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Abstract

We analyse the Landau damping mechanism for variants of Vlasov equations, with
a time dependent linear force term and a self-consistent potential that involves an
additional memory effect. This question is directly motivated by a model describing
the interaction of particles with their environment, through momentum and energy
exchanges with a vibrating field. We establish the stability of homogeneous states.
We bring out how the coupling influences the stability criterion, in comparison to the
standard Vlasov case.
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1 Introduction

In this work, we go back to the analysis of Landau damping mechanisms in kinetic
equations. This effect has been brought out for the Vlasov equation of plasma physics
in the pioneering work of L. Landau [23], and extended to gravitational models in as-
trophysics [25], [26], where it is thought to play a key role in the stability of galaxies. It
can be interpreted as a stability statement about steady solutions, leading to a decay of
the self-consistent force. A complete mathematical analysis of the Landau damping for
non linear Vlasov equations has been performed in [27], and revisited later on in [6), [7]
(see also [21]). Similar behaviors have been revealed for the 2D Euler system [5]. The
phenomena are surprising since they describe damping mechanisms, counter-intuitive
for reversible equations which apparently do not present any dissipative process.

The starting point of this contribution comes from an original model introduced
by L. Bruneau and S. De Biévre [§] describing the motion of a single classical particle
interacting with its environment. The particle is described by its position ¢t — ¢(t) €
R?, while the behavior of the environment is embodied into a scalar field (t,z,z2) €
(0,00) xRIXR™ = 9)(t, x, z). The dynamic is modeled by the following set of differential
equations

i) = ~9Via) = [ oilalt)=9) o2(2) Vot ) dy

OZV(t,x,2) — AV (t, 2, 2) = —09(2)01(z — q(t)), r€RY 2 € R

(1)

It corresponds to the intuition of a particle moving through an infinite set of n-dimen-
sional elastic membranes, one for each position € R% The physical properties of



the membranes are characterized by the wave speed ¢ > 0. The coupling between the
particles and the environment is governed by two form functions o1, o9, which are both
non negative, smooth and radially symmetric functions; they can be seen as determin-
ing the influence domain of the particle in each direction, the direction of particle’s
motion and the direction of wave propagation, respectively. It is therefore relevant to
assume both form functions have a compact support. The particle exchanges its kinetic
energy with the vibrations of the membranes. These mechanisms eventually act like a
friction force since particle’s energy is evacuated in the membranes, and, depending on
the shape of the external potential z — V' (x), they determine the large time behavior
of the particle. We refer the reader to [1, [T}, 12} [13], 22} 29] for further studies of the
system that include numerical experiments and interpretation by means of random
walks.

The system can be generalized by considering a set of N particles going through
the membranes. The mean field regime N — oo leads to the following PDE system

OF 4+v-VF =V, (V4 &) -V, F=0, t>0, zcR veRY, (2a)

(8152th - CQAZ\IJ) (t,.T,Z) = _02(2) / 0'1(.%' - y)p(tvy) dy7 [ Oa TE Rd’ KAS Rna

Rd
(2b)
p(t,z) = F(t,z,v)dv, (2¢)
Rd
O[V](t,z) = //Rdx]R" o1(x —y)oa(2)¥(t,y, z)dz dy, t>0, z€RY (2d)

where now (¢, z,v) — F(t,z,v) is interpreted as the particles distribution function in
phase space, z € R? being the position variable, and v € R the velocity variable. The

system |(2a)H(2d)| is completed by initial conditions
F‘t:o = Fy, (0, 8t\11)|t20 = (Wo, ¥y). (3)

We refer the reader to [I7, BI] for the derivation of the N-particles system and the
analysis of the mean field regime that leads to|(2a)H(2d)l The existence of solutions of
(2a)H(2d)| is investigated in [9]. Furthermore, asymptotic issues are also discussed that
reveal an unexpected connection with the gravitational Vlasov-Poisson equation. This
relation with another model of statistical physics can guide the intuition to analyze fur-
ther mathematical properties of [(2a)H(2d)l In this spirit, the existence of equilibrium
states and their stability is discussed in [2], adding in the kinetic model a dissipative
effect with the Fokker-Planck operator, and in [I0] where a variational approach is
adopted for the collisionless model, following [19, 20}, [34].

We wish to continue this analysis, adopting a different viewpoint. In [2, [10] the
effect of a confining potential x — V(z) is considered, which governs the shape of
the equilibrium states. Here, we change the geometry of the problem, replacing the



confining assumption on the external potential, by the assumption that particles’ mo-
tion holds in the d—dimensional torus T?¢. In such a framework, like for the usual
Vlasov-Poisson system, we can find space-homogeneous stationary solutions, and we
wish to investigate their stability. This question is directly reminiscient to the well-
known phenomena of damping brought out in plasma physics by L. Landau [23]: for
the electrostatic Vlasov-Poisson system, it can be shown that the electric field of the
linearized system decays exponentially fast. For gravitational interactions a similar
discussion dates back to D. Lynden-Bell |25 26]. In fact, Landau’s analysis [23] was
concerned with the linearized equation only. Of course the linearization procedure is
questionable and the non linear dynamics might significantly depart form the linear
behavior, as pointed out in [3]. A stunning analysis of the non linear problem in the
analytic framework has been recently performed by C. Mouhot & C. Villani [27], [32].
A simplified analysis of the Landau damping has been proposed in [6]; we also refer
the reader to [I5] for results based on Sobolev regularity (with a definition of the force
which involves only a finite number of Fourier modes, though). The Landau damping
around homogeneous solutions has also been investigated in the whole space R¢ [T,
thus dealing with a set of particles having an infinite mass. See also [2I] for an alter-
native approach that uses integration along phase-space characteristics. We wish to
address these issues for the system |(2a)H(2d)} still when V' = 0. The analysis of the
non-linear equations is quite involved; it requires a complex functional framework and
fine estimates in order to control the non linear effects, the so—called “plasma echoes”,
that can break the damping mechanisms observed on the linearized model. By the
way, it has been recently shown that insufficient regularity of the perturbation can
annihilate the damping mechanisms, and the proof (which, though, is very specific to
the coupling with the Poisson equation; it is not clear that the argument applies for
more regular convolution kernels) precisely uses the role of the plasma echoes against
damping [4]. Nevertheless it turns out that identifying stability conditions for the
linearized problem plays a central role in the analysis of the non linear stability, see
[27, Condition (L)]. Beyond their interest for the specific model |(2a)H(2d )| of particles
interacting with their environment, the results we are going to discuss can be thought
of with some generality. Indeed, as we shall detail below, the equation for the particle
distribution function can be recast as follows

OF +v-V, F =V, &1 -V, F —V,®g5 -V, F =0,

where the potential splits into two parts, that both induce new issues compared to
the case of the “standard” Vlasov system (hereafter simply refered to as the “Vlasov
equation”):

e &;(t,x) does not depend on F: this is a linear contribution in the equation.
The damping then relies on suitable time-decay properties, here related to the
dispersion properties of the free wave equation.

e the self-consistent potential ®g(¢,x) is defined by a convolution with respect to
space, combined with a half-convolution with respect to time

st z) = —/O /Z(x —Y)pe(t — 5)p(s,y) dy ds.
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Then the Landau damping relies on properties of the kernel ¥, which is quite
similar to the analysis of the Vlasov case, but also on decay properties of the
kernel p..

The discussion is organized as follows. We start by checking that we can find homoge-
neous solutions in Section [2, We also introduce different, but complementary, ways to
think of the equations and we make a series of comments explaining how the problem
differs from the usual Vlasov system. We complete this preliminary section by paying
a specific attention to the properties of the kernel p., depending on the dimension
n, which play a crucial role in the analysis. In Section [3| which is the heart of this
work, we turn to the linearized problem. The analysis of the linearized equation re-
duces to study a certain integral equation, satisfied by the Fourier coefficients of the
macroscopic density. That the damping occurs relies on a stability criterion on the
kernel of this Volterra equation, which, at least, can be verified when ¢, the speed of
wave propagation, is large enough. Next, we briefly explain the method for proving
the non linear Landau damping for the free space problem, for which the functional
framework is less intricate, in Section We present how the main arguments should
be adapted for the torus in Section [£.2l We further discuss the stability criterion in
Section [p|, in the spirit of the Penrose criterion. Quite surprisingly, we are led to an
intricate expression, much more complicated than for the Vlasov model. Nevertheless,
these expressions allows us to establish some conclusions close to what is known on the
gravitational Vlasov case. We also propose several interpretations of criteria that lead
to (un)stable solutions. The interested reader will find fully detailed arguments in [33],
and numerical illustrations in [I8].

2 Preliminaries

In what follows, X? stands indifferently for T¢ or R?, and for given functions ¢ : x €
X4 ¢(x) and g : v € R? + g(v), we denote

(P)xa = / p@)dz,  (g)pa = / g(v) dv,
xd R
where dz is either the usual Lebesgue measure on X¢ = R? or the normalized Lebesgue

measure on X? = T¢. We shall also use indifferently the notation =~ for the Fourier
coefficients of a T?—periodic function

¢: T > R, o(k) = /Td e~ *p(z) dz for k € 79,
or the Fourier transform over R” (with m = d or m = n)
0 :R™ - R, o) = / e p(x) de for £ € R™,
We equally use the same notation for a function ¢ depending on z € X and v € R?

Bk, €) = // €Uz o) dv da,
X xRm
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for ¢ € R™ and either k& € Z¢ (case X¢ = T?) or k € R? (case X¢ = R?). In the
sequel, we shall use the shorthand notation k& € X*? to encompass these two situations.
Throughout the paper, we shall use the notations

(2) = V11 a2

and, given a real number s, sT means s + € for € > 0 arbitrarily small. We write
A < B when we can find a constant C' > 0 such that A < C'B. Here, A, B are in
general functions of time, space, velocity, or their associated Fourier variables; it is
thus understood that C' is uniform over these variables. In certain circumstances, we
write A <, B to emphasize the fact that the constant C' depends on the parameter r.

2.1 Rewriting the equations

Due to the linearity of the wave equation, the solution of |(2b)| can be split into a
contribution that depends only on the initial condition (W¢, ¥;) and a contribution
that depends only on p, see [9, Eq. (6)—(8)]. Accordingly, we split the potential into

(D:(pf—’_q)Sa

where ®; depends only on (¥g, ¥;) as follows

br(t.0) = o [ ortoa) (Bt ) costelle) + T, ) G300 dijc
and the coupling term reads
t
dg(t,x) = / pe(t — 8)X * p(s,z)ds,
0
Y =01 %01, (5)
_ [ osin(elc]t) e dC
pelt) = [ T (P g

The properties of the function ¢ — p(t), collected in Lemma below, play a crucial

role in the asymptotic analysis of [(2a)H(2d)}

2.2 Homogeneous solutions

Let pg > 0 and let v — M(v) be a given function such that [pq M(v) dv = 1. We claim
that

M (x,0) € XX R —s A (z,0) = poM (v)
is a stationary solution of|(2a){H(2d)| associated to a spatially homogeneous potential ®,
when starting from spatially homogeneous data for the wave equation. On the torus,

since M and dz are normalized, po is the mass of the solution .#. With F = .#, the
right hand side of the wave equation |[(2b)[ becomes

@) [[ | oo = (5 0) Ao dy = a(z) (1)l )
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which depends only on the variable z € R™. Therefore, considering space-homogeneous
initial data (z,2) — (V¥ (2), ¥1(2)), the solution of the wave equation

OEUH — 2N UH = —02(2)<01>Xd<///>Rd
is given by the inverse Fourier transform of
~ — — . sin(c|&lt 1 — cos(c|élt)
B(0.6) = W (6) cos(eele) + W) ) - TR0 6 6)(0) ()
and it does not depend on the space variable x. Accordingly, the associated potential

(el (t,2) = (01)a //n oo (2) W (L, 2) dz

does not depend on x. We obtain

(O +v- Vo)t =0=V,0[V!] .V, . #,

and finally (.#,¥!) is a homogeneous solution of We bring the attention
of the reader to the fact that, in the case X? = R?, the homogeneous solutions have
infinite mass and infinite energy.

Remark 2.1 (Stationary solutions) A specific case of interest corresponds to sta-
tionary solutions. Let us associate to M , the function

Wea(z) = T ()00 oM

where I' is the solution of A,I'(z) = o2(z). It defines a stationary solution Ueq for the
wave equation|(2c)| (with initial data V' = Weq and ¥i' = 0). The associated potential
thus reads

//deRn o1(x — y)o2(2)Veq(z) dodz = <01>Xd /n 02(2)Weq(2) dz,

which does not depend on the space variable x € X%, nor on the time variable t.

2.3 Equations for the fluctuations

Given a space-homogeneous solution (.7, (2l ), we expand the solution as

F(t,z,v) =4 (v) + f(t,z,v),  V(t,z,2) =Vt 2) +p(t,2,2). (6)
The fluctuations (f,) satisty
Of + v Vaf ~ Vally] Vol + ) = 0, (7a)
wilitn) = [ o= noa()otta ) dy (7h)
Ot = A= =na(2) [ 1o =pelt. ). (70)
o(t,x) = 9 f(t,z,v)do, (7d)



completed by the initial conditions

f(O,{L‘,U) = fO(:Ev’U)’ (@Z)(O,JI,Z),aﬂZ}(O,SL‘,Z)) = (@Z)O(l‘vz)vd}l(wvz))' (8)

As said above, it can be convenient to set (¢, z, z) = ¥r(t, x, z) + 1s(t, z, z), with the
contribution from the initial data

sin(cl¢]t)

{U\[(t,x,f) = %(‘T7£) COS(c’ﬂt) + @(xag)w

and the self-consistent contribution

@S(tvxaf) = —/0 Sin(di{z_ﬂ)@@)al x o(T,x)dr.

Plugging this into the expression of the potential, we get
O[(t, x) = o1 * (F1(t) — 01 % G,(1)) (),

where we have set

Filta) = [ st z)ds
and .

Gyfta) = [ plt = r)ora)dr.

0
Hence, the evolution equation for the fluctuation f can be recast as
Of+v-Vof =Vor % (Fr—o1x9,) - Vy(# + f)=0. (9)

Finally, let us introduce
g(t,z,v) = f(t,z + tv,v),

which allows us to get rid of the advection operator. We remark that
Org(t,z,v) = (0 +v- V) f(t,x + tv,v)
and
(Vo )t 2+ tv,0) = Vo [ f(t 2+ tv,0)| = 1V, f(t, 2 + 10,0) = (Vo = tV2)g(t, 2, v).
Thus, @ becomes

Og(t,x,v) =Vorx (Fr —o1%%9,) (t,x+tv) - (Vo —tVy) (A + g)(t,x,v), (10a)
9(0,z,v) = fo(z,v).  (10b)

The following rough statement gives the flavor of the result we wish to justify.

Theorem We assume that the data o1, 09,0, 1, fo are smooth enough. We assume,
furthermore, that the analog of the (L)-condition for the Viasov-Wave equation holds.
If, initially, the fluctuation is small enough, then, we can find an asymptotic profile
g so that g(t) — ¢>° and the applied force Voy * (Fr — o1 %9Y,) tend to 0 as t — co.
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The precise statements are given in Theorem (case X¢ = R?) and Theorem
(case X? = T?) Let us make a few comments to announce the forthcoming analysis.

e The stability condition [(L)| (see Section [f]), like for the usual Vlasov equation,
imposes that a certain symbol cannot reach the value 1. In particular, the stability
condition holds provided the wave speed ¢ is large enough, see Proposition [3.10]

e The functional framework is a bit intricate. Roughly speaking, we distinguish
two types of results, depending whether we work with analytic functions and
regularity measured by means of Gevrey spaces (for the torus, the result applies
only in this framework), or with functions having enough Sobolev regularity (the
result on R? applies in this context, and we can also establish the damping for
the linearized problems in both cases X¢ = R? and X¢ = T9).

e Typically the smallness assumption is imposed on a certain space X (of Gevrey
or Sobolev type), but the damping holds in slightly “less regular” spaces Y, with
X C Y. The rate of convergence depends on the functional framework (Gevrey
vs. Sobolev) and how far Y is from X.

e For the problem on R%, we shall need to assume d > 3; the method breaks down
in smaller dimensions, for reasons that already appeared for the Vlasov-Poisson
system [7].

For the usual Vlasov equation, the main ingredients to justify the Landau damping
can be recapped as follows:

e the transport operator induces a phase mixing phenomena, which is a source of
decay for the macroscopic density o;

e when linearizing the system around the homogeneous solution, the Fourier modes
of ¢ decouple, leading to a Volterra equation for the Fourier transform of the den-
sity. It permits to identify a stability criterion, that depends on the homogeneous
solution and on the potential so that the linear dynamics induced by the force
term does not annihilate the effects of the phase mixing;

e it remains to control the non linear effects, with the plasma echoes that tend to
contribute against the phase mixing.

Technically, in order to address this program, one assumes the smallness of the data
and justifies uniform boundedness with respect to time, and, eventually, the Landau
damping. In particular, the echoes should be controlled by means of the underlying
norms. Rewriting the potential with |(4)H(5), we realize that the system |(2a)H(2d)
substantially differs from the usual Vlasov system dealt with in [27] and [6] [7] in the
following aspects:

e there is an additional term V,®; -V, F, with a force independent on the particles
density. This linear perturbation could drive the solution far from the homoge-
neous state 4;

e the self-consistent potential g involves a half-convolution with respect to the
time variable, inducing a sort of memory effect. In particular, the function p.
dramatically influences the expression of the stability criterion.



As we shall see, the analysis of the linearized problem, and the stability criterion,
sensibly differ from the Vlasov case. Nevertheless, this linearized analysis remains at
the heart of the proof of the Landau damping: once the Landau damping established
for the linearized equation, the arguments of [27] and [6] [7] can be adapted to handle
the nonlinear problem. Furthermore, we will also bring out the analogies with the
gravitational Vlasov-Poisson problem, in terms of conditions of the equilibrium profile.
We address both the confined case X? = T? and the free space problem X?¢ = R¢,
underlying the differences needed depending on the technical framework.

2.4 The kernel p,

As said above, the decay properties of the kernel p., consequences of the dispersion
properties of the wave equations, are crucial for the analysis. When n > 3, p. is
integrable and satisfies

o'} ) =~ C 2
/0 pe(t)dt = c%’ with K= /n |0‘2C(|2)’ d¢ < oo,

see |9, Lemma 4.4]. The following statement strengthens this result, depending on the
dimension n > 2 and the assumptions on the form function 3. Roughly speaking,
we distinguish the case of odd dimensions n > 3 where the necessary estimates are
consequences of the Huygens’ principle, and even dimensions where the dispersion
effects are weaker. Similar considerations apply when dealing with the term .%7.

Lemma 2.3 Let n > 2 and let o9 belong to the Besov space B?_l’l.

(i) There exists a constant C(o2) > 0 such that
Ipe(t)] < I

(it) Moreover, if |o2(2)| S (2)7™2 with mg > n+(n—1)/2, then there exists a constant
C(o2) > 0 such that
C(o2)
(D] < 22
(0] < e

Let n > 3 be an odd integer.

(iii) Suppose that |o2(2)| < (2)7™2 for some mgy > n + a, with a > 0. Then there

~

exists a constant C(o2) > 0 such that

pe(t)] <

(iv) Let X\ > 0. If |o2(2)| S exp(—A2|z]) for some Aa > A, then there exists a constant
C(o2) > 0 such that
C(o2) e~ Aletl

‘pc(t)’ < B

10



(v) If o9 € CO(R™) with supp(o2) C B(0, Ry), then p. has a compact support included
in [0, 222] and it satisfies

|pc(t)’ < C ||O-2HL2"/(71+2) HO-QHL2
C

for a certain constant C' > 0.

The decay of p. is intimately connected to the energy dissipation mechanisms
through the vibration of the medium, which are at the heart of the qualitative prop-
erties of the model introduced in [8]. In dimension n = 1, a direct computation by
means of D’Alembert formula shows that

1 +o0o z+ct 1 9
pelt) / JQ(Z)/z 72(s)ds | dz — o [loall3, > 0.

2c —00 —ct

Hence, in this case p. ¢ L'(0,00), there is no loss of memory at all; numerical simula-
tions indeed confirm that there is no damping phenomena [I8]. Similarly, working in
the torus T for the wave equation leads to

_ N [0F 5.(0)2
pe(t) = Z o sin(clt) + |a2(0)|“t.
10

It shows that there is no possible energy dispersion mechanism in this geometry.

As we shall see later on the rate of the Landau damping is directly related to the
decay rate of p.. If even dimensions n are considered the best decay rate provided by
Lemma leads to |p.(t)] < ()=, However, the Landau damping also requires
some regularity on the Cauchy data for the Vlasov equation. For instance, the analysis
of the non linear Landau damping in R?, inspired from [7], leads to suppose that the
data lies in the Sobolev space H3® (which might be sub-optimal, see [7, Remark 1]).
This imposes a constraint on the decay of p., which amount to a condition on the di-
mension n for the wave equation (like n—1 > 36, see[(H1)|and [(A1)H(A2))). Then, one
may wonder to identify minimal regularity assumptions to obtain the Landau damp-
ing. The alternative proof of [2I], which is less demanding in terms of regularity, could
be adapted in order to extend the result in this direction. It is easier to discuss the
linearized problem, for which we obtain n > 6 (see Remark . We point out that
when n is odd the only condition is n > 3, for both the linear and the non linear cases.

Proof. The proof relies on dispersion estimates for the wave equation, that we shall
use in several places. Let us denote (W, W) the group of the wave equation (with
propagation speed ¢ = 1): we write the solution of the Cauchy problem

{(aft — AA)Y(t, 2) =0,

(11)

(T,9:7)],_y = (Yo, T1).
as Y(t,-) = W(ct)Yo + LW (ct)Y1. In terms of Fourier variable, W (t) corresponds to
the multiplication by cos(|¢|t) and W () to the multiplication by sin(|¢|t)/|(]:

W) T1(C) = Smifg'f'“if«)-

Uy 1
c

W (ct)To(C) = cos(c|C]t)T(¢)  and

11



Therefore, p. can be cast as
pe(t) = i/n o9 W(ct)oa dz.
The dispersion estimates rely on the operators U (t) defined by
UHT(¢) = = T(0).

Indeed, since W(t) = (Ut +U~)/2 and W(t) = (Ut — U™)/(2iv/—A,) an estimate
with U%(¢) can be translated into an estimate for W (¢) and W (t). The basic estimate
states as follows (see e. g. [16], Proof of Proposition 3.1] and the references therein): if
T has its Fourier transform supported in {¢ € R" | 2/~! < |¢| < 2/F!}, then

U T < € min (29,2757t 755 ) [T 13- (12)
Estimate |(12)| can be refined as follows, see [30, Proof Of Lemma 3.2,
U)X (2)] (13)
< On min (29,2755t 755 205 N =2 ] = |2l |7V 10 s

where N can be any integer. Such an estimate can be seen as a generalization of
Huygens’ principle which holds only in odd dimensions: it tells us that U*(¢)T reaches
its maximum next to the cone t = |z|. In order to use these estimates, we introduce a
sequence p; € S(R™) such that 37, ¢;(¢) = 1 and for any j € Z, supp($;) C {C | -1 <
I¢] <271} We set T; = ¢j « T so that T = >; Y and thanks to we get

nmwﬂm?SCmm<zTWEm;w*fzi?anJ, (14)
JEZ

where 3 25j||TjHL% is nothing but the Bf’l—norm of Y. We refer the reader to [16] for
a thorough introduction to Besov spaces: the homogeneous Besov spaces B‘fl satisfy
a scale invariance property but there is no obvious embedding relations between Bfl
and Bfl’l for s > s (if s >0, 2% > 257 for j > 0 but 2% < 27 for j < 0). In order
to make use of a single functional space, we prefer to work with the non homogeneous
Besov spaces Bf’l: we have Bf’l - Bf’l for s > 0 and Bf’l embeds into Bf/’l for s > ¢'.
Therefore, we get

. _n=1 _n—1
U=z < € min (L1077 [Tl o € O F [ Cgpa. (15)
Similarly, from |(13)| we get
U= (2)] (16)
. _n=1 _n=1 —-N
< O min ([ g [#1772 10N s s [ 72 [ = 20N L g, -
1 B1 2 Bl 2

Note that we do not work with Besov space with negative regularity index s (which
would imply irrelevant conditions on & = 0). Assuming N < (n + 1)/2, we are led to

. _n-1 _n=1 —-N
UE()0(2)] < O min (1, 11755 (17 [1e) = |2 |7) Tl g (17)

We can now finish the proof of Lemma Since p.(t) = ([ 02W (ct)o2dz), we
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have [p.(t)] < %|]02||L%||W(ct)02||L§o. By applying (a variant with an extra factor
1/2771 of) |(12), we obtain

C
[W(ct)p; % ool < gy min (29, 2" ]et| =7 ) 19 % 2]l 1

Summing over j € Z yields

K
Pe(t)] < —==llo2[l L llo2l gp-11,

c(ct) 2
which proves (i). Estimate (ii) uses the refined estimate |(13) which gives, for any
N e N,

(W ct)p; * o2(2)]

C n ot~ 5 -
< o min (2,25 et| 2, 205 M et 5 et = |21 [ 7) gy 01

With N = (n — 1)/2 and summing over j € Z, we get

2C N _n=1
el < 22 ([ foa@lmin (1ot et =5 [et] = 21T ) ) ol oo
We have

/n |o2(2)| min (1 et =55, |et| = | [et| — |2] |—"21) &
S /n |oa(2)| min (<0t> (et | let| = 1z] |y~ ) dz.

We split the integration domain into the ball B(0, |ct|/2) and its complementary and
we obtain

/Rn |o2(2)| min ((ct> let| | et] = 12] )~ > dz

- n—1
=/’ 032 Jet] | Jet] — [2] [}~ 2w+/ oa(2)] (et) T de
B(0, 1<) CB(0, %)

_n—1
|Ct’2 2 _n=1
< oo {1 dz + (ct) ™3 lo9(2)] dz
B(0, ¢ty 2 CB(0,15h)
£\ "V I\ T .
(Y o e (T ([ i e
2 2 CB(0, 1<)

The assumption on o9 ensures that the last integral is finite

We turn to the specific case of odd dimensions. The role of the Huygens principle
appears clearly with the estimate (v). Indeed the support assumption on o9 implies,
when n is odd, that

if ¢t > Ry + |z| then W(t)oa(z) = 0.

Therefore, when ¢t > 2—152, the product o9(z) W(ct)oa(z) vanishes (see Fig. |1) and
pe(t) = 0. Bearing in mind that n > 3, Holder inequality yields

1
Ipe(t)] < EHU2HL2n/<n+2>HW(Ct)@HL%/w—z)-

We conclude by combining the Sobolev embedding inequality, see e. g. [24, Lemma 8.3],

13



W (ct)oa||r2n/im—2 < Cgs||V.W(ct)oa| 2, and the energy conservation for the wave
equation which implies

IV-W(ct)oal7 < [10s(W(s)o2)| _ |72 + IV=W (ct)ozll Tz < lloallZ.-

s=ct

Figure 1: Propagation cone: the signal emanating from the ball B(0, R) cannot be felt in
this ball after time T’

We turn to the proof of (iii). Consider ¢t > 0 and 0 < R < ct. We split as follows
o9 = 021|z|§R + 021|z|>R = Ul + us.
By linearity of the wave equation, we can write
1 1
pe(t) = / oo W{(ct)uy dz + / oo W{(ct)ua dz.
& n & n

Since w; is supported in B(0, R), the support of W (ct)uy lies in {z|ct — R < |z| <
ct + R}. Since ¢t — R > 0, the first integral is dominated as follows (we already know
from the proof of (i) that W (ct)uil|ree S llo2llgn-1.1)

1

=(ct—R)"“

/ oo W{(ct)uy dz

/ (ct — R)*oa(2) W(t)ui(z) dz
CB(0,ct—R)

,S <Ct — R>—CY (/C ( )<Z>a|02(z)]dz) ||O‘2HBIL—1,1-
B(0,ct—R

By virtue of the assumptions on o9, the right hand side is finite. The integral with us
can be estimated by using Plancherel’s formula, which yields

/ o2 W (ctun dz = / n@(g)sm("é‘f‘”@(g) a= [ Wt

14



It leads to

/ o9 W(ct)ug dz

[ e Wietiondz] < ([ 1) 1ponds) ool s
= (R ([ (R a1 dz) s
B ([ @012 ol g

IN

which is finite too. We have proved that
1 —a —a
pe(t)] S - (et = B) ™+ (R) )

and we conclude by setting R = ct/2. Item (iv) is justified similarly, just replacing the
polynomial weights by exponential weights. [ |

Analogous conclusions apply to .#; which can be cast as

Fi(t,z) = / ) 02(2) (W (ct) Wo(w, 2) + %W(ct)‘lll(x, 2)) dz.

3 Linearized Landau Damping

3.1 The linearized system

In the expansion @ let us assume that the fluctuations f and 1 remain small, so that
we neglect the quadratic term (with respect to the perturbations) V,®[¢] -V, f in the
evolution equations (note in particular that this assumes the smallness of the initial
fluctuations (g, 11)). We are thus led to the following linearized system

Wf4+v -Vof =V - Vot =0, t>0, zeX? veR?, (18a)
¢(t,$) - // 0'1(17 - y)w(tvyvz)o'Q(z) dz dy7 > 07 T € Xd (18b)
XdxR™
Oy — A = —02(2) / oi(z —y)o(t,y) dy, t>0, zeX’ zeR", (18¢)
Xda
o(t,xz) = f(t,z,v)do, t>0, z e X (18d)
R4

The system is completed by initial conditions

f|t:0 = an (waatd)”t:o = (¢0,1/11)- (19)

The expected result can be explained as follows: let us assume that the fluctuation
does not provide additional mass: [[ f(0,z,v)dvdz = 0, and, to fix ideas, 19 = 0 and
11 = 0. In such a case, linearized Landau damping asserts that ¢ converges strongly
to 0, while f converges weakly to 0, as t — co. Moreover, the potential ¢ also vanishes
for large times. We are going to establish that such a behavior holds for the system

(18){(19)
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We start by applying the Fourier transform, with respect to z and v to |(18a)l It
yields R R .

The equation can be integrated along characteristics, which leads to the following
Duhamel formula

o~ o~ t o~ o~
Ttk €) = Folk,€ + th) — /0 (E+(t— 1))k B, k) A+ (t— k) dr. (20)

We turn to the expression of the Fourier coefficients of the potential. We remind the
reader that we can split the potential into

¢:¢I+¢Sa

where ¢ depends only on (1, 11) as follows

ontt.a) = [ orta = o) (Wit 2) + LW .) dydz (1)

=1 (t,y,2)

and the coupling term reads

t
os(t,x) = —/ pe(t — 7)X % o(T, x) dT.
0
Plugging the expression of ¢ = ¢5 + ¢g into |(20), we obtain

F(t,k,€) = fo(k, & + tk) — /Dt (E+ (t=7)k) -k Sr(7, k) A (E+ (t—T)k) dr
WP [ (4 =8k ([ o= a0, ds) A+ 6 - ) o
= fo(k, &+ tk) —/t (E+ (t—1)k) -k dr(r, k) A (E+ (t —T)k)dr
+|o1(k)|? /Ot (/Stpc(T —s)(E+k(t—7)) k //7(5 + (t = 1)k) dT) o(s,k)ds

=fo(k,£+tk)—/0 (€+ (t— 1K) -k Gi(r k) AE+ (¢ —T)k) dr

—

+|6'\1(k)|2/0 (/0 _spc(T)(er(t— [m+sDk) -k A+ (t = [T+ 5])k) dT) o(s; k) ds.

We are led to an integral equation for the (Fourier coefficients of) the macroscopic
density by considering this relation for & = 0. Let us set

a(t, k) = folk, th) — K2 /0 Bi(r,k) (t — 7)A((t — 7)k) dr (22)

and

H (t,k) = |kf? IUT(’%‘)IQ/0 pel) (8 = 7). ((t = 7)k) dr. (23)
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Then, we obtain an integral equation for the fluctuation of the macroscopic density
t
o(t, k) =al(t, k) + / H(t—s,k)o(s, k)ds. (24)

0

The analysis of this relation makes use of the Laplace transform
+oo
¢ :(0,00) = C, Lopw) = / e “o(t)dt for w € C,
0

which is well defined for Re(w) large enough.

3.2 Linearized Landau damping in finite regularity

The linearized Landau damping holds with an algebraic rate provided the solution o

of satisfies
lo(t, k)| < C(tk)~™ (25)

(see for instance [27, section 3]) for a certain m > 0. For Volterra equations like |(24)]
we can establish (see [0, Lemma 4.1], [, Proposition 2.2]) mode-by-mode estimates in
L? norm: for any k

+00 +oo
/0 (k)2 [3(t, k)2 dt < O, /0 (Y™ |a(t, k) dt, (26)

where Crp > 0 does not depend on k. From such an Lf estimate, we get an L§®
estimate as follows

(k)™ |a(t, k)| < (th)™ |a(t, k)| + /0 (¢ = 1)k +7k)" A0 (t — 7, k)o(7, k) dT

1/2

¢ 1/2 ¢
< (th)™ |a(t, k)| + </0 (Tk)2™ | (1, k)| dT> (/0 (Tk)2™ |o(r, k)| d7>

1/2

¢ 1/2 ¢
< (tk)™|a(t, k)| + CLp (/ (Tk)2™ | (1, k)| dT> (/ (Tk)?™ |a(r, k)| dT> ,
0 0
where we are left with the task of verifying that

sup  (tk)™ |a(t, k)| < +oo,
>0

O . (27)
2m 2 om 9
sup (/o (Th)“™ | (1, k)| dT) (/0 (Tk)>™ |a(7, k)| d7'> < 1o

kex*d\{0}

hold. We are going to identify conditions on a(t, k) and ¢ (¢, k) such that |(26)| applies
and to justify that is satisfied. We refer the reader to [7, Proof of Proposition 2.2]
for a proof of the following claim.
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Lemma 3.1 Let £ satisfy

ke£32{0}|1—$<%/(w,k)|2ﬁ>0 for Re(w) >0, (L)

and for any 0 < j <m :

sup (|k? |02 (w, k)| ) < +oc.
kex*d\{0}
Re(w)>0

Then there exists a constant Crp > 0, which does not depend on k, such that the

solutions of |(24)| satisfy|(26)).

Estimate |(26)| makes sense when t — (tk)™a(t, k) is square integrable, a property
that needs to be carefully checked in the current framework.
Condition gives rise to a stability criterion on the stationary profile .#. Since the
operator £ involves the kernel p. the detailed condition substantially differs from the
usual Vlasov case. That this statement applies for our purpose relies on the following
assumptions:

5
(H].) n>m+§,

(H2) o2 € B?_Ll and |og(2)| < Co(z)™™2 with mg > %7

kexxd

@) s ([09],y 4 [0 ) < oo

1,(2) 1,(2)

(H4) ’81(/6)‘ < Cl<k>7m1 with mqy > m + 1,
(H5)  [#(8)] < Cle)~™ with i > m + 2 and |fo(k,€)| < Co(¢)~™ with mg > m + §.

Proposition 3.2 Assume|(H1){(H5)|

(i) There exists a constant A > 0 such that for any 0 < j < m, k € X**\ {0} and
w € C with Re(w) > 0, we have

mﬂ%$%@¢ﬂgA

(i) For any k € X*4\ {0},
+o0o
(/ |k |(tk)?™ |a(t, k)|? dt < +o0.
0

(iii) [(27)] holds.

The regularity of the data o1, .# and fy is controlled by assumptions [((H4)H(H5)
the higher the algebraic decay rate m requested on the Fourier modes of p, see [(25)

the higher the regularity on the data. Assumption tunes the dimension n for the
wave equation: the decay of the Fourier modes of g is limited by the dispersion of the
wave equation, which is stronger as n increases.

However, as indicated in Lemma [2.3] for odd n the Huygens principle and the decay
of o9 imply strengthened decay properties on p.. Accordingly, Proposition applies

replacing [(H1)[(H3)| by
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(HY’) n>3isodd,

(H2’) o9€ B?_l’l and |oa(z)| < Co(2)™™2 with mo >n+m + 3

(H3) o swp (H&O(k)\ 1,<lz)+H$1(k)] - ) < +o0,

n n—1,1
keXx*d B B

e there exists a constant C' > 0 such that

sup (‘io(k,z)’ + ‘@Zl(k‘, z)D < Clz)y™ ™.
keXx*d

Hypothesis |((H2)|or |(H2’)| can be relaxed. Indeed, the decay imposed in [(H2)}| ((H2)]
on oy allows us to apply the refined dispersion estimates described in the proof of

Lemma Nevertheless, we can simply use the standard estimates as in Lemma [2.3
i). Then, the decay of p. is slower and, as a counterpart, the dimension n in [((H1)| is

more constrained. Proposition applies replacing [(H1)H(HZ2)| by
(H1”) n>2m+4,

(H2”) oy e B ML

Before proving Proposition [3.2]let us detail a useful statement.

Lemma 3.3 Leta > 1 and B > 0. For any v > 0 such that y < B ety < a—1, we
have

t
/ (t— 7)ok B dr < (k)T (tk) . (28)
0
Proof. We split the integral

/Ot<t—7>a<7k:>ﬁdT:/(]t/2+/t:2<t—r)a(7k>ﬁdT

t/2 t tk —B
</ (t—7'>_0‘d7+/ <t—7')_°‘<> dr.
0 t/2 2

The second integral is dominated by

/t/t2<t T <t2k>ﬁ dr < (th)~" /O+Oo<u>—a du

which is finite provided o > 1. For the first integral we observe that, for any 0 < 7 <
t/2,

(tk) = (72K ) < (5 ) (2R) < (¢ = 7))
holds, and we infer that

t/2 +o0
/0 (t—7)"%dr < g:;: /0 (u)7™* du.

The right hand side is finite when v < o — 1, which finishes the proof. |
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Proof of Proposition (i) We start from

+oo t -
LA (w, k) = |k||51(k))? / tyle vt </ pe(T)|E|(t — 1) ([t — T|k) dT) dt.
0
Permuting integrals and with the change of variables u =t — 7, we get

[kl 05,2 (w, k)|
ST ( [ P ) )| du) dr

S 1) ( | o) dT> ( | k)| auli

= [kl 51 ()2 ( / g \pcv)rdf) ( / ]z 7( i) ds) |

By m |k|7|71(k)|? is bounded. Then allows us to apply Lemma [2.3| and we
I-Hl I

deduce that |p.(t)| < (t)~(™=1D. Owing to the second factor is finite. Finally,
implies that the last factor is finite too and remains uniformly bounded with
respect to k. We point out that the mechanisms of this estimate differs substantially
from the standard Vlasov case, where the decay rate improves with the mode. Here p,
does not not carry any frequency k, but the power of |k| are controlled by the decay
assumptions on 7.

(ii) The term to be estimated can be cast as (we use (tk) < (7k){((t — 7)k)) :

+oo
/ (H6)2 |a(t, k)2 dt
0

5/()+Oo<tk>2m‘ﬁ)(k,tk)‘2 dt+/+ (tk)~ 1*)‘/ k)3 k| By (7 k)
s {(t — TR (8 — )|kt — 7]k dT( dt

1 oo 2m | 7 k ? 1 oo 2m+17F n 2
o Ao | du o R [on(r )| dr
oo 2m+3+ | 7 2 e —(11)
« /0 (sk) (5| k] ds /0 (W)= du ) .
Using )| we infer
+c>o 1 +o00 1
2m -1t
(h, < - < —
w otk g “Nrk\/o WS

and
—+oco

too + | = 2 +
/ (k)5 |7 (sk)| |k]ds§/ ()"0 dr < 1,
0 0
It remains to justify that
400 . 2
/ (k)2 k] (31 )| ar
0

is finite for any k& € X*¢\ {0}. To this end we observe that the dispersion induced by

20



the wave equation ensures

~ ~ 1 -~ 1
o1 0| S 0 (Il +Co) (o8 + ¢ I gy 10 ) 7y (29)

This follows from

- R . - 1 -

3i(r) = 1(0) [ oa(e) (Wler)Gnlh) + ZW(er) @1k ) (2) d
and reasoning as in the proof of Lemma [2.3}(ii). We conclude that

+oo ~ 2
/ (k) k| |or(r, )| dr
0

=R 1 ~ +00 <T>2m+1+<k,>2m+l+
< G 2 n - e
SR (IBok) g + LW B g ) [ T af—ar
N 1 ~ +oo <7_>2m+1+
< 2m+21 |~ 2 n _ ne - .
S @ (1ol + I ®lg ) [ gy ar

That this quantity is bounded uniformly with respect to k is a consequence of [((H1)|

ZH3iandiH4iL

(iii) We have obtained

+o0 1
| e npas
: H

where the factor 1/|k| comes from a change of variables. We justify similarly that
sup, i, (tk)™|a(t, k)| < oo. (There is no factor 1/[k| is this estimate.) It remains to

study
e 2m 2 o 2m 2
s%p (/0 (thy=" | (t, k)| dt) </0 (tk)="a(t, k)| dt)

and to show that oo
/ (kY27 (2, k)2 dt < K.
0

Observe that

—~

t
H(t, k) = |k:||31(k:)|2/ pe(t — 7) T|k| A (Tk) dT.
0
Based on [(H2)| [(H5)|and Lemma we write

t t
‘ / pe(t = 7) TIk|A (TR) dT| S / (t — 7)) =™V ar,
0 0

Lemma allows us to dominate this quantity by (k)Y(tk)™" for any v > 0 such
that v < m — 1 and v < n — 2. In particular, with [(H1)| and [(H5)| it applies with
v =m+ 17 /2. We conclude that

+oo +oo
| P e S 1K (sup (02 i) [ e 0Ok a5 I
0 k 0

which ends the proof. [ |

We can now state the results for linearized Landau damping in finite regularity on
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the torus or the whole space. For the sake of conciseness we only mention the case of
RY (see [33] for further results).

Proposition 3.4 (Linearized Landau damping on R4 with finite regularity)

Let X4 =R and m > 0. Let us assume {(He’)') and . There exists a constant

C > 0 such that for every k € R4\ {0} and for every t > 0,

0(t, k)| < C(tk)™™.

Moreover, if m is large enought, then, as t — +o00, the fluctuation of spatial density
o(t), the force terme V¢ and the fluctuation of media ¥ (t) converge strongly to 0. To
be more specific:

e Ifm > d/2, then for everyr € [0,m — %) there exists a constant C, > 0 such that

d
2 .

lo(®)llm; < Cr (t)™

o Ifm > (d+2)/2, then for every r € [0,m; — dif) there exists a constant C, > 0
such that B
IV2r ()] y < Gy (1)~

and for every r € [0,2my — %) there exists a constant C!. such that

d+2

[Vatps(O)||ar < Cr(t)” = .

o Ifm >d/2 and n > d+ 3, then for every r € [0,m; — %) there exists a constant

C, > 0 such that

<G, (t)t.
Lz Hj

[S]ISW

Jot6) = ety — ¢ Wietyn

Remark 3.5 Let us detail a few examples:

(i) For the density, withd =3, n>5,m =2, my=3, m; =4, myg > (3n—1)/2
and m =5, we get
_3
lo@®)llz2 < (6) 2.

Moreover, with d =3, n>8, m =5, mg =6, m =7, mg > (3n—1)/2 and
m = 8, we obtain

lo®lree < lle®llaz < (872

(ii) For the force, with d =3, n>6, m=3, mg=4, m; =5, mg> (3n—1)/2 and
m =6, we get ]
IVad(@)llrz S (8) 2.
Moreover, with d =3, n > 6, m =3, mg =4, m; =6, mg > (3n—1)/2 and
m = 6, we obtain
_5
IVag(O)llree S IVad(®)llmz < () 2.
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(iii) For the vibration field, with d = 3, n > 7, m = 2, my = 3, m; = 4, ma >
(3n —1)/2 and m =5, we get

< (B

LeLy

o) = ety - Wi(ct)on

Moreover, with d =3, n>7, m =2, mg =3, my =5, mg > (3n—1)/2 and
m =5, we have

o) ety - & W (et
Hw W (et — LW (et

_3
s SR,

x

Remark 3.6 As explained in Pmposz'tz'on the decay of o(t, k) is directly related to
the dispersion of the wave equation, and thus on n. This explains the constraints on the
dimension n. Nevertheless, when n > 3 is odd, we can obtain the time decay of o(t, k)
without further restrictions on n. Accordingly, with [(H1 )H{(H3’)| et [(H{)H(HS5)| the
convergence to 0 of the density fluctuation o and the force Vy¢ can be established.
Howewver, constraints appear when considering the fluctuation of the medium ¥ : with
the norms we are using, we need n > d + 3. In dimension d = 3, this excludes n = 3
and n = 5. This restriction can be relaxed by considering instead the supremum over
a ball B(0, R) of finite radius. For instance, in dimension d = 3 with n = 3, assuming
((H1°)H(H3’) and|(H4)H(HS5), we can show that, for any 0 < R < 0o

< CR<t>_l.
HE

sup
z€B(0,R)

’w (t,2) — W (ct)o(z) — % W (ct) b (2)

where Cr > 0 blows up as R — +o0o. Further details on this issue can be found in the
proof of Proposition [3.4

Proof of Proposition Owing to |[(H1)H(H5)| we can apply Proposition
and Lemma Proposition ensures that holds and from this, we can exhibit

C > 0, independent of k, such that for any k£ € R*\ {0},
(tk)™ lo(t, k)| < C.

That o(t) converges to 0 is a consequence of

lo(t) iz =~ lo@)I3; + eI, / Rk dk+/ K27 2t k) ? dk

1
< = tk)y~2m ¢ qk

2r —2m 4d
n /R kP ()2 1

1 —2 1 2 \—2
— [0+ g [ el o) ae,

where all integrals are finite provided 2r — 2m < —d, that is r < m — d/2.
Next, we estimate both terms of V¢ = V,¢; + V,g. We have

~ 2 ~ 2
Vool = [ 162 [ b [ 2] a,
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and, as noticed when proving Proposition , o1(t, k) satisfies It follows that

||V;p¢)[(t)||%{; SC </Rd |k|2‘81(k‘)|2dk‘ + /Rd |k=|2’r‘+2|al(k)|2 dkf) <t>—2(7’b—1),

where the two integrals are finite, due to [((H4)| when r < m; — 1 — d/2. Next, we

apply Lemma (ii):

~ 2 ~
Vool = [ kR [Gs(e. ] ak+ [ P23t b)
R4 R4

2
‘dk

2

t
= [ )W [ e - na(r ) ar| ak

2

t
S e T R e R e o T
R4 0

By Lemma [3.3] for any v > 0 such that vy < m and v < n — 2, we get

[t =m e immymar 5 i,
0

and we conclude with

vas(t)nﬁq <c /Rd (1|2 + [k[2+2) 61 (k) (k) (k) ~27 d

< (sup (k)z’"“ﬂ&l(k)\“) p=(d+2) / (R [2(tk) 27 ¢
k R4

— <Sup <k>2’"+27|81(k:)]4) ¢ (d+2) / |22 (z) = da.
k R4

The last integral is finite when 2 — 2y < —d, that is v > (d + 2)/2 and the supremum
over k is finite too provided 2r + 2y < 4my, that is r < 2mq — 4.
We turn to ¢¥. We have

W(t) — W(et)hg — % W (ct)yr = —% /0 W (c[t — 7])og o1 * o(T) dT.

Hence, for any z € R™, we obtain
. 1
[t 2) = Wet)wo(2) = = W(et)vn(2) 7
= [ () g
R4

We combine the dispersion estimate |(15)[to |(25)[and we arrive at
1t ! n-
1 / W (elt — 1) (2) 3(r, k) dr| <. / (t— )T (rk) .
¢ Jo 0
Lemma allows us to obtain, for any v > 0 such that v <m and v < (n —1)/2 — 1,

/ )T Ry < (R
0

(1;/0 W (clt = m])o2(z) o(r, k) dr | dk.
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We deduce that
[46(t,2) — 17 (etn(z) — = W (et)in (=) 3
2r\ & 2 2 —2v
Se [ (1Y i) ok )
< <81’1p <k>2r+27|61(k)2) - / ()2 4 kg

= (sllip (ki”%&l(k)P) =4 /Rd (x)~%7 da.

The last integral is finite when v > d/2 (this imposes m > d/2 and n > d + 3). The
supremum over k is finite provided 2r + 2y < 2my, that is r < m; — 7.

The estimate in Remark [3.6]is obtained by restricting to the 2’s in the ball B(0, |ct|/4).
We apply the refined estimate gathered to We get

1 [t .
: /0 W (clt — 7))o (2) 3(r, k) dr

1 t
<|k-%/ (et — 7| |elt — 7| — |2l [y (rk) "™ dr.
c 0

We proceed as for proving Lemma [3.3} for any v > 0 we obtain

t
/(c]t—T]-]ct—T\ 2 )7 (k) dr
0

k)T (2 el — ] — o D /2y dr
S <t/€>7/0 <C|t ’ ’ ‘t t‘ |’> <t/2> d -
+/t/2<C|t_T| |C|t—7’|— Z||> 2 <tk‘/2> m 4,
t/2 i
< g:;:/o (clt =] et =7 —|2||)~ = (t —7)7dr

S (th/2)m /t/2 (et — 7| |eft — 7] — 2| )% dr
— i h [ teu w1417 (0
t/2 o -
+<tk/2)m/0 (cu-leu—|z||) 7 du.

First, ct/2 < cu < ct and 0 < |z| < ct/4 imply |cu — |z| | > ct/4 > cu/2 so that

1 Au? - _9
{cu-|eu—|z||) " < - Se ()™

We thus deduce that

t +oo
cu-lcu— |z 7 du w) =D ()Y du
e len= DT wdu s [ 00
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which is finite when v < n — 2. Second, we have

12 _
/ {cu-|eu—|z|[)~ =R du <. /(u lu—|z|[)" 7 du.
0

As |u| — 400, we have

(- fu =1l )77 =y w)= Y

which is finite provided n > 3. However, we should make precise how it depends on
|z|. To this end, we write

[ a= D7 du= [ (et el2) - J22) 7
R R

=g @) T o
:/R<u2—|z]2/4> duzé(w‘w) <u2> du.

A mere function analysis shows that, for any a > 0.

()
2

$H7<x_a>

reaches its maximum over [0, +00) for = (a + va? 4+ 4)/2, which leads to

n—1
<u2> : < |Z|n—1.
(u? — [2]2/4) ~
It follows that

[ ta= D7 du gl [ au g e
R R

Therefore, when n > 3, for any v € [0,n — 2) and z € B(0,ct/4), we have

% / W (clt = 7)) oa(2) @(r, k) dr| e (k)Y (tk) ™7 + [2]" 7 (th) ™™
0

We infer that
461, 2) — TV (eto(z) — = W (et (2) 3,

S [ (14 ) BB (B2 (eh) 2 + 20 0k ak
<4R2d(n(l) ) 21r+2'y A( 2 2y —9m ) d
< (sgp Y2275 (k)| ) /R () R

T (Sl;ip <k>2r+27‘31(k)‘2) /Rd (<9c>_27 - <:c)_2m) dz

where the last integral is finite when v, m > d/2. When n is even, we can use
instead: the condition on m imposes regularity on the data but no further
restriction on m. Such restriction arise from the condition on ~+: we already have
v € [0,n—2). To be more specific, we have n > (d+4)/2. For d = 1 this holds for any
n > 3; but, for for d = 2 or for the most relevant case d = 3, we should assume n > 4
and n > 5, respectively. Nonetheless, it is equally possible to make use of the decay of
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01 in order to obtain a singularity which remains integrable at 0 and and gives more
integrability at +o00. The price to be paid is the strengthening of the regularity of o
and, more importantly, a reduced convergence rate for large times. To be specific, we
get

95, 2) ~ Wlet)go(z) — - W(et)n (),
Se /Rd (1 + !k’%) o1(k)|? <<k>27<tk>,27 n ’2‘2(n71)<tk>,2m) m

= /]Rd (!k\dfl + |k’2r+d71) |]{;y*(d71)‘31(1€)‘2 ((k>2’7<tk>*27 i |Z!2("*1)(tk)*2m) n

<Z>2(nfl) : o » . o
S x <sgp <k:>2 +2v+d 1|O’1(k‘)|2> /Rd |tk“ (d—1) <<tk> 2y n <tk‘> 9 ) tddk
= <Z>t <51]ip <ky>2r+2"/+d—1|31(k)|2> /Rd |$|—(d—1) ((m)‘QV 4 <m>_2m) do.

The last integral is finite when v > 1/2. This is compatible with the condition v < n—2
provided n > 3. It is possible to optimize this approach in order to find a sharp decay
rate. [ |

3.3 Linearized Landau damping in analytic regularity

That the linearized Landau damping holds with an exponential rate relies, from |(24)]
on an estimate on p like

0(t, k)| < C e (30)

(see [27, section 3]) for some A > 0. To this end we shall use the analog in analytic
regularity of Lemma [3.1]

Lemma 3.7 Suppose that L (w|k|, k)is well-defined on k € X*¥\ {0} et w € {z €
C | Re(z) > —A} for a certain A > 0. We also suppose that

inf |1—-2LXH(wk|,k)>Kk>0 R > —A, L’
. (lkl. k) 2 5> 0 for Re(w) ()

is fulfilled. Then, for any 0 < A < A we can find Crp > 0, which does not depend on
k, such that any solution of satisfies, for any k € X*@\ {0},

+o0 +oo
/ N |5t k)2 dt < C2, / 2N (ot 1) dt. (31)
0 0

We refer the reader to [32, Proof of Lemma 3.5] or [0, Section 4] for details on this
statement. It allows us to derive the following estimate in L7° norm

A [3(t, k)| < A Jat, )

+oo 1/2 +oo 1/2
+Crp ( / AN L (7, k) 2 d7> ( / A Ja(r, k) dT> .
0 0
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It remains to check that the data satisfy

sup M a(t, k)| < +oo,
>0

kex*4\{0}

+00 +oo
sup </ ENTE ot (7, k) |2 dT) (/ k| MR (7, k) 2 d7'> < +oo.
kex=d\ {0} \Jo 0

(32)
In order to apply Lemma and to check that [(32)| holds, we assume
(K1) n > 3 is odd,
(K2) o9 € CY(R™) with supp(o2) C B(0, Rs),
(K3) we have supp(vo,¥1) € X% x B(0, Ry), for some 0 < R; < oo, and
sup {/ (|1 (k, 2))? + 2|V .1bo(k, 2)|?) dz} =& < 00,
keX*d n
(K4) the function o7 : X% — (0,00) is radially symmetric and real analytic, and in

particular (see [32, Proposition 3.16]) there exists C1, A1 > 0 such that, for any
ke X |51 (k)| < Cpe NIk,

(K5) there exists Cp, \g > 0 such that for any ¢ € R? k € X*? we have

L& <CeE, ok, €)| < Coe kL

Namely, we assume analytic regularity on the data with [(K4)| and [(K5) Note
that is not a strong restriction in the present context, contrarily to what it
could be for the Vlasov case, since for this model ¢y is naturally smooth. Moreover,
physically the form function o7 would naturally be compactly supported (the support
being interpreted as the “domain of influence” of the particle), which does not make
sense in the analytic framework. Thus, we should here think o as a peaked bump
function. We also bear in mind the fact that o; is radially symmetric: its Fourier
coefficients are real and we have o1 x o1 (k) = |71(k)|> > 0. These assumptions, together
with the finite speed of propagation for the wave equation, allow us to control the
“initial data” contribution in and the kernel L Let us explain the role of
for the associated contribution to|(21)in|(22) In|(21)} v is the solution of the
wave equation on R”, starting form initial data (vg,11). The space variable » € X¢
appears only as a parameter in this equation. Assumption means that the Fourier
transform (with respect to the parameter) of the initial data has finite and uniformly
bounded energy. When X% = T¢, holds under the condition

[ G2+ AVanle ) d o= 51 < ox,
XdxRn

which implies that the Fourier coefficients of the energy lies in ¢2(Z%), and thus in
EOO(Zd). This assumption is quite natural since this quantity is involved in the global
energy balance for see [9} 10, BI]. Working in R?, this has to be replaced by

condition |[(K3)|
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A naive intuition would relate the damping rate to the decay rate of p.. In finite
regularity, we indeed obtained a polynomial damping rate assuming the polynomial
decay of p.. The analytic framework is more demanding and it is not enough to
assume the exponential decay of p.. The proof of Lemma below will make the role

of the stronger assumptions [(K1)H(K2)| clear.

Proposition 3.8 Suppose[(K1 HZK«’)’). The quantity L (w|k|, k) is well-defined for
any w € C such that Re(w) > =X and|(32)| holds for any A > 0 such that

. - e\ cA\1
A < min (}\07 )\, R72, m)

The statement follows from a direct application of the following claim, and repro-
ducing the computations of the proof of Proposition [3.2

Lemma 3.9 Suppose (K5)

(i) Let a(t, k) be defined by |(22)] Then, there exists a« > 0 such that for every
0 < A < min(Ao, A\, eAi/(Rr + Rz)), |a(t, k)| < ae™ ¥ holds for any t > 0,
k € X*d,

(ii) Let J (t, k) be defined by |(23). Then, there exists C' > 0 such that for every
0 < A <min(\, cAi/Ry), | #(t,k)| < Ce NIt holds for any t >0, k € X*2.

Proof. We start with the proof of (i). First of all, assumption |(K5)| tells us that
| fo(k, tk)| < Cpe oM
and since
t —
jat k)| < Folk,th)] + [k /O 61(7, k)| (t = 7) |4 ((t = 7)k)| dr,

we only have to deal with second term. Then, relation |[(21)| can be recast as

or(t,x) = /d o1(x —y) (/ o9 (2)Yr(t, x, z) dz) dy
X n
with 7 the solution of the free wave equation
(02 — ALY =0,
(Y1, 001)|,_g = (Y0,91).

Assumptions |(K1)| and [(K3)| allow us to make use of Huygens’ principle which tells
us that

supp(vr(t,z,-)) C {z € R™, ¢t — Ry < |z| < ct + Ry}.

Therefore, by virtue of [(K2)| the product o2(2)v;(t, x, z) vanishes when t > @ =
Sy for any = € X?, z € R™ (see Fig. [1). Hence, ¢; is supported in [0, Sg] x X? and we
can write

¢1(r,k) = G1(k) (/n o211 (7, k) dz) Li<sy-
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Moreover, thanks to Sobolev’s embedding, energy conservation for the wave equation

and assumption [(K3)| we have
/ 02 {Z)\I(Ta k) dz

< ”UZHLE%H%(T’ k‘)HL%

z

~ 1 -~ ~ 1
<lozll 2o IV-Br . Bllzz < ~llo2ll 2o (10B1(r B) 22 + CIV-Br(r. )2 )
LZL C LG+2 z z

1 ~ - 1 1
= 2lozll ey (I9100) I3z + EIV=do(®)E)* < Jllol e, VA

From these two facts, and thanks to|(K4)H(K5), we can eventually conclude as follows:
for every 0 < A < min(A, A\1/Sp),

b —~ So _
W/ B1(r. )| (¢ = )| A(E = 7)) dr S kPe M / |t — 7le MM g
0 0

S _
_ |k’2€>\1|k|/ 0 ’t_T‘e*/\(th)|k|ef()\f/\)(t7‘r)‘k‘ dr S S(2) (sup ’k‘Qe()\l)\So)Ud) e*)\|tk’|.
0 k

Accordingly, a(t, k) is dominated by & (e=MKIt) uniformly with respect to k, for 0 <
A < min(Ag, A, A\1/Sp). (Note that Sy behaves like 1/¢; as ¢ becomes large, only g and

A are relevant in this condition.)

We turn now on the estimate on #". With [(K4)| [(K5) and Lemma (we use
(K1)| and [(K2)| in order to apply this lemma), we can estimate .# as follows: for

every 0 < A < min(\, cAi/Ry),

AR < WEFEGE [ )] ¢ =)A= k)| ar

2Ry

< [k[Ze~2Mlk /C(t e M=k =GNk g < (Sup ‘k|262()\1}12)\)|k|) oMk
0 k

which tells us that # (¢, k) is dominated by &(e~*¥I*) uniformly with respect to k,

provided 0 < A < min (X, %) [ ]

Hence, assuming [(K1)H(K5)| and [(L")} the solution of [(18)| satisfies We

deduce the convergence of the fluctuation of density o(t), force V,¢(t), and medium
¥ (t) (with exponential rate on the torus and polynomial rate for the free space prob-
lem), like in Proposition and [27, Theorem 3.1].

3.4 Stability criterion for large wave speeds

We turn to investigate the “(L)-condition” made on the Laplace transform of ¢ (see

and , where
LA (w,k) = |51 (k)]> Lpe(w) L (|t (kt))(w).

In fact, for the Vlasov equation, such a property holds under a smallness assumption,
see |27, Condition (a) in Proposition 2.1]. Here, this condition can be rephrased by
means of a condition on the wave speed ¢ > 1. The latter confirms the intuition
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that the damping is related to the ability to evacuate the particles energy through the
membranes, see [8]. (It also raises the issue to determine whether or not there exist
stable equilibrium for ¢ < 1.) A similar smallness condition on 1/c¢ appears in the
asymptotic statements for a single particle [8, Theorem 2, 3 & 4], for the analysis of the
relaxation to equilibrium for the Vlasov-Wave-Fokker-Planck model [2, Theorem 2.3],
and the stability analysis in [LI0]. Moreover, as mentioned in the Introduction, up to
a suitable c-dependent rescaling of the coupling, the regime ¢ — oo leads to the usual
Vlasov system [8], and it can be checked that the stability criterion for large ¢’s is
consistent to the condition exhibited for the Vlasov equation. The role of the wave
speed ¢ on the damping phenomena is investigated on numerical grounds in [I8].

Proposition 3.10 (Stability criterion for large c’s) (i) Assume and
. There exists cg > 0 such that if ¢ > co then condition @ 1s fulfilled.
(ii) Assume|(K1){(K2) and[(K4){(K5). There exists co > 0 such that if ¢ > cq then
condition 1s fulfilled.

Proof. We only detail the proof of (ii), the former item being justified by a similar
approach. Let 0 < A < min(\,cA;/Rg) and let w be a complex number such that
Re(w) > —A. On the one hand, we have, for any k # 0,

‘$(|k|2t////\(tk))(w|k|)’ - ‘/ w/?(ﬁ 5/ se Mehs ds < 1.

0 || 0
On the other hand, Lemma [2.3] allows us to estimate the Laplace transform of the
kernel p. as follows

s) e “*ds

2R
1 e 2 Alk]

2R2/c
Lplolbl) < I [ NHas < 7

Owing to |(K4)| we obtain

—~ 1 o\ Ry
51(K))?|-Lpe(wlk])| < e 20— 22 0) k|

C

We observe that the right hand side tends to 0 as ¢ — oo. Therefore, for any « € (0, 1),
provided c is large enough, we have

sup |[L A (wlk|, k)| <1—k

k#0
for any w € C with Re(w) > —A, which implies infj o | £ (w|k|, k) —1| >~k >0. m

Section [5| provides a thorough discussion of the stability criterion, beyond the mere

assumption of large wave speeds c.
4 Nonlinear Landau Damping
In this Section, we briefly explain how the non linear Landau damping can be justi-
fied. We consider two distincts geometrical and functional frameworks: the free space

problem can be handled by working with Sobolev spaces [7], while on the torus the
dispersion effects of the transport operator do not operate and we work with analytic
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regularity [6, 27]. We point out the new difficulties compared to the Vlasov case and
explain how the arguments can be adapted for our purposes. Fully detailed proofs and
further comments can be found in [33].

4.1 The free space problem

We shall see that the damping in R? occurs with a restriction on the space dimension:
we should assume d > 3. As in [7], the analysis in the whole space relies on dispersive
phenomena attached to the free transport operator; these effects are indeed strong
enough to dominate the plasma echoes when d > 2, and a further technical restriction
arises in the bootstrap argument, that leads to impose d > 3.

4.1.1 Functional framework

We shall make use of Sobolev-type spaces. For s € R, m € N\ {0}, we denote
H(R™) = {u:R™ 5 R, / (z)2 () do }.
Rm

Given x and y in R, z, y stands for the vector in R?? that results from the concatenation
of z and y. Consequently, we can set (z,y) = (1+|z|>+|y[*)"/2. With a = (a1, ... aq) €
N¢, we introduce the differential operator

£ = (—180‘1) (—i@?j).

For s > 0, H® stands for the standard Sobolev space. We shall make use of the norms
introduced in [7]. We deal with functions f : (0,00) x RY x R? — R, and for P € N,
s > 0, we denote

OB = 3 1@, v) = v £t 2, 0)|l = Z// (k, €)%

D¢ f(t, k 5)‘ dk de.

aeNd aeN? ¢xR4
lal<P la]<P
(33)
It is also convenient to consider
1EVe, Vo) fO)Frs, = D Il(z,0) = (¢Va, Vio)o f(t, 2, ) [
aENd
|| <P
= > ke mg> pefkof dkag
a€eNd RIxR?
|| <P

(there is a slight abuse of notation here since the right hand side is actually equivalent
to the definition of ||(tV,, Vv>f(t)||%{lsj based on [(33))) and

2
[IvaPr@)| . = 3 @) = IVl (2, 0) |
P a€eNd
la|<P
_ // [k[? (k, €)% | Dg F(t, k g)\ dk dé.
aEeNd RIxR4
|| <P
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We shall also use L*°-type estimate on Fourier transforms; we set

f(t,k@(}) -

For a function (¢,z) € (0,00) x R? + o(t,7) € R we introduce the modified Sobolev
norm

= sup <sup {{k,€)°

‘L?%L?Z,g) t€[0,7] \k,eRd

[Fewrs

/ ||k, tk)**[o(t, k) dk = | As(t)a(®)] 2
Rd (k)

where we have set

Ag(t, k) = k|2 (k, th)®,

and we shall also use

T
1A, = [ [ I e R akar,

(kst)

and

T 1/2
[Asollpe 12 = sup (/O !k\<k,tk>23|§(t,k)\2> '

(k)7 (1) keRd

The norms defined on the macroscopic density g equally apply to the kinetic quantity
g, replacing o(t, k) by g(t, k, tk).

We go back to the formulation @ Compared to the usual Vlasov equation, the
expression of the potential ®[¢)] now involves the contribution of the initial data .Zy,
and the self-consistent part ¢, presents a memory effect, through the kernel p.. It is
convenient to think of the problem with some generality on these quantities. Thus,
let us collect the hypothesis on the data of the problem: %, p. and o1. We refer the
reader to the previous section in order to translate these assumption on the original
data g9, ¢0 and 1/)1.

(A1) There exists an exponent «; > 0 sufficiently large such that

sup
keRd

Filt k)] S B,

(A2) There exists an exponent «, > 0 sufficiently large such that

p(O)] < (5),
(A3) o1 € Z(R%): for any a > 0 we have

. ala .
i (k)*|o1(k)| = 0.

This formulation of the hypothesis has the advantage of pushing the generality of
the result, both on the “linear” perturbation due to the data through .#; and on the
memory effects in the self-consistent potential through p.. The following claims are
crucial for our purposes: roughly speaking, they explain why the situation is not very
different from the Vlasov case, once the role of .#;(t) and p. well understood, and it
justifies that the approach of [7] is robust enough to be adapted. Note that is
the assumption that makes the constants C(.#r) and C2(:#1) below meaningful.
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Proposition 4.1 Let [(A1)H{(A3) be fulfilled. Then for any 0 < T < oo and any
s> 0 such that s < ay —1/2 and s < (a. — 1)/2, the following three estimates hold

o~ — ~ = 2 |
|40 (Zr=2%)| . o S OFD+ AN g, (342)
|41 (71 - 519,) H%% < OUFD) + Al 1, (34b)
sup sup (k,tk)*|G Wf (t, k) — o—l(k)%(t,k)' (34c)

t€[0,T] keRd
S Co(F1) + sup sup (k,tk)* [o(t, k)],

t€[0,T] keR4

with

?(t,k)\.

+o0 o 2
Oy (F)) = / () sup | Z1(t, 0)|” dt and Co(F1) = sup (6"
0 k thk

Remark 4.2 We shall use the following variant of the statement : for any polynomial
k+— P(k), we have

— Z 5112
|PAG (71 -39 )\ 2 1, S OUTD + AL, 1o (35a)
PAG, (71— 6.9, C1(F1) + || Astl2 e 12 35b
|PAG (71— )H%%N (F1) + 1458l 7es 12, (35b)
sup sup (k, tk)*P(k)|&1 (k)| | Z1(t, k) = 51(k),(t, k)| (35¢)

te[0,T] keRd
< Co(Fr) + sup sup (k,tk)*|o(t, k)],
t€[0,7) keRd

These estimates can be justified since o1 lies in the Schwartz class and thus P(k)o1(k)

remains a function with fast decay.

Proof. In order to prove m we analyse separately the contribution from T 7 and
% as follows

//|k:\ktk Y2515, (k)P Z3 (8, ) 2 e dit
=I

T
L A SR CTREAGSIER
0 JRY

=II

HA 71 ( r= 01% L?)LQ ~
t

For I, by using (k, tk)? < (k)?(t)2, we readily obtain

N +o00 ) ~ 5
I< </Rz |k|<k>2s|01(k)|2dk:> (/0 (t)? sup ’J;(t, k)‘ dt),
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For II we start by applying Cauchy-Schwarz’ inequality

2

Gyt k)2 = /O pe(t — 7)o(r k) dr

t t
< (/0 Ipc(t—7)|d7> (/0 !pc(t—T)llﬁ(ﬂk)IQdT)-
Going back to II, we are led to

o (b, tk)?s R
IR A Y (/ ik, ) L >|4|@<t,k:>\2dk> ar dt.

A simple study of function shows that (for ¢ > 7)

o BB (0%
T k) = ()2

Since |1 (k)| < [|o1]/zr £ 1, and using Fubini’s theorem, we obtain

15 lpel /T /T| (- 452 ar) dr
cl|l L1 e\l — EGH s
~ PellL 0 i b (7_>23 0 L(Qk)
T T—T 2s
< Y ) <'Uz+7—>
NHchLl/O HAsQ(T)”L%k) (/0 [pe(u)] 7@-)23 du | dr.
Since (u + 7)%% < (u)?$(7)?%, we arrive at
+oo
IT < lpell (/O (u)?*|pe(u )|du> HAsQ||L2 13

(k)
It ends the proof of |(34a)|
Estimate follows the same strategy: for k € R?, we split as follows

T — ~ 2
[ 5 00 | Fre. ) - 51 )
0

T T
< / K| (k, th)>* [0 (k) [P 71 (¢, k)\thJr/ K|k, th) > [o1. (k)| Fo(t, k) dt
0 0

=J =JJ

Proceeding as above, we obtain

—+00 o 2
J< <sup \k!<k>25!61(k)!2> ( / (t)>*sup | 71 (1. k)| dt)
keRd 0 k

T T 2s
15 el [ ([ e b a2t 0 ) 0o

400 T
el L1 (/O <U)25|pc(U)|dU> (/0 K| (k, 7k)**| (T, k)|2d7>-

We proceed with a slightly different approach for |(34c)| when dealing with the contri-

and

A
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bution involving &,. For any t € [0,T] and k € R?, we write

(I th)*[51 (k)| | Z1(2, k) = 51 (k) (2, k)|

< (sup (k)3|o1(k)| sup (t)°sup ‘%(t, k:)‘) + <k,tk)5|§2@(t, k)|.
keRrd te[0,17] k

e t (k, tk)*
(k, th)*|9,(t, k)| < ; Ipc(t—7>|<k77k>s

(k,7k)*|o(r, k)| d7

< <Omu—ﬂﬁﬂlh><mm wp%ﬁ@ﬂaﬂmo,

(7) 7€[0,T] keRd

it suffices to observe that

t t)s
|pe(t — 7)] < >S dr < oo
0 (1)
by virtue of [(A2) ]

Proposition 4.3 Let (A3)| be fullfiled. Assume that # € H} with P > d/2

and § > 0. Then for any s > 0 such that s < § — 2d and s < ay — 1, we have

t —_—
(1K) > Ay(t, k) / Vo1 () F1(r, )V ((t — 7)) dr (362)
0 L2 L2
()7 (k)
+oo + o 2
S [ s | Fen)| a
0 k
t —_—
(1, k) — Ay(t, k) / Vo1 () Z1(r, )V ((t — 7)) dr (36b)
0 ) L2
(k)7 (t)
+oo + o 2
S [ s | Fn)| a
0 k

Proof. First, let us introduce the following notation
t —_ —_—
I(t,k) = As(t, k) / Vo1 (k) Z(m,k)Vyd ((t — 7)k) dT
0

and estimate for every k € R¢ the L%t) norm of ¢t — I(t,k). By using the relations
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(k,tk) < (k,7k)([t — 7]k) and (k,Tk) < (k)(T), we obtain

T T
/ I(t R dt < k2[5 (k) 2 / (th) =)
0 . 0
X </0 (TE)

T 400
< K[ (k)2 /0 (thy= () ( /0 (k) (ke 7h) %
x </+°°<(t — R (- k)| TR d7> |
0

—

2
Z1(, k:)‘ (¢ = T)k)**3 " ’VU//Z((t — 7)k) D dt

=

(k,Tk)®

Fi(r )|’ d7>

+o0 _
< k|2 5y (k) 2 ( / (7 sup | Fi k>\2d7>
0

e 254171 2 4 —(171)
X(/o (u)?*+ du)/o (u) du.

Since .# € Hj,, we have £ — (§>§////\(§) € HP, where P > d/2, and Sobolev’s embed-
ding yields |//7(§)| S ||//7||HP (€)75. Then, as soon as s < § — (17), this ensures that
the integral involving .# is uniformly bounded with respect to k. Eventually
ensures that both L%k)L%t) and L) L?t)—norm of I(t,k) are dominated as asserted. ®

Vol (u

k
Ty

The analysis of the Landau Damping, as it is already clear for the linearized prob-
lem, relies heavily on the formulation of the problem by means of the Fourier variables.
Let us collect the useful formula from which the reasoning starts. Integrating |(10a)j

over [0,t], we get
g(t,x,v) = fo(z,v)+ /O t Vo1 x(F1—01%9,) (T, 2+70)-(Vy =7V ) (A (v) +g(T, 2, v)) dT.
We check that
/]R ule + 7, v)e KT qy dr = /R uly, v)e FYeTETTRY gy dg = Gk, € — Tk).
We also bear in mind that 1(v)(¢) = 6(¢ = 0) and 1(z)(k) = 6(k = 0). We thus obtain
g(t, k&) =
/ / ne1(0)(Fr — 517,) (7, m)d(C = ) - (€ — QA& — O)d(n = k) dndC dr
/ / &1 (n)(Fr — 51%,)(r,n)8(¢ = n)
(€—=¢—7(k—n))g(r,k —n,§ — ¢)dnd{dr
= fo(k,¢ / ko1 (k)(F1 — 019,) (1, 7k) - (€ — Th) M (& — Tk) dr

/ /]Rd noi(n J[ 01% )(r,n) - (& —Tk)g(T,k —n,& —mn)dndr.
(37)
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Eventually, the macroscopic density is evaluated by

o(t,k) = /Qd f(t,z,v)e”**dvda = /de g(t,x — tv,v)e‘ik'x dvdz

= f g(t,y,v)e F Ve RV dudy = G(t, k, tk).
RQd

Going back to|(37)| with £ = tk, we arrive at
t —~ o~ —~
5t k) = Folk, th) — / kLK) (T — 519) (v, 7k) - (£ — T)R (¢ — 7)) dr
0
t —— —~
_ / / 051 (n)(F1 — 519 (rom) - (t — TYR)G(r, k — m, th — 7n) dndr (38)
0 JRd

4.1.2 Main result

We are ready now to state the main result about the non linear Landau damping. As
said above, the proof makes the constraint d > 3 on the space dimension appear.

Theorem 4.4 (Landau damping in R?) Let d > 3. Suppose . There
exists universal constants €y, Ry > 0 and r € (0, Ry) such that if s > Ry,

“+o00 o 2 o
S e ol < &3 /0 (02 sup | Zi(t. k)" at < B, sup (1 | Flt, k)| < <o,

aENd k t.k
la| <P

and A € H3(RE) with P > d/2 and § > s+ 2d satisfies then, the unique solution
g Of is globally defined. Moreover, there exists g*° € H}p such that

lg(t) — g®lluz S eolt)™2 for0O<o<r,  (3%)
Gt b, th)| < eolk, th)~0d+2) (39D)
(V) Vo x (Fr(t) — o1 x Gy ()| pe(an) S eo(t) ™! for o> 0 (39¢)

holds.

Remark 4.5 FEstimate holds because o1 is assumed to be in the Schwartz class;
this assumption can be relazed at the price of introducing constraints on the reqularity
exponent o.

Estimate provides a decay of 8(t, k) with rate (k,tk)~"+9+2): the statement
can be completed by the convergence to 0 of the fluctuations iy of the medium state, see

Proposition [3.4)

The proof of the Landau Damping in fact relies on a bootstrap estimate, see [7,
Proposition 2.5], which states as follows.

Proposition 4.6 (Bootstrap) Let the hypothesis of Theorem be fulfilled and let
0 < 0 < 1/2. There exists real numbers 2(d + 1) + 1 < 51 < s2 < 83 < 84 < s and
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Ki,...,Ks > 1 such that, for any g € C°([0,T],H}) solution of |(10a)H(10b)| on the

time interval [0,T] verifying

||<th,Vv>g(t)||§{;4 < 4K EXt), (40a)
HA&;@H%({&)L?M < 4Ke? (40Db)
IVl g < 4Kse?, (40c)
|Asp0le 12 < AKae?, (40d)
Vel o0, < AKse, (40¢)

for 0 < e <eg small enough, the following estimates hold on [0,T]

190, Volg(O) s < 2K(0)°, (41a)
HAS‘ﬁH%?t)L?M < 2Kye?, (41b)
IHVx!(Sg(t)H?{;s < 2K3e?, (41c)
|Ass0le 1o < 2Kae?, (41d)

[(Veu)Tg(®)ls . < 2Kse. (41¢)

(k,€)

Remark 4.7 We shall see within the proof how the s;’s are chosen, according to some
compatibility conditions. This choice determines the possible value for Ry that arises
in Theorem[{.4] as a threshold for the Sobolev regularity in which the damping is eval-
uated. To be specific, Proposz'tz'on holds for s > s4 + 2d and s; > s;—1 + 2d and in
Theorem [{.4), we can set

Ry = s4+ 2d, r=s —d—2.
The condition on €9 imposes a smallness constraint on the initial perturbation.

Remark 4.8 It might be surprising that the half-convolution with respect to time plays
a relatively weak role in this statement, compared to the Vlasov case. At first sight, we
would suspect that the memory effect changes a lot the control of the force terms, or
that it imposes further restrictions. In fact, the heart of the proof relies on the estimates
in Proposition and the main impact of the memory term is rather on the stability
condition, where it completely modifies, in a quite intricate way, the expression of the
symbol L% . This can be seen as a confirmation of the robustness of the approach
designed in [27, [0, [7].

The proof of the Landau damping from the bootstrap follows closely [7]; full details
can be found in [33]. The bootstrap argument in itself is adapted from [7] by taking ad-
vantage of the analogies with the Vlasov equation. There are two main differences that
require some care: the additional term .#;(¢) should be controlled with the bootstrap
norms and all quantities where ||o(t)|| arises in 7] should be controlled here by ||%,]|.
Both ||.Z;(t)|| and the estimates of ||%,| by |lo(t)|| should be evaluated by using the
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norms involved in Proposition These issues are the motivation for Proposition
and Proposition [£.3] For instance, let us detail this strategy for the estimate of A, in
the L%k)LQt norm. The other estimates proceed similarly, by combining the arguments

of [7] to Propositions [4.1| and see [33].

4.1.3 Estimate of the Lf,L7, norm of Aj,p.

The estimate of Ag, 0 is a consequence of the following two claims, for which we refer
the reader to [7, Section 2.3 and 3]. The former is a version of Lemma adapted to
the norms of the bootstrap.

Proposition 4.9 (Linearized damping on R?) Let the assumptions of Theorem
be fulfilled. We consider a family of functions {t € [0,T] — a(t, k), k € R?}. We sup-
pose that, for any k € R?,

T
/ |k|(k, tk)*%|a(t, k)|* dt < +oo,
0

holds. Then, we can find a constant Crp (which does not depend on k and T') such
that any solution (t,k) — ¢(t, k) of the system

é(t, k) = al(t, k) /,)zft—rk)qs(rk)d
alt, k) + / Gr () PIK[2(t — 7). 7 <[t—r]k>(/Ofp.:(r—ow(a,k)da) ar,

on [0,T)] satisfies the following estimate: for any k € R?

T T
/ ke, £)25]6(t, B)? dt < Cp / e £8) 2% a(t, &) d.
0 0

The second estimate is concerned with the time-response kernel

[K[*/2|n "2 |k(t
(n)?

which is a crucial quantity for the analysis of the echo phenomena. It leads to the
constraint on s1 involved in Proposition[£.6] Technically, this statement is substantially
different when X¢ = T? or when X¢ = R?. 1In the torus, the proof needs analytic
regularity but is free of constraint on the space dimension d (see [6, Section 6]). For
the free space problem, the argument relies on dispersion mechanisms of the transport
operator which are strong enough only when d > 2; in this situation it is thus possible
to work in finite regularity.

K(t,7,k,n) = 2l lg(t, k —n,tk —n)|.

Proposition 4.10 Let0 < T < co. Let sy > 2(d+1)+1. The following two estimates
hold

sup sup/ K(t,7,k,n)dndr < sup sup (k&) |g(7,k, )|
t€[0,T] keRd Rd 7€[0,T] k,¢€Rd
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and
sup sup / K(t, 7, k,n)dkdt < sup  sup (k, &) |g(r, k, ).
7€[0,T] neRd Jr JRd 7€[0,T] k,£cR

Remark 4.11 The factor 1/(n)? in the kernel K comes from the convolution kernel
used in [7]. Here, since o1 is Schwartz class, this factor can be replaced by 1/(n)™ with
m € N as large as we wish.

We follow closely the arguments of [7], up to the perturbation due to .#; and ¥,; as
pointed out above, these perturbations do not substantially modify the analysis, owing
to Proposition [£.1] and Proposition [£.3]

We start from the expression of g(¢, k) in and we apply Proposition 4.9|in order
to estimate the L%t) norm of As, 0 (with i € {2,4}). We get

T
14,20l 5 [ bl o )
T
“,
0

+/OT‘/OI:/R%I|k1/2<k,tk>s4nal(n) (Z1(r.n) =51 (0)F,(7.m))

2
t—7lkg(T,k —n,tk —Tn)dr dn‘ dt. (42)

2

/t k|2 (ke tk)* Kk 6 (k) Z 1 (1, k) - [t — 7]k A ([t — 7)k) dr| dt
0

Integrating with respect to k yields

T
284
Al i < [ [

/ot (k[ (e, th)* k51 (k) Zr (7, k) - (t = T)R SO ([t = 7]k) d7

— 2
fo(k,tk)] dk dt

2
dkdt

R JO

+/Rd /OT]/Ot /Rd\k|1/2<k,tk>84n&1(n) (Zr(r.m) — 31(m)Fy(r.n))

2
(t — T)kG(r, k — n,th — tn)dr dn‘ dk dt.

We denote the three terms in the right hand side as CT1, CT2 and NLT, respectively
(for “constant term 1 and 2, non linear term”). In what follows, we are going to split
the discussion according to the estimate NLT < NLTT + NLTR, where NLTT (for
transport) and NLTR (for reaction) stand for the contributions that arise from the
following decomposition

(k,tk)** < (k —n,tk —™n)** + (n,mn)*

Estimate on CT1 and CT2. Thanks to [7, Lemma 2.6] we have
CTLS Y (@, 0) = 2 folz,v)|[Fy < €2

a€eNd
|| <P

In Proposition we already obtained CT2 < £2.
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Estimate on NLTT. As said above, having Proposition at hand permits us to
readily adapt the arguments of [7]. The Cauchy-Schwarz inequality yields

T t
V52161071 (1. n) — 61(n)D,(1,n)| dr dn
NLTTg/Rd/O </O/Rd<> |51 ()| Z1(r, n) — G1(n)F, (7, >rdd)

X (/Ot /Rd<7'>_5/2‘n”31(n)| ’%(T,n) — ﬁl(n)%(ﬁn)‘ k“<k —n,tk — Tn>284

X |(t = )k P[g(r, k = n, th — 7n)|*d7 dn) dk dt.

Now, |(34¢)| and [(40e)| ensure that

(n, 7n)*1[31(n) || F1(7,n) = 31(n)F,(7,m)| S (1 + Ks)e.

Since |n|(T) < (n,Tn), we get
t —~ o~
/ / ()32l 61 (m) | B (r, m) — 51(n) (7, m)| dr dn
0 R4
t
< (/ <T>5/2/ In|(n, 7n)="" dn dT> (14 K)e
0 Rd

< </+m<7>5/2—d—1 dT) (1+Ks)e S (1+Ks)e
0

where the last estimate assumes the condition 5/2 —d —1 < —1, that is d > 5/2. This
is one of the constraints on the space dimension d which imply that the analysis applies
only when d > 3.
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Going back to NLTT we are led to (by using (|t — 7)k| < (7(k — n),tk — Tn))

NLTT < (1 + Ks)e / / / / (m)¥52|n| |51 (n) \\Jz 7, n) )%(T,n)\
R4
() O|k|(k — n, thk — tn)*4 (7 (k — n), tk — ™n)?|g(1,k — n tk—7n)|2d7dn) dk dt

T _— ~
S+ [ / ()52 nl61(n)| | Zr(r.m) — 61(m) ()|
R4

/ / VO|k|(k — n, th — mn)?*4 (1(k — n), tk — Tn)?
x[g(7,k = n,tk — 7n)|* dt dk) dn dr

T
S (14 Ks)e </ / (TY2/2|n)|51 (n) |‘35] 7,n) — 01(n)9,(t, n)‘ dndT)
R Jo

+oo
x( sup sup ( /Rd/ k —n,tk — )4 (r(k —n),tk — mn)>

0<r<T neRd
x|g(r, k — n, th — mn)|2|k| dt dk)

+oo
< (1 +K5)2€2( sup sup ( / ]k:|/ n),tk —mn)(k —n,tk — ™n)**
0<7<T nele

x§(r, k —n, th —n)|* dt dl-c).

With two changes of variables and by applying [7, Lemma 2.8], we obtain

+oo
/ |k:|/ n),tk — mn)(k —n, th — ™n)*g(r, k — n, tk — n)[> dt dk
Rd
—+00 k k 2
= / / (t(k —n),t— —1n)(k —n,t— — ™)**g(1,k —n,tk — )| dtdk
Ri J oo 14 14
+oo
< sup sup / / n), tw + z)(k — n, tw + ) G(r, k —n, tw + )|* dt dk
wESd 1rxeRd JRA

+o0
< sup sup / / [Tk, tw + ) (k, tw 4+ 2)*4G(1, k — n, tw + z)[* dt dk
weSd—1geRed JRE

S IV, Vo) g(7) Iz -
Finally, combining this with |(40a)| we obtain

NLTT < (1 + K5)2K, e,
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Estimate on NLTR. We make the time-response kernel K appear:

T t
Nurr= [T Rk 22 o)
R JO 0 JRd
—~ ~ 2
x| Z1(r.n) — 31(n)Fy(r,n)| drdn) dkdt.

Then, Cauchy-Schwarz’ inequality and Fubini’s theorem allow us to obtain

NLTRS// (/ Kt7kndrdn>/ K(t, 1, k,n)
R4 R4

x(n, 7n) 2 | (n) (31 () 2 | Z1 (m, m) = G1(n) G (r, n)‘ drdn) dk dt

<sup sup/ KtTk:nden)//(/ Kt7kn)dtdk‘>
te[0,T] keRd R4 R4 Rd

x(n, 7n) 2 | (n) (51 (n)|? | 1 ( T,n)—al(n)g;(m)\ drdn

< < sup sup/ K(t, 7,k n)d7dn> ( sup sup/ K(t,T,k, n)dtdk)
te[0,T] keRd T7€[0,T] neRd Jr JR

Rd
/ / n, n)%4 |n|(n)*51(n)|? ’J’[ T,n)—aoi(n )%(T,n)’ dr dn.

By using |[(34a)| and |(40b), we obtain

/ / 7025l () 61(n)]? | Z (r.m) = 51 () (rom)| drdn S (1 + Ko)e?
R4

Gathering this with Lemma and |(40e)|, we are led to

NLTR < (1 + Ko) K2

Recap. We have shown that, if g is a solution of |(10a){H{(10b)| satisfying |(40a){(40e)
on [0, T}, then

I4s.0lz, 2 S (14 (1+ K3)2Kie? + (1 + Ko K2e?) 2

Let us denote C the constant hidden in the symbol < of this estimate. Choosing
K9 > Cq and € <« 1 so that

(1+ K5)?Ke* + (1 + Ko)K2e? <1

allows us to conclude that |(41b)| holds.
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4.2 Periodic framework

The dispersive effect which has been used for proving the Landau damping on R¢ does
not exist on the torus. For this reason, in order to control the echoes, we shall work in
the analytic framework, following [6]. For the Vlasov-Poisson problem, the analysis of
[4] is a hint that this regularity could be necessary. As a counterpart of this regularity,
there is no restriction on the space dimension d.

The proof still relies on a bootstrap argument, see [6]. There are two main argu-
ments, like on R?: firstly, the force term Vo x (Z;(t) — o1 x %,(t)) can be controlled,
in suitable norms, by the macroscopic density o(t), and, secondly, the contribution
associated to the initial data fg Vo *x.Z1(t,x + 1v) - Vol (v) dT does not perturb too
much the bootstrap property (here, we refer the reader to the remarks made when
analyzing the whole space problem).

4.2.1 Functional framework

We start by introducing several Gevrey norms. Let g : (0,00); x T¢ x R — R. The
Gevrey norm || - [|ga.eis is defined by

90 = 32 [ (0627200 fg(e k0 de
3

kezd
and we also need the Gevrey norm || - || z.0:s given by
g %rmis = k, tk)27 2B G0t ke tk)|?
Fho;
kezd

Let 0: Ry x T — R. The Gevrey norm || - || zr.0:s reads
o) 5nms = > (k. th)27 e |5t k)[*
kezd

In what follows, we always assume A\,0 >0 and 0 < s < 1.

As a warm-up, we observe that, with ¢(t,z,v) = f(t,z + tv,v) and o(t,x) =
J f(t,z,v)dv, we have

o)l prois = lg(E) || Frss.

Moreover, assuming o > d/2 we have a o—ring property: with h(t,z,v) = o(t,z +
tv)g(t, z,v), we have

1B@)lIgres S lle(@)llzxesllg(E)lIgross-

Finally, we shall also need the following Gevrey norm: for P € N, we define the norm
|+ [gre:s of a function (¢, z,v) = g(t,z,v) by

P
Hg(t)llé;,o;s = > @) = vt ,0) [ Grs

aeN?
la|<P

= 3 3 [ g pege, ko) e
3

aeN? kezd
la|<P
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The o—ring estimate equally applies to this norm.
From now on, we assume that

o>d/2, P>d)/2, 0<s<l.

We shall consider the parameter A as a function of the time variable \ : ¢ — A(t) €
(0, 00), continuous and decreasing.

In contrast to what we did for the problem on R? we do not express general
conditions on %7 and p.. Instead, we shall use the same assumptions as in the case of
the linearized Landau damping. For the sake of convenience, let us recall them here.

(K1) n > 3 is odd,
(K2) oy € CY(R™) with supp(o2) C B(0, Ry).
(K3)  supp(¢y;) € T x B(0,Ry), i = 1,2 and

& = //11‘01 . (\wl(x,z)|2 + 02\szbo(x,z)|> drdz < +o0.

(K4) o1 : T — R is radially symmetry and analytic; in particular there exist Cy, A} >
0 such that |51 (k)| < C1exp(—A1]k|) holds for any k € Z¢.

Note theat assumption [(K5)|on .# and fy will be replaced by .#, fy € g};“o;s.

As a consequence of[(K1)|and[(K2)|the kernel p. has a compact support: supp(p.) C
[0,2Rs/c], see Lemma By virtue of [(K2)|and [(K3)|, % is compactly supported
too: supp(Z;) C [0, (R; + Rq)/c], as pointed out in the proof of Lemme [3.9] In what
follows, the following parameters will play an important role

2R2/C, So = (R[ + RQ)/C.

The following statement, analog for the torus of Proposition is a crucial ingre-
dient to justify the boostrap property.

Proposition 4.12 Let be fulfilled. Let t — A(t) > 0 be a continuous and

decreasing function. For any o > 0 and 0 < s <1, we get
IV % (Fr(t) = o1 % F(1)) | Zr0).00

t
S losics, + [ oot = Dl le(r) s dr, (43)
0
Consequently, the following estimates hold

t
IVo1 % (Z1(t) = 01 % G())[Frwme S 61+ /O lo(T) | Facais AT, (44a)

e Vo1 % (F1(7) = 01 % Go(T) | a0 &1 + e lo(T) 5055 (44D)
T€(0,t T7€(0,t

t t
/ Vo1 % (Z1(r) = 01 % Gy(r) [ 2nore AT S 1+ / lo(r) Prcorens dr. (4dc)
0 0

AN
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Remark 4.13 The following observations will be useful:

i) In the specific case s = 1 we shall need a further assumption on A(0): for this
situation, we assume A(0) < C(A1,2Rz/¢, So) = min(A1/(So),2A1/(2R2/c)).

i) In contrast to the analysis of the Vlasov-Poisson problem, a control of [ | ol dr
ensures a pointwise control of the force term. This fact, which can be seen as a
kind of reqularizing effect of the half-time-convolution, simplifies the proof of the
bootstrap property.

iii) Like for the whole space problem, the exponential decay of 51(k) can be used to ab-
sorb any polynomial with respect to k that arises in the estimates, see Remark[{.2

Proof. We estimate separately the contributions from .#; and ¥:

2 2 2
Vo1 (F1(t) = o1 % Go(0) a0 S IVO1 % Fr() a0 + 1VE* Do) Fr.es -

For the former, we use supp(.%#;) C [0, So] x T¢ and the estimate (see the proof of
Lemma [3.9))

k| [61(k)| | Z1(t, k)| < Culkle™ M lo2] p2n 2 VET Lotz (45)
We obtain

s _ 2
||V0'1 *jf(t)ug-‘k(t)’a;s 5 (Z <k,’tk,>2062/\(t)<k,tk) |k‘|2€ 21|k ) gIIOStSSO
kezd

5 (Z <k,>20<SO>2062>\(0)<1€>5(50)5|k|26—2>\1|k|2) CgoI]-OStSSo'
kezd

When 0 < s < 1 the sum is finite; when s = 1 we should impose the additional
condition A\; > A(0)(Sp).
For the latter, we apply the Cauchy-Schwarz inequality, so that

n 2
195 0o = 3 (RO Y2 0| [t = e, )
kezd 0
t
< HpCHLl / ‘pc(t — T)‘ (Z <l€,tk>2062)\(t)<k,tk‘>5|k’2|31(k)’4‘/g\(7_’ k)‘Q) dr
0 kezd

t
— HpCHLl/ |pe(t — 7)] (Z Ik(t,T)(k,T]g>2062>\(t)(k,7-k>s‘§<,r7 k)IQ) dr.
0

kezd
It follows that

91~ 14 SEs TRY®T o)A k) AP (hth) — (k) )
Ik(t, 7') = |]{7’ |O'1(k)’ W@ ’ (& ’ ’ .

Therefore if Ij(t,7) is bounded uniformly with respect to k, ¢t and 7, then we get

t
2
I VEx Do) Fawes S /0 [pe(t = ) lo(T)[Foacry.oie AT

We are left with the task of justify a uniform bound on Ix(¢,7). To this end, we
remember that p. has a compact support: we can restrict the time integration to
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0 <t—71 <2Ry/c. For t > 7, a simple analysis of function shows that
(k,tk)> _ (t)* 2 2
< <(t—7)* <{(2R 7.

o Gk, hye = (e =TT = Rl
Since t +— A(f) is decreasing, we have exp(2(A(t) — A(7))(k,tk)®) < 1. Finally, with
0 < s <1, we have (see [0, Lemma 3.2])

[(2)* = (9)°] < {z —v)°

so that (k, tk)® — (k, 7k)* < ((t—7)k)* < (222k)* and exp(2\(7) ((k, tk)* — (k, Tk)*)) <
exp(2)\(0)<@>s<k>s). We conclude with

Lu(t,7) < Ok Pe MM (2R, /)20 2MOK2) h)°
when 0 < s < 1, while for s = 1 we further assume 4A\; > 2\(0)(2Rz/c). ]

We turn to the estimate of the force term fg Vo1 x Z1(t,x + 1v) - Vydl (v)dr by
means of the norms involved in the bootstrap.

Proposition 4.14 Let|(K1){(K4). Assume that # € g});O’O;S for some integer P >
d/2. Let t — A(t) > 0 be continuous, decreasing, and such that A\(0) < Xo. Then for
any o >0 and 0 < s <1, we have

T
J
Remark 4.15 Again, when s = 1 a constraint on A(0) like A\(0) < C'(\,Sp) =
A1/{So) should be imposed.

2

dt < &;. (46)

t
/ Voix Fi(r,x+71v) - Vyd (v)dr
0 ]_‘)\(t),a;s

Proof. We start with

T 2

/ dat

0 . . s FA(t),058 N

<[5 ([ O a0l Fir )
0

0 kezd\{0}

t
/ Voi* Fi(r,x+1v) - Vo (v)dr
0

th—7qu%%I@-—rpkﬂ<h)2da

and we define I(t, k) as follow
e = | (b, ) AORB 4] 132 ()] | B, 0| (6 — )R] [ — 7)) i
For any k # 0, we have (t) < (k,tk), and since \ is decreasing, we obtain
100 < 07 [ iy XOR 530 | K)

x ([t = 7]R)TH AU | 7| k| |27 ([t — 7)k)]| dr.
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and P > d/2, the Sobolev embedding

20,058
P

Since [|¢ = exp(Mo(&)*)-4 (©)llr < |1

HP < CY ensures that . ~
PG

Then, by using |(45), we arrive at
I(t,k) S (6) "1 (k)TH(Sp) 7+ AO I (50)7 e~ Akl

t
y ( J R e ) dT> JE
0
Since A(0) < Ag we have
t - -
/ <[t _ T]k>a+16)\(0)<[t77]k>5|t . 7_| |k|ef)\0<[t77']k>s dr < /<u>a+26()\0)\(0))<u>5 du S 1.
0 R

Therefore, when 0 < s < 1 we obtain fOT Sk I(t, k)2 dt < & and for s = 1 we conclude
similarly at the price of a constraint like A; > A(0)(Sp). |

4.2.2 Main result
That the Landau damping holds on the torus can be formulated as follows.

Theorem 4.16 (Landau damping in T¢) Let be fullfield. Let P >

d/2 be an integer, 0 < s < 1 be a real number and A, fy € 91)50’0;8 with Ao > 0. We
also assume (without any loss of generality) that the space average of [ fodv is equal
to 0. There exists a universal constant €, such that if

||fng;0,0;S <ey ; &1 <¢ep
P

and A satisfies (L)), then, the unique solution g of[(10a){(10b)| is globally defined. To

be more specific, for any 0 < X < Ao, we have g € CO(Ry;GY'%) and there exists an
asymptotic density ¢ € GN'%5 the space average of which vanishes, such that

lg(t) — g llgron S coe 2P0 N)0° (47a)
Qt A ,0;s ,S 608_%(5\6_)\/)0»5) 47b
f
<

Vo1 % (Fr(t) — o1 % Gp(t))]| 230 goe 3P0, (47¢)

Remark 4.17 When s = 1 the constraint on N becomes

Lo~ A\ 2\
N < Aoy .
min (A (So) <2R2/c>)

Remark 4.18 Estimate can be rephrased as a decay of o(t, k) like exp(—N (tk)®).
This can be used to establish also that fluctuation of the medium 1 tends to 0, see

Proposition .
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Like for the problem set on R, the proof relies on a bootstrap argument, which, in
this context, states as follows.

Proposition 4.19 (Bootstrap) Let the assumptions of Theorem be fulfilled. Let
ap = (Ao + XN)/2 and 0 > d/2 + 6. There exists a function A : Ry — (ap, \o),
continuous and decreasing, a real B > 2 and constants K1, Ko, K3, K4 > 0 such that if

g is a solution of |(10a)H(10b)| on the time interval [0, T] verifying

Hg(t)!@;mm;s < AK(t)7E (48a)
[PIO]NAPE Y o (18)
T
| et < ar (480)
for 0 < e < eg small enough, then g also satisfies, on [0,T], the estimates
||g(t)|@;(t>,o+1;s < 2K (1€ (49a)
||g(t)|@£(t),(,,5;5 < 20K5e” (49b)
T
| et < 26 (19¢)
lo®)Zrwos < 2Ka(t)e? (49d)

Remark 4.20 The role of is a bit different from its analog for the Vlasov-
Poisson problem. Indeed, the interest of this estimate is to provide a pointwise control
on the force term. However, here, as said above, such a control can be obtained by
estimating [ Hg(t)H?M(t)ms dt. Consequently is enough to finish the proof, with-
out using and the proof slightly simplifies. Nevertheless, we keep in the
statement since it is useful to justify .

The justification of the bootstrap follows the same approach than for the problem
on R?. Since the structure of the Vlasov-Wave equation is close to the structure of the
Vlasov-Poisson equation, we can perform the same estimates than in [6]. The price to
be paid is to replace terms of the form ||o(¢)||+ by

Vo1 (Fr(t) — o1 % Z(8))l| £ - (50)

Then all the difficulty consists in controlling (50)| by means of || o()|| . Since Proposi-
tion allows us to perform this kind of estimate, we have a complete proof of the
Proposition by applying this strategy. Details can be found in [33].

5 Discussion of the stability criterion

In this section we come back to the stability criteria and which are absolutely
crucial for justifying the Landau damping. We already know that a large wave speed
guarantees the damping, see Proposition Nevertheless, we may also wonder, for
a given wave speed ¢, whether or not an equilibrium .# is stable or unstable.
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5.1 Towards a Landau-Penrose criterion

For the usual Vlasov equation, a “practical” condition on the equilibrium .# — the
Penrose criterion, see [27, Condition (c) in Proposition 2.1] — can be exhibited to
ensure the linearized stability. By following a similar approach we expect to find a
criterion with the same flavor for the Vlasov-Wave problem. However we shall see that
the half-convolution with respect to time that defines p. makes the criterion much more
intricate.

Throughout this section we assume that

01 and oy are radially symmetric,

which makes the computation more explicit. With a slight abuse, we shall use the same
notation for radially symmetric functions and their radial representation. As a warm-
up, let us briefly recall why it suffices to check that w € iR — Z(w|k|,k) € C never
crosses the real-axis beyond 1, see details in [32) Section 3.4] for the Vlasov-Poisson
equation and [33] for the Vlasov-wave model.

The first step of the reasoning consists in showing that it is sufficient to check that
LA (wlk|, k) # 1 for every k and w € C with Re(w) > 0. Let us distinguish four
different cases, depending if X% = T¢ or R% and depending if we are considering or
(4]

First case: X? = T? and In this case we check that L. ((a + iB)|k|, k)
converges to 0 when |k| — +oo, uniformly with respect to a 4 i and it converges
to 0 when a@ — +o00, uniformly with respect to k and 3. Moreover, thanks to the
Riemann-Lebesgue Lemma, we can also prove that Z.# ((a+if)|k|, k) converges to 0
when |3] — +o00. There is a priori no reason for the latter convergence to be uniform
with respect to k and o.. However, since we consider an infimum over all k € Z%\ {0},
the first convergence ensures us that we can restrict to a finite number of modes k and
the convergence when |#| — 400 is indeed uniform with respect to k. We can also
justify that this convergence is uniform with respect to .. To this end, we show that
a— L (o +1iP)|k|, k) is uniformly continuous with respect to k and (. Since the
convergence of £ to 0 when o — +00 is uniform with respect to 3, we can consider
« in a compact subset of (0, 00) and then (by uniform continuity) only a finite number
of a’s. Now, we know that outside of a compact of {w € C, Re(w) > 0} x Z%\ {0} the
application (w, k) — LA (w|k|, k) is far from 1. Since in a compact of this set there is
a finite number of modes k and since the application w — £ % (w|k|, k) is continuous,
condition is satisfied if and only if Z.# (wl|k|,k) # 1 for every k € Z¢\ {0} and
every w € C such that Re(w) > 0.

Second case: X¢ =R and This case is not far from the previous one, we only
have to understand what happens when k lives in a continuum space like R?\ {0}. If
we fix some § > 0 arbitrarily small and if we only consider the infimum over {|k| > ¢},
then we can follow the same strategy, up to the fact that we have now to justify the
uniform continuity of k — £ ((o + i8)|k|, k) with respect to .

Next, we study what happens when &k goes to 0 (this point is irrelevant for the usual
Vlasov case: since the potential is singular at 0 the symbol .Z.#" can not reach 1 when
kE — 0). It is not possible to extend k — .7 (w|k|,k) by continuity at 0, but for
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every sequence (ky)nen such that &k, — 0, up to a sub-sequence, we can assume that
(kn/|kn|)nen converges to a certain 0. Then we are led to

+o0 +oo P
lim LA (wlhnl, ) = [51(0)2 ( / pelt) dt) ( / ey (uo™) du) .
n—-+o0o 0 0

Since fooo pedt = rk/c?, we conclude that is satisfied if and only if for every k €
R4\ {0}, 0 € S, w € C with Re(w) > 0,

K +oo —
LA (Wkl,k)#1  and L(w,0) = —|51(0)]? </0 e u M (uo) du) # 1.

c2

Third case: X¢ = T? and In this case, we show the uniform continuity with
respect to k and 8 of o — L ((o +if)|k|, k) when « lies in an interval of the form
(—=A, +00) with A > 0. Then, if the criterion is satisfied for a certain x > 0 for all
w=a+if with a > 0, we can find 0 < A < X such that (possibly replacing x by x/2)
criterion is satisfied for all w = a4+ if with o > —A.

From that point we can apply the arguments of the first case in order to conclude that
is satisfied if and only if .Z.# (wl|k|, k) # 1 for every k € Z\ {0} and w € C with
Re(w) > 0.

Fourth case: X? = R? and By combining the arguments of the third and second
cases we obtain that is satisfied if and only if for every k € R\ {0}, o € S,
w € C with Re(w) > 0,

LA (wlkl, k) #1 and L(w,0) # 1.

The second step of the argument consists in applying Rouché’s theorem in order to
compute the number of zeros of w — Z.# (w|k|, k) — 1 in a certain compact of {w €
C, Re(w) > 0} (note that is possible to justify that w — £ (wl|k|, k) is holomorphic).
To be more specific, the previous step allows us to find a radius €2 > 0 such that £ ¢
is far from 1 for every k and w € C with Re(w) > 0 and |w| > Q. If we assume, for
every k, that w — Z.# (w|k|, k) never achieves the value 1 on the imaginary axis, then
Rouché’s theorem tells us that the number of zeros of w — Z. % (w|kl|, k) — 1 is equal
to

_ L 0L H (w|k], k)
- 2im Jp, LA (wk|, k) — 1

where T'g = Cq U [—i€,iQ] with Cq = {Qe?, 6 € [7/2,37/2]}. We split the integral
over the path I'g into a contribution over Cq and an other contribution over [—i€2, i]
and we let 2 go to +o0o: we can justify that the integral over Cq goes to 0 and we
eventually obtain

dw

N = i ! dz.
2 J o ikrk) 7 — 1
Since Z.# (if|k|,k) — 0 when f — too, L (i|k|R,k) U {0} is a closed path in
C (which does not cross 1) and we deduce that Z.7 (iw|k|, k) # 1 for every k and
w € C with Re(w) > 0 if and only if Z# (i5|k|,k) # 1 for every k and § € R
and the winding number of the path Z.¢ (i|k|R, k) U {0} around 1 is equal to 0. This
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formulation eventually allows us to obtain the announced sufficient (but not necessary)
criterion: if for every k and g € R

Im (L% (iBlk|, k) =0 = Re(ZLA(Blk|,k)) <1,
then the linear stability criterion is satisfied.

Remark 5.1 For X¢ = R? the second step has to be performed also on the symbol
L. Then the complete sufficient condition is: if for every k € R4\ {0} and o € ST1,
B eRw— LH(iPlk|, k) and € R — L(if,0) never crosses the real-azis beyond 1,
then the linear stability criterion is satisfied.

5.2 Computations of Laplace transforms for the Penrose
criterion

In order to find an expression for the stability criterion, we compute 2% (w|k|, k) on
the imaginary axis: namely, with g € R, we consider

LA IR, k) = lim LA (o +iB) k], K)

a>0
= polai(k)|? {5339 Zpe((a+iB)k|) } {ggé L (tk[*M (th)) (o +iB)|k]) |

where
v M(v) = poM(v), po >0, /M(v)dvzl.

The computation of the Laplace transform of ¢ — t|k|2 M (tk) is based on the Plemelj
formula; see [14, Example 5.2], which leads to (see [27, Proposition 2.1])

Foe iy ()

pa dr — impg i (= B),

lim 2 (t|k2 M (kt)) (0 + iB)|K|, k) = —P.V./
a0 R

where P.V. denotes the usual principal value operator and where py/x is the one-
dimensional marginal of M defined by

k
7 r :/ M(r— +wv, )dv,.
) = | M)

Next, the Laplace transform of p. can be determined by using the classical result [28,
Formula (VI,2;13)]

0
Rk

For a > 0, § € R, we thus get (we recall that p. is defined by

2L (>0 sin(0t)) (w) for Re(w) > 0.

. 1 52(¢) I
oo+ KD = Gz [ e v
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Since o9 is radially symmetric, its Fourier transform is radially symmetric too and we
can write

’ sn— 1‘ +00 7“"71‘32(?”)’2
2o Jo o (@ = B2)|k|? + Ar? + 2iab|k|?

In order to compute this integral we will apply the following Plemelj-like formula.

ZLpe((o +iB)|k]) =

Lemma 5.2 Letn > 3. Let f: R — R be Schwartz class. We have for any k # 0,

] +o00 r”_lf(r) +00 ’r’n_lf(T) T _—
;/\\gr(l? =y v S dr—P.V./ ﬁdr—sgn(ﬁs)gﬁ; f(&l)-

We postpone the proof of this claim at the end of the section. We apply this formula
with f(r) = |62(r)|?, A = alk|/c and k = B|k|/c in order to obtain

lim Zpe((e+if)|k)

a>0
1sm oo rn Gy (r) 2 im BlkIN2 . (IBK[\|?
=2 (@2 (PV /0 2 PR dr—san(8) 5 (5 7) (0] -

r

We point out that Lemma cannot be applied with § = 0, nevertheless the previous
formula makes sense even when 8 = 0: in this case a direct application of the dominated
convergence theorem allows us to obtain

. 1 52(¢) K
1 (alk|) = dec = =
lim Zoc(olk) = e [ TR ac= 4
a>0
which is consistent with the general formula.

Therefore, we obtain the following expression for .Z.# (i3|k|, k) which identifies the

real and imaginary parts

n—1
A LK) = S B D @ GIHL ) + i (3], ).
where
_ oo Gy (r) “k/\kl r)
%(5|k!,k)——(P.V./O - 6%2 )( [P ar
= Blk[\n=2 . ([Bk|
— sgn (5)?(?) ‘ (T)’ 11/ (=),
and
+oo ,.n—1|2 2
F(BIELK) = — p 0y (=) (P.v. / _’“Bﬂkf‘d)

+sgn(/8);r(|f|)n_2\&2(mf‘)f (P.V./Rui/fg) dr).
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It leads to the Penrose stability criterion, hereafter denoted (P):

If
sgn(B) (BlE[N"2 | . /|BE|\ /2 1y 11 ()

+oo .n—1|% 2
o o (r)]
- Mk/|k|(_5) (PV/O 9 _ B2k dr 5

T 02

then

oIS e L/+“wmw&xrn2 /‘M@mﬂﬂ
2 2 |1 (k)| P.V. ; 2 PP dr | [ P.V. B dr

+ Sglﬂ(ﬂ)WQ(ﬂ'k')n_2 ‘@(@C)’Q%/m(—ﬂ)} <L

2 c

When X¢ = R, the Penrose criterion (P) has to be completed with the following
criterion (hereafter denoted (P?)): for all w € S¢

/
if 1/ (—8) = 0 then — 22" |5, (0)2 (P.V./M“(r)d ) <1,
if 4, (~8) = 0 then — 257 ,(0) [ ar
We conclude that, when (P) (resp. (P) and (P’)) is satisfied, then [(L)|holds. This
criterion is much more involved than the Penrose criterion for the Vlasov equation,
because the memory term p. completely changes the evaluation of the symbol Z.¢
and does not keep a simple separation between the real and imaginary parts.

Remark 5.3 Let us rescale the problem as in [9]: roughly speaking, it amounts to
replace the wave equation by

O2p — A = —cPog o1 * p.

Letting ¢ run to +o00, the problem looks like the Vlasov equation where the self-consistent
potential is defined by the convolution —koy * o1 % p. According to [27], the stability
criterion for this limiting problem reads

_ Hi 11 (7)
if”;c/\k\(_ﬁ) =0, then — pok |a1(k)|? (P.V./Rl;/lfﬁdr> <1,

which corresponds to the limit ¢ — +oo in the rescaled version of (P) (note that in
this scaling the symbol L% is muitliplied by c?). In particular, mind the minus sign
in front of the coefficient po|oi(k)|?: it makes the situation very similar to those of the
attractive Viasov-system.

We finish this section with the proof of the Plemelj like formula that we used in
order to compute the Laplace transform of p..
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Proof of Lemma Let us denote by I(\) the quantity under consideration and

f(r) = g(r?); with the change of variable u = r? we get

L[ v(w)
M) =< d
() 2/0 u— RZ A2 1 2N

where v(u) = u? 1g(u). We adapt the computations that lead to Plemelj’s formula.
It is crucial to remark that

v € LP((0,00)) for some 1 < p < 2. (51)
(At worst, 7/(u) has the same singularity as 1/y/u as u — 0.) We start with
1o 7(u) 242
IA) =< — A7) d
) 2/0 (u—/i2+/\2)2+4n2/\2(u R A du

24K\ /+oo ~y(u) du
2 Jo  (u—rKZ+AN)244r2N2

Setting v = u — k2 + A2, and w = v/(2|x|)\), the second term recasts as

ik [T v+ kP=A%) dv i [T Y(2|k|Aw + K — A2)
2k 2 2lk|A —sgn(n)§ 1( Il w?+1 v
—RZHN? (ﬁ) +1 -3 (&%)

which tends to —isgn(x)mv(k2)/2 as A — 0. Similarly, we consider

+00 v
J\) = . — 2 _\) do.
() /;#—i-/\? 02+4/€2)\2’Y(U+H ) dv

Since A is intended to tend to 0, we can consider x2 > A2 > 0 Given 0 < § < k% — A2,
we split into 2 parts

+4

J(\) :/||>6...dv+/6 oodv = J0(N) 4+ Js(N).

First, we show that Js(\) tends to 0 as § — 0, uniformly with respect to \. Indeed,
since v = v/(v? + A?) is odd and thanks to we have

o v 2 2 2 2
|J5(A)\:‘/5 m[y(v—l—m - X)) —~(k —)\)} dv

o [
SH’YHLP/(S de m 0.

By dominated convergence, we get (owing to the fast decay at infinity of /)

2
lim JO(\) :/| 61U2_H2’de
>

A—0 v

-6 2\ 2 K2 2\ 2 +oo 2
:/ V(v + K7 'Y(f@)dwr/ V(v + K7 ’y(ff)dwr/ pICR
_x2 v s v 2 v

The same reasoning shows that this quantity admits a limit as 6 goes 0, that we write
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with the shorthand notation
® y(v + K?)
v

lim lim J°()\) = P.V. dv.

6—0A—0 k2

5.3 Stable and unstable states

The criterion (P) is a bit ugly and not that practical. Nevertheless, some relevant
information can be extracted from the formula, showing again the similarity with the
attractive Vlasov-Poisson equation.

Proposition 5.4 Let X¢ = R? with d > 3. Let .# be a spatially homogeneous and
radially symmetric equilibrium. Then, there exists a threshold for the wave speed
co(A ,01,09) > 0 such that for any 0 < ¢ < co(M ,01,02), A in an unstable equilib-
rium state.

Proof. We find k and 8 such that £ % (i8|k|,k) = 1. To this end, we use the fact
that Zp(if|k|) belongs to R for f = 0 and the radial symmetry of .# which implies
that £ (|k|*tM (tk))(iB|k|, k) is real too when 3 = 0:

LA (0, k) = —po |51 (k)2 (P.V./H{Wda Ly (52)

r C

Moreover, the symmetry of .# (and the condition on the dimension d, see Remark
below) also ensures (except for .#Z = 0, but 0 is obviously a stable state)

_ (P.V./ Wdr) > 0.
R T

Now let us pick a vector kg such that o1 (ko) # 0. As far as ¢ is small enough, we have
LK (0,ko) > 1. Next,
LA (0, \kg) — 0

A——+00

and the continuity of A € R +— 71(Akg) (observe that Ako/|A\ko| does not depend on A
and thus only 1 depends on A in the expression of £.¢ (0, \kg)), allow us to exhibit
a Ao € R such that Z.2°(0, \oko) = 1. [ |

Remark 5.5 The condition d > 3 ensures that all marginals of a non negative radially
symmetric function .# are non increasing function of |v|, see [27, Remark 2.2], which

yields
Foe iy (7
- (P.V./ "Wdr> > 0. (53)
R

r

When d =1 or d = 2 this does not hold in full generality. Nevertheless, Proposition
still holds provided 1s fulfilled.
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Remark 5.6 When X% = T, the same proof shows that, for any spatially homoge-
neous and radially symmetric equilibrium, we can find some wave speed ¢ such that A
is unstable. However, since k € 7%, it is not clear that we can exhibit a non trivial
interval [0, co(.#)] such that instability occurs.

To identify a threshold on ¢ determining whether or not the stability criterion holds
can be interpreted by means of Jeans’ criterion, a standard criterion for the Viasov-
Poisson system, see [27, Proposition 2.1 & Remark 2.2]). To be more specific, let
us consider a form function o1 defined on R, the Fourier transform of which has a
singularity at £ = 0: typically 51(k) = |k|™ for some a > 1. Of course, such singular
potential is beyond the analysis detailed in this paper; we only use this assumption to
establish a parallel with the usual Jeans’ criterion. Let ogL) be the periodic potential

defined on T¢ = (R/(2rL 7)) by

O’EL) (z) = Z o1(x+2nwLk).
kezd

—

Observing that O’%L)(k‘) =01(k/L), |(52)| becomes

LAHOK) = —poer (P.V. / Wdr) a
R

_P0|k’20 r ?7

where L has a role similar to 1/c. In particular, for any spatially homogeneous equilib-
rium A , there exists a critical length Ly beyond which the equilibrium can be unstable,
this defines Jeans’ length.

Remark 5.7 Denoting A4 = poM , with M being normalized, we can equally say (with
the same arguments) that, for any fized wave speed ¢ we can find a mass threshold
mo(M, c,01,02) > 0 such that for any po > mo(M,c,o01,02), A is unstable. Never-
theless we point out that, for c¢ fixed, the mass py of the profile M is not the unique
quantity that governs the stability of . , as indicated by the following claim

Proposition 5.8 Let .# be a spatially homogeneous equilibrium. We can find two
positive constants C; = Cy(c,01,02) and Cy = Co(c,01,02) such that

o~

“+00
if, for any w € S¢, we have / U ‘(//(uw)} du < Ci(c,01,02), then A is stable,
0

o~

+oo
if there exists w € S such that / uM (uw) du > Co(c, 01,02), then A is unstable .
0

This statement can be interpreted as follows. For fixed ¢, o1 and o9 there always
exist stable spatially homogeneous equilibria with an arbitrarily large mass (resp. ki-
netic energy), and there always exist unstable spatially homogeneous equilibria with
an arbitrarily small mass (resp. kinetic energy). This comes from the fact that the
constant Cy and Cy in Proposition 5.8 are left invariant by the rescaling M — Mj(v) =
X2 7 (M), while the associated mass (resp. kinetic energy) is invariant for the scal-
ing M — M. (\) (resp. M — XH2.4()\v)). These findings are investigated on

o8



numerical grounds in [18].

Proof. The first part of the statement is a direct consequence of Proposition
which tells us that a given profile .# is stable provided c is large enough. The second
part of the statement is a direct consequence of Proposition and it comes from the
formula

—

(kP (tk))(0, k) = po (P.V. /R wdr) = /0 = uAM (uw) du.

r
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