source of instability. Nevertheless, we shall argue that for any iteraction
more singular than Coulomb/Newton, or any regularity lower than analytic, echoes
might win over the Landau damping.

(d) The large-time limit is in general different from the limit predicted by the
linearized equation, and depends on the interaction (more precise statements will be
given in Section [[J); still the linearized equation does provide a good approximation.
We shall also set up a systematic recipe for approximating the large-time limit with
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arbitrarily high precision as the strength of the perturbation becomes small. This
justifies a posteriori many known computations.

(e) From the point of view of dynamical systems, the nonlinear Vlasov equation
exhibits a truly remarkable behavior. It is not uncommon for a Hamiltonian system
to have many, or even countably many heteroclinic orbits (there are various theories
for this, a popular one being the Melnikov method); but in the present case we see
that heteroclinic/homoclinic orbits] are so numerous as to fill up a whole neighbor-
hood of the equilibrium. This is possible only because of the infinite-dimensional
nature of the system, and the possibility to work with nonequivalent norms; such
a behavior has already been reported in other systems [B3, BJ], in relation with
infinite-dimensional KAM theory. To draw a parallel with KAM theory, one may
argue that the linearized Vlasov equation is completely integrable, and interpret our
result as preservation of the convergence property under nonlinear perturbation of
the interaction. However, we do not see in KAM theory any mechanism similar to
the “escape” from spatial to high velocity modes, which ultimately is the engine
behind all our proofs.

2.5. Main ingredients. Some of our ingredients are similar to those in [IJ]: in par-
ticular, the use of Fourier transform to quantify analytic regularity and to implement
phase mixing. New ingredients used in our work include

e the introduction of a time-shift parameter to keep memory of the initial time
(Sections ] and f]), thus getting uniform estimates in spite of the loss of regularity
in large time. We call this the gliding regularity: it shifts in phase space from low
to high modes. Gliding regularity automatically comes with an improvement of the
regularity in x, and a deterioration of the regularity in v, as time passes by.

e “finite-time scattering” at the level of trajectories to reduce the problem to
homogenization of free flow (Section []) via composition. The physical meaning is
the following: when a background with gliding regularity acts on (say) a plasma,
the trajectory of plasma particles are asymptotic to free transport trajectories.

e the use of carefully designed flexible analytic norms behaving well with respect
to composition (Section f). This requires care, because analytic norms are very
sensitive to composition, contrary to, say, Sobolev norms.

e new functional inequalities of bilinear type, involving analytic functional spaces,
integration in time and velocity variables, and evolution by free transport (Section
). These inequalities morally mean the following: when a plasma acts (by forcing)

8Here we use these words just to designate solutions connecting two distinct/equal equilibria,
without any mention of stable or unstable manifolds.
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on a smooth background of particles, the background reacts by lending a bit of its
(gliding) regularity to the plasma, uniformly in time. This most subtle effect, which
is at the heart of Landau’s damping, will be mathematically expressed in a precise
way in the formalism of analytic norms with gliding regularity.

e a new analysis of the time response associated to the Vlasov—Poisson equation
(Section []), aimed ultimately at controlling the self-induced echoes of the plasma.

e a Newton iteration scheme, solving the nonlinear evolution problem as a suc-
cession of linear ones (Section [[(). Picard iteration schemes still play a role, since
they are run at each step of the iteration process, to estimate the scattering.

It is only in the linear study of Section [ that the length scale L will play a crucial
role, via the stability condition (L). In all the rest of the paper we shall normalize
L to 1 for simplicity.

2.6. About phase mixing. A physical mechanism transferring energy from large
scales to very fine scales, asymptotically in time, is sometimes called weak turbu-
lence [] Phase mixing provides such a mechanism, and in a way our study shows that
the Vlasov—Poisson equation is subject to weak turbulence. But the phase mixing
interpretation provides a more precise picture. While one often sees weak turbulence
as a “cascade” from low to high Fourier modes, the relevant picture would rather
be a two-dimensional figure with an interplay between spatial Fourier modes and
velocity Fourier modes. More precisely, phase mixing transfers the energy from each
nonzero spatial frequency k, to large velocity frequences n, and this transfer occurs
at a speed proportional to k. This picture is clear from the solution of free transport
in Fourier space, and is illustrated in Fig. . (Note the resemblance with a shear
flow.) So there is transfer of energy from one variable (here x) to another (here v);
homogenization in the first variable going together with filamentation in the second
one. The same mechanism may also underlie other cases of weak turbulence.
Whether ultimately the high modes are damped by some “random” microscopic
process (collisions, diffusion, ...) mnot described by the Vlasov—Poisson equation
is certainly true in plasma physics [BY, Section 41][9, and is the object of debate
in galactic dynamics; anyway this is a different story. Some mathematical statis-
tical theories of Euler and Vlasov—Poisson equations do postulate the existence of

9This notion is in a way dual to the “radiation” or “dispersion” phenomena which are common
in unbounded Hamiltonian systems, and in which the energy goes away to very large scales.

10gee [@, Problem 41]: thanks to Landau damping, collisions are expected to smooth the distri-
bution much more efficiently than if they would act alone; this is clearly a hypoelliptic problematic.
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k pu— —_—
(spatial modes) t=1t b=t t=1t3
= : : =

n
(kinetic modes)

initial configuration
(t=0)

FIGURE 3. Schematic picture of the evolution of energy by free trans-
port, or perturbation thereof; marks indicate localization of energy in
phase space.

FIGURE 4. The distribution function in phase space (position, veloc-
ity) at a given time; notice how the fast oscillations in v contrast with
the small variations in z.
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some small-scale coarse graining mechanism, but resulting in mixing rather than

dissipation [B1], B7.

2.7. Why analyticity? For Landau damping there are two basic reasons why the
analyticity is interesting:

e this is the historical assumption used by Landau and taken back ever since;
e it is mandatory to get the exponential convergence.

While these justifications may seem rather superficial, we shall suggest a much
more fundamental reason for analyticity: in the case of a Coulomb/gravitational in-
teraction, it is the critical reqularity for which the Landau damping is stronger than
the “echo” unstability. The point is that the nonlinearity of the Vlasov—Poisson
equation may result in a slow growth of all regularity estimates — even measured
in gliding sense. Due to the oscillatory nature of the problem, the self-interaction
manifests itself not immediately, but only after some time — this is the echo phe-
nomenon — which depends on the ratio of the frequences involved. For a smooth
(say analytic) interaction, the echoes are well separated, and the expected resulting
growth is slow. But when the interaction is more singular, the echoes become closer
to each other, and estimates are worse; eventually for Coulomb interaction we end up
with an expected exponential growth, that has to be compensated by an exponential
damping. This compensation mechanism between nonlinear exponential “echoing”
unstability and linear exponential damping stability does not appear to have been
noticed in previous works; in fact the regularity of the interaction potential does not
play any role in linear damping. These suppositions will be explained in more detail
in Section [J; it will be extremely interesting to back them with counterexamples.
For the moment we claim that unless some new stability effect is identified, there is
no reason to believe in nonlinear Landau damping for, say, gravitational interaction,
in any regularity class lower than analytic.

Because of the same phenomena, one may doubt the possibility of Landau damping
— with any decay rate — in the C*° class, even for analytic interactions. This is all
the more striking that linear damping does hold in C'*° (with a decay rate O(t~)),
or even in C" for small r.

Between C'*° and analytic lies the Gevrey regularity. There is no conceptual prob-
lem in adapting our methods to Gevrey regularity, provided that the potential is less
singular than Coulomb (again, there will be a critical Gevrey regularity correspond-
ing to the Sobolev regularity of the interaction). Such a study would show that the
Landau damping (a) is not tied to analyticity, or even quasi-analyticity, and in par-
ticular covers perturbations that are local in velocity space; (b) applies in situations
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where there is no analogue of spectral gap or exponential convergence: for Gevrey-a
regularity (0 < a < 1) the convergence cannot be faster than O(e=*").

2.8. Further extensions. An extension which looks feasible consists in incorporat-
ing more general interactions, depending not only on the positions but also on the
velocities of particles. We shall see in a future paper how this seemingly anecdotical
extension will allow us to cast a new light on the stability of the simplest class of
so-called BGK waves.

Finally, the ideas introduced in this work can be applied to the two-dimensional
weak turbulence for inviscid incompressible fluids. It is well-known that the vorticity
formulation of the two-dimensional Euler equations in a shear flow or in a vortex flow
shares common features with the Vlasov—Poisson equations, and that a phenomenon
similar to Landau damping could occur. In a work in progress [[q] we shall develop
a mathematical theory of the inviscid damping in these regimes.

3. LINEAR DAMPING

In this section we establish the Landau damping for the linearized Vlasov equation.
Beforehand, let us recall that the free transport equation

(3.1) %+U~me:0

has a strong mizing property: any solution of (B.I]) converges weakly in large time
to a spatially homogeneous distribution equal to the space-averaging of the initial
datum. Let us sketch the proof.

If f solves (B1]) in T¢ x RY, with initial datum f; = f(0,-), then f(t,z,v) =
fi(z — vt,v), so the space-velocity Fourier transform of f is given by the formula
(3:2) f(t ko) = filk,n + k).

On the other hand, if f, is defined by
fool0) = (£ ) = [ fiw,v)da,
T

then foo(k, n) = E(O, n) lk—o. So, by Riemann’s lemma, for any fixed k,n we have
(b, k) = Foolm) Lico| 7= 0,

which shows that f weakly converges to f.,. The convergence holds as soon as f is
merely integrable; and by (B-3), the rate of convergence is determined by the decay

of ﬁ(k‘,n) as |n| — oo, or equivalently the smoothness in the velocity variable. In
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particular, the convergence is exponentially fast if (and only if) f;(z,v) is analytic
in .

This argument obviously works independently of the size of the box. But when
we turn to the Vlasov equation, length scales will matter, so we shall introduce a
length L > 0, and work in T¢ = R¢/(LZ?). Then the length scale will appear in
the Fourier transform: see Appendix [A.3. (This is the only section in this paper
where the scale will play a nontrivial role, so in all the rest of the paper we shall
take L = 1.)

Any velocity distribution f° = f°(v) defines a stationary state for the nonlin-
ear Vlasov equation with interaction potential W. Then the linearization of that
equation around f° yields

af+ NVaof = (VW xp) -V, =0
(3.3)
o= [ s

Note that there is no force term in (BJ), due to the fact that f° does not depend
on x. This equation describes what happens to a plasma density f which tries to
force a stationary homogeneous background f°; equivalently, it describes the reaction
exerted by the background which is acted upon.

Theorem 3.1 (linear Landau damping). Let f = fO(v), L >0, W : T¢ — R such
that ||VW||r < Cy < 400, and fi(xz,v) such that

(i) Condition (L) holds for some constants \, k > 0;
(i) Y € R, |fOn)| < Cpe 2,
(iii) Vk € 74, Yn e R, |f (k,n)| < Cie~2™Ml for some constant o > 0.

Then as t — +oo the solution f(t,-) to the linearized Viasov equation (B.J) with
initial datum f; converges weakly to foo = (fi) defined by

fool Ld/flxv

and p(x / f(z,v) dv converges strongly to the constant

= — i(z,v) dz dv.
Ld//qrngdf(:EU) x dv
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More precisely, for any X' < min{\; a},

Vr e N, Hp(t, )= poo} or = O(e_%Tx‘tl)

V(k,n) € 7% x 7, ‘J?(L)(t7 k,n) — J?éf)(k,ﬁ)’ _ O(e—QWTﬁkﬂ)'

Remark 3.2. Even if the initial datum is more regular than analytic, the conver-
gence will in general not be better than exponential. See [§, pp. 414-416] for an
illustration.

Remark 3.3. The fact that the convergence is to the average of the initial datum will
not survive nonlinear perturbation, as shown by the counterexamples of Subsection

13

Remark 3.4. Dimension does not play any important role in the linear analysis.
This can be attributed to the fact that only longitudinal waves occur, so everything
happens “in the direction of the wave vector”. Transversal waves arise in plasma
physics only when magnetic effects are taken into account [, Chapter 5].

Remark 3.5. The proof can be adapted to the case when f° and f; are only C°°;
then the convergence is not exponential, but still O(¢t=°°). The regularity can also
be further decreased, down to W#*!, for any s > 1; more precisely, if f© € W*o! and
fi € W#l there will be damping with a rate O(t™%) for any £ < max{sy — 2; s;}.
(Compare with [, Vol. 1, p. 189].) This is independent of the regularity of the
interaction.

The proof of Theorem B.1] relies on the following elementary estimate for Volterra
equations.

Lemma 3.6. Assume that (L) holds true for some constants k, A > 0, and let
Co = sup,, |fO(n)| e*™ M, Cy = |W||p1(ray. Then any solution ¢(t, k) of

t

(3.4) o(t, k) =a(t, k) + / Kt —7,k) o(r, k) dr
0
satisfies, for any k € Z¢ and any N < \,

sup(|s0(t, k) 62“'%) < C(Cy, Cw, A\ N, k) sup <|a(t, B ezm\fgt).

t>0 t>0
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Proof of Lemma [B.4. If k = 0 this is obvious, so we assume k # 0. Consider \' < ),
and multiply (B4) by 2Tt and write

(L, k) = (b, k) ™0, AL k) = alt, k) 2L,
so (B4) becomes

t k
(3.5) Ot k) = A(t, k) + / KOt — 7, k) 2™ 20 @ (7, k) dr.
0

A particular case: The proof is extremely simple if we make the stronger assump-
tion

Feo AL
/ Ko7, k)| *™ T7dr <1—k:
0

then

T .
sup |P(t, k)] < sup |A(t,k:)|+</ ‘KO(T—T,k‘)}62“'%@‘7)(17) sup |®(7, k)|,
0

0<t<T 0<t<T 0<7<T
whence
sup |A(T, k)|
0<r<t SUPg<, <t |A(T, k)|
oiugt|q)(T’ U= oo k| = ) _t/-z ’
=T 1- / |KO(7, k)| e*™ 7 dr
0

and therefore

1 ]. ! C
sup (ez’”\ %t|go(t, k)\) < (—) sup(\a(t, k)| e*™ Lﬁ“)

t>0 K/ >0

The general case: To treat the general case we take the Fourier transform in the
time variable, after extending K, A and ® by 0 at negative times. (This presentation
was suggested to us by Sigal, and appears to be technically simpler than the use of
the Laplace transform.) Denoting the Fourier transform with a hat, we have, for
E=N+iw,

O(w, k) = A(w, k) + L(k, &) P(w, k).
By assumption L(k,£) # 1, so

~  Aw, k)
O(w, k) = 1= 768 COh 6
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From there, it is traditional to apply the Fourier (or Laplace) inversion transform.
Instead, we apply Plancherel’s identity to find (for each k)

Al L2
0|2y <
K
and then we plug this in the equation to get
oLl
(3.6) 19| oo ary < NAllLoeqary + 1K €™ T L2gan) 1191 r2(ar

1K ™2 Ly 1A 22y

(37) < | Al + -

It remains to bound the last two terms. On the one hand,

() 1/2
1Al oy = ( / alt, k>|2e4“'itdt)
0

< (/ 6‘4“(A_X)%t) sup<|a(t, k)|62“‘_§‘t)
0 >0
L |%|
< t k 2“—t>.
= k2 (N = \) igg’(‘a(a )eT™ T
1/2

~ (kt\ |?
f° (f) t? dt)

_ 471'2 ‘/W(L)(]{JH ‘]{7‘1/2 (/ 647T)‘lu |f0(u)\2u2 du)
0

The estimate follows easily.

On the other hand,

K 27r)\’%t — 4 2 /W(L) k |k|2 - 47r)\’%t
K e HL?(dt)_ | ( ”F ; €

It seems that we only used properties of the function £ in a strip ¢ ~ A; but this is
an illusion. Indeed, we have taken the Fourier transform of ® without checking that
it belongs to (L' + L?)(dt), so what we have established is only an a priori estimate.
To convert it into a rigorous result, one can use a continuity argument after replacing
X by a parameter o which varies from —e to \'. (By the integrability of K° and
Gronwall’s lemma, ¢ is obviously bounded as a function of t; so (k,t) e FI/L js
integrable for any € > 0.) This is easily justified since assumption (L) guarantees
that our bounds are uniform in the strip —e < R < N. O
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Proof of Theorem [3.]. Without loss of generality we consider only ¢ > 0. Consider-
ing (B.3) as a perturbation of free transport, we apply Duhamel’s formula to get

(3.8) f(t,z,v) = fi(x —vt,v) + /0 (VW s p) -V, f] (1,2 — v(t — 7),v) dr.

Integration in v yields

(3.9) p(t,x) = filz—vt,v) dv—l—/t/ (VW xp)-V, O] (T, —v(t—7),v) dvdr.
R 0 Jrd

Of course, [ p(t,z)dr = [[ fi(x,v)dzdv.
For k # 0, taking the Fourier transform of (B.9), we obtain

PPt k) = / Fi(x — ot,v) e 2TET dy dy
T¢ JR4
t
+ / / / (VW xp) - Vo f°l (1,2 —v(t —7),v) "2 ET duy dg dr
0 JT¢ JRd

_ / fi(!lf,'U) 6—2i7r%~:c 6—2i7r%-vt d'U dl’
T

d d
7 JR

t
* / / / (VW 5 p) - Vo fO) (7, 2, 0) e 275 275207 @y d dy
0 JT¢ JR4

=5 (k %) ' /tww*ﬂ)“’(n B Vof (k(tL_T)) r
0

_ W (k: %) + /0 t (QZ'W%W(L)(@ A0, k)) - (mk(tL_ ™) (’““L_ ™)

In conclusion, we have established the closed equation on p'™):

310) p¥ew) =7 (k)

AT (k) /t A0 (r, k) O (k(t - 7)) By ar

0

Recalling (R.3), this is the same as

" t
Pt k) = fiF) (k %) + / KOt — 7, k) p'P (7, k) dr.
0
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Without loss of generality, A < a. By Assumption (L) and Lemma .4,

NIy

PPt k)| < CA\ N, k) Cie™

In particular, for k # 0 we have

iz, () = 0e e T W),

so any Sobolev norm of p — ps, converges to zero like O(e™ 7 L)

bedding, the same is true for any C" norm.

. By Sobolev em-

Next, we go back to (B-§) and take the Fourier transform in both variables = and
v, to find

]?(L)(t, k,n) = / fz( —vt,v)e “ATL T o =2TY o gy
/ / VW * p T, X — 'U(t _ 7_)) \V4 fO( ) 27,7r T o —2imn-v dr dv dr
Td JRd
— / fi(!lf,'U) 6—2i7r%~:c 6—2i7r%~vt e—2i7rn~v dx dv
Td JR4
/ / / W*p T, ZE') \v4 fO( ) 227r :E 2i7r%vv(t—7—) e—2i7r17vv dr dvdr
Td JRd
= kt —— —~ k
= (k e f) v [T ) 5 ) T (n A 7)) dr.
0

So

(3.11)
f@(tkn—@) 7 (k) + /VW o “(f,k)ﬁfﬁ(n—k—[) dr.

In particular, for any n € R¢,

(3.12) FE,0,m) = f12(0,n);

in other words, (f) = [ fdx remains equal to (f;) for all times.
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On the other hand, if k # 0,

(3.13)
et
/IVW 79 ) 'W(n—%)\d
< Gyl
/CW (AN, k) Cye 2T ( 7Co n—]% —2“\"-’“5) dr

t ’
|k| AN kT
<cC (e—m'" + / e~ e o2n O | dT) ,
0

where we have used A < (N + \)/2 < A, and C only depends on Cy, C;, \, N, k
In the end,

t / t ’
\k\ AN |,k (A=A |k
/ e —2mN Te =2t |77 L‘l/—‘ dr S / 6_27T>‘/77 e_zﬂT T7dr
0 0

L /
< -2\ |n\
=T0—0 €
Plugging this back in (BI3), we obtain
~ kt /
(3.14) ‘f(” (t, k,n— f) ‘ < C e 2Nl

In particular, for any fixed  and k # 0,
7Ot k)| < Ce ¥ IHE] = o (em2m i),

We conclude that f(L) converges pointwise, exponentially fast, to the Fourier trans-
form of (f;). O

We close this section by proving Proposition P.1].

Proof of Proposition [2-]. First assume (a). Since fo decreases exponentially fast,
we can find A, Kk > 0 such that

4 max‘/W(L)(k)‘ sup /Oo}fo(ra)‘ r ¥ dr < 1 — k.

jol=1Jo
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Performing the change of variables kt/L = ro inside the integral, we deduce

o — ~ [k E|?
/ 47r2|W(L)(k‘)| fo <ft> | | t

ama kL
———e™Ltdt <1 — R,
0 L?
In case (b) the reasoning is more subtle. First we note that
[

KOt k) = —Am® W (k) [ fO(v)e 2zt ZL gy
Rd

and this obviously implies (L).

L2

2777 —2ir [kl gy k|
=—Ar*W(k) | er(v)e LW _——tdv
R L?

KPW(R)YE [ (20m [klEN ™, gty
= 472 72 /R 7 o) (v) e 2T dy

— 27,7T|k| W(k) / QO;(U) e—2i7r%‘tv dU.
R

\
L
Then, for & = v + 1w, using the formula
/OO et gt gy — ST
0 s2 4+ w?’
we get
= +w) — iy
LK) =W (k / (“—} d
€0 =T [ A0 55 ]
(To be rigorous, one may first establish this formula for v < 0, and then use analyt-
icity to derive it for v € [0, \).)
As 7 — 0, this expression approaches (uniformly in k& and w)

W (k) / L S W (k) p.v. ( /R #i(v) dv) — i W(k) g (w)

v+w+10 V4w

(Plemelj formula for the Cauchy transform). So the imaginary part vanishes only in

the limit /W(k:) — 0 (but then also the real part approaches 0), or if |w| — oo (but
then also the real part approaches 0), or w = 0; but then in the limit

£(0, k) :W(k)/ﬂdvgo,
R U

so even in this case £ cannot approach 1. Case (b) of Proposition B-] follows. [
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4. ANALYTIC NORMS

In this section we introduce some functional spaces of analytic functions on R,
T¢ = R4/Z¢, and most importantly T¢ x R?. Then we establish a number of func-
tional inequalities which will be crucial in the subsequent analysis. At the end of
this section we shall reformulate the linear study in this new setting.

Throughout the whole section d is a positive integer. Working with analytic
functions will force us to be careful with combinatorial issues, and proofs will at
times involve summation over many indices.

4.1. Single-variable analytic norms. Here “single-variable” means that the vari-
able lives in either R? or T¢, but d may be greater than 1. Among many possible
families of norms for analytic functions, two will be of particular interest for us; they
will be denoted by C*? and F*?. The C? norms are defined for functions on R% or
T?, while the F»? norms are defined only for T¢ (although we could easily cook up
a variant in RY). We shall write N& for the set of d-tuples of integers (the subscript
being here to insist that 0 is allowed). If n € Nd and A > 0 we shall write A" = AI"l.
Conventions about Fourier transform and multidimensional differential calculus are
gathered in the Appendix.

Definition 4.1 (One-variable analytic norms). For any p € [1,00] and A > 0, we
define

1/p
A" ~
A1) A fllews = ol 1F e (e = <Z eI If(k)|”> ;

neNg kezd
the latter expression standing for sup, (e* ™! |f(l{;)|) if p = oco. We further write
(4.2) cre=cr, FM=rN
Remark 4.2. The parameter \ can be interpreted as a radius of convergence.

Remark 4.3. The norms C* and F? are of particular interest because they are
algebra norms.

We shall sometimes abbreviate || - [[ex» or || - || 730 into || - ||x,, when no confusion
is possible, or when the statement works for either.

The norms in (1)) extend to vector-valued functions in a natural way: if f is
valued in R? or T¢ or Z¢, define f® = (f™ ... i), f(k) = (fi(k), ..., fa(k));
then the formulas in ([]) make sense provided that we choose a norm on R? or T¢
or Z. Which norm we choose will depend on the context; the choice will always be
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done in such a way to get the duality right in the inequality |a - b] < ||a|| ||b]|.. For
instance if f is valued in Z¢ and ¢ in T¢, and we have to estimate f - ¢, we may norm
7% by |k| = 3" |k;] and T¢ by |x| = sup |x;|[[] This will not pose any problem, and
the reader can forget about this issue; we shall just make remarks about it whenever
needed. For the rest of this section, we shall focus on scalar-valued functions for
simplicity of exposition.

Next, we define “homogeneous” analytic seminorms by removing the zero-order
term. We write N¢ = Nd\ {0}, Z¢ = 74\ {0}.
Definition 4.4 (One-variable homogeneous analytic seminorms). For p € [1, 0]

and A > 0 we write
1/p
)\n n s T
1 Fllexo = D ol 1o e = | D ™M F (R
neNd kezd

It is interesting to note that affine functions z +— a - x + b can be included in
C* = CYN*°, even though they are unbounded; in particular ||a - z + b||sx = A]al. On
the other hand, linear forms = —— a - do not naturally belong to F?*, because their
Fourier expansion is singular (it decays like 1/k).

The spaces C*P and F*P enjoy remarkable properties, summarized in Propositions
3, £§ and .10 below. Some of these properties are well-known, other not so.

Proposition 4.5 (algebra property). (i) For any A >0, and p,q,r € [1,+00] such
that 1/p+1/q = 1/r, we have
1 gllerr < [ f llerw [lgllena-
(ii) For any A >0, and p,q,r € [1,+00] such that 1/p+1/q = 1/r + 1, we have

1 gllzxe < N[ Fllzxo Ll 2.
(iii) As a consequence, for any X > 0, C* = C¥*® and F» = FN' are normed
algebras: for either space,

1£gllx < [LF1Ix lgllx-
In particular, || f™|x < || £% for any n € Ny, and ||ef]|y < elflx.

Remark 4.6. Ultimately, property (iii) relies on the fact that L and L' are normed
algebras for the multiplication and convolution, respectively.

HOf course all norms are equivalent, still the choice is not innocent when the estimates are
iterated infinitely many times; an advantage of the supremum norm on R? is that it has the
algebra property.
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Remark 4.7. It follows from the Fourier inversion formula and Proposition [.J that
I fllexr < |[fllz> (and || fllgx < [[f]l£1); this is a special case of Proposition [L.§ (iv)
below. The reverse inequality does not hold, because || f||o does not control || f||:.

Analytic norms are very sensitive to composition; think that if @ > 0 then
fo(ald)|erxe = a=¥P || fllcars; SO We typically lose on the functional space. This is
a major difference with more traditional norms used in partial differential equations
theory, such as Holder or Sobolev norms, for which composition may affect constants
but not regularity indices. The next proposition controls the loss of regularity im-
plied by composition.

Proposition 4.8 (composition inequality). (i) For any A > 0 and any p € [1, +00],
gt
£ o Hlless < [[(@et V) | P 1 llewr, v = 1H]lea.

where H s possibly unbounded.
(ii) For any A >0, any p € [1,00] and any a > 0,

|fo@a+a)|, <aflcoms v =IGCler
(iii) For any A > 0,
|feta+a)  <lflme,  v=IGlz.
(iv) For any A > 0 and any a > 0,
|fe@a+a)|, <lflrowm, — v=IGlo.

Remark 4.9. Inequality (iv), with C on the left and F on the right, will be most
useful. The reverse inequality is not likely to hold, in view of Remark [£.7.

The last property of interest for us is the control of the loss of regularity involved
by differentiation.

Proposition 4.10 (Control of gradients). For any A > A, any p € [1, +00], we have

1

(13 19 fless < (5 ) Il
1

(1. 19l < (G ) Wl

The proofs of Propositions [[.5 to [L.I(] will be preparations for the more compli-
cated situations considered in the sequel.
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Proof of Proposition [[.4. (i) Denoting by || - ||»,, the norm of C*?, using the multi-
dimensional Leibniz formula from Appendix [A., we have

ol = 3 100N < 33 ( L) =)

L g
£eNG LeNd m<t
< Ul g o o
m
¢eNd m<t
- ZZ L |LP A" [lg T e A
(£ —m)!
= ||f||/\;p ||9||A;q'
(ii) Denoting now by || - ||x,, the norm of FA? and applying Young’s convolution

inequality, we get

1/r
1 gllxr = (Zlfg " 2“""“') "o (Z(Z\ﬂm @(/{;_g)‘emik—eewe)’")

k 14
(Z |p 27 Ap|k— Z) ! (Z ‘§(€)|q e27r)\qf|> !
k V4
O

Proof of Proposition [[.§. Case (i). We use the (multi-dimensional) Faa di Bruno
formula:

(foH)™ = Z m(f( vretn) o ) H( ) ;
_ j=1

SO

HU)
g!

(o Y|, < Z‘_ m,i‘
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thus
A" Up [ R
D e B, < |[|(det VE) | <Z 1
n>1 k=1
A" o EG)
) o peverl §§ v
Z?zljmjzn, 22:1 mj=k j=1
- IR > 2 i >
k=21 e1>1
where the last step follows from the multidimensional binomial formula.
Case (ii). We decompose h(z) := f(ax + G(x)) as
an n n
h(z) =) o (f™)(az) G()
neNg
and we apply V*:
k klaftn k1+n ko (
Vi) = 3 Y i (V@) (TG @),

k1+ko=k, eNZ neNg

Then we take the LP norm, multiply by A\*/k! and sum over k:

llexs < lal ™% 37

)\kl +ko |a|k1+n

IV fllze [V

| Il
ky a0 k’l. k’g. n:
3 )\kl ‘a|k‘1+n
= fal= 3 S VR G e
1-Nn:
k1,n>0
)\k‘l k1+n
<o 3 2N g gy o
]{31'71,'
k1,n>0

_ a™ (\+ |Gl )™ m
:|CL| d/p Z ( J' ||C) ||v f||LP>

m>0

where Proposition [[.J(iii) was used in the but-to-last step.

mj
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Case (iii). In this case we write, with Gy = @(O),
h(x) x 4 G Z f p2imh-a 2irk-Go €2i7rkv(G(gc)—Go);

SO

Z f 2z7rk -Go 2z7rk-(G—Go)}A (E . k’)
Then (using again Proposmon 1%5))

Z ‘ﬁ(ﬁ)‘ e2m Al < Z Z |]/c\(]{?)| 2T Ak| 2 A|0—k| ’ [e2i7rk-(G—Go)]A (£ _ ]{3)‘
14 k 4
= 1f k)
k

< Z |j?(k:)| o2 Ak| |27k (G=Go)lx

k
< Z |f(k:)| p2mAE| 27 |k] |G=Gollx
k

= 1 lIxtie-conn = Iflrews v =Gl

6227rk- (G—Go)

A

Case (iv). We actually have the more precise result

(45) I o Hler < 37 k)| 2
Writing fo H = f(k) e ™H  we see that ([F) follows from
(4.6) e ||r < elfller.

To prove (f.8), let P, be the polynomial in the variables X,, (m < n) defined by the
identity (e/)™ = P,((f"),n<n) e; this polynomial (which can be made more ex-
plicit from the Faa di Bruno formula) has nonnegative coefficients, so ||(e*)™]|, <
Po((l f™ 1) im<n). The conclusion will follow from the identity (between formal se-
ries!)

A” AP
(4.7) 1+ Z nl Po((Xon)m<n) = exp Xk

neNd keNd

To prove ([£7), it is sufficient to note that the left-hand side is the expansion of e/
in powers of A at 0, where f(\) =3~ a }\f—’f Xk O
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Proof of Proposition [{.10. (a) Writing || - |[x,, = || - |ex», we have

A
10: fllxp =D 7 1050 f Il e,
where 0; = 9/0z;. 1f 1; is the d-uple of integers with 1 in position i, then (n+1;)! <
(In] + 1)nl, so
(Jn|+1) A" N
9.1y < s (P20 5 2o

m|>1
and the proof of (f.J) follows easily.
(b) Writing ||+ [y = |- [ exs, we have

1/p
10:fIxp = (Z i | F () [P e2mpk|)
k

1/p
< |isup <|]{Z| 627T()\—X)k|>:| <Z |J/c\(k)|p e27rka|> ’

keZ kezd

and (f.4) follows. O

4.2. Analytic norms in two variables. To estimate solutions and trajectories of
kinetic equations we will work on the phase space T¢ x R, and use three parameters:
A (gliding analytic regularity); 1 (analytic regularity in x); and 7 (time-shift along
the free transport semigroup). The regularity quantified by A is said to be gliding
because for 7 = 0 this is an analytic regularity in v, but as 7 grows the regularity is
progressively transferred from velocity to spatial modes, according to the evolution
by free transport. This catch is crucial to our analysis: indeed, the solution of a
transport equation like free transport or Vlasov cannot be uniformly analytic[] in v
as time goes by — except of course if it is spatially homogeneous. Instead, the best
we can do is compare the solution at time 7 to the solution of free transport at the
same time — a kind of scattering point of view.

The parameters A, i will be nonnegative; 7 will vary in R, but often be restricted
to R, just because we shall work in positive time. When 7 is not specified, this
means 7 = 0. Sometimes we shall abuse notation by writing || f(z,v)|| instead of
| ]|, to stress the dependence of f on the two variables.

2By this we mean of course that some norm or seminorm quantifying the degree of analytic
smoothness in v will remain uniformly bounded.
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Putting aside the time-shift for a moment, we may generalize the norms C* and
F in an obvious way:
Definition 4.11 (Two-variables analytic norms). For any A, u > 0, we define

(4.8) Ifleve = 32 30 2 5 v

mGNd nENd

‘Lw (TdxRd)’

(49) WW—Z/ )| 2l 2l gy

kezd

Of course one might also introduce variants based on LP or 7 norms (with two
additional parameters p, ¢, since one can make different choices for the space and
velocity variables).

The norm ([£.9) is better adapted to the periodic nature of the problem, and is very
well suited to estimate solutions of kinetic equations (with fast decay as |v| — c0);
but in the sequel we shall also have to estimate characteristics (trajectories) which
are unbounded functions of v. We could hope to play with two different families
of norms, but this would entail considerable technical difficulties. Instead, we shall
mix the two recipes to get the following hybrid norm:

Definition 4.12 (Hybrid analytic norms). For any A, > 0, let

(4.10) 1 llznm = Z et anf (¢, “)H

£e74 neNd Lo (&)
More generally, for any p € [1, co] we define
A" —
411 » = el H nF (0 _
(.11) fllzree = 3 3 2 et |SE7E )], o,
£e74 neNd

Now let us introduce the time-shift 7. We denote by (S%),>¢ the geodesic semi-
group: (SY)(z,v) = (x + v7,v). Recall that the backward free transport semigroup
is defined by (f 0 SY),>0, and the forward semigroup by (f o S°_),>o.

Definition 4.13 (Time-shift pure and hybrid analytic norms).

(112) fllgan = 1f 0 Sern = 3 3 292 (9, 79

mENd nGNd

Loo(TéxR)’
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(4_13)) HfH}"\ L= Hf o SOH]:AM _ Z / 27r>\|k-r+77| 627w|k\ dn;

kezd Y MER?

o~

(4.14) ]|f||zw_||foS°||ZM_ZZ - 2”#'”” o + 2imr0)" F (4, v)

ZGZdnENd

Lo (RY)’

~

(4.15) 1l =SS % 2l H(Vv 2imrty (M)’

ZEZdnENg

Lr(RY)

This choice of norms is one of the cornerstones of our analysis: first, because of
their hybrid nature, they will connect well to both periodic (in z) estimates on the
force field, and uniform (in v) estimates on the “scattering transforms” studied in
Section f. Secondly, they are well-behaved with respect to the properties of free
transport, allowing to keep track of the initial time without needing ridiculous (and
inaccessible) amounts of regularity in = as time goes by. Thirdly, they will satisfy the
algebra property (for p = c0), the composition inequality and the gradient inequality
(for any p € [1, 00]). Before going on with the proof of these properties, we note the
following alternative representations.

Proposition 4.14. The norm ZM admits the alternative representations:

(4.16) £l on = > Z - 2] an v) 2T

Lr(RY)’

£e74 neNd
A7 .
(417) £z = 32 55 | @0t 7904
nt wp
nENg
where
(4.18) lgllio = D ™G] g
Leza

4.3. Relations between functional spaces. The next propositions are easily
checked.

Proposition 4.15. With the notation from Subsection [[.3, for any T € R,
(i) if f is a function only of = then

[ llexe = Wflleaimivns M F 2 = 17 22 = NS lmnimriens
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(i) if f is a function only of v then
[f llersme = F I zame = W fllexo,  1f 1l = [Lf 11225
(iii) for any function f = f(x,v), if (-) stands for spatial average then
[ lexo < NIl zmrs

() for any function f = f(x,v),

[0

Remark 4.16. Note, in Proposition .15, how the regularity in z is improved by
the time-shift.

< I fll grma-
FATI+n

Proof of Proposition [[-13. Only (iv) requires some explanations. Let p(z) = [ f(x,v)

Then for any k € Z,
= /J?(k, v) dv

~

(2imtk)" p(k) = /(Qimfk:)" (k,v)dv
= /(VU + 2imtk)" f(k,v) dv.

Recalling the conventions from Appendix EI we deduce

Z 27l k| |27r)\tk‘| k)| < Ze%ulk\ /’ v + 2imtk)"? ]?(/f,v) dv

k,n
= ||f||gw1

so for any n € N&,

Proposition 4.17. With the notation from Subsection [[.3,
AN, <t = fll 2w < Nl gy
Moreover, for 7,7 € R,

(1.19) 1030 < 1 it
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Remark 4.18. Note carefully that the spaces ZM are not ordered with respect
to the parameter 7, which cannot be thought of as a regularity index. We could
dispend with this parameter if we were working in time O(1); but ([.19) is of course
of absolutely no use in the study of large time behavior. This means that errors on
the exponent 7 should remain somehow small, in order to be controllable by small
losses on the exponent pu.

Finally we state an easy proposition which follows from the time-invariance of the
free transport equation:

Proposition 4.19. For any X € {C,F,Z}, and any t, 7 € R,
15 0 S0l o = Il

Now we shall see that the hybrid norms, and certain variants thereof, enjoy prop-
erties rather similar to those of the single-variable analytic norms studied before.
This will not be very pleasant, and the reader who would like to connect to physical
problems can go directly to Subsection [L.T1].

4.4. Injections. In this section we relate ZM“P norms to more standard norms
entirely based on Fourier space. In the next theorem we write

(420) ||f“3’?'“ = Hf”y_-;\,u;oo = sup sup e27ru\k| e27r)\|77+k7—| ‘f(kan)‘
kezZd neRd

Theorem 4.20 (injections between analytic spaces). (i) If \,;u > 0 and 7 € R then
(4.21) [Ty < LFI zams

(ii)) IFO< A<\, 0<pu<u<M,t€ER, then
_ c@n

(A =N (7 — p)?
(iis) If 0 < A< A< AN O0<pu<pu<M>b<p3< B, then there is C =

C(A, M, b, B,d) such that

(4.22) 11z < Il

o
ngwSCm“w”<W%y+

max{(/ |f(x,u)\eﬁlvldudx); (/ \f(x,v)|65”dvd:c)2}>.
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Remark 4.21. The combination of (ii) and (iii), plus elementary Lebesgue inter-
polation, enables to control all norms ZMP 1 < p < oo.

Proof of Theorem [[.20. By the invariance under the action of free transport, it is
sufficient to do the proof for 7 = 0.
By integration by parts in the Fourier transform formula, we have

—2imn-v

—2i7Tn-v o m €
fk:n /fk:v 2Ty = /Vf(kv)de.

So

k)] < / V7 Tk, 0)] do

N
(27 [n))™

and therefore

p2mulk| 2w | |f(k n)| < 2kl Z 270\) n|" |f(k ol

< el 3 % / 27 (k) do.

This establishes (i).
Next, by differentiating the identity

Flhv) = / Flk.m) e .

we get
(4.23) vk, v) = / Flhk.m) @imny™ 2 dn,

Then we deduce (ii) by writing

~ Am m/\
Z o2mulk] il IV f (K, 0) || oo (av)

k,m
< S e [ )| dy
k

< <Z 6—27r(ﬁ—u)|k> ( / e dn) (Sup 2Nl G2 | f(k‘,n)l).
3 kan
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The proof of (iii) is the most tricky. We start again from ([.23), but now we
integrate by parts in the n variable:

. . 62i7r17-v
m — (__1\4 q ] my_-
@) VIFE) = (0 [ ValFk) @im] G,
where ¢ = ¢(v) is a multi-index to be chosen.
We split R? into 27 disjoint regions A(iy, ..., i,), where the i; are distinct indices

in{1,...,d}:
A(l) = {v ERY Ju| > 1Viel, |u]<1Vig 1}.

If v e Alir,...,i,) we apply (£:24) with the multi-index ¢ defined by ¢; = 2 if
J € {i1,..., 1}, g; = 0 otherwise. This gives

-~ 1 d’UZ' c. dv,-
ekl < (G [ et )
/A(il in) (27)2" Jagin,im) [V Vi ]? ) ke

..........

3 [F 0 m) (2in)™] |

Summing up all pieces and using the Leibniz formula, we get

[ 1vzF)do < C@ +m*) sup sup 9370k 2l

kmn  |q|<2d

At this point we apply Lemma below with

. {X—A ﬁ—,u}
E=MINS ——— 5 —— ¢,
2\ 20

and we get, for ¢ < 2d,

|V%f(/{:,n)‘ <C(d )max{fx M2H}K(b B)e —2r 28|y

o 1—e BV flleo BV il )
(sup 627r/\|n\|f(k;, 77)|) max (su T ; | sup T
n 4n 4n

Of course,

B |V, / \Flk UV

gl
¢
/|f:)3v 27rﬁ)5|v| dv </ | f(z,v)| 2™ qy.
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So, all in all,

AT e
S e 20 [ 9r e ol do
k,m ’

< 3" C(d, A, M, b, Bymerrim ¢~ 5
lg|<2d
m 2d m—
(Z AT (1 +m)™ 2| q) (Z 6—27r(ﬁ(1—e)—u)|k>
m!
m k
- _ _ 1—¢ € 2e
(sup 2l G2m3l \f(km)\) max { ( / (@, v)] e dv) ; ( / @, v)] dv) } .
]4;777 ]Rd ]Rd
Since
m 2d m— _
A (1 +m) |27”7| ! S C(q,A) 627T¥‘77|
m!
and
Z e~ 2m(E(l—e)=u)k| < Z e~ EmIM < ) (m — ),
k k
we easily end up with the desired result. 0

Lemma 4.22. Let f : RY — C, and let « > 0, A > 1, ¢ € Nd. Let 3 such that
0<b<B<B. If|f(x)] < Ae=l for all x, then for any e € (0,1/4) one has

IVf(x)| < Clg,d)? K(b, B) A'= e~ (=)l

pm{< IV =Y (1711’ }
reNg r

Remark 4.23. One may conjecture that the optimal constant is in fact polyno-
mial in 1/e; then the constants in Theorem [L2{|(iii) can be improved accordingly.
Mironescu communicated to us a derivation of polynomial bounds for the optimal
constant in the related interpolation inequality

1/(k 2 k 1 k 2
£ | ooy < C (R IFIIEAG? FSHDNEd y 2

based on a real interpolation method.
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Proof of Lemma [[.23. Let us first see f as a function of z, and treat 2/ = (3, .. ., zq)
as a parameter. Thus the assumption is |f(zy,2')| < (Ae 1) e~ By a more
or less standard interpolation inequality [[4, Lemma A.1],

1
(4.25) |onf (w1, a)| < 2V A eI Vemelnl [0 f (21, 2') | % = 2V A el /[0 |oc
Let Cy, , be the optimal constant (not smaller than 1) such that

1—491

a1
(4.26) 08 f(a1,2")] < Copy (AN 700 (|00 f (a1, 2")]|3.
By iterating (29), we find Cy, », < 24/Coy—1,, Cgr41,r, - It follows by induction that
qu < 9a(r—a)

Next, using ([26) and interpolating according to the second variable x5 as in

(E25), we get

_ -4 - —r =

080 F(@)] < Cua (o (AR O] I ) 05208 1112
a (192 a2
2

—alz\A-L)(1-22 r r ) e I
< Cpiry Copory (AN a0 110772 a2 0 £ 22
We repeat this until we get

(427) Iqu(g:)| < (thm . C )(A e_alxl)(l_%)“'(l_%)

qd,"d
oo L2 (1-2) vy 2(1-3) (1-% C1ara o
|z e amag Y T om gL ok o f e
Choose r; (1 <i < d) in such a way that
E < & < %;
d— T d

this is always possible for ¢ < d/4. Then C,,,, < (29%)"/¢ and ([227) implies
[V f ()| < (219F) V% (A emelelyi= max {[[V* 155 IV
s<r+q

Then, since 2(r + q)e < 3dq we have, by a crude application of Stirling’s formula (in
quantitative form), for s < r + g,

s plle BIVEflle N (s
95l < (L) (2)
< (sup %)E C(8,q,d)

n
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and the result follows easily. O

4.5. Algebra property in two variables. In this section we only consider the
norms Z?; but similar results would hold true for the C and F spaces, and could
be proven with the same method as those used for the spaces F» and C* respectively
(note that the Leibniz formula still applies because V, and (V, + 7V,) commute).

Proposition 4.24. (i) For any \,u > 0, 7 € R and p,q,r € [1,+00| such that
1/p+1/q=1/r, we have

1F gl e < ALF 220 91| 220

(ii) As a consequence, ZM = ZM5%® js a normed algebra:

1 fgllzn < WS 22 llgl 22

In particular, || f*|| zon < || £, for any n € Ny, and ||e|| son < M lzxn
ZT Z. o Z‘r

Proof of Proposition [f.24. First we note that (with the notation ([LI§)) || - ||, sat-
isfies the “(p, ¢, ) property”: whenever p, q,r € [1,+o0| satisfy 1/p+1/q = 1/r, we
have

1 glr =Y ™ N F g€, ey

=y

_ 2mple| Ak No(f — 1 .

=3 Stk yae =k, L
Lezd k

< YOS e TR F (R )| ey 15— By )| ey
€74 kezd

= |||f|||u;p |||g|||u;q'
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Next, we write

A" "
1f gl zame = > 1 Ve 4 7V2) (£9) e

neNg
)\n n m n—m
D DI ST S
>\7L
< Z n! 2 ( :@ V(Yo +7V)™ Flllip (Ve + 7V2)" " ]l1q

A A
- (Z XN+ Tvm>mfmmp> (Z 2N, + Tvx>ff|||u;q>
1

m

i

= [ z2 00 Mgl 2200

(We could also reduce to 7 = 0 by means of Proposition f.19.) O

4.6. Composition inequality.

Proposition 4.25 (Composition inequality in two variables). For any A, u > 0 and
any p € [1,00], T €R, a € R\ {0}, b € R,

(4.28) |+ b0+ X (@) av + V@), < a1z,
where
(4.29) a = Aa| + [V 2o, B=p+Ab+7—ac|+ || X —oV|

Remark 4.26. The norms in (f.29) for X and V have to be based on L>, not just
any LP. Also note: the fact that the second argument of f has the form av+V (and
not av + cx 4+ V) is related to Remark [L.7).

Proof of Proposition [[.2J. The proof is a combination of the arguments in Proposi-
tion .Y In a first step, we do it for the case 7 = ¢ = 0, and we write || - |\ up =

|| : H A 5P -
Z
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From the expansion f(z,v) =3 f(k,v) 2™ we deduce

h(xz,v) = f( +bv + X(x,v), av + V(z, v))
_ Z A(k’ av + V) p2imh: (z+bv+X)

m!

Y vmo , '
— Z Z V;nf(k’ an) P 62Z7Tk‘1' 62Z7Tk‘~bv 6217rk;~X.
k m
Taking the Fourier transform in z, we see that for any ¢ € Z¢,

_ sz:}n}'\(k’av) e2i7rk-bv Z (Vm) (]) ( 2imk- X)(f E— )
kK m

m!
J

Differentiating n times via the Leibniz formula (here applied to a product of four
functions), we get

Vin(tv) =" > Lvmm f(k, av)

ni!ng! ng!ny!
k,m,j nmi+n2+nz+sng=n 1e b2 1e3s Ted:

Vi (V™))

‘ VZS (€2i7rkvX)A(€ — k= j) (2Z7Tb]€)n4 e2i7rk-bv'
m:
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Multiplying by A" €2/l /n! and summing over n and /¢, taking L? norms and using
19l < [ fllzellgllze, we finally obtain

B A" e 27l a
Vil < lal =7 3 la"

k,j,erg; m,n,ni+nz+nz+ns=n>0

v Fik

s

Vi (V™) () H

nl'ng'ng'n4 m!

| Vi — k= 5)|| _ (2ol k)™

) \nitnetnatng 627rﬂ‘k| 627r“‘j| 627ru‘z_k_j| ‘a|n1 i
— Ja|" ¥ > ERTT IV F e, )| o

k?jvgezgv m,ni,n2 7”37”420

m!

kuw | w51 — k= )| _ 2nlol )

>\n
<lal™" >, 7\\V"”’“f o e <m,2n, 2l || (V) (5 >r|oo)

kni,m na,Jj
A", (2mA[b[|k])"
7t 27plhl ng ( 2irk-X
(2 e e on], ) (222
n3,h T4
— ()\|a|)n1 T ni+m 7 ||Vm||)\7 k- U
= |a d/p Z 762 il k| val-i- GBI Tﬂ H62 kXHM 2™ Alb]||
k,p,m
—d/p (Ala)™ 2 (AR || 7ma+m ||V||7Arfu 27|k [| X/ x,
<fal e 5 W combe o e ), S o X
kni,m
- 1 n n 7 T
=™ 3 S el 1V ) V27, ) 02
= Q]2 || £l N aleH 1Vl o+ N 1X
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Now we generalize this to arbitrary values of ¢ and 7: by Proposition [[.19,
Hf(x +bv+ X (z,v), av + V(x,v)) ’

Ao
ZT’/%P

= f<x+v(b+7')+X(x+v7',v),av+V(m+vT,v)>’

ZAup

= foSgoSEU(x+v(b+T)+X(x+v7',v), av+V(:13+v7',v)>‘

ZA ;P

= (foSg)<x+v(b+T—aa)—i—(X—aV)(m—i—vT,v), aU—FV(I—FUT,U)))

ZAuip

= (foSg)(x+v(b+T—aa)—l—Y(m,v), av+W(x,v)>‘

zkyu;p’
where
W(z,v) =VoS)(z,v), Y(z,0)=(X—-0V)oS)(z,v).

Applying the result for 7 = 0, we deduce that the norm of h(xz,v) = f(z + bv +
X(z,v), av + V(z,v)) in ZM is bounded by

1f © Sollzasw = [Lf]l 500,

where
a=Na| +[[V o Sl zan = lalA + [V ]| 2,
and
B=pu+Ab+7—ac|+|[(X —aV)o Sz =p+Ab+7—ac|+ [ X = oV 2.
This establishes the desired bound. U

4.7. Gradient inequality. In the next proposition we shall write

~

)\77/
/ _ 2 2mpll| : n
(4.30) Il = D0 D2 e H(V” + 2inTl) f(f,v)HLoo(Rg).
€74\ {0} neNg
This is again a homogeneous (in the x variable) seminorm.

Proposition 4.27. For A\ > X\ >0, i > u > 0, we have the functional inequalities

C(d)
v:c Apwsp > T
IVafll zamr < =0

C(d) )
m ||f||Z7>_\,u;p'

! .
||f||z>uﬁ;pa
T

H(VU + Tvx).fHiju;p <
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In particular, for 7 > 0 we have

1.3 < O | (57 ) Wllasms + () 10

The proof is similar to the proof of Proposition @; the constant C'(d) arises in
the choice of norm on R?. As a consequence, if 1 < A/\ < 2, we have e.g. the bound

1 1+7
v A pip S C d = -+ NEp e
19l < O (525 + 20 ) Ul

4.8. Inversion. From the composition inequality follows an inversion estimate.

Proposition 4.28 (inversion inequality). (i) Let \, u > 0, 7 € R, and F : T*xR? —
T¢ x Re. Then there is ¢ = e(d) such that if F satisfies

IVE = 1d)| g < (d),

where

N = A 2F Wl W= 20 ) [ =1
then
(4.31) |F~ 1] < 2F T

(ii) More generally, if F' and G are functions T¢ x R? — T4 x R? such that

(432 IV(F = 1) e < (),
where

N =A+2F ~ Gl = pt 20+ o) |F ~ Cll o
then
(4.33) [F~ oG —1d || gaw < 2|1 F = G| zan-

Remark 4.29. As could be expected, the conditions become very stringent as 7
becomes large: basically, F' —Id (or F' — G in case (ii)) should be of order o(1/7)
for Proposition to be applicable.

Remark 4.30. By Proposition .27, a sufficient condition for ([.39) to hold is that
there be \”, 1/ such that A < A\ <2\, u < i, and

/
d
||F —Id ||Z7)_\//7“// < 185_3_ min{)\” - )\,; u” - ,u'}

However, this condition is in practice hard to fulfill.
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Proof of Proposition [[.28. We prove only (ii), of which (i) is a particular case. Let
f=F—-Id,h=F1oG-1d,g=G—-1d,sothat Id + g = (Id + f) o (Id +h), or
equivalently
h=g—fo(ld +h).
So h is the fixed point of the map
S:Zr+——g—fo(ld +2).

Note that ®(0) = g — f. If ® is (1/2)-Lipschitz on the ball B(0,2|f — g||) in ZM,
then (f.33) will follow by fixed point iteration as in Theorem [R.J.
So let Z, Z be given with

1Z1| g, 1 Z 22 < 20 f = gl pr
We have
O(Z)—d(Z) = f(Id + Z) — f(Id + Z)

_ (/1Vf<1d +(1—9)Z+92) de) (Z - 2).
0
By Proposition [£.24,

fo(2) - @2l oo < ([

For any 6 € [0, 1], by Proposition [£.23,

Vi(d +(1—0)Z+02) HZ de) 1Z = Z|| oo

|vs(a+a-02z+02) sz»u < |VSl

ZX,fm
2

where

A=At max{||Z]; 121} < A+ 201 = gll o
and (writing Z = (Zy, Z,), Z = (Zy, Zy))
i=p+max{||Z, = 7Z,|; |2, — 72|} < p+ 200+ 7)) | f = gl 220
If F' and G satisfy the assumptions of Proposition [£.2§, we deduce that

1@ | Lip(B(0,2)) < C(d) e(d),
and this is bounded above by 1/2 if £(d) is small enough. 0
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4.9. Sobolev corrections. We shall need to quantify Sobolev regularity corrections
to the analytic regularity, in the x variable.

Definition 4.31 (hybrid analytic norms with Sobolev corrections). For A, u, v > 0,
T € R, p € [1,00], we define

||f||gj’(“’“f)p Z Z - 27m|é\ (1+ |¢])” H (Vy + 2imrl)" f Hm (R2))

ez nENd
1fllmxe =D €™ (14 k) | £ (k).
kezd

Proposition 4.32. Let A\, ;i,7 > 0, 7 € R and p € [1,+o0]. We have the following
functional inequalities:

(Z) ||f||Z>\’(H,’Y);P = ||f o StOHg)"(H”Y)%P;'
t+T T
(i) /p+1/q=1/r = |[fgll zrwr < [l zpwm 9]l 20000 and therefore in

particular Z2W = ZME e o normed algebra;

(i) If f depends only on @ then || f|| nwm = [fllFrimiena s

(1) [1F1l 2000 < WFHl 22 0eerm=m10;
(v) for anyo € R, a #0,beR, p e [l,0],

Hf(a:+bv—|—X(x,v), av+V(1’,v)>‘

2N )ip = |a|_d/p ||f||zg’(5»’Y);Pa

where oo = Ma| + [|V[| gy and 8= p+ Ao+ 7 — ac| + | X = o V| px0m-
(vi) Gradient inequality:

C(d
vaf“zi’(“””p S % ||f“zi\,(ﬁﬁ);p7

1 1+7
193000 < O (575 + 5 ) 161

(vii) Inversion: If F' and G are functions T? x R — T4 x R? such that
IV(E = 1d)| px.or) < e(d),

where

)\/ — )\ + 2||F - GHZ?»(M»’Y), /“’L, — l[L _I_ 2(]. —'I— 7_) ||F - GHZj,(M,’y),
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then
(4.34) [F™ oG —1d || prem < 2[1F = Gl g

Proof of Proposition [[.33. The proofs are the same as for the “plain” hybrid norms;
the only noticeable point is that for the proof of (ii) we use, in addition to e*™* <
2 Akl 27 the inequality

L+ K7 < (L4 [k = £)7 (1 + €))7
0

43

Remark 4.33. Of course, some of the estimates in Proposition .3 can be “im-
proved” by taking advantage of 7; e.g. for v > 1 we have

||vl‘f||z7§’##’ S C(d) ||f||z;},(urv);p-

4.10. Two-shift hybrid norms. Our norms can be further refined by using two
(or more) different time shifts. While this can be avoided for the proof of our
main result, it played a crucial role in a preliminary version of this paper, and has
independent interest because it provides more flexibility. We shall illustrate this in
Section .

Definition 4.34 (Two-shift hybrid analytic norms with Sobolev correction). Let
A,y >0, 7 € R and p € [1,+00]. We define the space Z((ﬁf,l))’(”’y);p by

(435> ||f“z(%>\’)),(uﬁ/);p =

27r || ’
Z Z ' 1+ ‘k‘ H (Vo + 2im7k)]" [N (V, + 2in7'k)]" Gk, v)

k nnENd

LP(dv)

Remark 4.35. If 7 = 7/ we can apply the formula

> (A =X

n+n'=m

to see that the above space reduces to Z; " ** Further note that if in ([37) we
had exchanged > with the LP norm, by the formula

n+n’'=m

Z ( ZL ) ()\Vv + 2Z7T)\Tk)n()\lvv + 27;77_)\/7_,]{:)# = (()\ —+ )\/)vv —+ 2271-()\7_ + )\/7_/))71

n+n'=m
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the resulting space would be just Z2 2 (157 P with

A=A+, 7':7)\_'_)\,

These two-shift hybrid norms do not in general reduce to the previous single-time-
shift hybrid norms. Even if their interpretation in terms of the transport semigroup
is not so easy, we have

1
(436) ||f||g((%>\/’))y(uw);p = Z

n!ln'l

)(wv)ns:_,,(wv)"’s:

wp
n,n’eNg '

where S*f = f 0 5% is the pullback of f by the characteristics of the free transport;
or equivalently the evolution of f by the backward free transport semigroup.

Variants of the estimates which we established for the hybrid norms remain valid
(although with a more tricky proof) for the two-shift hybrid norms. Let us establish

Proposition 4.36. Let A\, N, pu,v > 0, 7,7 € R and p € [1,4+00]. We have the
following functional inequalities:

(1) 1100000 = || £ SE]

(t+, t+7’

((/\/\’)) (u'y)p
(ii) For any p,q,r € [1,+00] such that 1/p+1/q = 1/r, we have

HngZ((jjj/’))y(uw);r < HfHZ((jjj/’))y(uw);p HgHz((j::‘;))v(#Wﬁq

and therefore in particular the spaces ZOXD e normed algebras;
(m,7)
(iii) If f depends only on x then
Hf”z((kykl’)),(uﬂ) = ||f“]—'MT\+>\/\7/\+Mv’Y;

(iv) Change of time-shifts:
HfHZ((;::/’;,(u,w);p < Hf}}Z((TA:TA/’;«wwfﬂw\r’f?'m;p
and in particular
HngEj;j,’)MM);P = Hf}}z(A,A’),(w(MTH/\’\T’\M);p;
(v) For any o,0' € R, a#0, b€ R, p € [1,00], we have
‘V@+M+M%Ww%waw$ﬁmwSmwmmqﬁwm
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with
a = Ma| + ||V||Z§A,A,’)),<u,w)a o' = Nlal,

b+
B=pu+ (JaX+ V) \T+b—a\+\a|)\’|7’+b—a/|+HX—( aT)V

Z()u)\/’),(uw)
(r7")
or symetrically with

o= )‘|a|a o = )\/|CL| + HVHZ((’\’X,/))’(”"Y)’

b /
B=pu+laX|b+71 =0+ (aN +|V]) |b+7/_‘7/|+HX_ ( ZT ) v

A ()
20y

Proof of Proposition [{.3§. For simplicity we do the proof for v = 0; the general case
is completely similar.

(i). This comes readily from ([.30):

1
Hf © S?Hg((j,:\/’))»mp = Z T,

(V)" (XV)" S35, f

n,n’ENg HP
1 ,
= > V) Sy VT Sl
n,n’ENg U
= W lzgpen,

(ii). Let D :== A (7V,+ V,) and D' :== X (7'V, + V,). Then

17 5ll 000 = 30 DD Dl

— nln/!
n,n'€Nj

Thus

1
Hf gHz((TA:TA/’))»u;T < Z ) n/m/!

n,n’,m,m’'eNg

< > DD )l D™D )

n!n/!m!m/|

!

(D" (D) ) (D™(D')™g)

i

n,n’,m,m’ENg

= 7l ol
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(iii). If f depends only on z, then we have

— nln/!
n,n'€Ng

1 ! !
[z = 32 s (m AN IV Fll

TIN+|TIN)
=y TR 9 ),

n!
neNd
)\ / A/ n ~
neNgd kezd '
- Z e2mulkl2m (AT VKL F (k)|
kezd

which is the desired result.

(iv). Let D = A(rV, + V,), D' := X (FV, + V), D := \(7V, + V,), and
D" :=XN(7V,+V,). Then

1 — — /
1200000 = 20 S0 @) Fllr

n!n’!
n,n’ENg
— m A =/ m/
_ 2k @2mA|T — 7||k)™2r N |7 — 7] |k]) ’H T H
=D ¢ > P o o (DD Dk,
kezd n,n’,m,m’ENg
- Nt =1 1 N
— 2w (pAN T =T+ N[ =7']) | K| n n’ .
B Ze Z n!n'! ‘(D (D) f)(k, )H Lt
kezd n,n/ENg
1 n '
= 1D (D) fllaie—rtextr—p

n,n’ENg

which is the desired result.
(v). The proof of this point is more involved, so we shall progress step by step.

Step 1. We first consider the (most important) case b = 0, a = 1, 7/ = 0 and
o =0. We still write D := XA (7V,+V,) and D" := X (7'V, + V,) =X V,.

We wish to estimate the Z((jb’\)/)’” P norm of

h(z,v) = flx + X,v+ V).
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In contrast with the proof of Proposition [[.25, we write a Taylor expansion in both
variables x and v:

h(z,v) = Z r'is,' (VIV: f)(x,v) X (x,0) Vi(z,0v).

r,seNg

Here are some guidelines for the reader: (a) all indices arising from polynomial
expansions and Leibniz formulae (whatever the number of variables) will run on Ng
and come with the inverse of their factorial, whereas (b) all indices arising from
Fourier decomposition and Fourier convolution formulae will run on Z¢ and come
with no factorial.

Applying the operator D™(D')" for m,n € N yields

D™(D')"h = S
r,s, mi+ma+msz=m, ni+no+nz=n, ENg

(D™D VL VL) (D™ (D)" X7) (D™ (D)™ V?).

1
rls! m1! m2! m3! n1! ng! n3!

Taking Fourier transform, we get
(D™(D")"h) (k. v)

- ¥ > 1
rlstmi!mol ms! ni!no! ng!

k1+k2+k3:k,EZg r,s, mi+ma+ms=m, ni+na2+nz=n, ENg

(D™ (D) VoV f)(ky, v) (D™2(D')"2 X7 (ka, 0) (D™ (D)2 V*) (s, v).

Then we take the L2 norm, multiply by e? /¥l and sum over k € Z3 and m,n € N&:

1
1l 200000 < rlslmy!mo! ms!ng! na!ng!
(7,0) c O 1- 2. 3. Tb1:N2-TL3.

k17k2,k3ezg r,s,m1,m27m3,n17"27"36Ng
ML (D™ (D) ) (k) | €™ | (D72 (D)™ X (2, 0) | o
ekl ||(Dm (D' V) (s, )|

By computing the sums over the indices ko, mo, no and ks, ms, n3 we get:

1
TRVINED S SR
H HZ((?,’&))'M - rlslmy!ng!

k1 GZg r,8,M1,M1 ENg

B |[(D™ (D £) (R o) | o 11X 1 o 1V o
v (7,0) (7,0)
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Then we use the algebra property for Z((:‘O’\

1
||h||2(/\/\’)up < Z Z r!s!mllnll

k1EZO r,s ml,nleNd

B [[(D™ (D) ) ey 0) g IX e IV

Since V, commutes with D and D’, we can get out the factor (27r|k:1|)r created
by the operator V7 in the norm:

1
HhHZ(/\/\’)MP < Z Z r!s!mllnll

kleZ .S ml,nleN

e2ﬂﬂ|k1 (27T|k’1 H Dml(D,)n1Vf,f)A(k1>v)“L€ ||X||TZ((A,OA)’),H ||V||SZ((A,OA)/)»M .

Summation over r € N yields

1
Hh’H ()\)\’)upg § § | T
S:mqing.

klel s ml,nleNd

2™ (uH I X k|

(D (D3 )0 (g
where || X|| is a shorthand for [|X|| ja.x)... Since D" = X'V, this is the same as
(7,0)

1
Hh'“ (/\/\’)Mp < Z Z | o
S:Mmqing.

k1 GZ s ml,nleN

2 GrHIX IR (\rym

(D™ ) ko)

S
o V60,

But

0 .

S VI = Y VI
nytSs.:

nﬁ—s:Z,ENg

where ||V|| is a shorthand for ||V||Z(A,>\’),u; S0

||h|| (A A’)up S Z Z (| X )] R | ()\/+ ||V|| Z H Dm1v£f)"(kl’v)HL€

leZ m1,f€N

= ||h||zéj,'(?),)’u;p < ||f||Z((jy,OA)’JrIIVH),quIIXII;p-
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Step 2. Let us relax the assumption 7/ = 0. We start again from h(z,v) =
f(x+ X, v+ V), and we want to estimate the Z((;\’T)‘,))’“;p norm of h. By (i),

||h||Z(NA’)’up = ||ho ST/H (AN),psp +
(r,7") (T 7/,0)
But
hoSY% = f<x+7"v+X(x+T'v,v),v+V(x—i-T’v,v))
= (fo8%) (4 (X =7V +7'0,0), 0+ V(z+7'v,0)).
So by applying Step 1, we get
Hh'“z(/\/\’))up < ||foSO ||Z(aa)£p

with

a=X o =N+[VoSi|, o, B=p+lIX —7'V) 0 S son-

(T T/ (T 7/,0)

Using (i) again, we get
HhHZ((%A/’)%MP < ||fHZ(()v)\l')vLHVII),uvLHX*‘r’VII;P

where [V = [Vl jox and [ X = 7V} = X =7V sox.
™) ™)

Of course the same proof would yield symetrically:
||h||z(<ml’)>»w < ||fHZ(/\JrlllVII,A’),quIIXfTVII;p~
T (r,7")

Step 3. To treat the general case, we define f,(z,v) = f(z,av); then

(S; fa) (x+<X—%),v+%) =flz+w+X, av+V).
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So
Hf(x + v+ X, av + V) HZ(A,A’),;L;;; < HSl;kfa||Z(A+H%H,A'),u+||xf%vfr%||;p
(r,7)

(r,77)

- \4
1 fall oty i tv—gvii

a

(T+b,7/+0b)

= |a‘_d/p £l (al A+ VILlal M), p | X =2V —ZV|;p
(T+b,7/+0b)

< Jal =7 10010

where o, o/, 3, 0,0 are as in the statement of the proposition; the last step follows
from (iv). (Note: With respect to Proposition .25, we have less room for translation
along the semigroup, and the change of the final time-shifts results in an error in
the coefficient p which also depends on the norm of V.) O

4.11. Measuring solutions of kinetic equations in large time. As we already
discussed at length, even for the simplest kinetic equation, namely free transport, we
cannot hope to have uniform in time regularity estimates in the velocity variable:
rather, because of filamentation, we may have ||V, f(t,-)|| = O(t), [[V2f(t,")| =
O(1?), etc. For analytic norms we may at best hope for an exponential growth.

But the invariance of the “gliding” norms ZM under free transport (Proposition
f.19) makes it possible to look for uniform estimates such as

(4.37) [f(m, )l 22 = O(1) as 7 — +o0.
Of course, by Proposition .27, (:37) implies
(4.38) Vo f (7 )| o = O(7),

and nothing better as far as the asymptotic behavior of V, f is concerned; but ([.:37)
is much more precise than ([.3§). For instance it implies ||(Vy +7Va) f(7, )l gy =
O(1) for N < A\, p/ < p.

Another way to get rid of filamentation is to average over the spatial variable x,
a common sense procedure which has already been used in physics [B5, Section 49].
Think that, if f evolves according to free transport, or even according to the lin-
earized Vlasov equation (B.3), then its space-average

(4.39) (f)(1,v):= /Td f(r,z,v)dz

is time-invariant. (We used this infinite number of conservation laws to determine
the long-time behavior in Theorem B.1].)
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The bound ([£.37) easily implies a bound on the space average: indeed,
(4.40) AT )ller = IO T ) zrm S NF(T ) 220 = O(1) - as 7 — o0

and in particular, for X' < A,
(4.41) (Vo) (7, ) ||ex = O(1) as T — 00.
Again, ([.37) contains a lot more information than ([L.41]).

Remark 4.37. The idea to estimate solutions of a nonlinear equation by comparison
to some unperturbed (reversible) linear dynamics is already present in the definition
of Bourgain spaces X*° [[]]. The analogy stops here, since time is a dummy variable

in X*? spaces, while in Zt)‘ * spaces it is frozen and appears as a parameter, on which
we shall play later.

4.12. Linear damping revisited. As a simple illustration of the functional analy-
sis introduced in this section, let us recast the linear damping (Theorem B.1]) in this
language. This will be the first step for the study of the nonlinear damping. For
simplicity we set L = 1.

Theorem 4.38 (linear Landau damping again). Let f = fO(v), W : T¢ — R such
that ||[VW | r < Cw, and f;(z,v) such that

(i) Condition (L) from Subsection 2.3 holds for some constants Co, A, k > 0;
(ii) | fllexs < Co;
(111) || fill zr < & for some p > 0;

Then for any N < \, the solution of the linearized Viasov equation (B.3) satisfies

(4.42) sup Hf(t, ‘)HZA’,H’;l < O,
teR t

for some constant C = C(d, Cyw, Co, \, N, pu, (', k). In particular, p = [ f dv satisfies
(4.43) sup |p(t, )| pviesn < C6.
teR

As a consequence, as |t| — oo, p converges strongly to pe = [[ fi(x,v)dzdv, and
f converges weakly to (f;) = [ fidz, at rate O(e="1") for any \" < X'

If moreover || fOlexe < Co and || fillzxme < & for all p in some interval [1,p], then
(E42) can be reinforced into

(444) sup H.f(t> ')HZ/\’,H’;p < 05a 1< p < D
teR t
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Remark 4.39. With respect to Theorem B.1], we have added an extra analyticity
assumption in the z variable; it is likely though that a slightly more careful analysis
would allow p = p’ = 0.

Proof of Theorem [[.3§. Without loss of generality we restrict our attention to ¢ > 0.
Although (43) follows from (f-49) by Proposition -1, we shall establish ([43)
first, and deduce (f:49) thanks to the equation. We shall write C' for various con-
stants depending only on the parameters in the statement of the theorem.

As in the proof of Theorem [B.]], we have

Pt k) = fi(k, kt) + /0 t K(t — 7,k) p(r, k) dr

for any t > 0, k € Z¢. By Lemma B.6, for any X' < \, i/ < p,

sup (Z |ﬁ(t, ]{7)‘ e27r(>‘/t+ﬂl)k|>
k

>0

< C()\, )\/7,1) <Z 6—27T(M_u’)|k> sup sup ‘ﬁ(k,kt)‘ 627T(Xt+u)‘k|

d
L t>0 keZ

< O N, Ky, 1) sup (Z }ﬁ(k‘, k:t)‘ e27r()\t+u)k|> .
>0

kezd

Equivalently,

(4.45) sup [|p(t, )| pree < € sup H / fio 82 duv
t>0 t>0

FAt+p

By Propositions .15 and [.19,

H/inSBtdv

This and ([.45) imply (F.43).
To deduce ([E47), we first write

< [|fi0 S2ll gy = N fill zyn < 6
FAttp

)= fio 8%+ [ (VW p) o2 ,)) - 9 i
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where p, = p(7, -). Then for any \ < ) we have, by Propositions and [L.15,
for all t > 0,

(4.46)

t
11l < [ fi 0 SZ| gers + /0 (VW % p,) 0 5%,

H vvfo ||g?”7u;1 dr

)[R

t
il + ( LI el df) 190/ o
0

Since V/ﬁ/(O) = 0, we have, for any 7 > 0,

[9W el < & [T o
< IVW[2x €227 o | arrss
< Cy C§e 2=,
in particular
! Co
(4.47) /0 VW st | s < =5
Also, by Proposition [LI7, for 1 < X / A < 2 we have
CC
(1.48) Voo < 5o 1F%les < s
Plugging ([£-47) and ([{43) in ([40), we deduce (f43). The end of the proof is an
easy exercise if one recalls that (f(¢, -)) = (f;) for all . O

5. SCATTERING ESTIMATES

Let be given a small time-dependent force field, denoted by € F'(¢, z), on T x R,
whose analytic regularity improves linearly in time. This force field perturbs the
trajectories S7, of the free transport (7 the initial time, ¢ the current time) into
trajectories S;;. The goal of this section is to get an estimate on the maps ), . =
Sir 082, (so that Sy, = @, 0 5?,). These bounds should be in an analytic class
about as good as F', with a loss of analyticity depending on ¢; they should also be

e uniform in t > 7;

e small as 7 — o0;

e small as 7 — t.

We shall informally say that (2, is a scattering transform, even though this
terminology is usually reserved for the asymptotic regime t — 4o0.
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Remark 5.1. The order of composition of the free semigroup and perturbed semi-
group is dictated by the need to get uniformity as t — oo. If we had defined, say,
A r = S?,t 0S¢, so that S, = S?,T o A, and if the force was, say, supported in
0 <t <1, we would get (denoting S;, = (X;.-, Vir))

Avolz,v) = (XLO(:C — ot —1),0) + tVig(z — vt — 1),0), Vig(a — v(t — 1), v)),
which does not converge to anything as t — oo.

5.1. Formal expansion. Before stating the main result, we sketch a heuristic per-
turbation study. Let us write a formal expansion of Vj,(z,v) as a perturbation
series:

Vou(z,v) =v+evW(t,z,v) + 2o (t2,0) + ...
Then we deduce

t t
X07t(at,v):x+vt+€/ ’U(l)(S,ZL',’U)dS—I—€2/ v (s, 0)ds+ ...,
0 0

with v (t = 0) = 0.
So

02X07t . ov® e ov@

o2 o ar T

On the other hand,

o~ . . . ) . . t (1) 2t (2)
I F(t’ XO,t) = E F(t, k’) 62z7rk :(:e2z7rk vte227rk [5 Jo v ds+e? [ v ds+...]
k

t t
=c Y F(t k) e*mhrermhot [1 + 2imek - / oW ds + 2imek - / 0@ ds
A 0 0

2

— (2m)%> (k : /0 e ds) ¥ } .

By successive identification,

) ~ . .
gt — ZF(t, ]{Z) e227rk-x€2z7rkvvt;
k
ov? - , , t
gt = ZF(t, k) eXmhe 2ink-vt ik, / v ds;
0

k

®) _ o t ‘ ?
agt = Z F(t, k) g¥mheg2ink-vt [2@'7?/{: . / v® ds — (2m)%? <k: . / v ds) ] ,
. 0 0
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etc.
In particular notice that

/oo ‘a,u(l)
o

v
ot

ws [T RGBS [T R B
0 k 0

o0 C
< CF/ o~ 2mut _ T
0 2mp

S Zk ‘F\(tv k>|7 S0

So, under our uniform analyticity assumptions we expect Vj.(z,v) to be a uniformly
bounded analytic perturbation of v.

5.2. Main result. On T? we consider the dynamical system

d*X
— =c F(t, X);
its phase space is T¢ x R%. Although this system is reversible we shall only consider
t > 0.
For any (z,v) € T? x R? and any two times 7,t € R, , let S, ; be the transform
mapping the state of the system at time 7, to the state of the system at time t. In

more precise terms, S;, is described by the equations
ST,t(x7 'U) = (XT,t(xv U)7 ‘/;',t(xv U))v

XT,T($7 U) =z, ‘/T,T(Ia U) =V,

d d
(5.1) %Xﬂt(x,v) = Vi(z,v), %Vﬂt(x,v) =c F(t, X;i(z,v)).
From the definition we have the composition identity
(52) Stz,ts ° Stl,tz = Sthts;

in particular S . is the inverse of S ;.
We also write S?, for the same transform in the case of the free dynamics (e = 0);
in this case there is an explicit expression:

(5.3) ngt(:v, v) = (x+v(t—171),0),

where z + v(t — 7) is evaluated modulo Z?. Finally, we define the “scattering trans-
forms associated with e F™:

(5.4) Qur = Si-0 857,

(There is no simple semigroup property for the transforms €2, .)
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In this section we establish the following estimates:

Theorem 5.2 (Analytic estimates on scattering transforms in hybrid norms). Let
e>0andlet F = F(t,x) on Ry x TY satisfy

~

(55)  F(t,0)=0, sgg(nﬁmt,)nfﬂ+u4—HV@J?@,)waHH> < Cp
t>

for some parameters X\, >0 and Cr > 0. Lett > 7 >0, and let
Qt,’r = (QXt,Ta Q‘/;J')

be the scattering transforms associated with e F. Let 0 < N < X, 0 < p/ < p and
7 >0 be such that

(5.6) N(ir—71)< (y ; M/).
Let

Ri(1,t) = Cpe 2O min {(t —7); (2m(A = N))"'};

Ro(7,t) = Cpe 2" A=A min {(t — 1)2/2; (2r(A = \))72}.

Assume that

(5.7) Vo< T <t aRﬂnwg(“zwx
and

(5.8) eCp < M

Then

(5.9) Vo<7<t, |[QX:,—1Id ||ZA,/,“/ < 2¢& Ry(T,t)
and T

(5.10) Vo<r <t |QVi,—1d ||ZA//,,/ < e Ry(7,t).

Remark 5.3. Note that the parameter £ plays no other role than to serve the
intuition by recalling the perturbative nature of the result.

Proof of Theorem [p.3. For a start, let us make the ansatz
Sir(w,0) = (= vt = 7) + & Zur(2,0), v+ 20, Zur(2,0) )
with
Zy(x,0) =0, 0:Z | (x,0)=0.

=t
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Then it is easily checked that
Qr—1d =¢(Z,0,Z)0 Sy

t—T;
in particular

19 =1 g = £ (2,02 o

To estimate this we shall use a fixed point argument based on the equation for
St.r, namely

d*X, ,
dT; = F(1,X,.),
or equivalently
d*Z, ,
dT;’ = F(T,LL’ —o(t—71)+ €Zt,7)-

So let us fix ¢ and define
W <Wtﬁ)ogr§t — (Ztﬁ>0§rgt

such that (Z; ) is the solution of

0<r<t

0?7, .
) — F . _
(5.11) 5r2 (7‘, r—v(t—71)+¢€ Wt,7>

Zt,t - 07 (aTZt,T)

=0.

T=t

What we are after is an estimate of the fixed point of ¥. We do this in two steps.
Step 1. Estimate of ¥(0). Let Z° = ¥(0). By integration of (F-I1]) (for W = 0)

we have
t
ZST :/ (s—7)F (s,z —v(t—s)) ds.

Let o such that No < (u— i)/2. We apply the Z;\ J/rc‘f/ norm and use Proposition

[T
t t
120y < [0V F (Vg ds = [ (6 =P IF () v ds.
T T

Of course N'o + ¢ < p, so in particular

Ns+No+p <—=A=XN)s+As+pu.
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Combining this with the assumption F' (s,0) =0 yields

1F (5, ) lLpweinrmi < |F (5, ) [Lpnos 270X

< CF e—27r()\—)\’)s.
So
t /
||Z1?T||ZA’»M’ S CF / (3—7') 6_27r(>‘_>‘)3d8
’ t+o -

’ t— 7)2 1
< =27(A\=XN)7 _ . : ( . < )
<Cre mm{ 5 (27T(>\—)\’))2} < Ry(T,1t)

With ¢ still fixed, we define the norm
(5.12)

i

HZt,THg/\’,u’ _
- _Pue o g<r<tio4t>0 No<HEHEL
' Sup{ RQ(T,t) 3 ST XU o+ = Uy [ 5

The above estimates show that ||| U(0)||] < 1.

Step 2. Lipschitz constant of W. We shall prove that under our assumptions,
U is 1/2-Lipschitz on the ball B(0,2) in the norm |||| - [||. Let W, W € B(0,2), and
Z =V(W), Z =V (W). By solving the differential inequality for Z — Z we get

/01 /Tt(s—T)VxF<S,x—U(t—s)

te (ewm v (- Q)Wt,s)) ds d@] : (m _ ’Wt) .

Zt,‘r - Zt,‘r =e

We divide by Rs(7,t), take the Z norm, and note that Ry(s,t) < Rs(7,t); we get

ez

>0STSt 0<s<t

<

(.- 7.,

' A(t)

with

- [ [l

VxF<s,x—v(t—s)+€ <9Wt7s+(1—«9)fﬂz7s>> ds db.

N/
Zt+<7
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By Proposition (composition inequality),

t
AW < [ 5= 1) 192 (s, ) s ds

s+(7'—7)

t
- / (5= 1) [IVF (s, )l psrerstrmyontsntinm ds,
with
< 26R2(8,t> < 28R2(T, t)

X!
t+o

e(t,s, o) :=¢ H@ Wis+ (1 —0) ﬁ//},s

Using (B-7), we get
Ns+No+p' +e(s,t,0) < Ns+ No+ p' +2¢ Ry(,1)
<Ns+pu=As+pu) —(A=XN)s.

Using again the bound on V,F and the assumption F (s,0) =0, we deduce
Cr
< —
T Ar2 (A= N)?
Using (p.§), we conclude that
~ 1 N
(% - %) ' < ' (Wi = W) '

So W is 1/2-Lipschitz on B(0,2), and we can conclude the proof of (5.9) by applying
Theorem [A.] and choosing 0 = 7" — 7.

t
A(t) < sup/ (s —7)Cpe AN s < Ry(0,1)

T

0<7<t 0<s<t

It remains to control the velocity component of €, i.e., establish (p.I(); this
will follow from the control of the position component. Indeed, if we write Q;, =
e 1 (QV,, —1d)(z,v), we have

Qt,TZ/tF<S,x—v(t—s)—|—€Wt7s> ds

so we can estimate as before

t
1Q@erll o, < / 1E (5, Y vminttrrysssetenrrny ds
T =T T
to get
t
1Qurll g < / Cre ™A% ds < Ry(7,1).
T

t+ (1! —7)

Thus the proof is complete. 0J
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The proof of Theorem .9 is easily adapted to include Sobolev corrections. It is
important to note that the scattering transforms are smooth, uniformly in time, not
just in gliding regularity (7' = 0 is admissible in (f.6)). This is why the estimate also
resists additional time-shifts in the norm. The following theorem illustrates this; it
proof is similar to that of Theorem p.3.

Theorem 5.4 (Analytic estimates on scattering transforms in two-shift hybrid
norms). Let ¢ > 0 and let F = F(t,x) on R, x T? satisfy

~

(513)  F(t,00=0,  sw(IF{E ) pes + IVt ) prenn ) < Cr
t>0

for some parameters A\, ;. >0 and Cr > 0. Lett > 7 >0, and let
Qt,‘r = (QXt7T7 Q‘/;,T)

be the scattering transforms associated with e F. Let 0 < N + N < X\, 0 </ < p
(possibly depending on 7,t) and 7', 7" > 0 be such that

(5.14) N ) 4N ) < M)

Let
R (r,1) = Cpe X0 min {(t — 1) (2r(A = X' = A") 7'}
Ry(r.t) = Cp e O min {(t = 7)?/2; (2r(A =X = X))}

Assume that

(5.15) e Ro(r.) < v )
and

(5.16) cop < _2X — X
Then

10X, = 1d || Jov ) < 2€ Ry(T, 1)

(7./,7_//)
and

HQ‘/t,T — Id || A,'A/,/,)'(M,”Y) S 19 Rl (T, t)

(
2ot oy
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While Theorem B.3 (and f.4) provides a good idea of the scattering estimates
associated with gliding regularity, it will not be sufficient for later purposes, and we
shall have to establish variants thereof. The motivation for these variants will come
only in the course of the next three sections, so we postpone these extensions to

Section [[0.
6. BILINEAR REGULARITY AND DECAY ESTIMATES

6.1. Presentation. To introduce this crucial section, let us reproduce and improve
a key computation f£om Section []. Let G be a function of v, and R a time-dependent
function of x with R(0) = 0; both G and R may be vector-valued. (Think of G(v)
as V,f(v) and of R(7,z) as VW % p(7,x).) Let further

o(t, ) / G(v) - R(r,z —v(t — 7)) dvdr.
Rd
Then

ot k) / / G(v (r,x—o(t—7)) e ™ dvdz dr
Td JRd

/ / / )6—2i7rk-x e—2i7rk~v(t—7’) dv dx dr
Td JR4

:/ Gk(t — 7)) - R(r, k) dr.

0

Let us assume that G has a “high” gliding analytic regularity X, and estimate o
in regularity At, with A < A\. Let a = a(t, 7) satisfy

0<alt,7)<A=X\)(t—1);

then
lo@) e < Z/ NGk (t = 7)) | R(7, k)| dr
k0
t ~ o~
< / (sup 627r[>\(t—'r)+oz] |k| |G(k‘(t . 7_))|) <Z 627r(>\T_a)‘k||R(7', k‘)|) dr
0 k#0 L

— t _
< (swp e Em1) (s 17l ) [ et
0<r<t 0

n
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where we used
k#0= 2r(At—7)+a)lk] <2mAk[(t—7) — (A=At —T) — ).

Let us choose _
A—A
at,T) = % min{l; ¢t — 71}

then
t _ t _ 1
/6_2n[(x_x)(t_r)_a} d7§/ TN g < .
0 0 (A=)

So in the end el
lo(t)]| 7 < SlhalllF: SO sup ||R(7)|| par—atm,

(A=) o<r<t
where |G| yx = sup, (211G (n))).
In the preceding computation there are three important things to notice, which
lie at the heart of the Landau damping:

e The natural index of analytic regularity of ¢ in x increases linearly in time:
this is an automatic consequence of the gliding regularity, already observed
in Section [.

e A bit a(t, 7) of analytic regularity of G was transferred from G to R, however
not more than a fraction of (A — A)(t — 7). We call this the regularity
extortion: if f forces f, it satisfies an equation of the form O,f +v -V, f +
F[f] - V,f = S, then f will give away some (gliding) smoothness to p =
[ fdv.

e The combination of higher regularity of G and the assumption ﬁ(O) =0
has been converted into a time decay, so that the time-integral is bounded,
uniformly as ¢ — oo. Thus there is decay by regularity.

The main goal of this section is to establish quantitative variants of these effects
in some general situations when G is not only a function of v and R not only a
function of ¢, x. Note that we shall have to work with regularity indices depending
on t and 7!

Regularity extortion is related to velocity averaging regularity, well-known in ki-
netic theory [27]; what is unusual though is that we are working in analytic regularity,
and in large time, while velocity averaging regularity is mainly a short-time effect.
In fact we shall study two distinct mechanisms for the extortion: the first one will
be well suited for short times (¢ — 7 small), and will be crucial later to get rid of
small deteriorations in the functional spaces due to composition; the second one will
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be well adapted to large times (¢t — 7 — oo) and will ensure convergence of the time
integrals.

The estimates in this section lead to a serious twist on the popular view on Landau
damping, according to which the waves gives energy to the particles that it forces;
instead, the picture here is that the wave gains regularity from the background, and
regularity is converted into decay.

For the sake of pedagogy, we shall first establish the basic, simple bilinear estimate,
and then discuss the various mechanisms once at a time.

6.2. Basic bilinear estimate.

Proposition 6.1 (basic bilinear estimate in gliding regularity). Let G = G(1,z,v),
R = R(7,x,v),

B(r,x) = /Rd(G - R)(t,z —v(t —7),v) dv,

o(t,z) = /0 t B(r, z) dr.

Then
(61) 1807, Yrsesn < 1G] sy 1Rl
and
t
(62) ot psesn < [ NGl 1Rl o .

Proof of Proposition [6-]. Obviously (p-9) follows from (f-J]). To prove (B-]) we apply
successively and Propositions .15, .19 and f.24:

180, Yl psesn < H / (G- R) oS, dv

FAt+u

< myose,

A,p;l
zo

=G - Bll zwr <G| gaowsn 1Bl g2
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6.3. Short-term regularity extortion by time cheating.

Proposition 6.2 (short-term regularity extortion). Let G = G(z,v), R = R(z,v),
and

Bx) = /(G “R)(x —v(t—7),v)dv.

Then for any A\, u,t >0 and any b > —1, p,q > 1 such that

1 1
-4 - = 17
P q
we have
(6.3) 18]l xetn <G gracorme | BRI gra10).m0
T+1b—$b Tﬁlb_ﬁfb
and
(6.4) |8 retn < HG||ZA(1+sz),u;1 ||RHZA(1JZl;),u:,oo.

T—37F T— 517

1+b 1+b

Remark 6.3. Except for the fact that the range of exponents is larger, there is no
a priori reason to prefer (6) to (6-4), although the latter is easier to prove. Note
that b = 0 brings us back to Proposition p.]].

Remark 6.4. If R only depends on ¢, z, then the norm of R in the right-hand side
of (64) is || R||#» with
M= () — b= 7)

T——— = (A7 —b(t—1

1o M a '
as soon as 7 > bt/(1 + b). This is where something has been gained with respect to
Proposition p.1. Even if R is not a function of ¢, z alone, this gain will be preserved
through the composition inequality.

v=MA1+0b)

Proof of Proposition [6.3. The proof presented here may not be the most direct, but
has the advantage to explicitly rely on commutators involving V,, V, and the trans-
port semigroup, all of them classically related to hypoelliptic regularity and velocity
averaging. Separating the different components of R and G, we may assume that
both are scalar-valued.

Let S =52 ,, so that Ro S(z,v) = R(x — v(t — 7),v). By direct computation,
(6.5)

tV,(RoS) = (tV,R)oS = [((T—b(t—f))vx + (1+b)vv)R] 05— (1+b)V,(RoS).
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Let

D=D, = (1=bt—7))Vs+ (1+b)V,.
Then (f.7) becomes
(6.6) tV,(RoS) = (DR)oS — (1+b)V,(RoS).

Since V, commutes with V, and D, and with the composition by S as well, we
deduce from (f.4) that

t0,, [(14+ ) VE(DR) 0 8)| = (1+b)"V4(t0,,(D"R) o 5)
= (14 ) V(D1 R) 0 8) = (14 )*VE((1+5)d,, (D'Ro 9))
— [1+ )V, (D R) 0 8) — [(1+b)V,]" ™ ((D'R) 0 5).

So by induction,

(6.7) (tVa)"(Ro S) = > (=1)™( :L )1 +6)v,]" ((D"™R) 0 S).

m<n

By using successively the Leibniz formula and (6.7) we get
(9. [(Gost): (Rose )
= Z / (tV,)""™(G 0 S°_,) (tV,)™(R o S°_,) dv

=) / (19,17(G o S0) (~(1 4 V.Y (D) 0 S8 ) do

_Z g / (V) (14 B)V,) (G 0 S°_,) (D™ R) 0 S°_,) dv

=2 sl (r — sgl!! (n—r)! /(tvx)s (L+D)V.) " (Go 82y (D""R) 0 S7,) dv

r,8

= Z( ") Z( ) / (tV.)* (L4 D)V,) " (GoS)_,) (D" "R) 0 SY_,) dv

_ Z / (1Y, + (14 b)V,) (G o 8°_,) (D" R) o 5°_, du.
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After taking Fourier transform, this gives
<2mtk> B(k)
)Z / 217rt£+ (1+b)V,)" (GoSE_t)A(ﬁ)}[(D"‘mR)oSE_t]A(k—K) dv.
So
3 et PR 54
kn

< 3 e —H (2imtl + (14 b)V,)"(G 0 S°_)(£,v)

k,n,m./l

Lp(dv)

|(Drrme SE_t)A(k; —(,v)

La(dv)

Lp (dv))

(S (@namest oo, )

As for the second one, since |(R o S°_,)(k,v)| = |R(k, v)|, it can be rewritten as

el A” n \ (7
3 i 2 H (D}, R) (4, v)
n,j ‘

(Z 627WM| H (2@%% +(1+b)V, ) (GoSY ,)(¢,v)

The first factor above is

|G o5 tHZMHb)>M - ||G’|Zf(1ti)/ﬁi’b>’

La(dv)

_ Ze2w\jl g H ((1 + b))V, + 2im (T — b(t — T))j)nﬁ(j, v)

La(dv)

||R||ZA<1+b> wia.-
T 1+b

This establishes (6.3). In particular, replacing G by 1 and R by G - R, choosing
p =00 and ¢ = 1, we obtain

1Bllren < NG - Rl prasir i

.,—,i

1+b
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Then (B.4) follows by Proposition .24 O

Let us conclude this subsection with some comments on Proposition .2, When
we wish to apply it, what constraints on b(¢,7) (assumed to be nonnegative to fix
the ideas) does this presuppose? First, b should be small, so that A(14b) < X given.
But most importantly, we have estimated G, in a norm Z, instead of Z, (this is the
time cheating), where |7 — 7| = bt/(1 4+ b). To compensate for this discrepancy, we
may apply ([I9), but for this to work bt/(14b) should be small, otherwise we would
lose a large index of analyticity in # — or at best we would inherit an undesirable
exponentially growing constant. So all we are allowed is b(t,7) = O(1/(1+¢)). This
is not enough to get the time-decay which would lead to Landau damping. Indeed,
if R = R(z) with R(0) =0, then

IRl premn = (IRl prrsnroi— < € | R parens
T—bt/(1+b)

so we gain a coefficient e **¢=7) but then

t t . =X
/ e M) dr > / e () dr = (176> t
0 0 Ae

which of course diverges in large time.

To summarize: Proposition is helpful when (t — 7) = O(1), which will al-
ready be very useful; but for long-time estimates we need another, complementary
mechanism.

6.4. Long-term regularity extortion. To search for the extra decay, let us refine
the computation of the beginning of this section. Assume that G, = V,g,, where
(gr)r>0 solves a transport-like equation, so G(7, k,n) = 2irng(t, k,n), and

(G (7, k)| < 2] 27T e=2m At
Up to slightly increasing A and 77, we may assume
(6.8) (G(r k)| S (L) e 27Tk m2mA i,

Let then p(7,2) = [ f(7,2,v) dv, where also f solves a transport equation, but has
a lower analytic regularity; and R = VW % p. Assuming |VW (k)| = O(|k|™") for
some vy > 0, we have

o2 AT+ k| Liso

1+ |k|Y

~

(6.9) |R(7, k)| <
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Let again
¢
a(t,x):// G(r,xz—v(t—71),0) - R(r, 2 —v(t — 7)) dvdr.
0 JRrd

As t — 400, G in the integrand of ¢ oscillates wildly in phase space, so it is not
clear that it will help at all. But let us compute:

t
a(t, k) :/0 /Rd /TdG(T,x —o(t—1),0)  R(r,z —v(t — 7)) e ™ drdvdr

t
:// / G(r,z,v) - R(t, ) e~ 2k o= 2imkv(t=") do- dy dr
0 JraJ1d
t

— / G- R(t,k,v) e 2k v(t=T) oy dr
0 JRd
t
= / / Z G(7,0,v) - R(1, k — £) e 2™0=7) gy dr
0 JrES

:/tZé(T,f,k‘(t—T)) R(r, k — 0)dr.
0 ¢

At this level, the difference with respect to the beginning of this section lies in the
fact that there is a summation over ¢ € Z?, instead of just choosing ¢ = 0. Note

that o(t,0) = f(f [[ G(r,z,v) - R(7,x) dx dvdr = 0, because G is a v-gradient.
From (p-§) and (p.9) we deduce

Z e27r()\t+ﬂ)\k| |6’(t, k’)|

k
t B - e—2mAT|k—(|
< / (1 + ,7_) Z 627ru\k| 627r)\t\k| 6—2ﬂu\€| 6—27r)\\k(t—7')+é7'| e—27ru\k—€| )
0 1k, k#0 L+ |k —£p

Using the inequalities
e~ 2mlk—t] p2mplk o=2mll] < o=2m(E-p)ll]

and B B
e—27r)\7'\k—f| e27r)\t|k\ 6—27r)\\k(t—T)+€T| < e—27r()\—)\)\k(t—T)+€T|’

we end up with

=2 (—p)|£] t _
Ha(t)H}“HM S Z 67/ e 2m(A=A) [k(t—7)+L7] (1 + 7_) dr.
k0, £¢k1+|k_£h 0
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If it were not for the negative exponential, the time-integral would be O(#?) as
t — oo. The exponential helps only a bit: its argument vanishes e.g. for d = 1,
k>0,¢<0and 7= (k/(k+ |f])t. Thus we have the essentially optimal bounds

t
(6.10) / e~ 2TO=NIk(t=r)+er g 1
0 T A= A) |k — /]
and
t
(6.11) / e~ 2T O=NIK(=T)+r] g < _ 1 N ( _1 ) ||t |
0 2m2(N = A)? |k — (]2 aA—=N)/) |k—{

From this computation we conclude that:

e The higher regularity of G has allowed to reduce the time-integral thanks to a
factor e~k(t=")+l. hut this factor is not small when 7/t is equal to k/(k — £). As
discussed in the next section, this reflects an important physical phenomenon called
(plasma) echo.

e If we had (in “gliding” norm) ||G|| = O(1) this would ensure a uniform bound
on the integral, as soon as vy > 0, thanks to (p.I() and

e_a‘a

> TEST YR

k0

e But G, is a velocity-gradient, so — unless of course G' depends only on v —
|G+ || diverges like O(7) as 7 — oo, which implies a divergence of our bounds in large
time, as can be seen from (B.11)). If v < 1 this comes with a divergence in the k
variable, since in this case Zk,ﬂ % = +00. (The Coulomb case corresponds
to v = 1, so in this respect it has a borderline divergence.)

For the moment let us adapt the previous computation to the formalism of hybrid
norms, still assuming R = R(7,z). Note that we shall only estimate the seminorm
of o, not the full norm.

Proposition 6.5 (long-term extortion and decay). Let G = G(7,z,v), R = R(T,x),
and

olt,z) = //G(T,x ot —7),0) - R(r.a - o(t — 7)) dvdr.

Then for any A > X >0, 1> >0, v >0,

t
(6.12) lo(t, )l e S/ K (t,7) [|Brl[ p3sn dr,
0
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where
(6.13)

K(t,T) _ 6—27T(X—)\)(t—7') ‘

/ G(r,z,)dx
Td

o<r<t 1+T

|G| 57
o+ (sup — =) K (t7),
cnl

and

(6.14) Kyt = (1 ) e 2T A=) [k(t—7)+L7| o —2m(T—p) 4]
. t,7)=(1+71 su
! #Q%O L+ |k —L]

Remark 6.6. Notice the sharp contrast with Proposition as far as the time
shifts are concerned: now (G, is measured in a norm with time-shift 7.

Remark 6.7. It is essential in (B.13) to separate the contribution of G(r,0,v) from
the rest. Indeed, if we removed the restriction ¢ # 0 in (B-I7) the kernel K; would
be too large to be correctly controlled in large time. What makes this separation
reasonable is that, although in cases of application G(7, z, v) is expected to grow like
O(7) in large time, the spatial average [ G(7,z,v)dz is expected to be bounded.

Proof of Proposition [6.J. As in the computation opening this subsection, we have

¢
ot k) = / Z (/ G(r,€,v) e~ 2mkvlt=T) dv) R(r, k—{)dr.

Uy

Discarding the contribution of k = 0, we have

|R(1,k — 0)| dr

t
ot ey < et i[5

k0 0 g,

/@(7_’ g’ ’U) 6—2i7rk-v(t—'r) dv

t _ _
< E / 627ru|é\ e27ru|k—é\ e—27r(u—u)\€| e27r)\7'|k—é\ e27r)\\k(t—7')+é7'| e—27r()\—)\)|k(t—‘r)+€'r\

(k070
|R(1,k —0)| dr.

/ @(7_’ g’ ’U) 6—2i7rk-v(t—'r) dv
R4
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Next,

627rX\k(t—7’)+Z7’| ‘/@(7_7 g’ ’U) 6—2i7rk-v(t—'r) dv

= Z @ ‘l{:(t —-7)+ 67"” 6(7', 0, v) e 2mRv=T) gy
n!

neNg

~n
> 2
o n!
nENg

Since 2im(k(t — 7) + £1) e 2m*v(t=T) = (¥, + 2irl7) e” 2= the v-integral
coincides with

/(Qiﬂ)n (k(t —7) + r)" G(r, £, v) e 2™ gy |

/@(7‘, 0,v) (=V, + 2imlr)" e~ 2imko(t=") gy

— /(VU + 27/7'('67')” @(T’ 67 U) e—2i7rk-v(t—7—) dv.

Reporting this in the estimate of o, we conclude in the end that

t N g—
o (Nl preen < /0 (6;1]3;0 o=2m (=N [k(t—)+7| 6—2n(u—u)€|)

—~ N N
(Z \R(7, k)| 627r(/\r+u)|k) Z o2l = H (Vo + 2in70)" G(1, 0, v) dr.
kezd (€74, nend n: L (dv)
The conclusion follows easily. 0J

6.5. Extension to the velocity dependence. Even though we will not need it in
the proof of Theorem P.5, it is a natural question whether Proposition extends
to the case when R also depends on v: this problem arises immediately if R is a
density composed by a scattering, or if the interaction has a velocity dependence.

In this situation we did not manage to find a relevant inequality in the setting of
the “plain” hybrid norms from Section [l instead, we will be able to provide such
an estimate in the setting of the two-shift hybrid norms from Subsection [L.I0:

Proposition 6.8 (Long-term extortion with velocity dependence). Let G = G(T,x,v),
R = R(r,z,v), and

olt,z) = //G(T,:L’ ot —7),0) - R(ra — olt - 7),0) dvdr.
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Then for any X > X >0, 71> >0, v >0,

t
(6.15) lo (@, )l rern < / K(t,7) ||RT||Z((A,OX)*A),(;LW) dr,
0 .,
where
(6.16)
—27r(X=X)(t— HGTHZ}W
K(t,7)=¢e G(r,z,-)dx + [ sup ————— | Ki(t,7),
Td X o<r<t 1+T
and
o= 2 (A=) k(t—T)+7| p—2m(A—p)|¢|
(6.17) Ki(t,7)=(1+7) sup

k20, 040 1+ |k — L]

Remark 6.9. If R = R(7, z) then in view of Proposition [[.39 the norm of R inside
(F-I9) is just || R;|| #rr+u., and we are back to Proposition p.3.

Proof of Proposition [0.3. Let us first assume that [ G(r,z,v)dx = 0. We start by
computing the Fourier transform of o:

t
ot k)= / /[Rd /Td(G - R)(7, x,v) e~ 2k o= 2wk v(t=T) o du dr

/ Z / (1,0,v) (7‘ k— 0,v) e 20T gy dr
Rd

Lez\{0}

Taking into account only nonzero values of k, we have

||0. ||]-‘M+u _ 2627r At+p) K| / / ﬁ (k? l U) —2imk-v(t—T) dvl dr
k0 0 r0
t
< / D ek / G-(£,v) - Re(k — €, 0) e ™) qu| dr
0 k0, 0£0
/ Z omplk| \ETTAIR|L)™ 27T>\‘]f‘t ‘/ f U k’ / 'U) —2imk-v(t—T) dv| dr
0 ken
/ Z 62““"“' '/ 2irkt)” G, (0,v) - Ry (k — €,v) e 27F°0=7) gy dr.
0 ken

(Needless to say, it is crucial to have the v-integral inside the modulus, not outside.)



ON THE LANDAU DAMPING 85

Next,
(2imkt)" e 2™ v(T) = (=7, 4 2imkr)" e 72Tk (=)

After integration by parts in the v-integral, this results in
(6.18)

ol < [ 3 et 2

0 ken

/ (Vy + 2imkT)" (@T(ﬁ, v) - Re(k — ¢, v)) e~ 2k (=) gy | dr.

By the Leibniz-type formula from Lemma A 1], with a = 2iml7 and b = 2iw(k—{)T,
(Vy + 2imkT) ( v)-R(k— ¢, v))
= Z ") (Vo + 2imrl)™ G(0,0) - (Vo + 2im7(k — 0) " R(k — £,v).

Plugging this in (p-1§) we get

lo(®)l£aers < / SO ek 2

k.ln

Z( " ) /(VU + 2i7TT€)mCA;T(€, v) - (VU + 2irT(k — 6))n_m]§T(1{; —0,v) o= 2imkv(t=") 3. | 1

m

m

If now we exchange the v-integral and the modulus, we shall be back to the old
estimate from Proposition p.]]. Instead, we insert (inside the k, ¢ summation, but
outside the m summation)

q

}m& —\) (k(t —7) + £7)
q

1 = = 2r A= N)k(t—7)+¢r] Z

d
qeNG

Thus we get

||0. ||]-‘M+u / 27ru|k\ —27r()\ M|k (t—7)+L7] A" (>\ >\)
0

1 q!
kn,l,q n-q

() / (Vo + 2in70)" G (L, 0) - (Vo + 2imr(k — )" ™R, (k — €, v)

(2im(k(t — 7) + 7)) e72mhe(t=T) dv| dr.
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The v-integral above is equal to

vt 2T AT yU) - v+ 2T - e AT — L, V)(—Vy + 2imT e imk-v(t=T v
/(V oG () - (V (k—=0)""R.(k —{,v)(=V £)1 e 2imkv(i=T) g
= /(VU + 2imTl)? X [(VU + inré)m@T(£7 v) - (Vy + 2imr(k — g))n—mﬁT(k — 0] ek gy

=>(h / (Vo + 2in7) ™ G, (6,0) - VI (V, + 27 (k — 0)" "Ry (k — £, 0) 5700 gy,

r<q

where the last step follows from Lemma [A] again, this time with a = 2ir7¢ and
b= 0. We deduce

t
2rplk| —2m(A=X)|k(t—7)+LtT
||O-(t)||7-">\t+u < /0 E e H |e ( )Ik(t=T) | Tq'

>0

k7n7zvq m,r

/ (Vo + 2im7)™ " G (0, 0) - VI (Y, + 2imr(k — 0)" ™ R (k — £, v) e 2™ gy dr

t n/\
< Z 6—27T(X—)\)|k(t—'r)+€'r\ 627ru\k| A ()‘ — >\)q
- m!(n—m)lr! (¢ —r)!

O ko t,qm,r
. m+r q—r ) — n-mp —
H(VU + 2’&71"7'6) GT(E? U) HLl(dv) )vv (vv + QZWT(k E)) RT(k E’ U) HLoo(dv) dT
! S e 2Nl 2l e e?rk
< —2t(\— —7)+er| 27 (m—p (A — | e

0 k,n,l,qm,r
AP (=AY (N = )T
m!(n—m)lr! (¢ —r)!

(Vo + 2im70)" " G (0, v)

L1 (dv)

va—" (Vo + 2inr(k — 0)" ™R, (k — €,v) Hm(dv) dr,
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and therefore

¢ =21 (=N [k(t—7)+e7| p—2m(T—p)|4
o(t)] + < su
ol < [ s T

m\p (\ __ (Y s _ R
Z AT ()\ )\) ()\ )\> 627W\Z| 627m|k—é\ (1_|_ |k‘—f|’y) H(vv“‘%ﬂT@m—i_rG—r(& ’U)‘

L2 m'p' gl L (dv)
S
K (t ZWE\ZI)\WX—)\’“ -~
_ 1(t,7) < ¢ (A=) (Vo + 2in7l)™ " G (L,v) )
0 1+7 m!r! L(dv)
N (X = \)* D
S et 1y k= o) YO o (4 inr(h -y Rk - ), ) o
- pis! L (dv)
K (t T
— [ B DG s IR s

and the estimate is complete.

It remains to include the contribution of [ G(7,x,v) dx, i.e., the term ¢ = 0. This
is done is just the same way, noting that
o= 2 (A= )|k (t=7)

sup <e

—21(A=A)(t—7) )
k0 1+ |/{Z|7 -

O

6.6. Combined regularity extortion and decay estimate. Now we shall com-
bine the two mechanisms appearing in Propositions p.2 and (or B.9).

Theorem 6.10 (Combined regularity transfer and regularity-to-decay). Let G =
G(r,z,v), R = R(1,z,v), and

o(t,x) //GTx—vt—T) v) - R(r,x —v(t —7),v) dvdr.

Let A,X,,u,ﬁ W(t,7), such that X\ > X\ > 0, @ > p/(r,t) > pu > 0 and
b ,T) >0 such that

(6.19) Vo< T <t, b<—<_—

y’:l
|

y‘:

~
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Then
t t
ot Mo < [ KSR sosopsovar drt [ KO IRl orps s 07
0 T*%,O 0 7—7%’0
where
A=A
(6.20) KS(t,1) = e_%(T)(t_T) '/G(T,x,-)dx
CA+bA;1
and
; 1Gll 5oz
6.21 Ky(t,7)=| sup ——————= | Ky(t, 1),
(0:21) O e S
and

. —2n(p' o) [k~ _
6.22) Ki(t,7) = (1 —on(Tgt e (€7 T ) em(R)kGr)ter]
(6.22) Kalt,m) = (1+7) k;ésol,lle);éoe 1+ |k—¢ ¢

In particular, if R does not depend on v, we have

t t
lo(t; )l resn S/ Kg (t,7) || Rl 2 dT+/ KY(t,7) | Rell oo dr,
0 0

where

v=(1+0\N1T——|+ .

Proof of Theorem [6.10. The proof is basically obtained by reproducing in Fourier
space the proof of Proposition and mixing it with the proof of Proposition p.§.
Let us first assume G(7,0,v) = 0, and write again

¢ \n
||U(t)||fAt+# S / Z 627ru\k| _'

0 ktm n:
but now we write

- 2imkt\" -
2imkt)" —2irk-v(t—7) _ 14+ p)" —2imk-v(t—T)
(2imkt)" e (1+0) ) €

= (L+b)" (=V, + 2irkr’)" e 2mhe(t=r),

/(Qiﬁkt)" G (0,v) - R, (k — £,v) e 2™ °0=T) qy| dr;

where
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Integrating by parts in the v-integral and applying Lemma [A ]], this gives

(1+0)"
lo(t) ||fm_/ 3 o LD,
0

k,ln

‘/(VU + 2imkT’)" [@T(ﬁ, v) - R (k— ¢, v)] e 2T gyl dr

/Z o] (L+0)" 1+b \n
0

kJtn

> () / (Vo + 2im7'0) "G (€, 0) - (Vy + 2in7’ (k — )" " Ry (k — £,0) e 2™ gy dr.

m

m

Now we insert

‘m(x N (P4 k(t— 7))“’
q! '

1 = 2= Nlk(t—r)+er] Z

d
qeNg

Reasoning as in the proof of Proposition [(.§, we get

¢ =27 A=\ k(t—r) 487" =2 (=) €] =2 (' —p0) e~
lo(t) | e < / sup
0 b

1+ k=
S (DN (D O O i i s
b m! plr!s!
H(VU + 2w )™ G (0, ) L )VS (Vo + 2im7'(k — 0)) R (k — €, v) Lt dr
CKy(t7)
=/ 11_|_7_ ||G ||g£1+1bjr’:+(’\ A i1 ||R ||ZEf+iz—é?o A () dr,

where

Ki(t,7) = (1+7) sup

o= 2T ANk (=) 7| g2 (i pn) ] =2 (' — 1) k0]
kt '

1+ k=
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Moreover,
e 2m(A=A)|k(t—7)+£7'| e 2m (f—p)|¢| <e 2w (A=) | k(t—7)+LT] e27r()\ )| =] ¢ e 2 (f—p)| €|

< o=2m(A=N)k(t—)+er| 6—27r((/1—u)—(5\—>\)|'r’—7'|)\€|

—ar(A-N)k(t—r)+er] —2m (L5221

IN

e

by using assumption (6.I9). We conclude that

t
Kl(t 7')
ol < | =7 +’T G gxeorza 1B saron i, AT
0 i (150

Finally, the contribution of £ = 0 is handled separately, as in Proposition [6.§, and
yields the first term in (£.20). O

7. CONTROL OF THE TIME-RESPONSE

To motivate this section, let us start from (B-J) again, but now assume that f°
depends on ¢, z,v and that there is an extra source term S, decaying in time. Thus
the equation is

of
ot
and the equation for the density p, as in the proof of Theorem B.1], is

+v-Vof = (VW xp) -V, f'=S5

(7.1)
p(t,z) = /fi(:z—vt,v) dv—l—/o » Vo [ (1, 2—v(t—7),0)-(VWxp) (7, x—v(t—7)) dv dr

//s = o(t—7),0) dodr.

Hopefully we may apply Theorem p.I0 to deduce from ([[-]]) an integral inequality
on o(t) = ||p(t)|| #r¢+x, which will look like

(7.2) p(t) < A+c /Ot K(t,7)p(r)dr,

where a is the contribution of the initial datum and the source term, and K(¢,7) a

kernel looking like ([5.29).
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Then from ([.3) how do we proceed? Assume for a start that a smallness condition
of the form (a) in Proposition .1 is satisfied. Then the simple and natural way, as
in Section B, would be to write

p(t) < A+c (/Ot K(t, 1) dr) <OS<11I<)tQO(T)) :

A
1—Cf0tK(t,T)dT>

and deduce

(7.3) o(t) < (

(assuming of course the denominator to be positive). However, if K is given by
(622), it is easily seen that f(f K(t,7)dr > Kkt as t — oo, where £ > 0; then
([3) is useless. In fact ([4) does not prevent ¢ from going to +o0o0 as t — oo.
Nevertheless, its growth may be controlled under certain assumptions, as we shall
see in this section. Before embarking on cumbersome calculations, we shall start
with a qualitative discussion.

7.1. Qualitative discussion. The kernel K in (£.29) depends on the choice of
p' = p(t, 7). How large ¢/ — pu can be depends in turn on the amount of regularization
offered by the convolution with the interaction VIW. We shall distinguish two cases.

7.1.1. Analytic interaction. If VW is analytic, there is o > 0 such that
W20, [ VW < Cllplle

then in (.23) we can afford to choose, say, ' — u = 0/2, and v = 0. Thus K is
bounded by

(74) F(a) (t’ 7’) = (]_ + 7—) sup e—am 6—a\k—€| e—a|k(t—'r)+€'r\’
k+£0, ££0

where v = L min{\ — X\; T — pt; 0}. Let us work in dimension d = 1. The goal is to
estimate solutions of

(7.5) olt) <a+e /0 K, 1) o(r) dr.

Whenever 7/t is a rational number distinct from 0 or 1, there are k,¢ € Z such
that |k(t — 7) + (7| = 0, and the size of K (t,7) mainly depends on the minimum
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admissible values of k£ and k — ¢. Looking at values of 7/t of the form 1/(n + 1) or
n/(n + 1) suggests the approximation

(7.6) o < (14 7) min {eﬂx(ﬁ) e 2 e=2(*57) e_a},

which seems to be an exact upper bound for 7 > /2. But this estimate is terrible:
the time-integral of the right-hand side is much larger than the integral of Y. I

fact, the fast variation and “wiggling” behavior of K are essential to get decent
estimates.

exact1=100 —— ) ) ) ) j ) T exattt=1000 ——
approx t=100 ——— approxt=1000 ———

-

.
(VNN N T RN

8 09

FIGURE 5. the kernel K\ (t,7), together with the approximate upper
bound in ([(.q), for « = 0.5 and ¢t = 10, ¢ = 100, ¢t = 1000.

To get a better feeling for F(a), let us only retain the term in k£ = 1, { = —1; this
looks reasonable since we have an exponential decay as k or £ go to infinity (anyway,
throwing away all other terms can only improve the estimates). So we look at
K@ (t,7) = (1+7) e e =27l Let us time-rescale by setting k(6) = ¢t K@ (¢, t6)
for 6 € [0, 1] (the t factor because dr = t df); then it is not hard to see that

—3a
@ . 2e 51
0] 2
in weak sense on 6 € [0,1]. This suggests the following baby model for ([7.3):
t
(7.7) o(t) <a+cty (5) .

The important point in ([.7) is that, although the kernel has total mass O(t), this
mass is located far from the endpoint 7 = ¢; this is what prevents the fast growth
of p. Compare with the inequality ¢(t) < a + ctp(t), which implies no restriction
at all on .
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To be slightly more quantitative, let us look for a power series ®(t) = >, aj t*
achieving equality in ([[77). This yields ap = a, axy; = ca, 27%, so

Lk
k=0

The function ® exhibits a truly remarkable behavior: it grows faster than any poly-
nomial, but slower than any fractional exponential exp(ct”), v € (0, 1); essentially
it behaves like AM°29”. One may conjecture that solutions of (T7) exhibit a similar
kind of growth.

7.1.2. Sobolev interaction. If VW only has Sobolev regularity, we cannot afford in
(B:22) to take p/(t,7) larger than pu + n(t — 7)/t (because the amount of regularity
transferred in the bilinear estimates is only O((t — 7)/t), recall the discussion at the
end of Subsection f.3). On the other hand, we have v > 0 such that

W20, VW kgl < Cllole,
and then we can choose this v in (.29). So K in (f.23) will be controlled by
e—alll 6—a(%)|k—£\ o—alk(t—)+er|

7.9 K7t 1) =(1+71) su ,
(7.9) ) = )k;AO,IZ);éO L+ [k =

where v = 1 min{A — X\; 7 — p; n}. The equation we are considering now is

t
(7.10) o(t) < a+/ K@t 1) o(7) dr.
0
For, say, 7 < t/2, we have K(® < F(a/z), and the discussion is similar to that in
[T But when 7 aproaches ¢, the term exp(—a(57) [k —¢|) hardly helps. Keeping
only £ > 0 and ¢ = —1 (because of the exponential decay in ¢) leads to consider the

kernel
—alkt—(k+1)7]

RO(t,7) = (147 sup e
=T T ey
Once again we perform a time-rescaling, setting k;(f) = t K@ (¢,t6), and let t —
oo. In this limit each exponential exp(—alkt — (k + 1)7|) becomes localized in a
neighborhood of size O(1/kt) around 6 = k/(k + 1), and contributes a Dirac mass
at 0 = k/(k + 1), with amplitude 2/(a(k + 1));

k, 2 1 1
- — = S, 1.
t tmoo i1+ (k+1)7 k+1 77
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This leads us to the following baby model for ([.10):

(7.11) o(t) §a+ctzk11ﬂgo<(1—%) t).

k>1

If we search for > a,t" achieving equality, this yields
1 1\"
ap = a, an+1:c<zm <1—E>>an
k>1

To estimate the behavior of the ), above, we compare it with

>~ 1 1\" t
/ e (1 — —) dt = / w1 —w)"du = B(y,n+1) (Beta function)
1 0

t :F(v)f‘(n+1)_0<%>.

F(n+~y+1)
All in all, we may expect ¢ in ([.I() to behave qualitatively like

ot)=a Y (C;t;

n>0

Notice that ® is subexponential for v > 1 (it grows essentially like the fractional
exponential exp (/7)) and exponential for y = 1.

7.1.3. Physical implications. The kernel K in (.29) takes into account possible “res-
onances” between spatial modes, whose control is crucial in the study of the non-
linear Vlasov equation. Then the growth of solutions to ([-J) hopefully provides
qualitative information about the disturbance by resonances; this depends on the
index v of (Sobolev) regularity of VIV.

e When v > 1, we expect a subexponential growth of the disturbance, which
should be absorbed by the exponential damping. For this reason, one may now
— and only now — believe in the nonlinear Landau damping for such potentials.
The case v = 1 seems to be critical and requires a more careful discussion; as a
matter of fact, this is by far the most important case, since it corresponds to the
electrostatic/gravitational potential used in physics!

o If we work in a setting of functions that are less smooth than analytic, the decay
due to phase mixing will not be as good as exponential; but rather O(t=*) for C*°
data, or exp(—t?) for Gevrey-3 regularity, etc. On the other hand, the heuristics



ON THE LANDAU DAMPING 95

from [[-T.9 suggest a disturbance growing like exp(t!/7). So one may doubt the reality
of the nonlinear Landau damping below Gevrey-(1/v) regularity!

e Even in the extremely favorable case of an analytic interaction, one may doubt
the possibility of nonlinear Landau damping in C*°, since ® in ([7.§) grows faster than
any fixed power of t. This is all the more interesting that linear Landau damping
does hold in C*, and even in C* (modulo decay conditions at large velocities) for &
as low as 1 + ¢; recall Remark B.3.

The kind of resonances which we are chasing is at the basis of the plasma echo
phenomenon [R{): a plasma which has been excited by a first pulse and has subse-
quently damped, will react twice to a second pulse: first at the instant of the exci-
tation, and then at a later time which is determined by the frequences of the two
pulses, as well as the time interval between them. The question which we are eventu-
ally asking is whether self-induced echoes in the plasma slowly destroy the damping.
Our conjecture is that this highly depends on the regularity of the interaction and
of the distribution function: for analytic interaction the echoes are well-separated
and not very dangerous; but if the interaction is very rough, they become almost
instantaneous. Our analysis suggests that for Coulomb interaction, and data which
are not analytic, Landau damping may be drowned in a slow accumulation of such
echoes.

7.2. Exponential moments of the kernel. Now we start to estimate the kernel
K@ from (79), without any approximation this time. The first step consists in
estimating exponential moments.

Proposition 7.1 (exponential moments of the kernel). Let v € [1, 00] be given. For
any a € (0,1), let K7 be defined by ([9) for v < oo, and by ([A) if v = oc.
Then for any v < oo there is @ = a(vy) > 0 such that if « <@ and € € (0,1), then
for any t >0,

t
e_at/ K@t 1) e dr
0

<C 1 lné 1 1 lné et e %
- R 4
- aertr—l * aerty * a2 g+ ity + s - ae ) © + ad ]’

where C'= C(v). In particular,
t
o [fy>1ande < «, then e‘“/ K@t 1) e dr <
0

C(v)

a3 61+’y t'y—l 7
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t X '
o [fy =1 then e‘gt/ K@ (¢, 1) e dr < & (_ N )

0 053 3 %
Additionally,
t t 1 111 l et €_Tt
o [fy =00, then e * / K99t 1) e dr < C —t+t =T et +—.
0 at  ade a

Proof of Proposition [7.]. To simplify notation we shall not recall the dependence of
K on 7. We first assume v < 0o, and consider 7 < t/2, which is the favorable case.

We write

K@ (t,7) < (1+7) sup sup e =2k~ gmalkt=r)+ir]
kA0

Since we got rid of the condition ¢ # 0, the right-hand side is now a nonincreasing
function of d. (To see this, pick up a nonzero component of k, and recall our norm
conventions from Appendix [A].) So we assume d = 1. By symmetry we may also

assume k > 0.
Explicit computations yield

( 1 1

a(ﬁ—k)+a2(€—k)2 if ¢ >k

—akt E i 3 —
e <2+8 ifl =k

t/2
/ e—a|k(t—‘r)+€7\ (1+T) dr <
0

e_a(kTH)t

t
A | — if —k <
alk = 1] <+2> if —k</?l<k

ak—0 alk—0 a2k =1

In all cases,

/t/2 e k=T (1 L 1) dr < 3 + 1 + t 1
0 “\alk—¢ " a?k—¢2 " 2alk—1¢)

t 12
+ €_akt (5 + g) 1g:k.

( 2 2kt + ! ) if ¢ < —k.
\
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t/2
et e—a|k(t—'r)+€'r\ (1 + 7_) T dr

<e‘?< s + L + t )1 + e <£+ﬁ>1_
= alk—0 " alk—02 " 2alk—1¢]) M 2 8) =k
<e—4< s 1 22 )1 +e—?<3+8—zz>1_
= alk—0 " ak—(2 " acglk—1¢) M a a2 ) TP

where z = sup(ze™®) = e¢~!. Then

t/2
eat/ K©@(t,7) e dr
0

et a 3 1 22
< % —alt] 2 |k—t]
<et) ) e <a|k:—€|+a2|k:—€|2+a5|k:—€|)

kA0 (£k
ta 2 822
+e 2 el Z 4 = ).

Using the bounds (for az ~ 07)

Ze—afzog), ge;a£=0<1né), 26;20(1),

4

we end up, for a < 1/4, with a bound like

c 1 1 1 1 1 o 1 1
Ce T (Sh-+—+—In=]+Ce? | =+—
a2 o a3 afe  « a? ol

(Note that the last term is O(t73), so it is anyway negligible in front of the other
terms if v < 4; in this case the restriction ¢ < « can be dispended with.)

e Next we turn to the more delicate contribution of 7 > ¢/2. For this case we
write

6—a\k(t—7’)+€7'|

7.12 K9 7)< (1+7)sup e sup ——n
(7.12) (1) < (L) sup e sup
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and the upper bound is a nonincreasing function of d, so we assume d = 1. Without
loss of generality we restrict the supremum to ¢ > 0.
The function z +—— (14 |z —£|7) "t e~2¢="+1 ig decreasing for o > ¢, increasing

for < —¢7/(t — 7); and on the interval [~ ¢] its logarithmic derivative goes
from
ol
—a—l—lfﬁ (t—1) to —a(t —71).
(%)
So if t > 7/« there is a unique maximum at x = —¢7/(t — 7), and the supremum in

([FI2) is achieved for k equal to either the lower integer part, or the upper integer
part of —¢7/(t — 7). Thus a given integer k occurs in the supremum only for some
times 7 satisfying k — 1 < —¢7/(t — 7) < k + 1. Since only negative values of k
occur, let us change the sign so that k is nonnegative. The equation

k

g t< < ﬂ t
k+0—1 TSkttt

Moreover, 7 > t/2 implies k > ¢. Thus, for t > v/« we have
(7.13)

is equivalent to

k41

t k+£+1 e—a|k(t—'r)—€'r\ ecT
—et (a) T —et
e ® K'Y(t,T)e al7'§e5 E / +7) e dr.

—aZ
t/2 £>1 k>0 k+e 1

For ¢ < /a we have the trivial bound

t
e_et/ K@ (t,7)eTdr < l;
/2 20

so in the sequel we shall just focus on the estimate of ([.13).

To evaluate the integral in the right-hand side of (7.13), we separate according to
whether 7 is smaller or larger than kt/(k + £); we use trivial bounds for " inside
the integral, and in the end we get the explicit bounds

(5e)t ¢ 1 kt
—et 1 —alk(t—7)—t1| et dr < -
¢ / )t( tr)e N P R (e
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., (&) Ly gmolb(i=rmtrl o7 g < o pil 1 kit 1
Fe+1
‘ /(Mt (1+7)e carse ok 10 Tatkr 0 Tkt 02

All in all, there is a numeric constant C' such that ([.I3) is bounded above by

1 ]{jt elt
—al Tk
(714) C g E (042 L + g 2+7 (k + £)I+'y + Oé(l{? + 6)24-7) e ktt,

>1 k>{

>

—clt/(k+0) —ett/(k-+0+1)

together with an additional similar term where e is replaced by e

and which will satisfy similar estimates.
We consider separately the three contributions in the right-hand side of ([.14).

The first one is
—al e k+l
e D) PR
a >1 k>é (k+ 0%

To evaluate the behavior of this sum, we compare it to the two-dimensional integral

ext

¢ d
(z +y)> v

We change variables (x,y) — (:L', u), Where u(x,y) = ext/(x+y). This has Jacobian
determinant (dxz dy)/(dx du) = (ext)/u?, and we find

1 00 p—aw et/2 1
J— U,y .
1(t) = o2 1+ $1+7 /1 i da:/o e uldu=0 <a2 o1+ tlﬂ) :

The same computation for the second integral in the right-hand side of ([.14)

yields
00— 1
: / - di'f/ame‘“uv-ldu=o iy Y.
ag’tr )y VY 0 aevtY

(The logarithmic factor arises only for v = 1.)
The third exponential in the right-hand side of ([.14) is the worse. It yields a
contribution

k
(7.15) —Z ety :J:Zzﬂ

>1 k>€

We compare this with the integral

e w+yy
/ / x+y2+dedy’
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and the same change of variables as before equates this with

1 o} e~ et/2 1 o] e~ et/2
_ dx et dy — ——— dx e “u’du
agrtr=t fi o 0 actrtr fi a0 0

(i)
=0 -~ :
aeY =t
(Again the logarithmic factor arises only for v = 1.)

The proof of Proposition [/.] in the case v < oo follows by collecting all these
bounds and keeping only the worse.

We now consider the case 7 = oo (that is, for analytic interaction). The analysis
for 7 < t/2is just the same as in the case v < co. On the other hand, for 7 > ¢/2, the
analysis is much more favorable and, as we shall see, almost similar to the symmetric

case 7 < t/2. We first write
K(a) < (1 + ,7_) sup sup 6—a\€| 6—a\k—€| 6—a\k(t—r)+ﬁr|
- (40 k
< (1 + ,7_) sup sup 6—a\k|/2 e—a|k—€\/2 e—a|k(t—‘r)+€7\‘
o 40k

Next we note that for £ # 0 and ¢ > 1,

t
/ e—a|k(t—7)+€7—\ Tdr
t

/2
t
< / |€|7_e—a|k(t—7')+fﬂ dr
—Jiy2
t
< [ (bt =)+ tr] 4 ke = 7)) M0
t/2
22 [t . ¢
<= ) |k(t—7)+L7| dr + |k’| (t _ 7-) e—a|k(t—'r)+€‘r\ dr.
a Ji/2 t/2

In particular,
t
e—a|k\/2 e—ak—f|/2/ e—a\k(t—7)+€7—| rdr
t/2

t
- 4_Ze—a|k\/4 e_ak_ﬂ/Q/ e—alk(t=")+t7| (14 (t—7)]dr.
-« t/2
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Exchanging k and ¢ on one hand, 7 and t — 7 on the other, brings us back to
the computations in the case 7 < t/2, up to a factor O(1/a). The result follows
immediately. 0

Remark 7.2. The fact that these estimates boil down to a one-dimensional analysis
is not surprising: the interaction between waves is strongest when their wave vectors
are parallel; so higher dimension should neither help, nor harm.

Remark 7.3. It is disappointing that the case v = 1 yields no decay as t — o0,
even logarithmic. However, our bounds are essentially optimal. For ¢ = 1, the
exponential exp(—a((t —7)/7)|k +{|) is of order 1 (not small) when 7 ~ kt/(k+1).
A more precise computation, using the identities
k+1 kK l ko k=1 l

E+0+1 k+0 (k+0(k+0+1) E+¢ k+0—1 (k+0)(k+0—1)
yields a dominant term like

e (ke ey - et

— +0) (h+0— — -
alk+0) \k+¢ K ‘ ) ( ‘

for the time-integral between (k —1)/(k+¢—1) to (k+1)/(k+ ¢+ 1). But then,
discarding negligible error terms, we are led to estimate

—a _ ettt ]{f _ alt
tZe ZZ@ Rl CEE (1—e ),

>1 k>

which in turn leads to the integral

e _ & _ext ’y _auxt
t/ e‘”/ e vty ————(1 —e =tv) dr dy.
1 T (ZIZ' + y)3 ( )
To get the asymptotics t — oo we may replace y/(z+y)® by 1/(x +y)?, and obtain
after change of variables

00 ,—ax 1 et/2 1 (eta)t/2
(/ ¢ d:z:) (—/ e “du— / e “du
1 x g Jo e+« 0
()
t—o ele+a)\J; =

so there is still no decay.
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Remark 7.4. It is not easy to catch (say numerically) the behavior of ([.15), be-
cause it comes as a superposition of exponentially decaying modes; any truncation
in k& would lead to a radically different time-asymptotics. This is probably the rea-
son why plasma echoes were apparently never considered as a possible source of
unstability (this eventuality is not mentioned e.g. in [, Section 12.7], although the
nonlinear nature of the echo phenomenon is clearly pointed out).

0 5000 10000 15000 20000 25000

FIGURE 6. The function ([[.13) truncated at k = 5, k = 10, k = 100,
k = 1000. The decay is slower and slower, but still exponential; how-
ever, the maximum value (on the extreme left of the graph, because it
occurs with a much faster rate than the decay) slowly increases with
the truncation parameter.

From Proposition [[-]] we deduce L? exponential bounds:

Corollary 7.5 (L? exponential moments of the kernel). With the same notation as
in Proposition [7_1,

([ CW) .
0B e1+2y $2(0-1) ify>1

t
(716) e—ZEt/ 6257 Kfa)ﬁ(tﬂ'y dr <X C ( 3182 4 21€3t> if7 =1
0 o «
Ce—et/4
\ ate?

if v = oo.
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Proof of Corollary[7.J. This follows easily from Proposition and the obvious
bound

K7 (1) < C(1+t) KP (7).

7.3. Dual exponential moments.

Proposition 7.6. With the same notation as in Proposition [7.1, for any v > 1 we
have

= 1 Ini
(7.17) sup e”/ e K@ (t,7)dt < C() (—+ na).

>0 ale  ae

Remark 7.7. The corresponding computation for the baby model considered before
is
k+1
o (1+T e 1+7 > gmeT/
() B () [

E>1
1 1 T
:( +7) (—)/ e vt du.
T ae” ) Jo

So we except the dependence upon ¢ in ([(-I7) to be sharp for v — 1.

Proof of Proposition [7.4. We first reduce to d = 1, and split the integral as

) ) 2T
er / e KW (¢ ) dt = e / e S K@Y (¢, ) dt + e”/ e St K@ (¢ 1) dt
T 2 T

T

= ]1 + IQ.
The first term [ is easy: for 27 <t < +o0o we have
C(l+71)

o2

K(a)”(t,T) <(147) Z o—olll= 5k~ <

k>1, ££0

)

and thus
o (1 C
€T / e ¢t K(a)"y(t,r) dt < M e T < —
2

2 = a2
. ! oFe!
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We treat the second term I as in the proof of Proposition [.1J:

2T
e’ K@t r)e st dt

T

Z kzlll T —a|k (t—7)—L7| .
<7 1 + 7 e —— e °
>1 k> T 1 + k - 6)
—af 6_ E
<(1+7) Z e Z e E .
>1 k>0

We compare this with

1+T/ /
1 e} —QSC
( +T)/ / e u " dudx
aa”

C’ In(1/c)

ey

)

where we used the change of variables u = ex7/y. The desired conclusion follows.
Note that as before the term In(1/a) only occurs when v = 1, and that for v > 1,
one could improve the estimate above into a time decay of the form O(r=0~1). O

7.4. Growth control. To state the main result of this section we shall write Z¢ =

Z3\ {0}; and if a sequence of functions ®(k,t) (k € Z%, t € R) is given, then
[O(t)|lx = >, e*™ ¥ |®(k, t)]. We shall use K (s) ®(t) as a shorthand for (K (k, s) ®(k, t)) ez,
ete.

Theorem 7.8 (growth control via integral inequalities). Let f© = fO(v) and W =
W (x) satisfy

sup |fO(n) 2™ < Gy, ST [W(k)| < Cw, sup [k W (k)| < Cw,
ezd

d
neR kezd

together with condition (L) from Subsection B3 with constants X, > 0. Let A > 0,
p=>0, A€ (0,\] with 0 < X* < X. Let (®(k,t))reza >0 be a continuous function
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of t >0, valued in C%, such that

(7.18) Vt >0, H@(t)—/otKo(t,T)q)(T)dT

At+p

t
Co
<A Kolt, 7) + Ki (t 0| D) || ae d
< [ Ko+ Kt + ] 10l
where ¢cg > 0, m > 1 and Ko(t,7), Ki(t,7) are nonnegative kernels. Let ¢(t) =
[P() x4 Then

(i) Assume 1 < v < oo and K; = cK®7 for some ¢ > 0, a € (0,a(v)),
where K7 s defined by (I9), and @(v) appears in Proposition [T, Then there
are positive constants C and x, depending only on v, \*, X\, k, Co, Cyw, m, uniform as
v — 1, such that if

t

(7.19) sup/ Ko(t,7)dr < x

t>0 J0o
and

t 00
(7.20) co + sup/ Ko(t, 7)*dr + sup/ Ko(t,7)dt <1,
>0 Jo >0 )+
then for any ¢ € (0, a),
c (T2

(7.21) VE>0, o) < CALT (1 + ags/z) (Cel+T?) ot
where

1 1
B c+c2\ T ' 2\ 7T

(i) Assume Ky = K™ for some ¢ > 0, a € (0,@), where K is defined by
() (case “y = 4+o00” of analytic interactions), and @ appears in Proposition [T].
Then the same result as above holds for e € (0, ) with

4 ale’ ct -t
T:max{glog (2020) ; (;) .
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(iii) Assume Ky =33,y ¢; K@ for some a; € (0,a(1)), where a(1) appears
in Proposition [7_1; then there is a numeric constant I' > 0 such that whenever

N
C.
1>e>T > =,
[’
=1 "

one has, with the same notation as in (i),

cT

(7.23) Vt>0, @t)<CA % eCel+T?) get.

N 1 N 2 T
_ . T=C - S (@ '

(ii1’) Assume Ky =Y i Ci K@D for some oy € (0,a(1)), where @(1) appears
in Proposition [I_1; then there is a numeric constant I" > 0 such that whenever

N N\
QEZP/maX{(Z@); (>5) }

=1 ! =1 !

where

one has, with the same notation as in (i),

6et
7.24 vt >0, ) <CA—.
(7.24) > p(t) < NG
Remark 7.9. Other estimates can be made, depending on the restrictions on v and
e; but the important point to note is that for v = 1 we are not allowed to choose ¢
arbitrarily small.

Remark 7.10. Let apart the term ¢, /(1 + 7)™ which will appear as a technical cor-
rection, there are three different kernels appearing in Theorem [§: the kernel K°,
which is associated with the linearized Landau damping; the kernel K7, describing
nonlinear echoes (due to interaction between differing Fourier modes); and the ker-
nel Ky, describing the instantaneous response (due to interaction between identical
Fourier modes).

We shall first prove Theorem assuming
(7.25) co=0
and

(7.26) / sup |[KO(k,t)| @™ M dt < 1 -k, k€ (0,1),
0 k
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which is a reinforcement of condition (L). Under these assumptions the proof of
Theorem [7.§ is much simpler, and its conclusion can be substantially simplified too:
x depends only on &; condition (220) on K can be dropped; and the factor e“7(1+

c/(ae?)) in ([21) can be omitted. If W < 0 (as for gravitational interaction)

and f° > 0 (as for Maxwellian background), these additional assumptions do not
constitute a loss of generality, since ([.26) becomes essentially equivalent to (L),
and for ¢y small enough the term ¢(1 + 7)~™ can be incorporated inside K.

Proof of Theorem [T.§ under ([20) and ([[25). We have

(7.27) p(t) < A+ /0 (|KO|(t, T)+ Ko(t,7) + Kl(t,7)> o(T) dr,

where |K°(t)| = sup, |K°(k,t)]. We shall estimate ¢ by a maximum principle
argument. Let 1(t) = Be, where B will be chosen later. If v satisfies, for some
T2=>0,
(7.28)

o(t) < () for 0 <t <T,

o(t) > A+/t<\K0|(t,7) +Eo(t7) + Ka(t 7)) w(m)dr for t> T,

then u(t) := ¥(t) — @(t) is positive for t < T', and satisfies u(t) > f(f K(t,7)u(r)dr
for t > T, with K = |K°| + Ky + K, > 0; this prevents u from vanishing at later
times, so u > 0 and ¢ < 1. Thus it is sufficient to establish ([[.2§).

Case (i): By Proposition [, and since [(|K°| + Ky)dr <1 —k/2 (for x < k/2),

(7.29) A+/0 [[K°|(t, ) + Ko(t, T)] ¢(7)d7+c/0 K@t ) (r) dr

K CC(V) et
<A+ |(1-5) + ] B
For t > T := (4cC/(a?®£?*7k))/0~1  this is bounded above by A + (1 — k/4) B e,
which in turn is bounded by B e as soon as B > 4A.
On the other hand, from the inequality

o(t) < A+ (1—E> sup go(7’)+c(1+t)/0tgo(7')d7'

2/ o<r<t
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we deduce the crude bound

(p(t) S <%) ec(t+t2)‘

K

In particular, if
4A
K
then for 0 < ¢ < T we have p(t) < ¢(t)/2, and ([-2§) holds.

Case (ii): K; = ¢cK™. The computation is similar, replacing the right-hand side

in ([7.29) by

A+ (1 — f) + cc e/t Bet,
2 ate

according to the last estimate in Proposition [[.I]. (To be precise, one should quantify
the degree of analyticity of the interaction.)

Case (iii)-(iii’): K; = Y ¢; K@)!. We use the same reasoning, replacing the
right-hand side in ([29) by

N N
K C; C;
1__> C G _G
( )t (;a35+;a§52t>

(2

A+ Bet.

To conclude the proof, we may first impose a lower bound on ¢ to ensure

N
& K
7.30 C <
(7.30) ; ade = 8
and then choose t large enough to guarantee
AU K
7.31 C — < =
(7.31) ; atert — 8’
this yields (iii). Alternatively, one may ensure both ([(.3(0) and ([-31) by using just
a lower bound on £, and this leads to (iii’). O

Proof of Theorem [T.§ in the general case. We only treat (i), since the reasoning for
the other cases is rather similar; and we only establish the conclusion as an a prior:
estimate, skipping the continuity/approximation argument needed to turn it into a
rigorous estimate. Then the proof is done in three steps.
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Step 1: Crude pointwise bounds. From ([.1§) we have

(7.32) o(t) = Z 1D (K, t)| e2rOtrmlkl

kezd

<A+ Z /t}KO(k,t — 7')} 2T At u)lk| |D(t, )| dr
k 0
+ /0 {Ko(t,THKl(t,THL] o(1) dr

(14 7)m
t
<t [ (sup |Gkt = ] o)
0 k

Co

+ Ky (t,7) + Ko(t, 7) + 0t

o(T)dr.

We note that for any k& € Z¢ and t > 0,
‘Ko(k‘,t N ,7_)‘ 2T Ak (t=T) < A2 |/V[7(k‘)| Ch 6—27T(X—>\)|k\t |k‘|2t

< LG (sup k] |W(k)\) < CGCw
A— A \k#£0 A—A

)

where (here as below) C' stands for a numeric constant which may change from line
to line. Assuming [ Ko(t,7)dr < 1/2, we deduce from ([[33)

o(t) §A+% (Sup W)) +C/Ot (C_;O_CV; +c(1+t>+%) o(r)dr,

0<r<t (1+7

and by Gronwall’s lemma

Cp C

(7.33) (1) < 24 LSRR L0 e Cn)
where Cp, = [[°(1+ 7)™ dr.

)

Step 2: L? bound. This is the step where the smallness assumption will be most
important. For all k € Z2, t > 0, we define

(7.34) Up(t) = e =t Ok, t) 2 AHmIkl

(7.35) KO(t) = ==t KO(k, t) 2 Ot+mlkl,
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(7.36) Ry(t) = e <<I><k:, t) - / KOkt — 1) B(k,7) dT) e2r Atk
= (T — T = K3) (1),

and we extend all these functions by 0 for negative values of ¢t. Taking Fourier
transform in the time variable yields Ry, = (1 — K%) Wy; since condition (L) implies
|1 — K| > k, we deduce ||[Wg|lre < k7' ||Rill 2, t-e.,

[ Rl 22 ar

(7.37) el < —>

(Note: In the absence of any smoothness bound on K°, which anyway is discontinu-
ous at t = 0, this L? bound is about the best we can hope to deduce from the Fourier
identity, at least without further work.) Plugging ([237) into ([(.3G), we deduce

K| 71
(138 WheZ, Wy Ryl < DRIEE g
Then
(7.39) @) €| oy = || D 14

L2(dt)

k
< R R, — U
- Zk: | L2(dt) . Zk: 18 ’fHLQ(dt)

1
< R 14~ K9
< ;| k| L +/<;ZH ellzran

Lezd

(Note: We bounded || Re|| by || >, |Rx|||, which seems very crude; but the decay of
K} as a function of k& will save us.) Next, we note that

||IC2||L1(dt) < 47‘(‘2 ‘W(l{i)|/ CO 6—2W(X—>\)\k|t |]{3|2tdt
0

< 4m? [V (k)| <22,
A— A

SO

o~ O
> K ey < 4n (Z\w)\) T
k A— A
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Plugging this in ([[.39) and using (7.1§) again, we obtain

(7.40)

B CCyC
o0 = (1 ) [ 1,

< (1+%) {/OOO 2t <A+/Ot {K1+K0+(1f7°ﬂm] QO(T)dT)2dt}é.

We separate this (by Minkowski’s inequality) into various contributions which we
estimate separately. First, of course

(7.41) ([Temaa) <

Next, for any 7' > 1, by Step 1 and f(f Ki(t,7)dr < Cc(l+1)/a,

D=

B

D=

(7.42) { /0 s ( /0 K1) o) df)z dt}
< Loy o0] ([ ([ 0207 )

< 0 AL BT T £ (/ e (1 4 1) dt) |
0

«

<CA _c c[icgffv T+c(T+T2)]'
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Invoking Jensen and Fubini, we also have

(7.43)

e

1
2

tKl(t,T) () dT)Q dt}

o
-

0o t 2 2
{/ (/ Ki(t,7) e =) e (1) dT) dt}
T
{ (/KltT €(tTdT)</K1tT €OtT_%T()alT)}
< (sup/ e K (t,T) ”df) (/ / Ki(t,7)e st =27 (1)? det)
t>T Jo
: :
= <sup/ K (tT) e dT) (/ / )e —e(t=7) e % p(1)? dth)
t>T Jo ax{T; T}
( (/ e % p(1)? dT) .
0

D=

¢
sup/ K (tT) €T dT) (sup/ T Ki(t,T)e dt)
>1 Jo >0 J7

(Basically we copied the proof of Young’s inequality.) Similarly,

(7.44)
{/ et (/ Ky(t,7) dT) alt}2
< <sup/ = Ko(t, ) e dT) (sup/ T Ko(t,7)e " dt) (/ e %7 p(1)? d7)2
t>0 Jo >0 0
t 00 3
< <sup/ Ko(t, ) dr ) <sup/ Ko(t, T dt) </ e p(1)? dT) :
t>0 Jo 720 0

[N
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The last term is also split, this time according to 7 < T or 7 > T"

co T ([
<o (o) [ ([ ) o)

< C_z;l LB )T 4o +72)] -

and

co {f (e ) ) |
ol [ ([roiRe) of
o[ ([ (Loaore) of
o ([[eara) ([ [ e
([Fmeora) ([ e </>>
e[ emsra) ([ ) (o)

Cl2 ¢ N
- e (e ”dt)

Gathering estimates ([7.41) to ([.44), we deduce from ([.40Q)
(7.47)

e CCCw\ CA c O |9W 1o (T4T?)
H(,O(t)e tHLz(dt) < <1+ H(X—)\)) \/E |:1—|— <a—€+CQCm):| e [ A=A ]

D=

ta HSD(t) 6_EtHL2(dt)’



114 C. MOUHOT AND C. VILLANI
where

1

t 3 00 !
a= (1—1—09070”/) {(sup/ e " Ki(t,7) €€Td7') (sup/ T Ky (t,7) e‘stdt)
K(A—A) >1 Jo >0
i oL,
Ko(t,7)d Ko(t,7)dt | + —=22——|.
(g [ terar) (o [ sera) '

Using Propositions [7-]] (case v > 1) and [(-§(i), as well as assumptions ([-19) and
([-20), we see that a < 1/2 for x small enough and 7T satisfying ([[29). Then from

(A7) follows

. CCyCw ) CA ¢ [0l pic (1)
Hap(t)e tHLZ(dt) < <1+ — ) [1+ (E—I—COC’m)} e [ ]

Step 3: Refined pointwise bounds. Let us use ([-1§) a third time, now for ¢t > 7"

(7.48)

e~ op(t) <Ae_5t—|—/ (sup | KOk, t — 7)| 2t T)kl) o(t)e T dr
0

+ / {KO 1+OT) } o(1) e~ dr

—l—/ (e_atK (t,7) ) o(T)e T dr

>\
—€t+ [( (sup ‘KO _7_)|627r)\(t—7')|k) dT)
0 \kezd
+ /K(t V2 dr §+ /oocigd :
o 7 o (L+7)2m !

t 2 &) %
+ (/ e * K, (t, 7')2 e%T dT) } (/ @(7)2 e T dT) )
0 0

[e=]

[e=]
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We note that, for any k € Z2,

2 o~ ~
<|K0(k‘,t)| 627r)\|k\t> <16 7_{_4 |W(k‘)|2 ‘fo(k‘t)‘z |k‘|4t2 e47r)\\k|t

< 0002 ‘/W(]{J)F 6—47T(X—)\)|k\t |]{3|4t2
LG
A—A
cc?
A=A
2

0

‘W(l{i) |2 e—27r()\—)\)\k|t |]{Z|2

< C‘%V 6—2W(X—)\)\k|t

CC
A=A

2 —2r(A=A)t.
C2 e A=A

SO

¢ 2 2 2
/ sup }Ko(k‘,t — 7')} 2 AR g < 70_00 CW.
0 \kezd (A=A)?
Then the conclusion follows from ([(:4g), Corollary [.5, conditions ([.23) and ([7.20),
and Step 2. O

Remark 7.11. Theorem [(.§ leads to enormous constants, and it is legitimate to ask
about their sharpness, say with respect to the dependence in . In the case v = oo,
we find a constant of order O(e“/¢). The expected behavior is given by ([-§); so the
behavior of the optimal constant might be well captured by

cFth e—et ck\"
sup ——5— =sup ( — | ,
k,}t) 2k kp <2k 6)

which is roughly like (In 1/£)™'/¢; this is much smaller than our exponential bound,
but still grows faster than any inverse power of 1/¢. As for the case v < oo, we
expect the constant to be roughly of the order of

sup (e(“)w e‘st) ~ exp (&fﬁ) .
t

Our bound is roughly like exp(e~(4+27)/(r=1)): this is worse, but displays the expected
behavior as an exponential of an inverse power of ¢, with a power that diverges like
O((1—7y) ) asy— 1L
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8. APPROXIMATION SCHEMES

Having defined a functional setting (Section f]) and identified several mathemat-
ical /physical mechanisms (Sections f] to []), we are prepared to fight the Landau
damping problem. For that we need an approximation scheme solving the nonlinear
Vlasov equation. The problem is not to prove the existence of solutions (this is much
easier), but to devise the scheme in such a way that it leads to relevant estimates
for our study.

Because analytic norms are so sensitive to composition, and because kinetic equa-
tions act by composition with characteristics (trajectories in phase space), we expect
an unavoidable loss of regularity; this seems to dismiss the classical Picard iteration.
Instead, a Newton iteration will provide more flexibility in the regularity indices,
while at the same time yielding an extremely fast rate of convergence (something
like O(%")) which will be most welcome to absorb the gigantic constants coming
from Theorem [7.§.

8.1. The natural Newton scheme. Let us adapt the abstract Newton scheme to
an abstract evolution equation in the form

af
5= Q).

around a stationary solution f° (so Q(f°) = 0). Write the Cauchy problem with
initial datum f; ~ f° in the form

o(f) = (0 = Q). F(0,)) = (0. fo).

Starting from f°, the Newton iteration consists in solving inductively ®(f"~!) +
O'(fr) - (fm — fr1) =0 for n > 1. More explicitly, writing h" = f* — f*71 we

should solve
{athl = Q)
hl(ov ) :fi:fo
athn—l—l — O fn) . pntl ) n __ n
> 1, { Q'(f")- k™ + [8uf" — Q)]
R0, - ) = 0.
By induction, for n > 1 this is the same as
athn+1 — Q/(fn) . hn—l—l _ [Q(fn—l + hn) _ Q(fn—l) _ Q/(fn—l) ) hn]
R0, - ) = 0.
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This is easily applied to the nonlinear Vlasov equation, for which the nonlinear-
ity is quadratic. So we define the natural Newton scheme for the nonlinear
Vlasov equation as follows:

Y= f%v) is given (homogeneous stationary state)

ff=f+n+. . .+, where

{&hl +v-Voh' + FIhY] -V, f'=0
(8.1)

hl(O’ '):fi_fo

(8.2)

Vn >1

b + v - V R+ F[f7] - VAT + F[RY -V, f" = —F[h"] - V,h"
h"t1(0, - ) = 0.
Here F[f] is the force field created by the particle distribution f, namely

(83) Fiflta) == [[ VW= ) S0 dydu.
Tdx R4
Note also that all the p™ = [ h™dv for n > 1 have zero spatial average.

8.2. Battle plan. The treatment of (B.]) was performed in Subsection [.IJ. Now
the problem is to handle all equations appearing in (8.2). This is much more com-
plicated, because for n > 1 the background density f™ depends on ¢ and x, instead
of just v; as a consequence,

(a) Equation (B.2) cannot be considered as a perturbation of free transport, be-
cause of the presence of V,h"™! in the left-hand side;

(b) The reaction term F[h""!] -V, f™ no longer has the simple product structure
(function of z)x (function of v), so it becomes harder to get hands on the homoge-
nization phenomenon;

(c) Because of spatial inhomogeneities, echoes will appear; they are all the more
dangerous that V, f* “filaments” and becomes unbounded as t — o0, even in gliding
regularity.

The estimates in Sections [ to [] have been designed precisely to overcome these
problems; however we still have a few conceptual difficulties to solve before applying
these tools.
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Recall the discussion in Subsection [L.11]: the natural strategy is to propagate the
bound

(8.4 Sup | f | s < o0
7>0

along the scheme; this estimate contains in particular two crucial pieces of informa-
tion:

e a control of p, = [ f,; dv in FA norm;

e a control of (f;) = [ f; dx in C*! norm.

So the plan would be to try to get inductively estimates of each A" in a norm like
the one in (B4), in such a way that A" is extremely small as n — oo, and allowing a
slight deterioration of the indices A, 4 as n — oo. Let us try to see how this would
work: assuming

VO<k<mn, sup Hhﬁ”zkk,uk;l < Oy,
7>0 T

we should try to bound A", To “solve” (BJ), we apply the classical method of
characteristics: as in Section || we define (X”,, V) as the solution of

Tt 't
d n n d n n n
%Xr,t(xav) = Vii(z,v), Evm(%v) = F[f ](t?XT,t($7U))

Xn (w,0) =, VI (w,0) = v.

Then (B.9) is equivalent to

d n n n n n mn
(8.5) S (8 X Vi (0, 0) ) = B (7, X ,0), Vil (2,0)),
where
(8.6) S (L w,v) = = (FI - Vo f* + FIR") - O ,00).

Integrating () in time and recalling that A"*1(0, ) = 0, we get

W (1, X (20), Vg 0) = / Ty (7. X3 (2 0). Vg (a.0))
Composing with (X7, V) and using () yields
W 3, v) = / Ty (T, X7 (x,0), Vi (a, v)) dr.
We rewrite this using the “scatt;)ring transforms”

O (2, 0) = (X[, Vi) (@ + o(t = 7),0) = S}, 0 52

t,m T
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then we finally obtain

(8.7) W™t x,v) = /Ot(ZZH o )(x—wv(t—7),v)dr
__ /Ot (Pt o0, ) - ((Vufz) o) | (@ = vt = 7),0)dr
- /Ot (Frzo0r,) - ((Tuh2) 0 )| (@ = vt = 7),v) d.

Since the unknown A" appears on both sides of (B77]), we need to get a self-
consistent estimate. For this we have little choice but to integrate in v and get an
integral equation on p[h"*!] = [ h" dv, namely

(8.8) plA™ (¢, 2) / / [ (o[ 1]+ VIV) 0 Q1 ) -GZ,t} 0 8%, (z,v) dvdr
+ (stuff from stage n),

where G7, = V, fI' o QF . By induction hypothesis G7, is smooth with regularity
indices roughly equal to \,, u,; so if we accept to lose just a bit more on the regu-
larity we may hope to apply the long-term regularity extortion and decay estimates
from Section f, and then time-response estimates of Section [1, and get the desired
damping.

However, we are facing a major problem: composition of p[h?"*!] x VW by 0,
implies a loss of regularity in the right-hand side with respect to the left-hand side,
which is of course inacceptable if one wants a closed estimate. The short-term
regularity extortion from Section [j remedies this, but the price to pay is that G"
should now be estimated at time 7/ = 7 — bt/(1 + b) instead of 7, and with index of
gliding analytic regularity roughly equal to A, (14 b) rather than \,. Now the catch
is that the error induced by composition by 2" depends on the whole distribution
f™, not just h"; thus, if the parameter b should control this error it should stay of
order 1 as n — oo, instead of converging to 0.

So it seems we are sentenced to lose a fixed amount of regularity (or rather of radius
of convergence) in the transition from stage n to stage n + 1; this is reminiscent of
the “Nash—Moser syndrom” [f]. The strategy introduced by Nash [[J] to remedy
such a problem (in his case arising in the construction of C'* isometric imbeddings)
consisted in combining a Newton scheme with regularization; his method was later
developed by Moser [[[J for the C*° KAM theorem (see [[d, pp. 19-21] for some
interesting historical comments). The Nash—Moser technique is arguably the most



120 C. MOUHOT AND C. VILLANI

powerful perturbation technique known to this day. However, despite significant
effort, we were unable to set up any relevant regularization procedure (in gliding
regularity, of course) which could be used in Nash—-Moser style, because of three
serious problems:

e The convergence of the Nash—Moser scheme is no longer as fast as that of the
“raw” Newton iteration; instead, it is determined by the regularity of the data, and
the resulting rates would be unlikely to be fast enough to win over the gigantic
constants coming from Section [f.

e Analytic regularization in the v variable is extremely costly, especially if we
wish to keep a good localization in velocity space, as the one appearing in Theo-
rem [L.2((iii), that is exponential integrability in v; then the uncertainty principle
basically forces us to pay O(e¢/ 62), where ¢ is the strength of the regularization.

e Regularization comes with an increase of amplitude (there is as usual a trade-
off between size and regularity); if we regularize before composition by Q" this will
devastate the estimates, because the analytic regularity of f o g depends not only
on the regularity of f and ¢, but also on the amplitude of g — Id.

Fortunately, it turned out that a “raw” Newton scheme could be used; but this
required to give up the natural estimate (B-4), and replace it by the pair of estimates

sup || pr||Frren < +o0;
7>0

(8.9) szlp ) < +00.

t>1>0

froghﬁ

X(14b),m;51
ZT bt

T I+b

Here b = b(t) takes the form const./(1 + t), and is kept fixed all along the scheme;
moreover A, will be slightly larger than A, [, so that none of the two estimates
in (B.9) implies the other one. Note carefully that there are now two times (¢, 7)
explicitly involved, so this is much more complex than (B4). Let us explain why
this strategy is nonetheless workable.

First, the density p" = [ f"dv determines the characteristics at stage n, and
therefore the associated scattering Q™. If p* is bounded in F**™*# then by Theorem
b.3 we can estimate Qf_ in ZTA,,"’” " as soon as (essentially) N 7/ + pl, < A, pin, + T,
A, < Ap, and these bounds are uniform in t.

Of course, we cannot apply this theorem in the present context, because A, (14b) is
not bounded above by \,. However, for large times t we may afford A, (1+b(t)) < A,
while A, (1 +b)(7 — bt/(1 + b)) < A\,7 for all times; this will be sufficient to repeat
the arguments in Section [, getting uniform estimates in a regularity which depends
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on t. (The constants are uniform in ¢; but the index of regularity goes down with
t.) We can also do this while preserving the other good properties from Theorem
F.2, namely exponential decrease in 7, and vanishing near 7 = t.

Figure [] below summarizes schematically the way we choose and estimate the
gliding regularity indices.

~

FIGURE 7. Indices of gliding regularity appearing throughout our
Newton scheme, respectively in the norm of p[h,] and in the norm
of h; o Qy -, plotted as functions of ¢

Besides being uniform in ¢, our bounds need to be uniform in n. For this we shall
have to stratify all our estimates, that is decompose p[f"] = p[h'] + - - - + p[h"], and
consider separately the influence of each term in the equations for characteristics.
This can work only if the scheme converges very fast.

Once we have estimates on §f', in a time-varying regularity, we can work with
the kinetic equation to derive estimates on i} o Qf ; and then on all hk o QF,, also
in a norm of time-varying regularity. We can also estimate their spatial average, in
a norm CM1 i1 thanks to the exponential convergence of the scattering transform
as T — 0o these estimates will turn out to be uniform in 7. Then we can use all this
information, in conjunction with Theorem [p.10, to get an integral inequality on the
norm of p[h" ] in F " where A and p are only slightly smaller than A, and p,,.

Then we can go through the response estimates of Section []; for potentials which
are just a bit better behaved than Coulomb, this gives us an arbitrarily small loss in
the decay rate, at the price of a huge constant which will eventually be wiped out by
the fast convergence of the scheme. So we have an estimate on p[h"*!], and we are in
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business to continue the iteration. (To ensure the propagation of the linear damping
condition, or equivalently of the smallness of Kj in Theorem [7.§, throughout the
scheme, we shall have to stratify the estimates once more.)

8.3. Alternative Newton schemes. This subsection is a long remark which may
be skipped without damage for the understanding of the rest of the paper.

Any reformulation of the nonlinear Vlasov equation yields a distinctive Newton
iteration. A particularly interesting scheme arises when we first rewrite the equa-
tion in integral form wia composition by characteristics, and then run the Newton
algorithm with the function

O(f) = (f(t Xoa(w,0), Voulw,v) = fil,0))
We only give the result of this procedure: if V denotes (V,, V,), then

(8.10)
athn—i-l +o- vxhn-l—l +F[fn] . Vvhn+1 _ _(atfn +o- vxfn ‘I‘F[fn] . van)

>0

@0 Ve + FIPL- V) V] O ) o (X0, Vi)
LW o (X7, Vi) = V™ (VR LY o (X, Vi) + FI (X)),

with the initial condition h"*1(0, -) = 0 for n > 1; here X", V" are the characteris-
tics associated with the background f":

d d
EX:L,t(l’vv) = ‘/7-71‘/(1'7U)a E‘/ﬂf}t(l’vv) = F[fn] (Ta X:L,t(l’vv))

X! (v,v) =, VI (z,v) =,

and Y"1 T/ solve the “linearized” characteristic equations

(d
EYTnt(x7U) W:ft([lf,'l]),
d

— W/ (z,v) = FIR"] (7, X2 (2,0)) + VF[R")(t, X271 - Y

7,0

Y2 (2,0) =0, Wi, (2,0) =0

Although more complicated than the natural Newton scheme from Subsection B.],
and more difficult to interpret, this new scheme might be better behaved in certain
respects, in particular because the left-hand side in (B-I(]) only feels the “small” force
field generated by h"*!. Since the natural scheme is anyway more fundamental, we
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shall not develop this line of research, but still suggest the analysis of (B.I() as an
interesting problem.

9. LOCAL IN TIME ITERATION

Before working out the core of the proof of Theorem B.J in Section [, we shall
need a short-time estimate, which will act as an “initial regularity layer” for the
Newton scheme. (This will give us room later to allow the regularity index to
depend on t.) So we run the whole scheme once in this section, and another time in
the next section.

Short-time estimates in the analytic class are not new for the nonlinear Vlasov
equation: see in particular the work of Benachour [f] on Vlasov—Poisson. His method
can probably be adapted for our purpose; also the Cauchy—Kowalevskaya method
could certainly be applied. We shall provide here an alternative method, based on
the analytic function spaces from Section [, but not needing the apparatus from
Sections [j to [d. Unlike the more sophisticated estimates which will be performed in
Section [0, these ones are purely Eulerian (no characteristics). The main tool is the

Lemma 9.1. Let f be an analytic function, A(t) = X — Kt, u(t) = p— Kt; let
T >0 be so small such that \(t), u(t) > 0 for 0 <t <T. Then for any 7 € [0,T],
then for 0 <7 <1 and anyp > 1,

d™* K
91 I t ,u,t;pg_—
(9.1) o 11l 200 T

t=1

H vf“z‘l)_‘("')»ﬂ(T)?P7

where (dF /dt) stands for the upper right derivative.

Remark 9.2. Time-differentiating Lebesgue integrability exponents is common prac-
tice in certain areas of analysis; see e.g. [BI]. Time-differentiation with respect to
regularity exponents is less common; however, as pointed out to us by Strain, Lemma
D1 is strongly reminiscent of a method recently used by Chemin [[[J] to derive local
analytic regularity bounds for the Navier—Stokes equation. We expect that simi-
lar ideas can be applied to more general situations of Cauchy—Kowalevskaya type,
especially for first-order equations, and maybe this has already been done.
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Proof of Lemma [0.]. For notational simplicity, let us assume d = 1. The left-hand

side of (P.1)) is
( )

Zezw Mkl 9774(7) | (V0 + 2inkr)" Fir,k,0) o)
+Z 2mu(r)H] § (r (An_l | (v, + 2imkr)” Fir k) o
- _Kzezwvw o |k n_'T H (Y, + 2inkr)" F(7, k, v e
—KZ 2mep(ryel A" (T) H (Y, + 2imkr)"™ F(7, k, v) o)
_ KZ 2mu(r)ik) A" (7) H(v +2imkt) Vo f (k)|
1+TZ e 20 H Vot 2imkr) Ve (7, k) or ()
B 1[57; oo D H o+ 2imkr) "0, f (7. k. 0) Lo(d)’

where in the last step we used ||(V, + 2imk7)h| > (1/(1+ 7))([|[Voh| — 7|/ 2i7kh]|]).
The conclusion follows. 0

Now let us see how to propagate estimates through the Newton scheme described
in Section [[. The first stage of the iteration (k' in the notation of (B])) was
considered in Subsection {1.12, so we only need to care about higher orders. For any
k> 1 we solve 9,hF*! = Ek“ where

TE = - (F[h’““] Vo f* 4+ FIf*- Vb FlR' - Vvh’f)

(note the difference with the ¥ previously introduced: here is the self-induced
force field is included). Recall that f* = fO + h' 4+ ... 4+ h*. We define M\(t) =
Mo — 2K t, puy(t) = . — Kt, where (Ag)gen, (f)ren are decreasing sequences of
positive numbers.
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We assume inductively that at stage n of the iteration, we have constructed
(Ak)k<n, (Hk)k<ns (Ok)k<n such that

VE <mn, OiltlfTHhk )Hztxk(twk(t);l < O,

for some fixed T > 0. The issue is to construct \,y1, fins1 and 6,1 so that the
induction hypothesis is satisfied at stage n + 1.
At t =0, i = (0. Then we estimate the time-derivative of ||h"+1|| SRRICNSUES

Let us first pretend that the regularity indices A\, and p,.; do not depend on t;
then A"+1(t) = [1 5" o S% ;4 dr, so by Proposition [L.19

n+1 n+1
Hh' || An+1 P13l < / HE S (t— 7')”237”1’“7”1;1 dr

S n+1
S/HEZ HZ>‘n+1vf‘n+151 dr,
0 T

and thus

hn+1 ||Z:n+1’un+1§1 S H i:}—i_l ||Z:n+1,un+1;1 .

2

Finally, according to Lemma P.], to this estimate we should add a negative multiple
of the norm of VA"*! to take into account the time-dependence of A\,i1, fini1-
All in all, after application of Proposition [£.24, we get

hn-l—l ')sz"“(t)’unﬂ(t);l < HF[h?H]H}‘MHHMH vaf?HzAnHv#nH%l

+ HF 1] ||f*n+1f+ﬂn+1 IV hn“”z*nﬂ Hnt1sl
+ HF ||]—‘>‘n+1t+“n+1 HV hn”z*nﬂ Hn13l
= K IV | g = K Vb | g

Z i

where all exponents A\, 11 and p,1, in the right-hand side actually depend on t.
From Proposition [LI§(iv) we easily get ||F[A]||zaen < C'||VA| zaua. Moreover,

by Proposition .11,

||hk|| Ak+1’“k+1%1

||Vf || Ak+1 1l < Z ||Vh || Ak+1 M1l <C Z

k<n mln{)\k - )\n-i-l y Mg — ,un-i-l}
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We end up with the bound

n—l—l
i el

: ) HZ?’V+1(t)’“k+1(t);1
n+1
HVh' HZ)\7L+1(75)7#7L+1('5);1
t
52

Ok
< |c ‘ L
[ <§ mm{)‘k — Ant1; Mk — ,Un+1}>

+ .
mln{)\n - )\n+1 y M — ,un+1}

We conclude that if

(9.2) > — 5’{ <&

k<n mln{)‘k - >\n+1 y Mk — ,U/n—i—l}

N

then we may choose

52
9.3 On41 = — : '
(9.3) 1 mln{)\k — A1 Mk — ,Un+1}

This is our first encounter with the principle of “stratification” of errors, which
will be crucial in the next section: to control the error at stage n+ 1, we use not only
the smallness of the error from stage n, but also an information about all previous
errors; namely the fact that the convergence of the size of the error is much faster
than the convergence of the regularity loss. Let us see how this works. We choose
Ao — Mes1 = fik — ppe1 = A/K? where A > 0 is arbitrarily small. Then for & < n,
Ak — Any1 > AJK?, and therefore 6,1 < 62n*/A. The problem is to check

(9.4) ZnQ Op < +00.
n=1

Indeed, then we can choose K large enough for (P-3) to be satisfied, and then T
small enough that, say \* —2KT > A, p* — KT > pf, where \* < \*, pf < p* have
been fixed in advance.
If §; = 0, the general term in the series of (0-3) is
52” n— n— n—
n’ - (2 227 (332 (42 ((n—1)?)2n?
To prove the convergence for § small enough, we assume by induction that 8, < 22",
where a is fixed in the interval (1,2) (say a = 1.5); and we claim that this condition
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propagates if z > 0 is small enough. Indeed,

2a™ (2—a)a™ ,,2
z n z n
nr S ot 22 h (T) ’

and this is bounded above by z*""" if z is so small that

n A
Vn € N, 2@t < —-

n
This concludes the iteration argument. Note that the convergence is still extremely
fast — in O(2%") for any a < 2. (Of course, when a approaches 2, the constants
become huge, and the restriction on the size of the perturbation becomes more and

more stringent.)

10. GLOBAL IN TIME ITERATION

Now let us implement the scheme described in Section f, with some technical
modifications. If f is a given kinetic distribution, we write p[f] = [ f dv and F[f] =
—VW % p[f]. We let

ff=f+nt+. . +n"
where the h* are defined by the natural Newton scheme introduced in Section B
We define Qf,T as the scattering from time ¢ to time 7, generated by the force field

F[f*] = —VW % p[f*]. (Note that Q° =1d.)

10.1. The statement of the induction. We shall fix p € [1,00] and make the
following assumptions:
e Regularity of the background: there are A > 0 and Cy > 0 such that

vp € [17ﬁ]7 HfOHCA?p < CO'

e Linear damping condition: The stability condition (L) from Subsection 2.2 holds
with parameters A (the same as above) and x > 0.

e Regularity of the interaction: There are v > 1 and Cr > 0 such that for any
v >0,

(10.1) INALEYY

Fon < Cr Pl -
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e Initial layer of reqularity: Having chosen \* < X, uf < u1, we assume that for all
pe (LD

(10.2) V21, sup (10 e, + ol 5 ) < G

0<t<T

[lk
where T is some positive time, and ¢, converges to zero extremely fast: (, = O(z;"),
21 < CH<1,1<ar <2 (ar chosen in advance, arbitrarily close to 2).

e Smallness of the solution of the linearized equation: Given A\ < A, py < pf, we
assume

R ——
10.3 vpellpl {0
( ) pE [ >p] sup Hh}erxl(ﬁb),ul;p < 4y,

t>7>0 r— bt

where 6, < C).

Then we prove the following induction: for any n > 1,

S [| o] s < 0

(104) Vke{l,....,n}, Vpell,7, 5
Z/\k(lerb),uk;p < ks

J——)

1+b

sup
t>7>0

k k—1
hT © Qt,ﬂ'

where

e (Or)ren is a sequence satisfying 0 < Cp(p < O, and 0 = O(z“k), z < zp,
1 < a < ay (arbitrarily close to ay),

o (A, ) are decreasing to (Moo, fioo), Where (Ay, i) are arbitrarily close to
(A1, p1); in particular we impose

Ao o0
—} 1 — fioe < maX{l; M—}

fy\ < .
(10.5) A )xoo_max{l, . .

e 1" is some small positive time; we impose
t_
(10.6) AT < %

B
e bh=10(t) = 117 where B € (0,7) is a (small) constant.
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10.2. Preparatory remarks. We shall propagate the following “primary” controls
on the density and distribution:

(10.7) (B})  Vhke{l,...,n}, sup |2 ———
and
(10.8) (Ep)  Vke{l,...,n}, Vpe[l,p, sup ||hfoQy;! R < 0.

t>1>0 ~
=

(We denote by ¢ various small constants which appear at stage k, not necessarily
equal but all of the same order.)
Estimate (E}) obviously implies

(10.9) (E®)  Vke{l,...,n}, sup [ R Pe——r

Before we can go from there to stage n+ 1, we need an additional set of estimates

.....

(1) update the control on Qf  —Id

(2) establish the needed control along the characteristics for the background
(Vo f7) o Q7 (same index for the distribution and the scattering);

(3) update some technical controls allowing to exchange gradient and composi-
tion by € _; this will be crucial to handle the contribution of the zero mode
of the background after composition by characteristics.

This set of scattering estimates falls into three categories. The first group ex-

presses the closeness of QF to Id:

(10.10)
sup )Qka —1Id ‘ )ty < 2 RS(T, t),
®)  vEe{l..n} & i
Py e{l,...,n},
sup )Qk%,'r —1d ‘ AL (i) S RE(T, 1),
12720 Z " b

with A, > )\z > )‘k—l-lv M > ,U,z > k1, and

k 5; e—2m (N —Ap)T

RE(rt) = (Z m) min {(t — 7); 1}

k B k 5, o2\ AT _[(t—7)? )
RE(r. ) = (Z 20y = Az»?) mm{ 2 1}'

(10.11)
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The second group of estimates expresses the fact that Q2" — Q" is very small when

k is large:
(10.12)

(EB) Vke{0,...,n—1},

with

(10.13)

sup
t>7>0

sup
t>7>0

sup
t>1>0

Ry (7, 1) = ( >
Rgm(ﬂ t) - ( Z

j=k+1
n

j=k+1

5]' 6_27T()\j_>\:’)7—
2m(Aj =A%)

5]' 6—2#()\j—)\;)7

"X, — QX .

Qn%,‘r - Qk ‘/;77'

(2%,) " o0y, -

(27 (A; = Ap))?

2 (140),(17,7)

o115

Jo——l

Id H

1+b

A% (1+0), (1) —
27 "

r— bt

1+b

) min {(t —7); 1}

{571

(Choosing k = 0 brings us back to the previous estimates (Eg).)

< 2RE"(7,1),
k,n k.n
< Rl (77 t) + 7—‘)’2 (77 t),

A (4D, (k) —

< 4(RY™(7,1) + RE™(1,1)),

The last group of estimates expresses the fact that the differential of the scattering
is uniformly close to the identity (in a way which is more precise than what would
follow from the first group of estimates):

(10.14)

( %Q) szl,...,n,

t>1>0

t>7>0

sup

sup

‘VQkXt,T - I‘

‘VQ’fvt,T - I‘

T

140

ZAZ(Hb),uZ < le(Tv t) + RIS (Tv t)v
bt

=175

k
AL (1) 1 < 2R5(T, 1),
z bt

where the gradient V denotes V, or V,, and [ is the identity matrix.

All these estimates are very robust and can accommodate with Sobolev correc-
tions, or additional time shifts: for instance, in ([0.10) and ([0.13) we could add

(10.15) sup
t>172>0

(10.16) sup
£>7>0

‘Q”Xw — kX,

T— 377 ,0

1+b°

Z(Xn(1+b)ykﬁfxn)a(ufﬁ )
bt

k k
‘Q Xth - Id HZ(Xk(l‘H’)vA;;f/):k)a(Hsz) S 2 R2 (T’ t)’

(r=1%5.0)

<2Ry"(7 1),
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where A\, < A} > Xk > Apy1. Such refinements can be dispended with, but we
mention them since they played a key role in a previous version of our proof, and
we suspect that they can be useful in rougher problems.

An important property of the functions RY"™(7,t), Ry™(r,t) is their fast decay as
T — oo and as k — oo, uniformly in n > k; this is due to the fast convergence of
the sequence (0x)ren. Eventually, if » € N is given, we shall have

(10.17) vr>1, RY'(rt) < Wik (7, t), RE™M(7,t) < wi (7, 1)
with

i . “ d; min{(t —7);1}
wk,n(T, t) = Cw ( Z (27T()\j — )\;kl))l-‘r?“) (1 +7’)T )

j=k+1
and

- 0, min {(t — 7)?/2;1}
r,2 T J )
we (T,t) = C,
k, (j:;rl (27 (N — )\;*L))”T’) (14+7)r
for some absolute constant C depending only on r.

From the estimates on the characteristics and (E}) will follow the following “sec-
ondary controls” on the distribution function:

(10.18) (E!)  Vke{l,...,n}, Vpel[l,7,

( k k-1
f;&go ’(Vthﬂ') o) Qt,T Z)\k(lb;rb)’“k;p S k
It
k k—1
((vv + TVm)hT) o Qtﬂ— (D) g < 5k
1%
k
sup —— | (VV,h <6
>r>0 (14+7)2 ( v T) ij(lbj’)’““
1+b
2 k k—1 ko Ok-1
sup (1+7)% |[(VohE) o Qf 1 = W, (REo Q|| |y s < O
[ #2720 P

1+b

The transition from stage n to stage n 4+ 1 can be summarized as follows:
~ (An) ~

(E2) 22 [(B8) + (B3) + (E3q)]

(E2) + (B3) + (Bd) + (Blg) + (BR) + (Bp)| 2 [(B2) + (B) + (Bp) + (Bpt)]
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The first implication (A,) is proven by an amplification of the technique used
in Section [J; ultimately, it relies on repeated application of Picard’s fixed point
theorem. The second implication (B,,) is the harder part; it uses the machinery from
Sections f] and [q, together with the idea of propagating simultaneously a shifted Z
norm for the distribution and an F norm for the density.

In both implications, the stratification of error estimates will prevent the blow up
of constants. So we shall decompose the force field F™ generated by f" as

F"=F[f"1=FE'+...+E",
where E¥ = F[h*] = —VW x* p[h*].
The plan of the estimates is as follows. We shall construct inductively a sequence
of constant coefficients

MM >SA > > 0> > M > > ...
P> gy > > g > > i > > g >

converging respectively to A\, and ., and a sequence J; decreasing very fast to
zero. For simplicity we shall let

R"(r,t) = Ry(1,t) + Ry(7.t),  RM'(r,1) = RY"(r,1) + RY"(7. 1),

and assume 2m(\; — AF) < 1; s0
(10.19)

= d; min{t —7; 1}
Rk,n 7,t) < CI} J ) ’ RO,n = R".
(7:5) (Z By - Az))ﬂf) (s

It will be sufficient to work with some fixed r, large enough.
To go from stage n to stage n + 1, we shall do as follows:

- Implication (A,) (subsection [[0.3)
Step 1. estimate Q" —Id (the bound should uniform in n);
Step 2. estimate Q" — QF (k < n — 1; the error should be small when k — o0);
Step 3. estimate VQ" — [
Step 4. estimate (%)~ o Q"
- Implication (B,) (subsection [0.4):

Step 5. estimate A" and its derivatives along the composition by "

Step 6. estimate p[h"*'], using Sections [ and [1;
Step 7. estimate F[h"!] from p[h"];
Step 8. estimate h"*! o Q"
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Step 9. estimate derivatives of A" composed with Q"
Step 10. show that for A"+, V and composition by Q" asymptotically commute.

10.3. Estimates on the characteristics. In this subsection, we suppose that esti-
mates (E}) is proven, and we establish (Eg) + (Eg) + (E¥q). Let Ay, < Ay, i < fin
to be fixed later on.

10.3.1. Step 1: Estimate of Q)™ — Id. This is the first and archetypal estimate. To

show that it is robust and accommodates for variants, we shall do it even with two

different time-shifts. So we shall take A\, < A and estimate Q"X;, — Id in the

two-shift hybrid norm ZEA”(IJ b)o’i‘z_)‘”)’(“ nY
=115

role here in the proofs, and for simplicity we shall forget it in the computations.

Since we expect the characteristics for the force field F™ to be close to the free
transport characteristics, it is natural to write

(10.20) X (v,v) =2 —o(t—7)+ Z (v,v),

where Z;', solves

). The Sobolev correction ~v will play no

82
— 4, (r,v :F"<T,x—v t—71)+ 2 (x,v )
o 77 (w0) (t =)+ 27, (2,0)
Z(x,0) =0, 0.7 (x,v)=0.
’ lt=T

(With respect to Section [ we have dropped the parameter ¢, to take advantage of
the “stratified” nature of F™; anyway this parameter was cosmetic.) So if we fix
t >0, (Z;,) is a fixed point of the map

U (Wir)o<r<t = (Zir)o<r<t

defined by
92
(10.22) or
Zt,t = 0, 87—Zt,7'

Ztﬂ— =" (T, xTr — ’U(t - T) + Zt,7'>
= 0.

T=t

/X’ﬂ (1+b) 7)‘; _/Xn)uu‘:

bt
t— 2 t—7)

We shall estimate Z;" in the two-shift norm ZE

We first bound (Z3)» = ¥(0). Explicitly,

(Z)tr(x,0) = / (s —7) F™(s,x —v(t — s)) ds.
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By Proposition [£.3@, for any o € [0, 7],

(10.23) H (Zg)t,rHZ(XH(ler),Ai‘ﬁin)»u;l

< /:(s —7) HF” (s, z—v(t—ys)) HZ(%(HM,A;—%),% ds

(tfﬁ,tfo')

t
= [ 5= DI M s 500 0
:

s—0o

s bt
1+5°
t
= [5=DIF s, e ds,
where
(10.24) V(s,t,0) = Au|s — b(t — 8)| + (X — X)(s — o) + .
First case: If s > bt/(1 4 b), then
V(s,t,0) = A (s = b(t — 5)) + (N = o) (s — o) + 1l
< Ars — [an(t—s)jt()\; ~\)o + 1.
In particular,

(10.25) v(s,t,0) < Ans+ g < Aps+ s — (A — A)s (1<k<n).

Second case: If s < bt/(14b), then necessarily s < B < T'. Taking into account
([[0.6) and ([I0.9), we have

>)

o bl
+b
R e L

+ (A =20, = Ab)s — (AL — No)o +

v(s,t,o) =

>y =

<
In particular,

(10.26) vis,t,o) <pf— (M —X)s (1< k<n).
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We plug these bounds into ([[0:29), then use E¥(s,0) = 0 and the bounds ([0.9)
and ([[0.29) (for large times), and ([[0.9) and ([[0.2q) (for short times). This yields

(10.27)

o5 T

(tfﬁ,tfo')

n t
< (/ (8 - T) ||Ek(37 ! )||]—'>‘ks+ﬂk*(Ak*Aﬁ)5 ds
TV% .
AR [ O [
n t .
= / (s =7) et IE*(s, M rissm ds

TV% .
T / (5 — ) e 2T | BR(s, )| 10t ds

< i O €2 e in (t—7)° : L < Ry(T,1).
T 2 2\ =) T Y

Let us define the norm

||Zt,T HZ(Xn(Hb),Azﬁn),u;
tfi,tfo'

I+b

= su
d<osast Ry (7,1)

n SO0XT>

e

(Note the difference with Section fJ: now the regularity exponents depend on time(s).)
Inequality ([[0.27) means that ||| ¥(0)[|| < 1. We shall check that W is (1/2)-Lipschitz
on the ball B(0,2) in the norm ||| - |||. This will be subtle: the uniform bounds on
the size of the force field, coming from the preceding steps, will allow to get good
decaying exponentials, which in turn will imply uniform error bounds at the present
stage.
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So let W, W € B(0,2), and let Z = U(W), Z = W(W). As in Section [, we write

Zyr — ZM = /01 /Tt(s—T) Van<S, r—o(t—s)+ <9VVt7s+ (1-20) /I/IZ,S))

: (VVt,s - /—V[\//vt,s) dS d@,

and deduce
HH <Zt” - Zt’7>0sfﬁ J=Aw HH <Wt’s - Wt’s)osSSt .
where
A(t)= sup Ri(s,1) X

0<o<r<s<t Ry(T,1)

1 gt N
/0 /T(S—T) HV:CF"<S,x—v(t—s)—l—(é’VijL(l—H) Wt’s))HZ(XTL(lJﬁb)J\ﬁ*Xn)#* ds db.

n
(t,Lytﬂ,)

(Note: this works because the condition ¢ < 7 automatically implies o < s.) For
7 < s we have Ry (s,t) < R3(r,t). Also, by Proposition [[.39 (applied with V' = 0
and 0,0’ = 0 in that statement), we find

t
A(t) < sup / (s = 7) |V E" (3, * )| prtsitiortets,io) ds,
o<r<t /-
where v is defined by ([0.24)) and the “error” e(s,t,7) arising from composition is

given by
OW,s + (1 —60) W,

6(8’ t, U) = Ssup Z<Xn(1+b),x:—in),u:;

0<6<1 Cobt o,

T+6°°77

< 2RY(s,t).
(Again this works because o0 < 7 < s.)
Since
= Sk min {(t — 7)2/2; 1}
Ry(1,t) <wy(1,t) :=C} ’
2(7-7 ) — wn (7-7 ) w <; (27T()\]<; o )\2))3) (1 +7_)
we have, for all 0 < s <'t,
=

Ao
(10.28) 2R (s.1) <

b(t—8) Losot/14) + Tn Ls<bt/(1+b)
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as soo1 as

Ok N =
10.2 ! < “B: no
(10.29) (Cy) C, (k:1 Gl _)\:))3> < mm{ 5 Bi—

We shall check later in Subsection [[0.3 the feasibility of this condition (as well as a
number of other forthcoming ones).
Then as in the estimate of Z§, for k € {1,...,n},

3

SNes+uh < Apgs+pp— (Mg —A8) s for s > bt/(14b)
(v+e)(s,t, o)
SN BHps<pb— (A=) s for s < bt/(1+0),

and we deduce

n

t
A(t) < sup Z (/ (5 = T) [IVLEF (5, )| papetur—rp—sp) = ds
1 T

bt
OsTst o Vits

T\/% i
+ / (S — T) HVxE (Sv : )Hj:uu*()\k*)\;kz)s ds

n

t
< sup Zék / (s — 1) e~ M) ds < sup RE(r,t) = R2(0,1)

<r<ti Ty 0<r<t

n 5k
<2 G

If the latter quantity is bounded above by 1/2, then W is (1/2)-Lipschitz and we
may apply the fixed point result from Theorem [A.9. Therefore, under the condition
(whose feasibility will be checked later)

(10.30) ©) Y GrtE s

we deduce, choosing o = 7,

|| ZZ?T ||Z(Xn(1+b)ykﬁfxn),ufﬁ S 2 Rg (7-7 t)

(tf—bt ,tff)
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After that, the estimates on the scattering follow exactly as in Section [: writing
Q= ("X, 5, 2"V ;), recalling the dependence on v again, we end up with

’ X, 7 —1d ’ z*;‘z(Hb) (1) <2 Rg(T’ t)
(10.31) i
‘ 2Vir - RO = <RI );
m
’ QnXt,r —1d H G (14b), 35 —An ), (1) =2 RS(T’ t)
(10.32) (i
’ O*Vyr —1d ’)Z(Xn<1+b>,mﬁn>,(um> < Ri(7,1).
bt

17350

10.3.2. Step 2: Estimate of Q" — QF. In this step our goal is to estimate Q" — QF
for 1 < k <n—1. The point is that the error should be small as k — oo, uniformly
in n, so we can’t just write ||Q" — QF|| < ||QQ* —Id || + |[|QF — Id ||. Instead, we start
again from the differential equation satisfied by Z* and Z":

82

52 (Z" ZfT)(:B, v)

= F"(T,x —v(t—7)+ Zt’fT(:v,v)) - Fk<7‘,:c —v(t—1)+ ZfT(x,v)>
= [F”(T,LL’—U(t—T) —|—ZZT> - F”(T,x —v(t—71) +Zfﬁ)}
+ (F" — Fk)(’T,l’ —o(t—17)+ ZfT>.

This, together with the boundary conditions Z;', — Zf, = 0, 0-(Z;". — Zf )| -1 = 0,
implies

Zt — Zf,
//S—TVF”<sx—v(t—s) (02, +(1=0)20)) - (2E, - Z) dsdo
/T(S—T)(F Fk)<s:c—v(t—s)+Zf( ))ds.
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139
We fix t and define the norm
[ Ztrl| L xnasm g —3mws
[ — =
( t,7)0<T<t . : OSUSI?rSt Rg’n(T7 t) )
where RE™ is defined in ([0.13). Using the bounds on Z", Z* in Il - HHn (since
HH . HHn < HH . HHk) and proceeding as before, we get
n 1 n
Il - 2l < 5 - ]
t
+HH (/ (5= 7) (F" = FY) (5,2 = v(t = 5) + 21, ds) .
T ’ o<r<t "'kn

We estimate, for 0 < o < 7

H(F" - Fk)<s,x ot —s)+ Zf;s)

‘Z@n(lw),xz—im,u;

tfi,tfa

= [ = Py s, xE)

ZOn(140), A% =3n) iy
(tfi t—o—)
1+b°

k
2R (140 A5 — ) i < H(Fn — ) (s, )‘

s—

= [ = Foys k)

FV(S,t,T)+€(S,t,T)’

1$b7570

where the last inequality follows from Proposition 3G, v is again given by ([0.29),
and

e(s,t,0) = HQkXt,s —1Id "Z<X7l(1+b),m—in),u;
bt
s— 1+b,sfo

< 2RE(s,t) < 2RY(s, ).
The same reasoning as in Step 1 yields for £+ 1 < j < n:

SAps o S Njs+ps— (A —Ay) s for s > bt/(1+b)
(v+e)(s,t,o)

<N B <pf— (N — X)) s for s <bt/(1+ D),
and so

n
2w A=) s
]:u+e S Z 6] € J .
Jj=k+1

17— F|
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So for any 0 < ¢ < 7, by integrating in time we find

t
[ o=@ =) (s = ol =)+ Z) a5 s s
T b

t
(tf 15 ,t—o
n

t
< / (s —7) Z §; e NS gs < RE™ (7, 1).

j=k+1

Therefore

<1

k.n

‘ (f:<s_7) (F" = Fk)(&x — vt —s) +ijs) ds)

[l =2t

Picking o = 7 and recalling the Sobolev correction, we deduce

0<r<t
and

<2

k.n

(1033) HQnXt,T - QkXt,T}}Z(Xn(1+b)yki‘ﬁ3n)’(uﬁw) <2 ,R’gm(Tv t)'
T*%,O

For the velocity component, we write

0

E (Utrj'r - UtITT) (l’, U)

= Fn<T,£L’—U(t—T) +Z{f7(x,v)) — Fk<7',x—v(t—7') —l—Z{fT(:c,v))
= [F”(T,I—U(t—T)—FZZT) —F”(T,ZL’—U(t—T)—FZf’T)]
‘|—(Fn—Fk)(T,I—U(t—T)—I—ZfT).

where Z", Z* were estimated above, and boundary conditions Up, — Ut'ft = 0. Thus

UZ,LT - UtIfT
1 t
= / / V. " (s,a; —v(t—s)+ (02, +(1-0) Zt’fs)> (ZF,— Zp,) dsdb
0 T

+/:(F”—Fk) (s,x—v(t—s)jtzf,s(%v)) ds,
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and from this one easily derives the similar estimate

(10'34) HQR‘/@T - Qk‘/tﬂ'}}z(in(lw)»kﬁfin)»(uﬁw) S le’n(77 t) + Rgm(ﬂ t)a
7'7i 0
1+b°
as well as
00X~ X s < 2REE7
1
[90Viir = OV | s < R (8 7) + Ry (7).
R

10.3.3. Step 3: Estimate of VQ". Now we establish a control on the derivative of
the scattering. Of course, we could deduce such a control from the bound on Q" —1Id

and Proposition [£.3G: for instance, if Ao < A < AP <Nt <y, then

" CRy(T,t
(10.35)  [[vey, - I"g(xn(1+b),k;§**Xn),(uﬁ*ﬁ/) < = (7, 1) :
(st 0) min{)\ S A u**}

But this bound involves very large constants, and is useless in practice. Better
estimates can be obtained by using again the equation ([[0.2]). Writing

@, —1d)(z,v) = (ZZT(x F ot —7),0), 2 (w4 vt — T),v)),
where the dot stands for 9/07, we get by differentiation
V., = (1d,0) = (V2" (2 + v(t = 7),v), V.27 (2 + v(t = 7),v)),

Vo, —(0,1d) = ((VU—I—(t—T)Vx)Z"(x—l—v(t—T),v), (VU+(t—T)Vx)Zn($+U(t—T),’U)).

Let us estimate for instance V,£ —1Id, or equivalently V,Z7" . By differentiating
([0:21), we obtain

82
Va2 (,0) = Vo F" (7, v —o(t—7)+ 77 (x, v)) (Id 4+ V,20).
So V. Z}', is a fixed point of ¥ : W +—— @, where W and @ are functions of 7 € [0, #]
satisfying
W = va (7', xr — ’U(t — T) + Zt,r) (I —+ W),

Q) =0, 2,Q(t)=0.

We treat this in the same way as in Steps 1 and 2, and find on @, (the  component
of Q) the same estimates as we had previously on the x component of Q. For
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the velocity component, a direct estimate from the integral equation expressing the
velocity in terms of F' yields a control by R} + R5. Finally for V,£2 this is similar,
noting that (V, + (t — 7)V,)(z — v(t — 7)) = 0, the differential equation being for
instance:

2

w(vv—l—(t—f)vx)ZﬁT(z, v) =V F" (7‘, r—v(t—7)+Z; (7, v)) (Vot+(t=7)Ve) Z1,).
In the end we obtain
sup ‘VQnth—_]’ N (14b) uk §2R3(T7t)7
t>7>0 ’ z n(thr )by
(10.36) . TR . .
tiugo ‘VQ Vir — ]’ v < RY(7,t) + Ry (7,1).
ZTZ bt

r—

1+b

10.3.4. Step 4: Estimate of (QF)~! o Q". We do this by applying Proposition
with I = Q% G = Q". (Note: we cannot exchange the roles of Q% and Q" in this
step, because we have a better information on the regularity of QF.) Let ¢ = &(d)
be the small constant appearing in Proposition [L.2§. If

(10.37) (C3) VEk>1, 2RE(mt)+RNrt) <e,
then ||V . — I _s:asn <& if in addition
’ 2 b (140

(10.38) (Cy) Vke{l,....n}, Vt>r,
2(1+7)(1+ B) (2 Rg" + R]f’")(T, t) < max{)\,’; — N0 e — u;},
then
An(L+b) 4 2[jQ" — Qk”ZAﬁ(Hb),uﬁ <\
bt

bt
I
(Once again, short times should be treated separately. Further note that the need
for the factor (14 7) in (Cy) ultimately comes from the fact that we are composing
also in the v variable, see the coefficient o in the last norm of (:29).)
Then Proposition yields

‘)(QﬁT)—l o —1Id ‘

) Q" — QkHZA:@(Hb),u; < -
bt

T—

u,’2+2<1+

1+b

k n
foL(1+b)vM¢L S 2 HQtﬂ' o Qt,T HZA;‘L(lbtb)vMﬁ
bt bt
TT1+b T+b

1+b

<A(RY" + RY™)(7.1).
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10.3.5. Partial conclusion. At this point we have established (EB) + (EB) + (EZq,).

10.4. Estimates on the density and distribution along characteristics. In
this subsection we establish (ERT) + (E2F1) 4+ (ER*) + (ER*Y).

10.4.1. Step 5: Estimate of h* o Q" and (Vh*) o Q" (k < n). Let k € {1,...,n}.
Since
B0y — (o 0k o () o).
the control on h¥ o Q" will follow from the control on h* o Q%! in (EPR), together
with the control on (1)1 o Q" in (EB). If
(10:39) (1+7) [(©47) 00 ~1d | rsccor < min{ (14B) (X ()}
T

then we can apply Proposition .23 and get, for any p € [1,7], and t > 7 > 0,

(10.40) ‘ Bk oqr,

k k—1
FARAHD),ursp < ‘ hT © Qth
bt

T— 07 T— 577

1+b 1+b

<4
M(+b) i = Yk
z k b k

In turn, ([0:339) is satisfied if
(10.41) (Cs) Vke{0,...,n}, V7e€l0,t,
2(1+7) (R'f’”(T, t) + RE™(T, t)) <2 min{ A, — A5 g — s}

we shall check later the feasibility of this condition.
Then, by the same argument, we also have

Vke{l,....,n}, Vpel[l,p,

‘(Vxh’j) 0o, < 6.

Zk;kl(llj’b) aH;kL P
b

sup
t>7>0

ZA;QUH))»M;‘L;JJ + H ((vw + TVU)hf_) ) QZT
bt

o115 =175

10.4.2. Step 6: estimate on p[h™*!]. This step is the first where we shall use the
Vlasov equation; Starting from (B.2), we apply the method of characteristics to get,
as in Section [,

t
(10.42) W X (), Vi (2, 0)) :/ S (7, X§ (2, 0), V() d,
0

where

Sl = (F[h"+1] Vo f" + F[h") - Vvh">.
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We compose this with (X7, /) and apply (B.2) to get
Rt (t, 2, v) = /t S (7, X7 (2, 0), Vi (2, v)) dr,
0
and so, by integration in the v variable,

(10.43) plh" (¢, ) / / S, X (2,0), Vi (3,0)) do dr
R4

// (RGP ) (x —v(t—7),v)dvdr
R4

//R N = v(t — ), 0) dvdr,

RZ,;&H [hn-l—l] o QOn

t,m

with

R” = F[h”] o Q?T,
(10.44)
Gy = (Vo™ o, HEy = (V) o0,

Since the free transport semigroup and ()}’ are measure-preserving,

Vo< T <Ht, // (R -G ) (@ —o(t —7),0) dvdx
Td JRd

= //Rffl -GYdvdr
://F[h”H]-va"dvdz
//V F[R™ f) dvdz =0,

/]Td/Rd D@ —v(t—r7),v)dvdr = 0.

This will allow us to apply the inequalities from Section [j.

and similarly

Substep a. Let us first deal with the source term

(10.45) "(t, x) / / (x —v(t—7),v)dvdr.
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By Proposition [6.9,

¢
(10.46) Han’n(t, . )H}‘AZH#Z < / ||R7T_L7t||ZA;‘L(1+b),M;‘L ’|H77_L7t||ZA;‘L(1+b),M;‘L;1 dr.
0 -1 1

On the one hand, we have from Step 5

||H2t||zkﬁ(1b?b>,uﬁ;1 <2 (1 + 7') On.-
I

On the other hand, under condition (Cy), we may apply Proposition .23 (choos-
ing 0 = 0 in that proposition) to get

||R:L7t||zx;1(1+b),uﬁ < HF[hZ”

_7_‘U7L )
where

vn(t, ) = i + (14 0)

N (L4b) 1%y
bt

.

bt .
T_1——|—b'+HQ Xtﬂ'_IdHZ

T 140D

<k + A1+0b)

bt
— —— |+ 2Ry(7,t).
Ty 2R
Proceeding as in Step 1 (treating small times separately), we deduce

|BE N i < [FRFn < =2 O =T | F[R] || om
T
< CF 6—27r(>\n—)\;)7- HP[hZ]HPn < CF e—27r()\n—>\;§)7— 5n7
with
Up(T,t) = p* when 0 <7 <bt/(1+0)
(10.47)
Up(T,t) == AT 4+ pt,  when 7 > bt/(140).

(We have used the gradient structure of the force to convert (gliding) regularity into
decay.) Thus

t
LA AN

I+b 1+b

¢
<2Cpé;, / e 2= AT (1 4 1) dr
0

2
- 2Ck 07 ‘
(A — )2
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(Note: This is the power 2 which is responsible for the very fast convergence of the
Newton scheme.)

Substep b. Now let us handle the term
(10.48) o™t ) / / (RITY-GY)(x—o(t—7),v) dvdr.

This is the focal point of all our analysis, because it is in this term that the self-
consistent nature of the Vlasov equation appears. In particular, we will make crucial
use of the time cheating trick to overcome the loss of regularity implied by composi-
tion; and also the other bilinear estimates (regularity extortion) from Section [, as
well as the time-response study from Section []. Particular care should be given to the
zero spatial mode of G", which is associated with instantaneous response (no echo).
In the linearized equation we did not see this problem because the contribution of
the zero mode was vanishing.

We start by introducing
(10.49) G" =V, "+ V, (ko)
k=1

and we decompose o™"+!

(10.50) gt =gt g g

where the error terms £ and € are defined by

(10.51) &(t, ) / / FR* o Qy — [hﬁ“]) : G”) (1,2 —v(t—7),v) dvdr,

as

(10.52) Et,x) = /Ot /(F[h:‘“] - (G" = @n)> (r,2 —v(t—7),v) dvdr.

We shall first estimate £ and E.

Control of £: This is based on the time-cheating trick from Section f, and the
regularity of the force. By Proposition .9,

Flhzt o Qp, - Flhe]|

(10'53) Hg(t> ')H]-'Aﬁtwﬁ S/0

N (1),
20
1+b
’|Gn||ZA¢L(1+b),M¢L;1 dT.
bt

T—

1+b
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From Step 5,

(10 54) HGnH /\n(1+b) Byl < Hv fOOQtTHZ n(1+b) bl _'_ZHV hk OQtTHZ n(1+b) Bl

be=7 15 k=1 b7

(10.55) < O+ (Z 5k> 1+7)

where C} comes from the contribution of f°.
Next, by Propositions [£.24 and .25 (with V =0, 7 = 0, b = 0),

(10.56)

| P10, — Fit)

z n(l‘H?) b
T*m

< /HVFh"“] (1d +6(%, — 1))

do HQt —1d HZ n(1+b) 1%

1+b
z A ( )k bt

T*_1+b e

< |vrmz)

n
0, — 1| i
bt

=175

Fvn
where

=y + Ar(1+0b)

T——‘—FHQ”X“_ IdHZ AR+

™ 1+b
Small times are taken care of, as usual, by the initial regularity layer, so we only
focus on the case 7 > bt/(1 + b); then

Vn < (N7 + ) = Anb(t — 1) — 2R (7, 1)

B(t—r1) L& Ok min{t —7; 1}
<) - AL STy |
S ar ) =N TG (;(QW()%—)\;;))?’) 147

To make sure that v, < A\'7 + py, we assume that

& ) 2B
(10.57) (Ce)  4C) Z(%(A ‘;A*))g < e
k=1 k™

and we note that

min{t — 75 1} _ 8<t—7)

1+7 1+1¢
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(This is easily seen by separating four cases: (a) t <2, (b)t>2andt—7 <1, (c)
t>2andt—7>1land7<t/2,(d)t>2andt—7>1and 7> t/2.)
Then, since v > 1, we have

[V F R

< ||[VFRI|| orsrs
S HF[hTrL—Fl]H]:Ai‘LT+M;‘“’Y
< Cr [l | o

R

Frn

(Note: Applying Proposition [LI] instead of the regularity coming from the force
would consume more regularity than we can afford to.)
Plugging this back into ([[0.5{), we get

HF hn-l—l OQn o F[h:_H_l]‘

z n(1+b) [
T*m

< 2RM7,t) Cr || plh || prrss
<203 Cp i O 1 Hp ) H .
- i k=1 (27T()\k - AZ))E) (1 + 7' 3 FAnT+hn

Recalling ([[0.51]) and ([[0.54), we conclude that

(1058) [[E(t, )| pgerns <2C5Cr (Cé + 25k> (Z (2W(A,fk— A*))5>

k=1 k=1

" dr
i [Elrians]| e REESE

Control of £: This will use the control on the derivatives of h¥. We start again from

Proposition [(.2:

(10.59) IE@ )| pas e —/HG" a" HZA;(MMN IF R || on dir,

-,—7_

I+b

where v, = X5 (1+b)|7—0t/(1+b))|+ u’. We focus again on the case 7 > bt/(1+b),
so that

IERE o < NERE | prnrsns < Cr 7 prirsns



ON THE LANDAU DAMPING 149

and the problem is to control G* — G". We have

AR (14b), 551

7—7_

I+b

(10.60) | G" =G| pacmain < [[(Vf®) o 2% = Vuf?

+§ZHthdw (VL hE)ons!

}: k k—1 k_ k-1
X“(1+b);¢ 1_'_ H V h Qt,ﬂ' _vv (hTOQt,T )‘ ZA;‘L(1+b) kil

T*ﬁb i

By induction hypothesis (Eh), and since the ZM* norms are increasing as a func-
tion of A, u,

ZH (Vo) 0 47! =V, (E o 047 |

A*(Hb)unl = <Z§k) (14 7)2

T 1+b

It remains to treat the first and second terms in the right-hand side of ([[0.60). This
is done by composition as in Step 5; let us consider for instance the contribution of
hE k> 1:

vahﬁ o — V,hko Q!

S (1+b),u 1
ZF bt
e

1
k n k—1 n k—1
< / |vv.nto (-0, + o0 gt [P = 7 s 9
0 1% 1%
k k—1 n k—1

< vavhr © Qt,r /\*(1+b) miil ‘Q - Q X (14b), 15,
__bt Z __bt
‘r 5 =177

<26, (14 7)° Rk_l’"(f, t)

. & 5 1
SQQﬁk<. @ﬂ&—kwﬁ>(1+ﬂ”

j=k

Summing up all contributions and inserting in ([0.59) yields

(10.61) || &t

D [pee
n

< vt 30 (3 gy ) + 30| [ Moo
k=1 j=1
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—n,n+1

Main contribution: Now we consider & , which we decompose as

—n n+1 _n n—l—l _n n—l—l
Ut _l_ § )

where

E?O"H () = /Ot/F[h"H] (1,2 —v(t—71),v) - Vo f2v) dvdr,
O’?]:H-l () = /;/(F[h?“] V(o Qﬁ;l)) (r,2 —v(t—7),v) dvdr.

For any k > 1, we apply Proposition p.9 to get

t
H_n n+1 H]_-)\;*lt+#2 < /(; K?,hk (t’ T) HF[hZ"‘lH Fvn dr

t
_I_/ Kg’hk(t,T) HF[ ]:V';z dT’
0
where )
t
o v, =(1+Db)A, |7 — 50 + ! is assumed bounded above by \*7 + ¥,
k— k—
K”hk(t ) va hﬁ oQt’Tl) <V o €d 7 ' >H Kok
[ J ’ ,T) = su s :
! ogrzt 1+7 1

o oyl — ) |kt
KM = () sup R (CTEED e,
k0, 00 L+ |k — L)

n,k
ka(1+b);1) Ko™,

Vo (ht o Q!

o Kg’hk(t,T) = ( sup

0<r<t

o KPE(t ) = (),

We assume

t—T1
10.62 L=,
(10.62) Loy u+n(1+t),

and check the condition on /. Leaving apart the small-time case, we assume 7 >
bt/(1+b), so that

. . BX (t—T) t—1
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which is bounded above by A\*7 + i) as soon as
(10.63) n<BA\.
Then, with the notation ([.9),

(10.64) K7t r) = K97 (¢, 1),
with
(10.65) an,kzmin{”k;M";Ak—AZ;H}

From the controls on h* we have

| V(s 0 0ist) = (v (E 0 7))

k k—1
<7ttty
TTI+e TTI+e

<o (14 7);

A (140), 151 A (14b),pp51
z bt z bt

and

< k.
C>\k(1+b)§1 -

(RACE=DY

e = H<(Vv +7V,) (hlj o Qf;l)
_bt_

TT1+b

After controlling F[h"T!] by p[h" "], we end up with

t n
(10.66) |77 | pogrens < i /0 (Z%Kf“"“”(t,r>> ot T | s, dr
k=1

Ap—

t n AX
+Cr / (Z gee (3 )(t_ﬂ> R | s, 7
0 \k=1

with v, x defined by ([[0.69).

Substep c¢. Gathering all previous controls, we obtain the following integral inequality
for p = p[h" 1]

(10.67) ng(t,x)—/Ot/(VW*QO)(T,i—U(t—T))'vao(v)dvdT

t
sAn+/
0

FAnttud,

KMt 1)+ KP'(t, 7) + %

(1 +T)2 ||90(7-7 ')H]—'VLTJrui‘”
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where
2CF 6,21

(1068) An = Stlzl%]) Han’n(tv ’ )H]—'A;‘Lt+ﬂﬁ < m’

Kp(t,7) = K", Qp = Qi = Min {M" g P, = A 77} ,

Kl (t,7) = ZCFake‘z” ) =)

cf =3Cr C <05+Z(5k> (Z (%(AK_A* >+Z<5k

k=1 k

(We are cheating a bit when writing ([[0.67]), because in fact one should take into
account small times separately; but this does not cause any real difficulty.)
We easily estimate K:

t n 5
/Kg(t,T)dTSCFZﬁ,
0 =1 T\ T A

00 . n 6k
Kg(t,7)dt < Cp Zm>
T k=1 k n

t , 1/2 n 5k
K (t, d <C .
</0 o (F:7) T) F,; 2 (M — \y)

Let us assume that «, is smaller than @(~) appearing in Theorem [/.§, and that

(10.69) (Cr) 40pC4 (C{]+de+ 1) (Z (27T()\k5k— . ))6> < %’
k=1 n

k=1

1

CFZ\/T )

(10.70) (Cs)

(10.71) (Co) Cr Z Wk—)\) < max {Zu X} ’
k=1 "
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where x > 0 is also defined by Theorem [/.§. Then we have, for any ¢ € (0, «,) and
t >0,

7 e,n Cn Cn 2
(10.72) I +1||]—'>‘3§t+#3§ < CA, e (1 + W) eCon HTen) gt

n o2\ Vo)
e =20 (So0) wa m= e (228)77 L1
k=1 n

Pick up A, < A\ and choose ¢ = A, — \*; recalling that p"*!(¢,0) = 0, and that

our conditions imply an upper bound on ¢,, we deduce after some crude bounds the
uniform control

—om(r "
(10.73) g < €O < € A © 0T,
where
T
1
(10.74) T, =C < L ) .
ap, (27 (A — An))* T

10.4.3. Step 7: estimate on F[h"™]. This is an immediate consequence of ([[0.1])
and ([0.73).

10.4.4. Step 8: estimate of h"*! o Q™. In this step we shall use again the Vlasov
equation. We rewrite ([[0.43) as

h Xo,(x,0), Vi, (x, v)) = / yntl (S,X&s(l’, v), Vi, (z, v)) ds;
0
but now we compose with (X7, V/'y), where t > 7 is arbitrary. This gives

0 X0 Vi) = 30 5 X ) Vi)
0
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Then for any p € [1,p] and X\ < !, using Propositions .19 and 224 we get

Pz o Q] Bt (Xin, Vi)

‘ (1+b)>‘gl WP
t7

(1+b))‘gl I»‘n P ‘

1+b

sonpiasato = [ 16,0 s
1+b

(s Xt V”)
t||Z(1+b)An Hip

nn+1
H I, e
1+b
/ T -

S* 1+b +b

ds

s t||Z(1+b))\n wkip ds.

Then (proceeding as in Step 6 to check that the exponents lie in the appropriate
range)

_ T
IR s < CF Rl [ [P

n —

S* 1+b

and

n

||R t|| (1+b)A" , < CFE W()\I}—)\Z)S ||p?||j-‘l7n(s) < CF 6—27T()\L—)\E1)55

1+b

with
Up(s,t) == pf  when 7 < bt/(1+b)

Up(s,t) == Nl 7+ p*  when s > bt/(1+b).

On the other hand, from the induction assumption,

|| stHZ(ler))\n whip <2 (1 + 3) On

ST 1+b

and

|| St|| (1+b)/\n whip — 1 + S (Z 61€> .

5*71+b

We deduce that
y(t) .= || o Of

H (1+b)>\n Kihip

7—,7

1+b
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satisfies

n

t
y(t) <2Cp (Z%) / €2 g sy (14 5) ds
0

k=1
¢
+QC’F5,2L/ —2m(Ah=X)s (1+s)ds;
0

SO

2 C'r max o) 1
Ve 20 O g e S (52 sup 2 )

= 3
Z 27\ = \2)

10.4.5. Step 9: Crude estimates on the derivatives of h"*1. Again we choose p €
[1,p]. From the previous step and Proposition [E27 we deduce, for any A} such that
M o< X< 2X\ and any ptb < pb <k,

(10.75) | V. (rr 0 y,)

+ H (Vo t ) (o0 )| it
g 5 771_“’

C(d) th+1

T min {N, = A g, — i}

Ai (1+b) whip

H A’;’L(1+b) Hn s P7

and
(10.76)
n n C(d) (1 + T) n
Hv(hT—H © Qtﬁ) Afj(Hb) N S min {)\b _ )\;ﬁl : n i HhT+1 H A5’1(1+b) Hsp
T 45 +
Similarly,
(10.77)
C(d)(1+71)?
n+1 n n—l—l
va (hT © Qtﬂ') Zjif(lli:) P < min {)\% . )\%, Iu% o M%}Q HhT H i\i(f%b) BT
+

10.4.6. Step 10: Chain-rule and refined estimates on derivatives of h"*'. From
Step 3 we have

(10.78) 0 < c(d) < ||V, || ; < C(d)

A£<1+b> uh

.,—,i

1+b
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and (via Proposition [.27)

C(d)(1+71)
(1079) HVVQTT L)l < . VQ A (14b), 1,
t ij(ll%b), n min {)\: _ )\itl; [ — ,Mn H Hleb_thb
C(d)(1+71)

T min {Ar — XL — )
Combining these bounds with Step 9, Proposition [E.24 and the identities
(Vh)o Q= (VQ)"'V(hoQ)

(10.80)
(VVA) 0 Q = (VQ)2VV(hoQ) — (VQ) V20 (VQ) " (Vho Q)] ,
we get
(10.81)
|wntyonr | oot < ) ||V o )|t oo
< C(d) (1 + '7-) ’ h:_H—l o Q?q— RO
min{X;, — \is pih, — pn} Tl
T+
and
(10.82)
H(V%Z“) AL 2harhuda
771_H>

<o) ||vr(rtonr)

o T IV R antn IV 0 Q| gmit

148 = e T

C(d)(1+71)? i
~ mi b .o 12 Hh7+ © QIZTHZA%UH)M%W’
min {\> — Ao ; 12, — pun} Rah

1+b

This gives us the bounds || (VA™)oQ"|| = O(1+7), || (V2A" 1) oQ|| = O((1+71)?),
which are optimal if one does not distinguish between the z and v variables. We
shall now refine these estimates. First we write

V(o) — (VAT 0 O, = V(O —1d) - [(VATH) 0 0],
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and we deduce

Hv(w1 0 QL) — (VA1) o 1,

>":!tl(1+b) BniP
T* 1+b

< HV(Q?T _Id)H A%(Hb) I H hnH an H An(1+b) i
**m 7*1—+b
1+ T n n n
< C(d) <min{)\z e _Mi}> HQt,r —1d|| jbfu_ﬂn w7 OQt,rH jbfu_ﬂn D

15
th-ﬁ-l

1+b

n H A%(Hb) nhip
< C(d) Cf) Z 5k
T omin {0 — AL — )2 \ = 2r( = A7))° (1+ T)

(Note: Q" —Id brings the time-decay, while h"*! brings the smallness.)

This shows that (VA"1) o Q" ~ V(h" 0 Q") as 7 — oo. In view of Step 9, this
also implies the refined gradient estimates

(10.83) (Vah2t) o Q0| s, + || (0 + 7V 0 0,

1+b TT1+b

<Tfnto o),

Ai i Zk;'(“klﬁl;p
1+

A%(Hb) 12yp)

7—,7

1+b

with

_ ct & O 1
C=C(d = +

R YRy U ( e A:»ﬁ) i 0, — N — )
10.4.7. Conclusion. Given A\, < A5, i1 < o, we define

)\n—l-l = Afm HUn+1 = ,U/.fm

and we impose

JURED VR S U U R
n n n n n n 3 ?
* t b b t_ My~ e

p, — =l — = — gl =
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Then we see that (E}*1), (E‘p‘H), (ERY), (ER1) have all been established in the
present subsection, with
(10.84)

6n+1 -

C(d) Cr(1 4 Cp) (1 + C*) e 0+T0) - i . Or 52
min {A;, — Aog1 s 1, = fnga M o 2m(Me = AR))% ) An— A

10.5. Convergence of the scheme. For any n > 1, we set

A
(10.85) An = Ay = A0 = Anpt = i — Hyy = [y — flns1 = n?’

for some A > 0. By choosing A small enough, we can make sure that the conditions
21N\ — A5) < 1, 27(pg — pf) < 1 are satisfied for 1 < k < n — 1, as well as the
other smallness assumptions made throughout this section. Moreover, for £ <n —1
we have A, — A\* > A/k? so conditions (C;) to (Cg) will be satisfied if

12 6 6 3
> k26 < Abw, Z;ajg/\w<ﬁ—ﬁ),
k=1 j=k+1
for some small explicit constant w > 0, depending on the other constants appearing
in the problem. Both conditions are satisfied if
(10.86) D k6 < Aw.
k=1

1442y

Then from ([0.74) we have T,, < C,n-1 A_%, so the induction relation on 4,
allows

nt o AT oo
(10.87) 0 <O, o1 =0C e 0.
(To establish this relation we also assumed that ¢,, is bounded above by (,,, the error
coming from the short-time iteration; but this will clearly hold since the inductive
control on §,, will be worse than the one on (,.)

Having fixed A, we will check that for § small enough, ([[0.87) implies both the
fast convergence of (dy)xen, and the condition ([[0.84), which will justify a posteriori
the derivation of ([[0.87). (An easy induction is enough to turn this into a rigorous
reasoning. )

For this we fix a € (1,a;), 0 < z < zy < 1, and we check by induction

(10.88) Vn>1, 6, <Az,
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If A is given, ([0.8§) holds for n = 1 as soon as § < (A/C) 2% Then, to go from
stage n to stage n + 1, we should check that

C’fllo % i;ly n n+1
X eCn =1 /A7 A2 Z2a < A 2% .

I

this is true if

AT e
Since a < 2, the supremum on the right-hand side is finite, and we just have to choose
A small enough. Then, reducing A further if necessary, we can ensure ([[0-8¢). This
concludes the proof.

1 C N n
— > nlO eCn =1 /AY Z(2—a)a )

Remark 10.1. This argument fully exploits the bi-exponential convergence of the
Netwon scheme; a convergence like, say, O(e‘"woo), would not be enough to treat
values of v which are close to 1.

11. CONVERGENCE IN LARGE TIME

In this section we prove Theorem P.J as a consequence of the uniform bounds
established in Sections [[Q.

So let fO L, W satisfy the assumptions of Theorem P To simplify notation we
assume L = 1.

Assumption (B-19) precisely means that f© € C¥'. We shall actually assume a
slightly more precise condition, namely that for some p € [1, o],
(11.1) > A—, V2O ray < Co < +o0,  Vp € [1,7).

n.
nENg

We pick up A € (0,\), p € (0,u), 5 >0, €(0,5). By symmetry, we only consider
nonnegative times. B

If f; is an initial datum satisfying the smallness condition (R.13), then by Theorem
120, we have a smallness estimate on || f;i — 9| zx i for all p € [1,D], N < A\, p/ < A
Then, as in Subsection we can estimate the solution h' to the linearized equation

Qb + v Voh' + FlRY - Vo f° =0
h'l(oa ) :fi_foa

(11.2)
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and we recover uniform bounds in ZX#? spaces, for any M € (A, \), uf € (p, ).
More precisely,

(11.3) sup | plhg |l pasees +sup |01 (t, )| e < C'6,
>0 >0 t

with C' = C(d, A\, M, p, ¥, W, f°) (this is of course assuming e in Theorem P to be
small enough).

We now set A, = X, A\ = M\, and we run the iterative scheme of Sections [J-[[J
for all n > 2. If € is small enough, up to slightly lowering A\, we may choose all
parameters in such a way that

Ay Ay A T A > A Foks Fges [ 7 Hee >
and b(t) = B/(1 + t) satisfies
fiso — Aoo(1+ B)B > pil, > p.
As a result of the scheme, we have, for all £ > 2,

(114) sup Hhi e} Qf,r”g)‘oo(lﬁ%)’“oo?l S (Sk,
bt

t>1>0 SRy

where Y7, 8, < C' and QF is the scattering associated to the force field generated
by h + ...+ h*. Choosing t = 7 in ([T.9) yields

sup thHZ/\oo(lJrB)»uoo;l < .
£20 = TrBE

By Proposition [L.17, this implies

sup ||h’f||ZA00(1+B)aHoo*Aoo(l+B)B;1 < Jy,.
t>0 t

In particular, we have a uniform estimate on h¥ in 2" = Summing up over k
yields for f = fO 437, h* the estimate

(11.5) sup || £ (¢, -)HZM,%J <.
t>0 ¢

Passing to the limit in the Newton scheme, one shows that f solves the nonlinear
Vlasov equation with initial datum f;. (Once again we do not check details; to be
rigorous one would need to establish moment estimates before passing to the limit.)
This implies in particular that f stays nonnegative at all times.

Applying Theorem 27 again, we deduce from ([I.3)

) - f0 Ao ;
stlzlloon(t, )= £l ype < Co
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or equivalently

(11.6) sup || f(t,z — vt,v) — fo(v)}u < C6.

>0 I
Moreover, p = [ f dv satisfies similarly

sup [[p(t, )|l prcttnee < C'6.

>0
It follows that |p(t, k)| < C §e 2™ One one hand, by Sobolev embedding, we
deduce that for any r € N,

lp(t, Mierzay < Crde™®™,

on the other hand, multiplying p by the Fourier transform of VIV we see that the
force F' = F[f] satisfies

(11.7) |F(t, k)| < C§ e 2N Iklt o=2mu k],

for some N > A, ' > p.
Now, from ([[L.) we have, for any (k,n) € Z¢ x R¢, and any ¢t > 0,

(11.8) [t = Kt) = Pln)| < 052t e-2nin,
SO
(11.9) Tt k)| < | TO0) + kt)| + C 6 =2 g2nN sl

In particular, for any k£ # 0, and any n € R,
f(t,k,m) = O(e™>™").

Thus f is asymptotically close to its spatial average g = (f) = [ f dx. It follows
from ([T.§) that, for any n € RY

(11.10) G(t.n) — fO(n)] < C o>,

Also, from the nonlinear Vlasov equation, for any n € R? we have

G(t,n) = f(0,n) + /0 t / / F(r,2) - Vo f (1, 2,0) e 2™ dy dz dr

= fi(0,m) + 2i7 > /0 F(r,0) - f(r,—{,n)dr.

ez
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Using the bounds ([[1.7) and ([1.9), it is easily shown that the above time-integral
converges exponentially fast as ¢ — oo, with rate O(e™*"*) for any \’ < X, to its
limit

(11.11) Goo(1) = Fi(0,) + 2im Y /OOO F(r,0) -y f(r,—C,n) dr.

Lcz4

By passing to the limit in ([T:I7) we see that

[Goc () = FO()] < G e,
This concludes the proof of Theorem P.3.

12. CoULOMB/NEWTON INTERACTION

When v = 1 we do not know whether the conclusions of Theorem B.J apply. This
is precisely the most interesting case, both from the physical point of view (because
it corresponds to Coulomb or Newton interaction, by far the most commonly used)
and from the mathematical point of view (because it is the critical interaction).

However, the constructive nature of the proof of Theorem P.J makes it possible
to adapt it and get a statement which, although weaker, is still mathematically and
physically relevant: Landau damping holds on extremely long time scales, (almost)
exponentially large in the size of the perturbation. This is a kind of “quasi-global”
proof of the Landau damping. Below is a precise statement; we use the notation

(B.10).

Theorem 12.1 (nonlinear Landau damping for Coulomb/Newton interaction). Let
O RY — R, be an analytic velocity profile. Let L > 0 and W : T¢ — R be an
interaction potential satisfying

(12.1) Vekezd,  [WH®E) <L

for some constant Cyy > 0. Assume that f° and W satisfy the stability condition
(L) from Subsection [2.3, with some A,k > 0; further assume that, for the same
parameter X,

AT
Z ol IV Nl L ray < Co < 400.

neNg
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Then for any0 < N < X\, 6>0,0 < i/ < pthereise = e(d, L, Cy, Co, K, \, N, i, i, 3)
with the following property: if f; is an initial datum satisfying

0= Hfi_fOHA,u‘i‘// |fi—f0|eﬁ‘”‘dvdx§5,
T¢ xR9

and f is the unique classical solution to the nonlinear Viasov equation with interac-
tion potential W, then p(t,x) = [ f(t,z,v)dv satisfies, for any r € N,

=\t
o SCoe M,

K
(12.2) [t| < T exp (W) = ||p(t, ) = poo|

5
where poo = L™ [[ fidzdv and T, K,C > 0 may depend on d, L, Cy, Co, k, X\, N,
ILL7 /’L,7 67 r.
Sketch of Proof of Theorem [I2.]. We shall not provide full details, but give the
reader all the necessary ingredients to adapt the proof of Theorem P.J. In the
iteration scheme of Section [0, the only place where we used v > 1 (and not just

v > 1) is in Step 6, when it comes to the echo response via Theorem [.§. Now, in
the case v = 1, the formula for K7 should be

K{L(t, T) = Z 5k K£a7l’k)7l(t, 7'),
k=1

with oy, ) = min {(pr— 1) /25 A — A% 5 n}. By Theorem [.§ this induces, in addition
to other well-behaved factors, an uncontrolled exponential growth O(e'), with

n
O
€, =1 E —;
«
k=1 7k

in particular €, will remain bounded and O(J) throughout the scheme.
Let us replace ([[0.89) by

A
log(e 4+ n))?’
where A > 0 is very small. (This is allowed since the series > 1/(n(log(e + n))?)

converges.) Then during the first stages of the iteration we can absorb the O(e")
factor by the loss of regularity if, say,

An = A = Ay = Aapt = Ly — flyy = [y = [l =
n(

A
< .
“ = 20 (log(e + n))?
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Recalling that €, = O(J), this is satisfied as soon as

K
d (log §)?’

where K > 0 is a positive constant depending on the other parameters of the problem
but of course not on 9.

For n > N we cannot rely on the loss of regularity any longer; at this stage the
error is about

(12.3) n<N:=

Sy < 8"

where 1 < a < 2. To get the convergence for larger values of n, we use the bound
0 <t <T. Allowing a degradation of the rate 5" into %" with a < a, we see that

the new factor e»” can be eaten up by the scheme if
enTolomda® <1 yp >N,
This is satisfied if
T=0 <QN %) .

Recalling ([233), we see that the latter condition holds true if
1
T = O (Aé(lo;,‘é)é 10%)

for some well-chosen constant A > 1. Then we can complete the iteration, and end
up with a bound like

||ft—fi||ztw,m <Cé§ Vtelo,T],
where C' is another constant independent of . The conclusion follows easily. O

Remark 12.2. The constants involved in the precedent argument are somewhat
dreadful. If one is ready to relax the exponential bound ([[2.9) into a weaker bound

T < eX/V3_ then much better constants can be obtained by using Theorem [7.§
(iii") instead of Theorem (iii). To summarize, there are three time scales in our

argument (discarding logarithmic corrections in the exponentials):
o t = O(67'): linearization provides a close approximation of the full solution;
ot =0(AY \/3): nonlinear damping with very large but decent constants;
O(

e t = O(A'?): nonlinear damping with crazy constants.
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13. EXPANSIONS AND COUNTEREXAMPLES

A most important consequence of the proof of Theorem P.J is that the asymptotic
behavior of the solution of the nonlinear Vlasov equation can in principle be deter-
mined at arbitrary precision as the size of the perturbation goes to 0. Indeed, if we
define g% (v) as the large-time limit of A* (say in positive time), then ||g*| = O(d),
so fO+ gl + ...+ g% converges very fast to fo. In other words, to investigate
the properties of the time-asymptotics of the system, we may freely exchange the
limits ¢ — oo and 6 — 0, perform expansions, etc. This at once puts on rigor-
ous grounds many asymptotic expansions used by various authors — who so far
implicitly postulated the possibility of this exchange.

With this in mind, let us estimate the first corrections to the linearized theory, in
the regime of a very small perturbation and small interaction strength (which can
be achieved by a proper scaling of physical quantities). We shall work in dimension
d =1 and in a periodic box of length L = 1.

13.1. Simple excitation. For a start, let us consider the case where the perturba-
tion affects only the first spatial frequency. We let

e fO(v) = e ™""; the homogenecous (Maxwellian) distribution;
e ¢ p;(z) = e cos(2mz): the initial space density perturbation;

e ¢ p;(z)O(v): the initial perturbation of the distribution function; we denote by
¢ the Fourier transform of 6;

e o W: the interaction potential, with W (—x) = W(xz). We do not specify its
form, but it should satisfy the assumptions in Theorem P.5.

We work in the asymptotic regime ¢ — 0, @ — 0. We will not write norms ex-
plicitly, but all our computations can be made in the norms introduced in Section [,
with small losses in the regularity indices — as we have done in all this paper.

The first-order correction h; = O(g) to f° is provided by the solution of the
linearized equation (B-3), here taking the form

Oht +v -V h' + F[h'] -V, f° =0,

with initial datum h'(0, -) = h; := f; — f°. As in Section [] we get a closed equation
for the associated density p[h']:

pIRY(t, k) = hy(k, kt) — 47> a W (K) / t pIhY (7, k) e R (¢ — 1) K2 dr
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It follows that p{h'|(t,k) = 0 for k # +1, so the behavior of p[h'] is entirely deter-
mined by w(t) = p[h'|(t,1) and u_,(t) = p[h']|(t, —1), where

(13.1) () =  ot) — dr2a TV (1) /0 Cun () e TR (4~ 1) dr
=5 [¢t0) + 0(@)]

(13.2) u_y(t) =

The corresponding forces, in Fourier transform, are F'(¢,1) = 2ira /W(l) uy(t)
and F'(t,—1) = —2imra W (1) u_y(t).

From this we also deduce the Fourier transform of A' itself:
(13.3)

. . P t
hL(t, k,n) = hi(k,n+kt) —47r2aW(k;)/ PR (7, k) e ™R (g ket — 1)) - ke drs
0
this is 0 if k£ # +1, while
~ e t
(13.4) Rh'(t,1,n) = %@(77 +t) —4x*a W (1) / uy (1) e~ (n+(t—7))dr
0

= <etm+n+0()].

(13.5)

~ e t

R (t, —1,1m) = %9@(7} —t) 4+ 4r’a W (1) / u_1(7) e (= (t=7)) (77 — (t— 7')) dr
0

€
= =[etn =1 +0()].
Now, to get the next order correction, we solve, as in Section [[0
Oh? +v -V h2+ F[h'] -V, W2 + F[h?] - (Vo f° + V,h') = [hl] V,h',

with vanishing initial datum. Since h? = O(g?), we may neglect the terms F[h'] -
V,h* and F[h?] - V,h! which are both O(ae?). So it is sufficient to solve

(13.6) Oty +v - Vohly + F[hy) - Vo f° = —F[h'] - V,h!
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with vanishing initial datum. As ¢t — oo, we know that the solution h, (¢, z,v) is
asymptotically close to its spatial average (hy) = [ h)dz. Taking the integral over

T in ([3:G) yields
O (hy) = —(F[n']- V,h').

Since h' converges to (h;), the deviation of f to (f;) is given, at order €%, by

g(v) =— i oO<F[hl] - V') (¢, v) dt
= — / o > F(hY)(t, —k) - Vb (t k) dt.

Taking Fourier transform and using ([3.1)-([3:2)-([3.4)-([3.5), we deduce

== [ S FW ) b o )

keZ

__ /0 Bt 1) i) T (1) dt

— /0+OO F[hY)(t,1) (2imn) h'(t, —1,n) dt

~wea i [ et [ et etn— o+ 0))

= —r22a W ()7 ( /_ :O o(t) (n — t) sign (¢) dt + O(Q)) .

Summarizing:

(13.7)

lim f(t,k,n) =0 ifk#0

—+00

tlgi f(t, 0,m) = J?;(tv 0,1) — et (W2 W(l)) ! (/

—00

o(t) p(n — t)sign (t) dt + O(a)) .

Since ¢ is an arbitrary analytic profile, this simple calculation already shows that

e the asymptotic profile is not necessarily the spatial mean of the initial datum;

e the asymptotic profile in general depends on the interaction, and cannot be
predicted by a “statistical” recipe based only on the initial datum (e.g. maximum
of entropy given the constraints).
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Assuming ¢ < a, higher order expansions in « can be obtained by bootstrap on

the equations ([3.1))-([3.2)-([3.4)-([3.5): for instance,

—~

lim f(£,0,9) = fi(0,n) —<*a(n 2W(l))n/ " olt) pln — ) sigm (1) d

~ear @) s { [ [ (et 0= = o= ) pn) e 1=
+ (1) p(—t) e —m(n+(t—))? (77+(t—7))

+ o(—7) ©(t) e~ m(n=(t=1))? (n—(t— 7‘))} dr + O(e%a®).

What about the limit in negative time? Reversing time is equivalent to changing
f(t,z,v) into f(t, T, - —v) and letting time go forward. So we define S(v) := —uv,
T(p)(n) = 2am*W(1)n [T p(t)p(n — t)sign (1) dt; then T(p o ) = T(p) o S,
which means that the solutlons constructed above are always homoclinic at order
O(g%a). The same is true for the more precise expansions at order O(g?a?), and in
fact it can be checked that the whole distribution f? is homoclinic; in other words,
f is homoclinic up to possible corrections of order O(e*). To exhibit heteroclinic
deviations, we shall consider more general perturbations.

13.2. General perturbation. Let us now consider a “general” initial datum f;(z, v)
close to f°(v), and expand the solution f. We write ¢r(n) = (fi — f°)  (k,n) and
p™ = p[h™]. The interaction potential is assumed to be of the form a W with o < 1
and W (z) = W(—z). The first equations of the Newton scheme are

(13.8) Pt k) = e i (kt) — An’a W (k) /Ot P k) PO (k(t — 7)) k2 (t — 7) dr,

(13.9)
n(t, k,n)zaapk(n+kt)—47r2a/m7(k)/o PHT k) O (n+k(t—7)) k- (n+k(t—)) dr,
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(13.10)
R2(t, k,n) = —Ax2a W (k) / P k) [P+ k@t — 7)) k- (n+ k(t —7)) dr

— 4 a/ ZW p(r,0) hl(T]{? Cn+kt—7))0- (n+k(t—71))dr
—47T2a/ Z/W(ﬁ)ﬁz(f,f)ﬁl(ﬂk—E,n+k(t—7))€- (n+k(t—r1))dr

—47roz/ZW Y(7,0) hz(T]{? Cn+k(t—7)) 0 (n+k(t—7))dr,

(13.11)  p(t, k) = —47ra/W7(k;)/ P2 (k) fO(k(t — 7)) [E* (t — 7)) dr

—47ra/ ZW P O R (T k — 6 k(t— 1)) 0k (t—7)dr
—47ra/ ZW P2 (7, 0) hl(T]{? Ck(t—7))0-k(t—7)dr

—47ra/ ZW P OB (1 k — € k(t — 7)) -k (t —7)dr.

Here k and £ run over Z<.
From ([3:3)-([3.9) we see that p' and h' depend linearly on &, and

(1312) (L0 = [kt + O@)], Bt kon) = [onln + kt) + O(a)].
Then from ([310)([310)), p* and h? are O(? «); so by plugging ([3:13) in these
equations we obtain

(13.13)
po(t k) = —4n?e? a/ Z W(ﬁ) 0i(07) Qr_g(kt—L71) Lk (t—7) dT +O(? *)+0(e% o),
0 ¢

(13.14)
Rt k,n) = -4’ o / S TW() @u(tr) prs(n+kt—7) 0 (n+k(t—7)) dr +O(* 0*)+O(e* ).
0
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We plug these bounds again in the right-hand side of ([[3.10) to find

(13.15) B3 (t,0,m) = ().(t,n) + (M) (t,m) + O(e* @®),
where
(I.(t,n) = —4r? / Z (¢- 17 (1, 0) B\ (1, —,n) dr
is quadratic in ¢, and (II).(¢,n) is a thlrd-order correction:
(13.16)
(W).(t.) = 167" / | O W) o) [t = m) -atn — t7)

— @or—m(n + 1 — ms) gp_g(—ﬁf)]
(€-m)(£-n)(r—s)dsdr.

If fOis even, changing ¢y, into pi(—-) and 7 into —n amounts to change k into
—k at the level of ([3:§)-([39); but then (I). is invariant under this operation.
We conclude that f is always homoclinic at second order in ¢, and we consider the
influence of the third-order term ([3:17). Let

Clel(n) = Jim (). (t.).
After some relabelling, we find

(13.17) Clg](n) = 167 * o

S WO T 006 [ [ aem) [oualht = 0r) o-ata b

k,tez
— One(n + kt — 07) gp_k(—k:t)] (t — ) dr dt.

Two particular cases are worth considering: if ¢_; = —p (that is, the perturbation
is odd in z), then Clp o S] = C[yp| o S, where S(t) = —t. If, on the contrary, the
perturbation is even in z, then Clp o S] = —CJp] o S. In that case the third-order
term imposes a heteroclinic behavior for the solution, as soon as C[p| # 0.

To construct an example where C[¢] # 0, we set d = 1, f° = Gaussian, f; — f* =
cos(2mz) 01 (v) + cos(4mz) B2(v), o1 = p_1 = 61/2, @2 = p_ = 6,/2. The six pairs
(k,€) contributing to ([3.17) are (—1,1), (=1,-2), (2,1), (1, 1), (1,2), (2,1). By
playing on the respective sizes of W( ) and W( ) (which amounts in fact to changing



ON THE LANDAU DAMPING 171

the size of the box), it is sufficient to consider the terms with coefficient 17[/\(1)2, i.e.,
the pairs (—1,1) and (1, —1). Then the corresponding bit of C[p](n) is

16722 WPn [ [ [coim) et ol 0+ ear) ealn =t = D))

—o1(=7) p1(n —1t) pa(t +7) + 01 (=7) pa(n +t +7) sol(—t)] (t —7)drdt.

If we vary o1 and s in such a way that they become positive and almost concen-
trated on Ry, the only remaining term is the one in ¢1(7) @a2(n —t — 7) p1(t), for
n > t+7, and its contribution is positive. So, at least for certain values of W (1) and
W (2) there is a choice of analytic functions p; and @9, such that Clp] # 0. This
demonstrates the existence of heteroclinic trajectories.

To summarize: At first order in e, the convergence is to the spatial average; at
second order there is a homoclinic correction; at third order, if at least three modes
with zero sum are excited, there is possibility of heteroclinic behavior.

14. BEYOND LANDAU DAMPING

We conclude this paper with some general comments about the physical implica-
tions of the Landau damping.

The counterexamples from Section [ show in particular that there is no “univer-
sal” large-time behavior of the solution of the nonlinear Vlasov equation in terms of
just, say, conservation laws and the initial datum; the dynamics also have to enter
explicitly. One can also interpret this as a lack of ergodicity: the nonlinearity is not
sufficient to make the system explore the space of all “possible” distributions and
to choose the most favorable one. Similar phenomena were already known in finite
dimension, in relation to the KAM theorem; this is mentioned e.g. in [f3, p. 257] for
the vortex system. There it is hoped that such behavior disappears as the dimension
goes to infinity; but now we see that it also exists even in the infinite-dimensional
setting of the Vlasov equation — at least for any interaction less singular than
Coulomb/Newton.

This seems to be bad news for the statistical theory of the Vlasov equation,
pioneered by Lynden-Bell [BY| and explored by various authors [i4, F1], Bf], since
even the sophisticated variants of this theory try to predict the likely final states in
terms of just the characteristics of the initial data. In this sense, our results provide
support for an objection raised by Isichenko [B@, p. 2372] against this statistical
theory.
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However, looking more closely at our proofs and results, proponents of the statis-
tical theory will have a lot to rejoice about.

To start with, our results are the first to establish that the nonlinear Vlasov
equation does enjoy some asymptotic “stabilization” property in large time, without
the help of any extra diffusion or ensemble averaging.

Next, the whole analysis is perturbative: each stable spatially homogeneous distri-
bution will have its small “basin of damping”, and it may be that some distributions
are “much more stable” than others, say in the sense of having a larger basin.

Even more importantly, in Section [] we have crucially used the smoothness to
overcome the potentially destabilizing nonlinear effects; we have even explained why
the critical regularity for Coulomb or Newton interaction is analyticity. So any the-
ory based on nonsmooth, or even non-analytic, functions, might not be constrained
by Landau damping. This certainly applies to a statistical theory, for which analytic
functions will certainly be a zero-probability set.

Finally, to overcome the nonlinearity, not only were we led to use the analytic
regularity, but we also had to cope with huge constants — even qualitatively larger
than those appearing in classical KAM theory — at least on very large time scales.
If one believes in the explanatory virtues of proofs, these large constants might be
the indication that the Landau damping is a thin effect, which might be neglected
when it comes to predict the “final” state in a “turbulent” situation.

Further work needs to be done to understand whether these considerations apply
equally to the electrostatic and gravitational cases, or whether the electrostatic case
is favored in these respects.

Although the underlying mathematical and physical mechanisms differ, nonlinear
Landau damping (as defined by Theorem P.J) may arguably be to the theory of
Vlasov equation what the KAM theorem is to the theory of Hamiltonian systems.
Like the KAM theorem, it might be conceptually important in theory and practice,
and still severely limited.

Beyond the range of application of KAM theory lies the softer, more robust weak
KAM theory developed by Fathi [[J] in relation to Aubry—Mather theory. By a nice
coincidence, a Vlasov version of the weak KAM theory has just been developed by
Gangbo and Tudorascu [[7], although with no relation to Landau damping. Making
the connection is just one of the many developments which may be explored in the
future.
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APPENDIX

In this appendix we gather some elementary tools, our conventions, and some
reminders about calculus.

A.1. Calculus in dimension d. If n € N we define
n!l=n.!...ng
and
(B)= (). ().
If ze C? and n € Z¢, we let
|zl = |z1] + - - - + |24l; 2=zt 2 e G |2|" = |"|.

In particular, if z € C? we have

el = bl otledl = 5 ="
n!

nENg
We may occasionally write el?l instead of ell?ll.

A.2. Multi-dimensional differential calculus. The Leibniz formula for func-
tions f,g: R — R is

(fo)™ =" (1) frmgnm),

m
m<n

where of course f(™ = d"f/dz™. The expression of derivatives of composed functions
is given by the Faa di Bruno formula:

O\ ™
(fo G)(“) - Z ml'ni'm' (f(m1+m+mn) © G) H <G ) '

1
22 jmj=n o N

These formulas remain valid in several dimensions, provided that one defines, for
a multi-index n = (nq,...,ng),

P i)
oxyt Ozl
They also remain true if (01, ..., d,) is replaced by a d-tuple of commuting deriva-

tion operators.
As a consequence, we shall establish the following Leibniz-type formula for oper-
ators that are combinations of gradients and multiplications.
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Lemma A.1. Let f and g be functions of v € R%, and a,b € C%. Then for any
n € N,

(Vo + (@ +0)"(f9) =Y () )(Vuta)"f (Vo +)""g.

m<n

Proof. The right-hand side is equal to
SV g

m q
m?qiT

After changing indices p = ¢ +r, s = m — ¢, this becomes

SOV P)Vig Vv = 30 (D) Vi) (a+ b)

P r S
s7p7r p

= (Vo +(a+0)"(f9).

A.3. Fourier transform. If f is a function R? — R, we define

(A1) Fo = [ e pwy s

then we have the usual formulas

$) = [ B ) = 2im fon.
Let T? = RY/(LZ%). 1f f is a function T¢ — R, we define
(A2) o) = [ e fa)dn
Td

then we have

1 ik —.(L) K
_ en) 2T fx. _ o)
fl@) =73 2 FP) i VT (k) =2imp fO k).
kezd
If f is a function T¢ x RY — R, we define
(A.3) FE (k) = / / e 2L g2y f(z,v) dx dv;
T¢ JRd

so that the reconstruction formula reads

1 Y . .
flaw) =72 2 / F (k) 7 do,

kezd
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When L =1 we do not specify it: so we just write

F=Ffn  f=50.

(There is no risk of confusion since in that case formulae (A.]) and ([A]) coincide.)

A 4. Fixed point theorem. The following theorem is one of the many variants of
the Picard fixed point theorem:

Theorem A.2 (Fixed point theorem). Let E be a Banach space, F : E — E, and
R =2||F(0)||. If F is (1/2)-Lipschitz B(0, R) — E, then it has a unique fized point
in B(0, R).

Proof. Uniqueness is obvious. To prove existence, run the classical Picard iterative
scheme initialized at 0: xy = 0, zy = F(0), o = F(F(0)), etc. It is clear that
|lznl] < [[FO)(1+...4+1/2") < 2||F(0)]], so x, converges in B(0, R) to a fixed
point of F'. O

REFERENCES

[1] AKHIEZER, A., AKHIEZER, 1., POLOVIN, R., SITENKO, A., AND STEPANOV, K. Plasma
electrodynamics. Vol. I: Linear theory, Vol. II: Non-linear theory and fluctuations. Pergamon
Press, 1975 (Enlglish Edition). Translated by D. ter Haar.

[2] ALINHAC, S., AND GERARD, P. Opérateurs pseudo-différenticls et théoréme de Nash—Moser.
Savoirs Actuels. InterEditions, Paris, 1991. English translation in Graduate Studies in Math-
ematics, Vol. 82, American Mathematical Society, Providence, 2007.

[3] ALINHAC, S., AND GERARD, P. Pseudo-differential operators and the Nash-Moser theorem,
vol. 82 of Graduate Studies in Mathematics. American Mathematical Society, Providence, RI,
2007. Translated from the 1991 French original by Stephen S. Wilson.

[4] BALEScU, R. Statistical Mechanics of Charged Particles. Wiley-Interscience, New York, 1963.

[5] BaTrT, J., AND REIN, G. Global classical solutions of the periodic Vlasov-Poisson system in
three dimensions. C. R. Acad. Sci. Paris Sér. I Math. 313, 6 (1991), 411-416.

[6] BENACHOUR, S. Analyticité des solutions des équations de Vlassov-Poisson. Ann. Scuola
Norm. Sup. Pisa Cl. Sci. (4) 16, 1 (1989), 83-104.

[7] BINNEY, J., AND TREMAINE, S. Galactic Dynamics, first ed. Princeton Series in Astrophysics.
Princeton University Press, 1987.

[8] BINNEY, J., AND TREMAINE, S. Galactic Dynamics, second ed. Princeton Series in Astro-
physics. Princeton University Press, 2008.

[9] BOURGAIN, J. Fourier transform restriction phenomena for certain lattice subsets and appli-
cations to nonlinear evolution equations. I. Schrédinger equations. Geom. Funct. Anal. 3, 2
(1993), 107-156.

[10] CagrioTi, E., AND MAFFEI, C. Time asymptotics for solutions of Vlasov—Poisson equation
in a circle. J. Statist. Phys. 92, 1-2 (1998), 301-323.
[11] CasE, K. Plasma oscillations. Ann. Phys. 7 (1959), 349-364.



176

C. MOUHOT AND C. VILLANI

CHEMIN, J.-Y. Le systeme de Navier-Stokes incompressible soixante dix ans apres Jean Leray.
In Actes des Journées Mathématiques a la Mémoire de Jean Leray, vol. 9 of Sémin. Congr.
Soc. Math. France, Paris, 2004, pp. 99-123.

DEGOND, P. Spectral theory of the linearized Vlasov—Poisson equation. Trans. Amer. Math.
Soc. 294, 2 (1986), 435-453.

DESVILLETTES, L., AND VILLANI, C. On the trend to global equilibrium in spatially inhomo-
geneous entropy-dissipating systems: the linear Fokker—Planck equation. Comm. Pure Appl.
Math. 54,1 (2001), 1-42.

FaTHI, A. Weak KAM theory in Lagrangian dynamics. Cambridge University Press, book to
appear.

FiLBET, F. Numerical simulations available online at
http://math.univ-lyonl.fr/~“filbet/publication.html.

GANGBO, W., AND TUDORASCU, A. Lagrangian dynamics on an infinite-dimensional torus;
a weak KAM theorem. Preprint, 2009.

GLASSEY, R., AND SCHAEFFER, J. Time decay for solutions to the linearized Vlasov equation.
Transport Theory Statist. Phys. 23, 4 (1994), 411-453.

GLASSEY, R., AND SCHAEFFER, J. On time decay rates in Landau damping. Comm. Partial
Differential Equations 20, 3-4 (1995), 647-676.

GouLD, R., O’NEIL, T., AND MALMBERG, J. Plasma wave echo. Phys. Rev. Lelters 19, 5
(1967), 219-222.

GRoss, L. Logarithmic Sobolev inequalities. Amer. J. Math. 97 (1975), 1061-1083.

Guo, Y., AND REIN, G. A non-variational approach to nonlinear stability in stellar dynamics
applied to the King model. Comm. Math. Phys. 271, 2 (2007), 489-509.

Guo, Y., AND STRAUSS, W. A. Nonlinear instability of double-humped equilibria. Ann. Inst.
H. Poincaré Anal. Non Linéaire 12, 3 (1995), 339-352.

HeATH, R., GAMBA, I., MORRISON, P., AND MICHLER, C. A discontinuous Galerkin method
for the Vlasov—Poisson system. Work in progress, 2009.

HwANG, J.-H., AND VELAZQUEZ, J. On the existence of exponentially decreasing solutions
of the nonlinear landau damping problem. Preprint, 2008.

IsicHENKO, M. Nonlinear Landau damping in collisionless plasma and inviscid fluid. Phys.
Rev. Lett. 78, 12 (1997), 2369-2372.

JABIN, P.-E. Averaging lemmas and dispersion estimates for kinetic equations. To appear in
Rivista di Matematica della Universita di Parma, contribution to the special issue devoted to
the Summer School 2008 ”Methods and models of kinetic theory”.

KANDRUP, H. Violent relaxation, phase mixing, and gravitational Landau damping. Astro-
physical Journal 500 (1998), 120-128.

KiEssLING, M. Personal communication.

KiessuinGg, M. K.-H. The “Jeans swindle”: a true story—mathematically speaking. Adv. in
Appl. Math. 31, 1 (2003), 132-149.

KrALL, N., AND TRIVELPIECE, A. Principles of plasma physics. San Francisco Press, 1986.
KUKksIN, S. B. Nearly integrable infinite-dimensional Hamiltonian systems, vol. 1556 of Lecture
Notes in Mathematics. Springer-Verlag, Berlin, 1993.



ON THE LANDAU DAMPING 177

[33] KUKSIN, S. B. Analysis of Hamiltonian PDEs, vol. 19 of Oxford Lecture Series in Mathematics
and its Applications. Oxford University Press, Oxford, 2000.

[34] LANDAU, L. On the vibration of the electronic plasma. J. Phys. USSR 10 (1946), 25. English
translation in JETP 16, 574. Reproduced in Collected papers of L.D. Landau, edited and with
an introduction by D. ter Haar, Pergamon Press, 1965, pp. 445-460; and in Men of Physics:
L.D. Landau, Vol. 2, Pergamon Press, D. ter Haar, ed. (1965). E

[35] LirsHITZ, E. M., AND P1TAEVSKII, L. P. Course of theoretical physics [“Landau—Lifshits”].
Vol. 10. Pergamon Press, Oxford, 1981. Translated from the Russian by J. B. Sykes and R.
N. Franklin.

[36] Lions, P.-L., AND PERTHAME, B. Propagation of moments and regularity for the 3-
dimensional Vlasov—Poisson system. Invent. Math. 105, 2 (1991), 415-430.

[37] LYNDEN-BELL, D. The stability and vibrations of a gas of stars. Mon. Not. R. astr. Soc. 124,
4 (1962), 279-296.

[38] LyNDEN-BELL, D. Statistical mechanics of violent relaxation in stellar systems. Mon. Not. R.
astr. Soc. 136 (1967), 101-121.

[39] MALMBERG, J., AND WHARTON, C. Collisionless damping of electrostatic plasma waves.
Phys. Rev. Lett. 13, 6 (1964), 184-186.

[40] MALMBERG, J., WHARTON, C., GOULD, R., AND O’NEIL, T. Plasma wave echo experiment.
Phys. Rev. Letters 20, 3 (1968), 95-97.

[41) MANFREDI, G. Long-time behavior of nonlinear Landau damping. Phys. Rev. Lett. 79, 15
(1997), 2815-2818.

[42] MARCHIORO, C., AND PULVIRENTI, M. Mathematical theory of incompressible nonviscous
fluids. Springer-Verlag, New York, 1994.

[43] MasLov, V. P., AND FEDORYUK, M. V. The linear theory of Landau damping. Mat. Sb.
(N.S.) 127(169), 4 (1985), 445-475, 559.

[44] MILLER, J. Statistical mechanics of Euler equations in two dimensions. Phys. Rev. Lett. 65,
17 (1990), 2137-2140.

[45] MOSER, J. A rapidly convergent iteration method and non-linear differential equations. II.
Ann. Scuola Norm. Sup. Pisa (3) 20 (1966), 499-535.

[46] MOSER, J. A rapidly convergent iteration method and non-linear differential equations. II.
Ann. Scuola Norm. Sup. Pisa (3) 20 (1966), 499-535.

[47] MouHoT, C., AND VILLANI, C. On the inviscid damping around vortices and shear-flows for
two-dimensional fluids. Work in progress.

[48] NasH, J. The imbedding problem for Riemannian manifolds. Ann. of Math. (2) 63 (1956),
20-63.

[49] PENROSE, O. Electrostatic instability of a non-Maxwellian plasma. Phys. Fluids 8 (1960),
258-265.

[50] REIN, G. Personal communication.

[51] ROBERT, R. Statistical mechanics and hydrodynamical turbulence. In Proceedings of the In-
ternational Congress of Mathematicians, Vol. 1, 2 (Zirich, 1994) (Basel, 1995), Birkhiuser,
pp. 1523-1531.

13There is a misprint in formula (17) of this reference (p. 104): replace e~ (ka)*/2 by =1/ (2(ka)*)



178 C. MOUHOT AND C. VILLANI

[52] SAENZ, A. W. Long-time behavior of the electic potential and stability in the linearized
Vlasov theory. J. Mathematical Phys. 6 (1965), 859-875.

[53] SPENTZOURIS, L., OSTIGUY, J., AND COLESTOCK, P. Direct measurement of diffusion rates
in high energy synchrotrons using longitudinal beam echoes. Phys. Rev. Lett. 76, 4 (1996),
620-623.

[54] StaHL, B., KiessLING, M. K.-H., AND SCHINDLER, K. Phase transitions in gravitating
systems and the formation of condensed objects. Planet. Space Sci. 43, 3/4 (1995), 271-282.

[55] TER HAAR, D. Men of Physics: L.D. Landau, vol. II of Selected Reading of physics. Pergamon
Press, 1969.

[66] TREMAINE, S., HENON, M., AND LYNDEN-BELL, D. H-functions and mixing in violent
relaxation. Mon. Not. R. astr. Soc. 219 (1986), 285-297.

[57] TURKINGTON, B. Statistical equilibrium measures and coherent states in two-dimensional
turbulence. Comm. Pure Appl. Math. 52, 7 (1999), 781-809.

[58] vAN KAMPEN, N. On the theory of stationary waves in plasma. Physica 21 (1955), 949-963.

[59] ViLLani, C. Hypocoercivity. To appear in Mem. Amer. Math. Soc.

[60] ViLLANI, C. A review of mathematical topics in collisional kinetic theory. In Handbook of
mathematical fluid dynamics, Vol. I. North-Holland, Amsterdam, 2002, pp. 71-305.

[61] ZHOUu, T., Guo, Y., AND SHU, C.-W. Numerical study on Landau damping. Physica D 157
(2001), 322-333.

CLEMENT MOUHOT

UNIVERSITE PARIS-DAUPHINE & CNRS
CEREMADE, UMR CNRS 7534
PLACE DU MARCHAL DE LATTRE DE TASSIGNY
75775 PARIS CEDEX 16
FRANCE

E-MAIL: cmouhot@ceremade.dauphine.fr

CEDRIC VILLANI

ENS LyoN & INSTITUT UNIVERSITAIRE DE FRANCE
UMPA, UMR CNRS 5669
46 ALLEE D’ITALIE
69364 LyoN CEDEX 07
FRANCE

E-MAIL: cvillani@umpa.ens-lyon.fr



