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Daniel Han-Kwan* and Maxime Hauray'

Abstract

This work is concerned with the quasineutral limit of the one-dimensional Vlasov-Poisson
equation, for initial data close to stationary homogeneous profiles. Our objective is threefold:
first, we provide a proof of the fact that the formal limit does not hold for homogeneous
profiles that satisfy the Penrose instability criterion. Second, we prove on the other hand
that the limit is true for homogeneous profiles that satisfy some monotonicity condition,
together with a symmetry condition. We handle the case of well-prepared as well as ill-
prepared data. Last, we study a stationary boundary-value problem for the formal limit,
the so-called quasineutral Vlasov equation. We show the existence of numerous stationary
states, with a lot of freedom in the construction (compared to that of BGK waves for
Vlasov-Poisson): this illustrates the degeneracy of the limit equation.
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1 Introduction

The one-dimensional Vlasov-Poisson equation and its quasineutral limit. We study
the dynamics of electrons in a plasma, in the presence of ions that are assumed to be immobile
and uniformly distributed in space. We assume that this dynamics is described by the Vlasov-
Poisson equation. We introduce a positive parameter ¢, defined as the ratio of the so-called
Debye length of the plasma to the typical size of the domain. Loosely speaking, the Debye
length is the typical length of electrostatic interaction and in most physical situations, the ratio
¢ is small: ¢ < 1. For a physically oriented discussion on the points mentioned above (and
below), we refer to [35].

Throughout this paper, we will focus on the one-dimensional and periodic (in space) case.
In this framework, we define f.(¢,x,v) the distribution function of the electrons, for ¢t € R™,
x € T:=R/Z and v € R, so that f.(¢,z,v) dvdzx can be interpreted as the probability of finding
electrons at time ¢ with position close to x and velocity close to v. We also introduce the electric
potential V. (¢,z) and the associated electric field —0, V. (¢, ). After nondimensionalization (see
[35]), the rescaled 1D Vlasov-Poisson equation reads

atfs + Uamfs — 0, V: 8vfs =0,
2. = [ o1 (L1)

with an initial condition fo. € L'(T x R) such that for >0, [ fo.dvdz = 1.
The energy associated to the system (1.1) is the following functional

2
el =y [ LhPdvds+ 5 [ .vAg)Pds (12)
1 1
= 2/f51)|2dvdx+2/vg[f£] pe da.

We have used here the notation V.[f.] in order to emphasize that the potential V. depends
on the distribution function f.. We will often forget to mention explicitly this dependance in
the sequel, in order to lighten the notations.

In the following, we consider (most of the time) global strong solutions to the system (1.1),
with bounded initial energy &:[foc]. This entails that the energy &.(t) = E:[f-(t)] is preserved,
as so is [ Q(f:)dxzdv, for any continuous function @ (and for any ¢). Remark that in this
one-dimensional case, the strongness assumption is not a huge restriction since there is a weak-
strong stability principle for solutions whose density p. remains bounded in L for all times [37,



Theorem 1.9]. This last property can be ensured for instance if fy . is bounded from above by
a profile go(|v]) that is decreasing, bounded, and integrable.

In this paper, we shall study the behavior of solutions to (1.1) as € — 0, a limit that we
shall refer to as the quasineutral limit.

The formal limit : the quasineutral Vlasov equation. We begin with a brief formal
analysis of the limit ¢ — 0. Let us assume that in some sense, we have f. — f and V. — V.
The formal limit is straightforward : only the Poisson equation is affected and degenerates into
p:= [ fdv=1. The limit system then reads

O f +v0,f— 0., Vo,f=0,
[ fdv =1,
which we shall refer to as the quasineutral Viasov equation.

We observe that the total energy associated to this system corresponds only to the kinetic
part of (1.2)

(1.3)

Elf] = ;/f|v|2dvdx. (1.4)

The unknown potential V' can be seen as a Lagrange multiplier, or a pressure, associated
to the “incompressibility” constraint p = 1. But an explicit equation for V is “hidden” in the
equation. Indeed, if we integrate the transport equation (1.3) with respect to v, we get the
“zero divergence” constraint on the current j

8$.] — 0’ Where j(t’ "L‘) = /’Uf(t, ﬂf,v)dv, (]_5)

which implies that j is only a function of time. Next, we use the equation on the local momen-
tum, obtained after multiplication of equation (1.3) by v and integration in v

O4j + Oy (/v2fdv+v) =0. (1.6)

It implies that d;j which is only a function of time, is also a gradient in z. The only possibility
is that 0y = 0, (f v2fdv + V) = 0, so that j should be constant in time and position (and a

fortiori at time 0).
In particular, we get a kind of “pressure law” : the potential V is, up to a constant, the
opposite of the local kinetic energy

V= —/vadv. (1.7)

For this reason this quasineutral limit can somehow be seen as a kinetic version of the
classical incompressible limit of fluid mechanics (we refer to Gallagher [23] for a review on this
topic). To go even further into the analogy, System (1.3) and its higher dimensional dimension
generalizations can be interpreted as the kinetic version of the incompressible Euler system,
as it has been pointed out by Brenier [14]. One interesting feature of this system is that it
still makes sense in one dimension, which is of course not the case for the incompressible Euler
equation. For a numerical analysis of the pressure law (1.7), we refer to [21], where it is used
in an attempt to get an asymptotic preserving scheme in the quasineutral limit.

To the best of our knowledge, only little is known about the (local) well-posedness of the
quasineutral Vlasov equation (1.3). The local in time existence of analytic solutions is shown



in [13, Theorem 1.1]; the case under consideration here corresponds to f = 0 = o = 0 in this
reference. Similar results [35, 39, 6] have also been proved for a related system of equations,
namely

{ Orf +v0,f — 0, VO, f =0,

y (1.8)

which was called Vlasov-Dirac-Benney by Bardos [4]. The local in time existence in Sobolev
spaces of monotonic solutions to (1.8) (precisely, solutions that are for any x, increasing and then
decreasing in v) is shown in [12, 4]. We also refer to the very recent work [5]. However, at least
to our knowledge, such a result is not known for the quasineutral Vlasov equation (1.3). Remark
also that [4] contains an interesting argument, that suggests ill-posedness for non monotone (in
the above sense) and non analytic initial conditions.

The problem of well-posedness of (1.3) is not the main topic of this paper: we rather focus
on the justification of the quasineutral limit (although the two questions are of course related).
Does the asymptotics

fe(t,z,v) = f(t,z,v), (1.9)

where f. satisfies (1.1) and f satisfies (1.3), holds when ¢ — 0 and fo. =~ f;—¢? In this
paper, we will restrict ourselves to the particular case where f is an homogeneous equilibrium:
f(t,z,v) = p(v). In other words, we are in particular interested in the the question of stability
(or instability) around homogeneous equilibria in the quasineutral limit. The general case seems
much more difficult to handle, but the study of the quasineutral limit around such equilibria
already gives an overview of the problems raised by this limit.

Unstable and stable homogeneous equilibria for Vlasov-Poisson. Before going on,
we shall now recall some well-known facts about the stability or instability of homogeneous
equilibria (homogeneous meaning that the profile only depends on v) for the classical Vlasov-
Poisson equation

Of +v0sf — 0V O, f =0,

_O2V = /fdv _1 (1.10)
The question of the linear stability of such profiles is now quite well understood, and some
important results about the non-linear stability were also proved in the last years, culminating
in the proof of nonlinear Landau damping by Mouhot and Villani [47] (see also the very recent
paper by Bedrossian, Masmoudi and Mouhot [8]). In the sixties, O. Penrose gave in [49]
a famous criterion for the existence of unstable modes (or generalized eigenvalues) for the
linearized Vlasov-Poisson equation around an homogeneous profile p(v). It is related to the
existence of instabilities of kinetic nature, often referred to as two stream instabilities which
appear for homogeneous distributions in v, with two or more maxima. In dimension one, it may
be stated in the following way.

Definition 1.1. We say that an homogeneous profile u(v), such that [ pdv =1, satisfies the
Penrose instability criterion if p has a local minimum point © such that the following inequality

holds (v) )
w(v) — (v

If the local minimum is flat, i.e. is reached on an interval [v1,v2], then (1.11) has to be satisfied
for all v € [v1,Va].



Taking the regularity and decrease at infinity aside, this criterion is a necessary and sufficient
condition for the existence of unstable modes in the linearized equation around the homogeneous
profile © when the Vlasov-Poisson equation (1.10) is posed in the whole space R (for the position
variable ).

When we are restricted to a torus Tys := R/(MZ) of size M > 0, then it becomes more
involved to give a necessary and sufficient condition. But there still exists a rather straightfor-
ward necessary criterion: the linearized VP equation (1.10) around g is unstable only if x has

a local minimum v such that ) ®) )
w(v) — (v 47
— " dv > —. 1.12
/R w—02 7 M (1.12)
It is interesting to remark that the above necessary condition becomes actually sufficient if we
restricts to profile that are symmetric around v, i.e. (20 —v) = p(v) for all v € R: see for
instance [33, Lemma 2.1] for the case v = 0, M = 27. In fact, for these particular symmetric
profiles (and under some smoothness assumptions), Guo and Strauss also gave a nonlinear
instability result in [33].
We shall see later that the right criterion for our purposes (quasineutral limit in the torus
T) turns out to be (1.11) and we shall give more details on this fact in the section 3.1.

On the contrary, the Penrose criterion suggests that when g has no local minimum, i.e. p
is increasing and then decreasing, then the profile may be stable (see also [47, Section 2.2]). In
fact, it was proved by Marchioro and Pulvirenti in dimension one and two [43], and by Batt
and Rein in dimension three [7] that radially decreasing profiles are indeed non linearly stable.
Their proof relies on rearrangement inequalities.

To our knowledge, the only result that proves nonlinear stability without any symmetry
assumption is the work of Mouhot and Villani on Landau damping: [47, Theorem 2.2] implies
some “orbital” stability, but only for Gevrey perturbations of a Gevrey homogeneous profile.

The mathematical difficulties of the quasineutral limit. The mathematical analysis
is more subtle than what the formal analysis would suggest. As already mentioned, we focus
on the quasineutral limit around an unstable homogeneous profile u(v), i.e. for initial data
converging in some sense to u(v).

The role of the stable or unstable nature of y in the analysis of the limit was pointed out by
Grenier in [29]. Indeed, a major obstruction to the asymptotics arises when a profile y satisfies
the Penrose instability criterion of Definition 1.1. One can remark that such a profile p is a
stationary solution of (1.1) and also (1.3), with an electric field identically equal to zero, as
it is the case for any distribution function depending only on v. In the short proceeding note
[29], Grenier explains, without giving a proof, why for such profiles, the formal convergence to
the expected system (1.3) is in general false. Basically, the idea is that thanks to some scaling
invariance of the Vlasov-Poisson equation (1.1), the instabilities (whenever they exist) develop
on a very short timescale of order e.

A consequence is that the linearized quasineutral or Vlasov-Dirac-Benney equations around
an unstable equilibrium have a unbounded spectrum : it possesses eigenvalues with arbitrary
high real part. See the analysis in [4, 6] for the Vlasov-Dirac-Benney case.

Even when we consider stable homogeneous profiles (with one and only one “hump”), a
second difficulty arises : it is due to the presence of time oscillations of frequency € and amplitude
O(e71) of the electric field, usually referred to as plasma oscillations or Langmuir waves (see
for instance [28]). We will describe these more carefully in Section 4.3. Let us just emphasize



here that these oscillations are not damped: they do carry a constant amount of energy, and the
problem is very different from an initial boundary layer problem. Therefore, these oscillations
have an impact on the formal limit.

State of the art. One of the first mathematical works on the quasineutral limit of the Vlasov-
Poisson equation was performed by Brenier and Grenier in [18, 27], using the defect measure
approach, originally introduced in [22] for the Euler equation. In these works, the limit of the
two first moments in v is studied. In the limit equations, in addition to the terms one could
formally guess, two defect measures appear, which account for the lack of compactness, together
with time oscillations. Loosely speaking, it is explained that the defect measures are more or
less related to the possible very fast instabilities, while the time oscillations are due to the fast
Langmuir waves.

In a subsequent work [28], Grenier gives another description of what happens in the quasineu-
tral limit, using a somewhat unusual point of view. He describes the plasma as a superposition
of a (possibly uncountable) collection of fluids : the distribution function is written under the
form

fo(t x,0) = /M 5t )05 1.0y ()1 (d9),

where 0 is a parameter belonging to some probability space M and p is a probability measure on
that space. This is quite general since any reasonable distribution f may be written under this
form (actually in a very large number of ways), and in particular it applies to the “cold electrons”
case, i.e. when the sequence of initial distribution fo. converges towards a monokinetic profile
of the form

fo(x,v) = po(2)du(a) (v), (1.13)

where d denotes as usual the Dirac measure. Under some strong uniform regularity assumption
on the whole sequence of solutions, which ensures that the instability phenomena discussed
before (such as two stream instabilities) are not present, he proved that if the fast and undamped
plasma oscillations are “filtered”, the collection (pj§,v§)ecns converges (up to some extraction)
to a solution of a multiphase incompressible Euler system. Moreover, he also shows that the
strong regularity assumptions are fulfilled if the sequence of initial conditions converges in some
space of analytic functions.

The previous convergence result of Grenier was improved in two directions by Brenier [16]
and Masmoudi [44], in the “cold electrons” case only. Brenier introduced the “modulated
energy” method (also called relative entropy method) and proved stability estimates which
entail the convergence for “well-prepared” initial data towards a dissipative solution of the
Euler equation, a very weak notion of solutions introduced by Lions in [42] which satisfy a weak-
strong uniqueness principle. In particular, Brenier’s technique has the advantage to require weak
regularity assumptions. These well-prepared initial conditions correspond exactly to those for
which the Langmuir waves vanish in the limit.

The stability estimates of Brenier are natural since monokinetic initial data of the form (1.13)
correspond to an “extremal” case of symmetric and monotonic profiles. He also explained how
the results obtained in [18, 27] on the existence of defect measures may lead to the same result.
Later, Masmoudi extended in [44] the convergence to non necessarily well-prepared initial data,
but with stronger regularity assumptions on the limit equation. His work combines the filtration
technique and the modulated energy method.



2 Main results

In this work, we provide three types of results, related to the quasineutral limit and stationary
states.

e Let u(v) be a profile satisfying the Penrose instability criterion of Definition 1.1, and a
technical condition (that essentially forbids the presence of isolated zeros and fast oscilla-
tions on its tail, see Definitions 2.1 and 3.1). Our first result asserts that even if fo . — p
in W;ll, for some s € N, as ¢ — 0, the asymptotics

fe(t,) = u(), as e—=0 (2.1)

where f is the solution to (1.1) with initial datum fo ., is only true for ¢ = 0 and does not
hold on an interval of time [0, 7], for any 7" > 0, and any W, ! norm, r € N. Actually,
the results we prove are more accurate, see Theorem 2.1. In other words, we provide a
complete proof of the result suggested by Grenier in his note [29] (actually for a larger
class of homogeneous equilibria and in general topologies).

e Conversely, we are able to justify the asymptotics (2.1), on any interval of time [0, 7], as
soon as ju(v) satisfy a monotonicity and a symmetry condition (along with some other
minor technical conditions), see Theorems 2.2 and 2.3. In some sense, it extends in
dimension one the stability results of Brenier [16] and Masmoudi [44] to some cases of
initial data which do not converge to a monokinetic profile.

e We show the existence of an uncountably infinite number of stationary solutions (or “BGK
waves”) to a boundary value problem associated to (1.3), with a lot of freedom in the
construction. This is due to the possible presence of trapped particles, whose density is
shown to depend in a very simple way on the boundary conditions, see Theorem 2.4. We
shall discuss the potential consequences on the stability properties of (1.3) below.

Let us now describe more precisely each of these results.

2.1 Unstable case.

Before stating or instability result, we need to introduce a technical condition:

Definition 2.1. We say that a positive and C' profile u(v) satisfies the &-condition if

sup )] < +00. (2.2)

vek (14 [o])u(v)

In the sequel, we shall also introduce a more general (but also more technical) condition
that allows to handle some non-negative profile, see the §’-condition of Definition 3.1 for details.

We are now in position to state the “instability” result. As usual, the notation W;% refers
to the classical Sobolev spaces built on L;W(T x R) and of order s. In what follows, we say that
a profile p(v) is smooth if it belongs to Wy, L for all s € N. We shall use the following convention
in the statement of the theorem: the notation (f.) (with the continuous parameter € > 0) refers
in fact to a sequence (), going to 0 and a sequence (fz, k-

Theorem 2.1. Let u(v) be a smooth profile satisfying the Penrose instability criterion of Def-
inition 1.1. Assume either that p is positive and satifies the d-condition of Definition 2.1, or



that u is non-negative and satisfies the &' -condition of Definition 3.1. For any N >0 and s > 0,
there exists a sequence of non-negative initial data (foe) such that

oo = pillypsr <€V,

and denoting by (f:) the sequence of solutions to (1.1) with initial data (foc), the following
holds:

i) L' instability for the macroscopic observables: the density p. := [ fedv, and the
electric field E. = —0, V.. For all « € [0,1), we have

liminf sup ||p(t) — 1|1 >0, liminf sup el/E;| 1 > 0. (2.3)
=0 0,69 e =0 4e[0,e9] e

ii) Full instability for the distribution function: for any r € Z, we have

liminf sup ||fe(t) — pllyyr2 > 0. (2.4)
€20 tefoev] nv

For t = 0, by construction, we have lim._q HPO,a—luL}c = lim._q HEO’EHL% = 0. This theorem
can thus be rephrased as follows: there exist small smooth perturbations of fy for which the
corresponding solutions of (1.1) do not converge to the expected stationary solution p in a weak
W—"1_sense for any r € N.

Remark 2.1. [t is possible to lower down the required reqularity on the profile u, see Remark
3.1.

Remark 2.2. Keeping the notations of the theorem, we can actually show that for any r € N,

1
lim inf t)—1 1 > 0, 2.5
gy tes[gls)a] er llp=(2) HWw ' (2

Note however that the instability is not directly seen in the W—5-norm of the density. This is
due to the preservation of the total energy that provides stability in weak norms on macroscopic

observables:
HPE(t) - 1“{4{;171 < 052”E€”1 < Ce \/ gs[fo,s]-

The d-condition of Definition 2.1 and the §’-condition of Definition 3.1 are precisely intro-
duced in order to force that the sequence of initial data we build in Theorem 2.1 is non-negative,
and thus to ensure their physical relevancy (and this their only purpose). We refer to the paper
of Guo and Strauss [34] where the same problem is faced.

The §-condition (2.2) is quite general: it is satisfied by positive profiles that, for large
velocities, do not oscillate too much and decrease slower than some Maxwellian distribution.
For instance profiles

e which coincide with a power law for large velocities, i.e.

A
wu(v) = —1, for v large enough, with A1, Ay > 0;
|v]A2

e which coincide with Maxwellian profiles for large velocities, i.e.

w(v) = )\1€_>\2|U|2, for v large enough, with Ay, Ay > 0.



Nevertheless, profiles that vanish at some point never satisfy the d-condition. However the
§’-condition of Definition 3.1 allows to handle profiles that vanish (at infinite order only) or
decrease faster than exponentially. As it is not very explicit, we postpone its precise statement
to the subsection 3.4 and detail some sufficient conditions in the following Proposition.

Proposition 2.1. The §'-condition of Definition 3.1 is satisfied if one of the following holds
true:

i. the profile u is positive and satisfy for v large enough with a > 1 and Cy > 0

Lo < K@)
%"Suw

< Ca [0]*; (2.6)

1. the profile p is C* on the whole line R, positive on the union of a finite number of disjoints
open interval (a;,b;) and equal to zero outside, and for all i, there exists €1 such that on
(@i, a; + i) (resp. on (b; —¢€;,b;)), p satisfies for some C; > 0 and B; > 1 (resp. C} >0
and 3, > 1)

1 _a "(v) _a
1B < M ) Bi
v — a < <Cilv—a , 2.7
ool < T < Gifo — o (2.7)
1 _ /J,/(’U) _ Al
= lo=b P < < Clo— b 7P
resp. o= bl < B < Ol b

The case where some b; is equal to some a; is allowed, but only with the additional as-
sumption that the profil p should vanish at any order (all derivative should vanish) at this
point.

A miz of points i. and ii. is also allowed. On the other hand, the &'-condition of Definition 3.1
is not satisfied if p has a zero with finite order.

Proposition 2.1 will be proved after Theorem 2.1. It covers a large variety of profiles. Loosely
speaking, we have:

e Point ¢. is satisfied by positive profiles that do not oscillate for large velocities and decrease
very fast: for instance, p(v) ~jy—4o00 exp(—|v[*), with a > 2.

e Point ii. is satisfied by some smooth profiles with compact support: for instance
p(v) = exp(—(b—v)"'(v —a)~') on (a,b) and 0 outside.

However, while it is possible to handle zero of infinite order in p , zeros of finite (and
especially small) order may raise difficulties. As a matter of fact, our proof is not relevant if p
possesses a zero with small order. We are not able to say if this is only a technical point, or a
more important physical point.

2.2 Stable case.

We now restrict to particular homogeneous stable equilibria. The precise conditions we require
are listed in the following definition.

Definition 2.2 (S-stability). We will say that a profile p satisfying [ pu(v)dv =1 is S-stable
if the four following conditions are fulfilled:

i) Continuity: p is continuous on R.

i) Finite energy: [ u(v)v?dv < +oo0.



i11) Monotonocity: There is v € R, such that v — p(v) is increasing for v < v and decreasing
for v >, and so p reaches its unique maximum at v.

iv) Symmetry: For all v € R, u(20 —v) = p(v).

In this case, there is a unique continuous and increasing function ¢ : (—oo,0] — RT such that

_ o2 0
wu(v) = (p(— [v 2U| >, and / e(u)v—udu < 4o0. (2.8)
—0o0
In Theorems 2.2 and 2.3, we will justify the quasineutral limit around such stable equilibria.
The stability of the solution f. of (1.1) around g will be controlled thanks to the so-called
“Casimir functionals” defined in the following

Definition 2.3. For any S-stable profile, to which we associate the function ¢ defined in (2.8),
we introduce a function Q : RY — R satisfying Q(0) = 0 and Q" = ¢~ ! on the range of .
Outside this range, the only condition is that Q' is increasing and continuous so that Q is
globally convex and C* on RY. For such a function Q, we can define the associated Casimir
functional

Ho(f) = [ (QU) = Q) = Q{7 ) dud, (29)
which is well defined with value in [0, 4+00].

Remark that there is some freedom in the choice of (), whose values are imposed only on
the range of ¢. But all the results will shall give in the sequel are valid independently of the
particular choice made for Q.

This “Casimir functional” is a kind of relative entropy for the Vlasov-Poisson equation;
it is built in order to be minimized by p. Similar quantities were originally introduced by
Arnold [1, 2] for fluid models. Later, their use was generalized to plasma models in [38]. The
first fully rigorous application of these functionals to plasmas was performed by Rein in [50]: he
used them to prove the L? stability around compactly supported equilibria that are decreasing
function of the energy. We also refer to that article for a very clear explanation of their interest.
This result was later extended in [19] to non compact equilibria. As we shall see in Section 4,
the above quantity (2.9), may control LP norms

1
Ilfe — MH;% < GHQ(fE)’ for some p, for instance p =1, 2.

We refer to Proposition 4.1 and more generally to section 4.1 for more details. Therefore, all the
following results, showing that Hg(f:) (or Hg applied to some filtered distribution function)
remains small under some assumption on the initial conditions, may be translated in results of
stability in more usual norms.

Our first result of stability is given in the following

Theorem 2.2. Let p be a S-stable stationary solution to (1.3) of the form given in (2.8).
Assume that there exists n > 0, such that p satisfies

/u(v)(l + 02 dv < +o0. (2.10)

For alle > 0, let (f-,Vz) be a strong solution to (1.1), with initial datum fy. and define the

“modulated energy”
2

LoAf) = Ho(f) + 5 [ (@:.Pde. 2.11)

10



Then, L. is a Lyapunov functional in the sense that
vVt € RT, Le[fe(t)] = L[ foe]-

The proof consists in a reformulation of the functional £, that shows that it is composed
only of invariant quantities. Remark that the assumption that p is S-stable is crucial since
otherwise, we can not even define an associated Casimir functional.

Remark 2.3. It is also possible in this theorem to consider a sequence of global weak solutions
to (1.1) in the sense of Arsenev [3], in which case the conclusion becomes

VteRY,  L[f-(t)] < Le[foel-

The above theorem is particularly useful when the initial potential energy vanishes in the
limit, that is when [|0;Vocl2 = o(e7!), or in other words when |poe — 1fz-1 = o(e). It
corresponds to what we can call well-prepared initial data, for which there are no plasma
oscillations in the limit. In this situation, we can express the conclusion of the previous theorem
as follows

Corollary 2.1. If the sequence of initial data is well-prepared in the sense that L.[f-o] — 0,
then for allt > 0, L:[f:(t)] = 0. Moreover the rate of convergence to 0 for any positive time is
the same as the one at initial time.

This corollary is thus orthogonal to Theorem 2.1, since it tells us that when the profile
is S-stable, then it is not possible to find initial conditions satisfying the conclusions of that
theorem.

On the other hand, this does not say much if the data are not well-prepared. For instance,
in the case where Vp . displays some oscillations in space, then we do not expect the plasma
oscillations to vanish, and we have to filter them in order to prove a convergence result. The
precise result is the following.

Theorem 2.3. Let p be a S-stable stationary solution to (1.3) of the form given in (2.8).
Assume that there exists n > 0, such that p satisfies

/u(v)(l + 02T dv < +oo0. (2.12)

For alle > 0, let (f,VZ) be a global strong solution to (1.1), with initial datum fo.. For any
smooth potential Vy such that Opp Vo € L, we define an associated “modulated free energy”

£O(t) := Hg [fe (t,x, v — 0, Vp(x — vt) sin t)]

. c - (2.13)
+3 / [saxvg — 8,V (x — Bt) cos g] dz.

Then, we can control the growth of EEO in the sense that there exists a constant K > 0, depending
on |02 Volloo and ||0z22 V0|00, Such that for any t >0

vt >0, L£9(t) < elPeeVollreet [ﬁS(O) + Ke(1+ &0+ Qg70)]7 (2.14)
where )
o0 =E(foe), and Q.0 := / <|Q|(f870) + Q;f(?())> dvdzx. (2.15)
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Of course, this theorem implies the following stability result

Corollary 2.2. Assume in addition to the hypotheses of Theorem 2.3 that f.o satisfies the
(very weak) bound

5570 + QE,O = 0(5_1)'
If C?[fao] — 0, then for allt > 0, C?[fs(t)] — 0.

Note that the best possible rate of convergence is given by e, contrary to the well-prepared
case, and that this best rate is reached when & o and Q. ¢ are uniformly bounded in e.

Remark 2.4. Observe that the plasma oscillations which have to be filtered are mostly oscilla-
tions in velocity. In fact, the density p. will remain close to 1. This may be quantified in some
cases, for instance when p is a Mazwellian equilibrium, in which case the Casimir functional is
the “usual” relative entropy (see iii) in Proposition 4.1).

Remark 2.5. In the ill-prepared case, to obtain stability, we have to add the assumption that
Qc0 is (not necessarly uniformly) bounded. This is not a huge requirement: for instance, when
w is a Mazwellian distribution, it only requires f-o(In f-0)? to be integrable (see again iii) in
Proposition 4.1).

In the case where Vjj does not have a bounded third derivative, an interpolation argument
still allows to get the following stability result.

Corollary 2.3. With the same notations and hypotheses of Theorem 2.3, except that we only
assume that 0., Vy € L, we obtain

2
V>0, LO(t) < 4e20Volleot [53(0) + K3 (14 &0+ Qg,o)ﬂ, (2.16)

for some constant K' depending only on ||0z2Vo|| co-

The argument is detailed at the end of Section 4.4. In this case, the best rate of convergence
is therefore given by 2/3.

Remark 2.6. Alternatively to the Modulated energy (or Casimir functional) technique developed
here, the technique of [43, 7] based on rearrangement inequalities may be used to prove the
stability in the well-prepared case. But this seems more difficult for the ill-prepared case. Indeed,
it relies on the fact that a S-stable profile (for v =0), will be the minimizer of the total energy
in some class of equi-measurable functions. It does not seem clear how to adapt this argument in
the ill-prepared case, mostly because the plasma oscillations do carry some energy in the limit.

2.3 Locally symmetric solutions to (1.3) are homogeneous.

The two previous theorems of stability rely on a natural monotonicity condition, but also on a
symmetry condition on f. Indeed, we use in a crucial way a Casimir functional, that can be
constructed only for symmetric profiles.

It is maybe also natural to expect that such conditions could be helpful to prove the con-
vergence for solutions to (1.3) which are not necessarily stationary, but which satisfy the mono-
tonicity condition and the symmetry condition at any time ¢ and any position x

v —0 ,x2
| ét )!)

VteRY, Vo eT, 30(t,2), prost. f(t,a,v) = %(— (2.17)

where ¢, : R™ — RT is increasing. Then, for such functions, it is easy to build (time and
position dependent) relevant Casimir functionals as in Definition 2.3. “Unfortunately”, they
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cannot help us to get a stability result around solutions of (1.3) with a non trivial dynamics,
since we shall prove that the only solutions (f, V') to (1.3) satisfying also (2.17) (along with some
weak regularity assumptions) are the stationary equilibria p for which © and ¢ are independent

of t and x .
o) = (-5 (2.18)

See Proposition 5.1 for the precise result. Loosely speaking, this means there is virtually no
hope of relying on a modulated energy method to derive the quasineutral Vlasov equation (1.3),
for non stationary data.

2.4 Construction of BGK waves for the quasineutral Vlasov equation.

In order to emphasize on the somewhat “degeneracy” of the limit system (1.3), we will also show
that the construction of the equivalent of what the so-called BGK waves in the Vlasov-Poisson
case [11] is much more degenerate in the quasineutral case. Precisely, we will study the following
boundary problem for the associated stationary kinetic equation

ax - amvav — 0’
Vot / (2.19)
p= ff(a:,v)dv =1,
on the space 2 = [0, 1] x R. The incoming boundary conditions are given by
f(0,v) = f{(v) %fv >0, 2.20)
f(Lv) = fo(v) ifv <0.

This model is the stationary equation associated to the quasineutral Vlasov equation (1.3),
with the boundary conditions (2.20). We prove the following

Theorem 2.4. Assume that ng : Rt = R are two nonnegative and measurable functions such
that [~ (fof (v) + fy (—v)) dv = 1. Define the function fr on (0,400) as below

friw =1 [ @+ 5 (-0)

™

uvdv

ol (2.21)

Then for any continuous potential V : [0,1] — R~ satisfying V(0) = V(1) = 0 the function

fJ( v2 + 2V(x)) if v>4/—2V(x),
(z,0) = f(z,0) = ¢ fi (=2 +2V(2)) if v<—/—2V(x), (2.22)
fT( —v2 — 2V(:c)) if v < /—2V(z),

together with V' gives a solution of (2.19) in the sense of distributions. Moreover, any solution
with V' nonpositive and vanishing at the boundary is of the above form.

The striking points in Theorem 2.4 are that:

e there is a huge freedom in the choice of the potential V. In particular there is no a priori
bound on its minimal value.

e the density of trapped function depends only on the boundary conditions fgc, and not on
the potential V.
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In some sense, this feature illustrates the degeneracy of the quasineutral Vlasov equation,
compared to the classical Vlasov-Poisson. For instance, the fact that fr is independent of V'
is due to the fact we pass from (2.19) to (2.23) by replacing a “local” equation by a Poisson
equation. More precisely, the corresponding problem in the Vlasov-Poisson case is the construc-
tion of the so called “BGK waves”, which was performed in the pioneering work of Bernstein,
Greene and Kruskal [11]. Consider the problem

{U a;cfz — 0, Vo0, f- = 0, (2.23)
—e202Ve = [ fedv — 1,

on the space Q = [0, 1] x R, with the same boundary conditions (2.20). Building on [11], we can
construct numerous solutions (fz, Vz) of (2.23)- (2.20), but in this case, the density of trapped
particles fr. always depends on the potential V., and this one cannot be completely arbitrary:
for instance it has to be bounded from below by some constant Ce™2.

BGK waves play an important role in the large time dynamics of the Vlasov-Poisson equa-
tion: we refer on this topic to the works of Lin and Zheng [40, 41]. The abundance of BGK waves
for the quasineutral Vlasov equation (1.3) shown in Theorem 2.4 suggests that the dynamics
for (1.3) is very rich.

2.5 The case of the Vlasov-Poison equation for ions.

The following Vlasov-Poisson equation

{ O fe +v0pfe — 0 Vo0 fc =0,
s (2.24)
aVe —e"0;Ve = p- — 1,

for some a > 0, is also worth studying. Such a model, which we shall call Viasov-Poisson
equation for ions is often encountered in plasma physics: it aims at describing the dynamics of
ions in a one dimensional plasma, when the electrons are assumed to be adiabatic (or massless),
so that they have reached a thermodynamic equilibrium. When € — 0, one formally obtains
the Vlasov-Dirac-Benney equation (1.8). This will also be studied later in this paper. We will
explain in the last section how to adapt most of our results to that case.

As a final remark, let us mention that it seems possible to adapt all the results stated here
to larger dimensions. It may be the goal of some future works.

2.6 Organization of the following of the paper.

The following is dedicated to the proofs of our main results. In Section 3, we deal with the
unstable case and provide a proof of Theorem 2.1. In Section 4 we study briefly the properties
of the Casimir functional, we heuristically derive the equation for the correctors that are nec-
essary in the ill-prepared case, and finally prove the stability Theorems 2.2 and 2.3. In Section
5, we prove that the only solutions to (1.3) satisfying locally everywhere the monotonicity and
symmetry condition (2.17) are necessarily stationary. Then, in Section 6, we turn to the con-
struction of BGK waves for (1.3) and prove Theorem 2.4. Finally, we explain how the results
of this paper can be adapted to handle the Vlasov-Poisson equation for ions with adiabatic
electrons in Section 7.
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3 Unstable case: proof of Theorem 2.1

In this section we will first give some elements about the linearized Vlasov-Poisson equation (1.1)
around homogeneous equilibria, and explain the relevancy of the Penrose criterion of Defini-
tion 1.1. Then, we shall provide a complete proof of Theorem 2.1.

That proof will rely on a instability theorem (Theorem 3.1) for the original Vlasov-Poisson
equation (1.10) that is interesting by its own. It is proved in subsection 3.3. Later, we introduce
the §’-condition, and explain the necessary modifications to perform in the proof of Theorem 3.1.

We will end this section by proving Proposition 2.1.

3.1 Linearized Vlasov-Poisson equation and Penrose criterion

In this paragraph, we work on Ty; x R, where we recall that Ty, := R/(MZ) and M > 0. Given
some smooth homogeneous equilibrium p(v), we study the linearized Vlasov-Poison equation
around p:

Of+Lf = 8tf+varf_awvﬂl =0,

> .
—8§V:/fdv, for t > 0,2 € Ty, v ER, (3.1)
with D(L) = {f € L. ,(Tar x R), [ fdvde =0, Lf € L} ,(Tar x R)}.
We shall rely on the description of the spectrum of the linearized Vlasov-Poisson equation,
which was performed by Degond in [20]. We gather some useful information from [20, Theorem
1.1] in the following proposition.

Proposition 3.1. Assume that u € W31, Consider the following dispersion relation, defined
for xe C\ iR and n € Z*:

2 / v
DA\ =1— (an)Q/RU’i(Z_;M dv. (3.2)

i) The spectrum of L is given by
o(L)=1MRU{Ne€C, 3In € Z*, D(n,\) =0}.

It is symmetric with respect to the real and imaginary axis. Moreover, A is an eigenvalue of T
if and only if X =0 or if there exists n € Z* such that D(n,\) = 0.
Moreover, there exists wo > 0 such that o(L) C {\ € C,|RA| < wp}.

it) If RA > 0, the set of solutions n of the equation D(n,\) = 0 is finite and denoted by

{n1,--- ,np}. In addition, a basis of the eigenspace associated to A is given by
27 / v
ezTﬂz%’jZL...’p _ (3.3)
v —i5s
2mn

In particular, these eigenfunctions associated to X\ belong to W*=b! if n € WL, and their
(27rn)2 7:27rnj
e ©

associated spatial densities are equal to o,

iii) Assume that p is smooth. For allT' > max{RX, X\ € o(L)} and all all s € N, there exists
Cg > 1 such that the following holds, for all hg € WH%(Ty; x R),

VE >0, e Thgllpss < CEelt |lhol|ps. (3.4)
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The proof of point 7) and 4i) in that Proposition is mostly done in [20, Theorem 1.1]. The
remarks about the regularity and the spatial density in point i) are plain consequences of the
particular form of the eigenfunctions, and of the dispersion relation (3.2). The estimate (3.4)
is a consequence of the fact that L generates a strongly continuous semi-group on L' and of
a standard bootstrap argument. The regularity assumptions on p are not optimal, see [20] for
details.

Remark that D(n,A) = 0 may be rewritten as

MM\ (27n)? ) [ (v)
GQ%m)_ 5. with G@y_év_cm. (3.5)
And in particular, there exists a eigenvalue A with positive real part if and only if
2mn\ 2
&t ot Y
{(M> ,neN}ﬂG(\s ) # 0, where Q7 :={ze€C, st.Jz>0}. (3.6)

As Penrose remarks in [49], the linear instability is therefore linked to the values taken by G
on 37T, and since G is holomorphic, we can use some powerful theorems of complex analysis
to simplify the condition (3.6). Before going on, we shall gather some properties of G in the
following lemma.

Lemma 3.1. Assume that i € W3, Then the function G is holomorphic on It. It can be
extended to the real line by

dv + i’ (€), (3.7)

!/
Ve € R, a@:pv/”@
RV—E
where P.V. means that the integral has to be understood as a principal value. Moreover, the
extended function G is uniformly continuous and G(§) goes to zero when |&| goes to infinity.

We shall not prove this lemma. We refer to [49] for some explanations. The uniform
continuity is not stated in the later reference, but it is a consequence on the continuity of G on
R, which can be obtained after a careful estimate of the quantities involved.

In view of standard results of complex analysis, a complex z belongs to G(37) if and only
if it is encircled clockwise by the curve G(R), covered form —oo to +00. In view of (3.6), there
will be a eigenvalue with positive real part if and only if the curve G(R) encircles clockwise a

value (%W”)z, for some n € N. But, as Penrose explains [49], it is possible only if the curve

G(R) crosses the half-line ([%W"]z, +00) from below at some point G(&) for some & € R. In
view of the definition (3.7), & has to be a strict and local minimum of y, in the precise sense
given in Definition 1.1. Moreover, the real part of G(§y) should be greater than (%W”)Q But
since 1/(§) = 0, the principle value in (3.7) is a true integral, and it leads after an integration
by parts to the necessary condition (1.12).

Nevertheless, this necessary condition is not sufficient: indeed, the curve G(R) can cross
by above the half-line of positive real numbers before surrounding one of the requested values.
As mentioned in the introduction, it can be shown that the condition (1.12) is sufficient if the
profile 4 is symmetric with respect to the minimum (see [33]). But this symmetry condition is
quite restrictive from the physical point of view. For instance, it is violated for what is usually
called a “bump on tail” profile: a small bump added in the tail (for large velocities) of a given
stable profile.

However, in the limit of large boxes (or equivalently in the limit of small Debye length), we
will prove in the following proposition that the Penrose criterion of Definition 1.1 becomes a
necessary and sufficient conditions for the existence of a eigenvalue with positive real part.
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Proposition 3.2. Assume that i € W31 satisfies the Penrose criterion of Definition 1.1. Then
there exists a n > 0 such that if ﬁ < n, then the linearized operator L on Ty X R possesses
an eigenvalue A with RA > 0. Moreover, for such an eigenvalue, there exists an associated
eigenfunction b of the form (3.3). In particular, it has some spatial inhomogeneity: precisely
its associated density p* has a non zero real part. Finally, if p € W5, then b € W11,

Proof of Proposition 3.2. The proof relies only on elementary considerations. We shall treat
only the case where the Penrose instability criterion is satisfied at a strict minimum. The case
of a flat minimum can be handled in a similar fashion.

Choose a minimum point of p, denoted by &g, satisfying the Penrose criterion of Defini-
tion 1.1. As said before, it means that the curve G(R) crosses at & the half-line of positive
real numbers, at the point G(&). We set € := 1G(&). Since the extended function G is uni-
formly continuous by Lemma 3.1, we can choose some 1 > 0 such that |G(£) — G(£')| < & when
|€ — &'| <n. We choose also two real numbers _ and &, satisfying

o—n<E <§p<é& <&+n and SGE-) <O, SG(+) > 0.

It is possible since &p is a strict local minimum of p. Remark that thanks to the definition of n,
they also satisfy RG (1) > 1G(&).

Next, we define ¢ = min(3G(&), |SG(-)],|SG(£4)]), and associate to it some ' > 0 by
uniform continuity of G. Then, we have RG({_ +in) > 0 and SG(¢- + in) < 0 and similarly
RG(Ey +in) > 0 and SG(E4 +in) > 0. Moreover we have G([¢_,&4] + in) C {Rz > 0}.
By the intermediate value theorem, it means that there exists some & € [£_,&;] such that
G(& +1in) € (0, +00).

But, since G is holomorphic on 37, its image G(S™) is open, and we can therefore conclude
that G(S) contains some interval (a,b) with 0 < a < b. Then, one can readily see that for M

large enough
{ <27rﬁn)27 ne N} ﬂ(a, b) # 0,

so that condition (3.6) is satisfied. The existence of a eigenvalue with positive part follows,
and the claimed properties of the associated eigenfunction are a direct consequence of Proposi-
tion 3.1. O

3.2 Proof of Theorem 2.1

Let p(v) be a smooth profile satisfying the instability criterion of Definition 1.1. Using Propo-
sition 3.2, we fix M > 0 large enough such that the linearized operator L around p on Tpy x R
possesses a eigenvalue \ with positive real part.

From now on, we consider only the sequence ¢ = kiM, for k € N*, but we shall forget the k
subscript for readability.

Step 1. Highly oscillating data.
We consider e M-periodic (in z) solutions to (1.1). Precisely, we look at solutions to the
system

atfz—: + 'Uaxfs - 33:‘75 avfs =0,

- ~ > = . .
—8282‘/;:/f5dv—1, fort >0,z €Ty :=R/(eMZ),veR (3.8)

‘We can canonically obtain from f- a solution f. to (1.1) by “gluing” together (¢M)~! copies
of f-.
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Step 2. Rescaling.
We perform the change of variables (¢, z,v) — (é, Z, v). In other words, we consider (g., ©¢)
such that:
~ t x ~ t x
ta ) = PR ’ V t) = DR A 39
it =g (L250), Vet = (52) (39
This leads to the study of the following system, which is now independent of €, and posed for
t>0, 2Ty, veR

0rg + v 0,9 — Opp Fyg = 0,

—8290:/9(111—1 for t > 0,2 € Ty, v eER. (3.10)

Remark that the standard Sobolev embedding on T, implies a good control on the electric
field. Precisely, for all s € N, if h has zero mean on Ty; x R, and ¢ satisfies —92¢ = [ hdv, then

185 lloo < [105hl11- (3.11)

We shall use that estimate at multiple times in what follows.
Linearizing (3.10) around p, we obtain

Oth + Lh = 0;h + v Oyh — 0,V Oy = 0,
> .
02V = /hdv, for t > 0,2 € Tn, v €R, (3.12)

which is exactly the linearized system studied in the section 3.1.

Step 3. A nonlinear instability result.
The description of the spectrum obtained in the section 3.1 allows to deduce the following
non-linear instability theorem on the rescaled system.

Theorem 3.1. Assume that the profile u satisfies the Penrose instability criterion (1.11), the
technical condition (2.2) (or the condition (3.31)) and belongs to all the W' for s € N. Then,
there exists a sequence (0,)ren of positive real numbers such that for any S € N, and any 6 > 0,
there exists a solution (g, ¢) to (3.10) with positive g satisfying [|g(0) — ullyws.(r,, xr) < & but
such that

0o < sup
te[0,ts]

/ g(t,z,v)dv—1
R

/g(t,x,v)dv—l” < sup
R W BN (Ta)  tE[0ts]

/TM (g(t,x,v) dx — ,u(’u)) dx

with, for a fixred S, ts = O(|logdl|) as § — 0.

LL(Tar)

Vr e N*, 6. < sup
t€[0,ts]

: (3.13)
WJ’V‘,l

Remark 3.1. Assume that i belongs only to the Sobolev space W™, for some r € N. Then,
the previous result is valid for s < r — 1 if the reqularity index r satisfies the condition

Hav,UHl

1
relT max{R\, X € o(L)}’

where L is the linearized operator defined in (3.12).
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The proof of Theorem 3.1 follows a method introduced by Grenier in [31] which is by
now standard in instability theory for hydrodynamic equations. We postpone it to the next
subsection, after the conclusion of the proof of Theorem 2.1.

Step 4. Back to the original variables.

Let s, N € N*. Take any P € N, such that P > s+ N. By Theorem 3.1, we find for all £ small
enough a solution (g, .) to (3.10) satisfying ||g-(0) — p|lys1 < ef and (3.13). The associated
instability time will be denoted t. = O(|logel), and the density by Ac(t) = [z g-(t, z,v) dv.

Next, a consequence of the e M-periodicity of f. and of the change of variable (3.9) is that
(at any time t):

1

3
oo =l = gyl = Uincrag: o= hv-ss 2 e~ Moy

675
| fe — pllwsn < ﬁllgg - MHWSJ(’JI‘MXR) for s € N.

A constant C' > 0 appears in the second inequality of the first line because we are using non-
homogeneous Sobolev norms.
Since the velocity variable is not affected by the scaling, we also have

. (3.15)
W, "

1= sl = | [tt.00) = o))

S ‘ /ﬂr (gelti,0) = p(v) do

From this, we deduce that (for & small enough)
1£:00) = plls < 57" < e
€ ws,l = M — b

o 1
— < sup —|pe — 1fjyy-11 < sup | pe(t) — 1|1,
CM ~ e telete]

O < sup || fe(t) — pllw-ra.
t€[0,ete]

We therefore deduce the first point in 4) and 4i). From the bound from below on the W~1!
norm of p. — 1, using the Poisson equation in (1.1), we deduce the second point of 7). Finally
note that et. = O(e|Ine|). We have thus completed the proof of Theorem 2.1.

Remark 3.2. Remark that if p is analytic, then the initial data f-(0) we build are also analytic,
because of ii) in Proposition 3.1. Nevertheless, it is not possible to get a similar theorem with
the W3 -norm replaced by some analytic norm. Indeed, in this case, we rather expect stability,
at least for short times: see for instance [28, Theorem 1.1.2] for a stability result with the
“superposition of fluids” point of view, and also the work [13] about the well-posedness of the
quasineutral equation.

We found it quite interesting to understand what in our proof prevents us from keeping
analytic norms from start to finish. This is precisely due to Step 4., where the rescaling in
space (and especially the factor =% in the above bounds) prevents from getting “uniform” in e
analytic bounds.

3.3 Proof of Theorem 3.1

We use Proposition 3.2 and denote by h; an eigenfunction associated to an eigenvalue with
maximal real part of L, denoted by A; (with ®A; > 0), and such that p; := [hidv # 0. Up
to a multiplication by a constant, we may assume that ||h1];1=1. Note that this implies that
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0 < [|pillw-11 < |lp1]l1 < 1. Then, a good candidate for g is the solution of the Vlasov-Poisson
equation (3.10) with initial condition

g(0) = p + 6hy,

since according to the study of the linearized operator, loosely speaking, this solution will remain
close (for small time) to
g;pp(t) = pu+ 5" hy,

and thus “escape” from any small neighborhood of u. But the control of the errror between g
and its linear approximation g;pp on a sufficiently large time interval is not so straightforward:
Grenier’s method for overcoming that difficulty involves constructing a convenient high-order
approximation of g.

Note that the initial datum ¢(0) defined above is a priori complex valued, since h; is. But
we will show first that this g(0) satisfies all the requested properties except it is not real, and
explain in the last step of the proof, how to obtain from this g(0) a non-negative initial condition
with the requested properties.

Step 1. A formal high order approximation. Precisely, we look for a series of functions g(]l\;p
satisfying (3.10) up to a small remainder R,]l\;p

N N N N N
OtGapp T V OGapp + 0xVapp Ovapp = Rapps

where as usual Vajzp = 0 ([ g%p dv — 1). The initial condition is the same as g : g(%p(O) =
9(0) = p+ 6hy.

The functions gé\{op will be constructed as the partial sum of a series, whose terms will be

N

app ab each step:

defined by induction in order to decrease the order of the remainder R,

N
gé\zf;p(ta x, U) = /’L(U) + 5h1 (l’, /U)eAlt + Z 5Zhl(ta xz, U)'
=2

e)\lt

We will also use the notation hq(t,z,v) = hi(x,v)e’. Starting with N = 1, we can see that

gépp = 41+ 0hy(z,v)eM? is the solution to

8tgc11pp +v al‘gclzpp + aa)‘/alpp 8vgipp = 52E18’l}h1 = R}Lppv

with the notation Ej := 0,0, ( [ by dv). In order to find the appropriate value of ho, we can
plug g2 in the rescaled Vlasov-Poisson equation (3.10) and get

(9tg§pp +v &,;ggpp + amepp &,ggpp = 52(6th2 + Lho + E10,hq)
+ 63(E105hg + E20uhy) + 64 (E20,hs).

We see that the best choice for ho and more generally for hy for £ > 2 is to take it as the

solution of
k—1

Ohi + Lhy, + > Ej0uhg_j =0, (3.16)
j=1

with h4(0) = 0 as initial datum. Of course, this can be done only if the h; are regular enough,

but we will check this fact later. Then, the associated remainder term Rfl\;p is given by
RY,= > &YEdh. (3.17)

N+1<j+j'<2N
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Remark also that in view of (3.4) and the form of the source term in (3.16) (and up to some
regularity issue), we allow |1 to grow at most like e*™1t, This implies that the remainder

HRaple will grow at most like §NHe(V+HDRME for not too large times.

Step 2. A heuristic error estimate. Our first goal is to obtain good estimates on ||g — gé\;le.
To this end, remark that (g — gé\;p) is solution to

O4(9 — gapp) + 002(9 — gapy) + 0V Ou(g — giry) = (0xViayy — 0:V)0ugar, — R

app app*

If we multiply this equation by sign(g — g(%p) and integrate with respect to = and v, we get

”g gaple < Ha app — Oy VHOOHaUgapp”l + ”Raple?
< 0ugappllillg = gapplln + [ Rappllr- (3.18)

Assume that we are able to control ||8v(gé\;p —w)(®)|li < 1 on a time interval [0,7]. It is
reasonable to expect such a control since § is small and we will show that the hj; are smooth
enough. Then, for t € [0,7T], we obtain a bound

t
l9(t) = gap ()1 S/O = HOHIHD| R (5)]1 ds. (3.19)

If we take for granted the expected growth of the remainder ||R SN+ (N+1)RAL

an estimate

aple , we get

lg(t) — giy, (@)1 S 6N Temax{(NVFLRAL [Bunll i)t

< [5em1t]N+1 if (N + 1)§R>\1 > [[Oppllr + 1.

The last bound will be very important for the following argument, since it allows to compare
llg(t) — gé\;p(t)Hl to Hgé\]])p(t) — u(t)]|1 = deMt, almost independently of the time. So from now
on, we fix (with the notation |-| for the integer part)

10upally + 1J'

N::L R\

(3.20)

In fact, the factor 1 added to the norm of 9, may be replaced by any positive real number,
and that leads to the condition given in Remark 3.1.

Step 3. A rigorous error estimate. By assumption, we know that p € W51 By Proposi-
tion 3.2, hy € W1, and thanks to its definition, ||h1(t)||y~a = ||h1]lw . et We now show
by recursion that for all k¥ < NN there exists a constant C}, > 0 such that for any time ¢ > 0,

||hk(t) ||WN—]€+1,1 S Ckekéﬁ)\lt‘

By construction, this is true for k = 1. We choose a I' € (RA1, 2R)\;], and we assume the bound
holds until rank k. Then for the rank k + 1, by the definition (3.16), the estimate (3.4) on the
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semi-group generated by L, and with the help of Duhamel’s formula, we get

k t
Misillgrrs < 3 / 19 (Bydyhpry) lys—eads
j=1"0
kot
< Cfﬂv_kZ/ €F(t_s)HEjuwN—k,ooHayhlﬁklfj”wak,l ds
=179
<

k ot
S D R Y I A Ay
J=1

k t
< Clj"v_k (Z Cjck+1j> / eF(th)e(k+1)§R)\1.st
0

J=1
< CkJrl e(k-l—l)?)?)qt'

Remark that we have used the Sobolev embedding (3.11). By formula (3.17), we obtain also,
for the remainder, the bound

HRZ)p(t)HU < Oy SN NVFD)RAE as long as de"™Mt < 1. (3.21)

Step 4. Instability with complex valued approximation. We can now estimate [|gX, — g, |11
and the term [|9,g2) |1 that appears in (3.18). We introduce with C%; = maxj<y Cj

0 - ||p1||W*1’1 + — 1 ln(emaz>
T 3max(1, Cly, CF) AT R 5 /)
so that ™™t < ,,,. if and only if ¢ < t,q5. Then,
N N i
19app () = Gapp(Oll < D 6 [lhn(®)]l1 <Y Cr[6e™]
k=2 k=2
e
< C]/<71|:_56§R11t < 5 le”w—l,l em)\lt, for t < tmax. (322)

Similarly,

N N
190 (gapp(t) = )l < Y 6" 18uhy [l < Y Cpst et
k=1

k=1
56%)\1t 1
1!
< CNW < 5 as long as t <ty

As a consequence, for t < tp,4,, we can apply (3.19) and using estimate (3.21) and defini-
tion (3.20), it comes

t
llg(t) — g%p(t)”l < C]’V/O et=9)I0upll1+1) sN+1(N+D)RAss g0

b
< O[5 = O [ 6 ™M < 3 llorlw-1 et (3.23)

22



Gathering (3.22) and (3.23) we obtain a good control of the error in the approximation of g by
Japp’ .
5
lg(t) — g;pp(t)Hl < 6 [p1l[yw-11 e%A1t7 for t < tmag- (3.24)

This implies that for t < t,,4z

H/g@)dv—]“WILlZ'L/ng@)dv—]”wyLl—Hg@)—g;m@”h

> 3|1l €™ —

59 5

Zlprllw-ra €™ = St N (3.25)
So in particular, at ¢ = ¢4z, We have Hfg(t) dv — ,qu > %Qmamnpl”w—l,l. Thus, with the
notation of Theorem 3.1, we can choose 6y = ¢0mazl|p1 -1

For what concerns the initial condition, for a fixed s, we have

19(0) = pllwer = [hallwrs = Csd,

since p belongs to all the W*! spaces by assumption and so does h; by Proposition 3.2. From
this, we see that ||g(0) — p|lys1 can be made as small as we want, and that in any case the
density [ g(t)dv will move away from 1 by a distance of at least 6y in WLl norm, and this
before a time of order In(||g(0) — MH;]/ls,l)-

Step 5. The construction of a real initial condition. In order to construct a real initial con-
dition with the requested properties, we remark that hy is also an eigenfunction of L, associated
to the eigenvalue A1, and thus we choose as new initial condition

3(0) := p+ g [hy + hal. (3.26)

Remark that Rh; # 0 (recall Proposition 3.2). Then, using Grenier’s method with this starting
point, it can be shown that the solution g to (1.1) starting form ¢(0) has the same properties
as those of g. The same proof can be performed again (we shall now write it again for the sake
of conciseness), by considering similar functions (we will systematically add a tilde when we
will refer to them in the following). We just remark that we should replace ||hi||1 by [|[Rh1|[1,
llp1lw-1.1 by ||Rp1|ly-1.1, and that in (3.25), the term fg;pp(t) dv will now oscillate; but the
bound by above is still true if ¢ is a multiple of 27, and this is sufficient to conclude.

In the case were u satisfies the §-condition of Definition 2.1, then the particular form of A
given in (3.3) implies that d|h;| < p for 6 small enough, and then that the §(0) defined in (3.26)
is non-negative.

But nothing ensures that the g constructed above is nonnegative when p satisfies only the §'-
condition of Definition 3.1. This will require some truncation argument, which will be performed
in the next subsection, after the precise statement of the §’-condition.

Before, let us now study the instability in Wy ™! for the averages in .

Step 6. The instability in W, "' on the average in position. By Proposition 3.1, hi(t, z,v)
and its associated density p; are of the form below for some n € Z*, £ € C\R and x > 0

- 1 omn 14! ~—, omn. 1 2
hi(t,x,v) = §<6>‘1t“27"” ;‘j_(:’;_,_ehtzQMw 5_(:}2), prt, x) = ke cos (%Mt + ﬁx) :
(3.97)
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The fact that x is a positive real number is a consequence of the dispersion relation (3.2).
Remark that z-average of h1 vanishes. Thus, in order to see an instability on the x-average we
should also study h2 But hg is solution to

(9th2 + Lhz + El &le =0.

Integrating with respect to z, and using that [ Lhydz = 0, we get

Oy </ ho(t, z,v) da:) = —/El(t,x) Auha (t,z,v) d.

Using (3.27) and 9, E; = 1, we get By = EM TNt gin (St + Z22), and this allows to cal-
culate the r.h.s. in the last equation. After a short calculation and a integration in time, we
get

- KM omae /
= _ -1 2
/T L e WG 1), (3.28)
where £ is a smooth function defined by
K (v) SE W (v)
L(v) =S =
0) =3[ = e+ oo

In particular, we have for any r € N

'/f@(t,x,v) dz = sup /ﬁg(t,x,v)go(v) dx dv

wy "t ellwree <1

1 .
a HZHI/VWx/hQ(t’x?v)E/(U) dz dv

_ RMICB o
477'” §R)\1 ||€||W’r+1,oo

—1] =

r

[62%)\1t _ 1] .

In particular, remark that since ¢, is a well-defined constant since ¢ is as smooth as ' and also
|¢/||2 is finite since p” € L' N L. Therefore, the previous bound by below leads to

|/ (@200 = ) a

Starting from this inequality, the strategy of the Step 4 can be performed again, and we can

obtain (up to some redefinition of 0,4, and t,,4,) the conclusion claimed in Theorem 3.1. In
. ~ ~N ~N ~9 . . . . .

fact all the remainder terms g — gy,,, and gg,, — ga,,, are controlled without integration in z, in

> 02,(52 [62§R}\1t _ 1] )
WJT‘,l

a stronger topology (namely L') and at a smaller order (at most [5e®*?]3).
This conclude the proof in the case where p satisfies the d-condition of Definition 2.1.

3.4 The alternative ¢’-condition.

Definition 3.1. For any non-negative C' profile u(v), and any § > 0, we define

Vs = {v eR, s.t. |1M/+(1|}1))|| > (15/1(11)} CR, (3.29)
Wy :={w € R, s.t. d(w,Vs) <4}, (3.30)

where d stand for the usual distance from a point to a set. We say that p satisfies the &' -condition
if for any n € N,

lim inf — _ 31
1%15/ )| dv = 0, (3.31)
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With that new condition, the conclusion of Theorem 2.1 still holds. We provide in the step 7
belows the truncation argument (see also [34] for a similar construction).

Step 7 of the proof of Theorem 2.1. The construction of a non-negative initial condition.

Our goal is now to show how to construct a relevant non-negative initial condition. Recall
that from Proposition 3.1, the eigenfunction satisfies for some m € N, ¢ € C\R and thus for
some C7 >1

imx M "U'/(U) |

T S |v]
Remark that the real initial condition §(0) defined in a previous step may take negative value
at any point v where

|hi(z,v)| = e

Slnl(v) > (o).
In order to “remove” such problematic points, we introduce a smooth cut-off function & : R —
[0, 1] such that k(z) =0 for x <0, k(z) =1 when z > 1, and define

1
Vi = {v eR, s.t. |h|(v) > 5u(v)},

and its v/0-neighborhood W}. Remark that V/ is related to Vs defined in 3.29: precisely we
have V5 C Vg, 5 and Ws C We, s since C; > 1, so that the property (3.31) is still true with W
replaced by Wj.

We also define G := {w, s.t. d(w, V§) > %\/5}, and denote by s its characteristic func-
tion. Then we choose 7 a smooth function with total mass one and support in [—1,1], and

define for any § > 0, ns := 257%77(%\/5‘), which has still total mass one and a support in
[—%\[5,% 5]. Then we define
h3 (@, 0) = ha(z,) [xs * 5] (v).

Then h‘f satisfies the following properties:
a) h{ = hy on R\W};
b) h$ =0 on VY, so that |h]| < dpu;
c¢) for any s € N,

9l < O6 e (332)
From now on, we fix n = max(N +1,S). In view of (3.31) satisfied by p, there exists a sequence
of positive number (d)ren converging to 0 such that

1

lim — "(v)| dv = 0.
k—+o00 62’ UEWé |M ( )’
k

From now on, we assume that § take only the values d; of that sequence, but do not write the
indice k for readability. We have using point a) above and (3.31)

I — Bl < Cy / 1 (0)] dv = o™, (3.33)
vEWg

But now by interpolation (see for instance [10]), using (3.32) and (3.33), we get for some C' > 0,

11 = llwns < Cy/llhy — Bllwans 1y — Bl 0

= /o(6-75") = o(1).
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Hence, since S < n, ||h¢||yys1 is bounded independently of §. Thus, if we define, similarly as
in (3.26) an initial condition

. J =

§°(0) := p+ 5 (b + 1Y),
then we have ensured that is non-negative, and that ||§°(0) — u/|yys: < C. We denote §° the
solution to (1.1) with initial condition §°(0). To compare §° to the previous approximation

gé\lf,p, we can still apply (3.19) if we add a term for the difference at initial time that does not
vanishes anymore:

t _ . ~ _
13°(®) = Gapp (D < /O Wk F DY RE ()11 ds + WP+ FD g2 (0) — g (0) 1,

and the previous analysis can still be done since by (3.33), as N + 1 < n, we have

13°(0) = §(0)| 1 = o(8™1).

This concludes the proof.

3.5 Proof of Proposition 2.1.

First remark that the ¢’-condition is weaker than the d-condition, since the later implies that
Vs = W5 =0, for ¢ small enough, so that [;;, [¢/(v)|dv = 0 and condition (3.31) clearly holds.

e Point i. implies the §'-condition.
First, the positivity of p implies that for R > 0 large enough, V5 N [—R, R] = 0, and also
Ws N [—R, R] = 0. Then, the upper bound in (2.6) implies that for some constant ¢ > 0

1

Vs Cc Ws C {v, s.t. v| > fu(;}, with vsi=cd a1,

Next, remark that the lower bound in (2.6) and the smoothness of u forbids y' to change its
sign for |v| large enough, so that, u’ is necessarily negative for large v. Then, a straightforward
integration of the lower bound in (2.6), leads for |v| large enough to the inequality

|U|a+1

pv) < Ce T

But now

/Wé Wl < [ @) do / W) do = (o)) + (v

—00 v
a+1
a—1

1 « /o—
< 2Ce ™ Ta %l i < 20e """ with v i=
and the quantity in the last r.h.s. is a 0(6™) for any n € N.

e Point ii. implies the ¢'-condition.
Using the positivity of p on the interior of the (a;, b;), the upper bound in (2.7) and arguing
similarly to the previous step, we obtain that for some constants ¢;, ¢, > 0

Vs C U (as,ad) U U (12,02), where af:=a; —i—cié%, b = b; — 025113.

i
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It then implies with ' := max(f3,2) that for some different constants ¢;, ¢, > 0,

Ws € | (anal) U [ E,00), where a:i=a;+c67, B i=b—c

i

Moreover, the lower bound in (2.7) implies that p/ does not change its sign closely above a;
(and also closely below b;). Then,

/ |dv<Z/ |dv+Z/ v)| dv
<Zu +ZM55

But since p is smooth and vanishes at any order at a; and b;, we have that ,u(df) = o(0™) for
any n € N (we have as well a similar behavior for the 59). This implies condition (3.31).

e The case where i has zero inside its support.
We keep the notation of the previous step, but assume now that a; is a zero of finite order

m of u. Then the ratio W\l)u() behaves like oman)? and from the definition of V5 we see that
for some constant ¢; > 0

(a1,ad) C Vs € Ws, with a == a; 4+ ¢1671
Then, we have

(lé
[ W@ldo= [ ) do = p(ad) ~ oom,
W ai

for some ¢ > 0, so that the condition (3.31) is not satisfied for n > m.

4 Stable case: proof of Theorems 2.2 and 2.3

4.1 Some properties of the Casimir functional H,.

We gather in the following Proposition some useful properties of the Casimir functional.

Proposition 4.1. Let u be a S-stable profile (See definition 2.2) associated by (2.8) to a pro-
file . Let Hg be an associated Casimir functional (See Definition 2.3) defined thanks to an
admissible function Q). Then :

i) In general, the quantity Hq(f) is well defined in RT U {400} as the integral of a non-
negative measurable function. But if in addition, f satisfies

/f(l + 0¥ dedv < +oo,  for some n > 0, (4.1)

then the integrals [ Q(pn), [ Q' (n)f are finite and [ Q(f) is bounded from below.
The same also holds if the profile u satisfies

/”(1 +0*)dv < 400,  for some ' > 0, (4.2)
and f € L' and has finite kinetic energy.
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ii) Hg 1is convexr and non-negative, lower semi-continuous on the space of functions f € L'
with finite kinetic energy. It vanishes only for f = w. If moreover Q is uniformly convex:
Q" > «a, for some a > 0, then Hg control the L* norm

17—l <~ Ho(h).

v—Uu 2
it) When p is a Mazwellian, p(v) = \/217?67' o for some T > 0 and u € R, then the choice

Q(s) =T slns is admissible (up to a constant) and the associated Casimir functional Hg
1s just the usual relative entropy:

Ho(f) == H(fl) = [ 1n ;’; fdz.

Moreover, the Csiszdr-Kullback-Pinsker inequality implies that, for all f € Lglw, with
f>0,[f=1, we have

Hq(f).

N |

If = nlly <

i) If a sequence u, of S-stable profile converges weakly towards a Dirac mass 0, for some v
n R, in such a way that
2
|v — 0|* i (v) dv — 0, (4.3)
then for any compatible sequence H, of functionals, we have for any bounded f > 0
satisfying (4.1)
1

1 2
3 RXTf(a:,v)w v|° dvdz.

Hu(f)
Remark 4.1. The last point is interesting because it tells us that the natural extension of the
Casimir functional in the case where the profile is a Dirac mass, is %f |v — 0|2 f dvdz. This

18 exactly the quantity that is introduced when a modulated energy method is used in the zero
temperature limit [16, 44, 35].

Proof of Proposition 4.1.
Proof of the point i). We shall first prove that condition (2.8) and the monotonicity of ¢
imply that go(u)|u|% < C for some C' € R*. In fact, since ¢ is increasing, we have the following

inequality
> 3n > n 0
27@(_2n+1) _ Z(2n+1 _ 2”)2§¢)(—2"+1) < / V—up(u) du < +o00.
n=0 n=0 -

It implies the boundedness of the sequence 237n<p(—2”+1), from which we conclude using mono-
tonicity, that there exists a constant C' such that

VueR™, 0<p(u)<C(1l—u) 2. (4.4)

Denoting a = ¢(0) and using the requirements on @ (See Definition 2.3), this implies that

Wl

Vz € (0,al, —Chzm C325 < Q(z) <0. (4.5)

W =

<9 Hz) <0, and -
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Next, the term [ Q'(p)p dzdv which appears in the definition of £, may be rewritten using
that
v —]?

Q) = o o150 1o

2

/Q’(M)udwdv = —;/\v —v!2s0(—‘v_2v|2> dv,

which is finite under condition (2.8). Similarly, we see that the term [ Q'(u)f dzdv is finite
when f € L' has finite kinetic energy.

(4.6)

Thus, it comes

Next, the term [ Q(u) dzdv is also finite. To see this, use that Q' = ¢! on the range of ¢,
the assumption Q(0) = 0 to write for all v

v —of”

(w
Qu(v)) = H(u) = /OW o) dr, with = 1

Here we can use the following relation, which is clear from inspection of the graph of ¢ (or a
formal differentiation)

It leads to

Q) dado= [ (; ()2

:—/;Mw(u)du—/io (/O j%)so(s)ds

0
= —3/_ V—up(u) du, (4.7)

which is finite by assumption (2.8).

Finally, using the bound by below (4.5) for @ on [0, a] and the simpler bound Q(z) > —bz—c
for z > a (such nonnegative constants b and ¢ exist since @ is convex), we get

[ dxdv—/{f<a} Q) d:vdv+/{f>a}Q(f) da dv
> —C/fé dxdv—/{f>a}(bf+c)dxdv
> =0 [l B e [ e
> —C’[/f(l +v2+”)dwdv} ’ [/(1 42t 2 da:dv} o (b+ g) 111
> ¢, [ / f(1+v2+”)dxdv]3 ~ (b4 5)usm, (4.8)
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where we have used on the fourth line the Holder inequality.
The case where p satisfies (4.2) allows to improve the bound from below (4.5) by

Vze (0,a), —C'zF1 < Q(z) <0.

Having seen this, the same calculations can be done using only that f has finite kinetic energy.
All in all, we see that all the integrals composing H¢ are well defined: the first one belongs
to RU {400} and the three other ones are finite.

Proof of Points ii) and iii). The convexity and nonnegativity of Hg are clear. The convexity
of @ implies that the first term in the definition (2.9) of Hg is l.s.c.. Two others are constant,
and the last one may be rewritten [ |v— |?f(x,v) dz dv which is L.s.c on the space of functions
f € L' with finite kinetic energy. The fact that H( vanishes only at p is a consequence of the
uniform convexity of @ on the support of ! (that is also the range of y).

The point #4i) is a simple consequence of a short calculation that we skip. The L! control
is the classical Csiszar-Kullback-Pinsker inequality.

Proof of Point iv). Under the assumption (4.3), the short argument at the beginning of the
proof of Point ¢) implies that the bounds (4.5) hold for each n, with a constant C,, that goes to
zero as n — +o0o. Remark also that a,, = ¢,(0) — +o0.

If || flloo < 400, we will have for n large enough f(x,v) < ay, for all (z,v), and this implies
that [ Qn(f) <0. It is also not difficult to see that the bound by below obtained in (4.8) goes
to zero has n goes to infinity. Thus

lim Qn(f(z,v)) dzxdv = 0, lim Qn(pn(z,v)) dedv =0,

n—-+4o0o TxR n—-+4o00 TxR

thanks to (4.7) and the assumption (4.3). The term [ @/, (u») vanishes also in the limit because
it is exactly the term that appears in (4.3). The last remaining term is constant and is equal
to 3 [ |v — v|2f dvdz, and this concludes the proof. O

4.2 The well prepared case.
In this paragraph we prove Theorem 2.2. Recall that

62 2 /
£ty =5 [10VePdn+ [ [QUAD) - Qi) - Q(f(0) — )] dods. (49)

Since our solutions f. are strong ones, the term [ Q(f(¢)) dzdv is exactly independent of
the time:

[y drio= [ Qo) e

We introduce the current j., defined as follows:
Je(t,x) == /fg(t,:n,v)v dv.

Since the two other constants term [ Q(u)dzdv and [ Q'(p)pdzdv are finite, it remains to
understand how behave

1
;/\BIVE(t)Fdx—/Q’(u)fg(t)dvdg:: ;/|8xVE(t)|2d:c+2/|v—v]2f5(t)dvdx.
=12
:gs[fs] —17/j5d$+1)2’/p5dx,
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where we have used (4.6). Since the total mass [ p. dz, and the total momentum [ j. dz, and
the total energy &[f:] are preserved by strong solutions of the Vlasov-Poisson equation (1.1),
we finally conclude that L. is constant.

4.3 Plasma oscillations.

The above analysis is only useful in the well-prepared case, that is when the potential energy
vanishes in the limit: ||0;Voell2 = o(e™!). In general, as already evoked in the introduction,
there are time oscillations of the electric field, called plasma oscillations, that we have to take
into account. In this paragraph, we give a description of these, with the aim to explain the form
of the filtered functionals of Theorem 2.3.

For any € > 0, we consider f. a solution to (1.1). Then the density p. and the current j.
satisfy the system of equations

O¢pe + 0zJe = 0,

4.10
B + O, (/ f0? dv) + 0,Vip. = 0. (4.10)

Fast oscillations are hidden in that system. Since we work in dimension one, we can always
write

Je(t, @) = je(t) + 02 Je(t, ), (4.11)

which is the analogue of the decomposition of a vector-field in potential part and divergence free
part in higher dimension. The so-called “potential of the current” J. is defined up to a constant,
that we may choose later. Using the Poisson equation of (1.1) in the two lines of (4.10), we get

_528t$x‘/€ + Opzde = 0,
= 2 62 2
00 + 0+ 0s( [ f% o) + 0,V - S0L10. VP =0

In the second line, the gradient part in x and the constant part can be solved separately thanks
to the periodicity, and we first get that j.(t) = jo. for all times ¢. Then the equation on 9,.J;
and 9, V. may be rewritten

O(e0,Vz) = ;
€ 1 2 2
at(azja) = - - +aa:<§|58x‘/8’ _/fev dv)a

(4.12)

which may also rewritten directly on V; and .J;, which are defined only up to some constant.
Thanks to that, we can define a complex quantity

O:(t,x) = Je(t, ) +ieVe(t, o),

which satisfies

0,0, = (9 + [0, (Im O;) /fev dv.
Using Duhamel formula, we obtain
_ t
e_lé(’)g(t) = (’)075—1—/ <|@ (Im O,) /fgv dv> ds. (4.13)
0

This means that there are large oscillations of period ¢ in 0, V; and 0,.J;, respectively of ampli-
tude or order e~! and 1. For this reason, even if fy . converges to a stable equilibrium pu(v), we
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can not expect f. to converge to u, without filtrating these oscillations. What we should expect
is something like fo(t,z,v — 9;J:) &~ f(v). In particular, [ fovdv and [ f.(v)v? dv should not
converge to [ fudv and [ f (v)v? dv, but we expect something like

[t vdo=px [ a1,
/fg(t,x,v)v dv = je(t,x) = v+ 0, Je(t, x),
/fs(t,ar:,v)v2 dv ~ /u(v)]v + OpJe(t, ) > dv = 2T + |6 + 0, Jo(t, )%,

with the notation ¥ := [ p(v)vdv and T := % [ p(v)|v — 9|? dv. Using this in equation (4.13),
we get, if we forget the constants which are not important at the level of potentials,

t t .S
eTEOL(t) = O +/ e (|10:(Im O,)|* — |0:(Re O.) + v|?) ds. (4.14)
0

The term O, displays fast oscillations in time, but we can try to rewrite everything in terms of
Uc(t,x) = e_%OE(t,x),

which has a bounded derivative in time, because both the kinetic and potential energy are

bounded. We need to write | Im 9,0.|? and | Re 9,O.|? in terms of 9,U.. It comes

2

1 __ 1 ) L
I 0,0:* = 710:0: = 0,0 = 1 |Dale ™" O] — e ¥, [ O]

2

9

1 e
= 7 |0alde - e 2L

_is
1>

e
2

: L
e”'<|Im 85”05(5”2 - ‘axu€|2 - Zaxuaaan (622 + 6_3zg> .

So since U. contains no fast oscillations in time, e~*s|Imd,O.(s)|? is a sum of terms with
fast oscillations in time. So we can expect its contribution in (4.14) to be small and therefore
we neglect it. The same holds for ™| Re 9,O.(s)|?. The only non constant term that will
contribute is in fact the one coming from e *: % Re 0:0.(s), since

Re 9,0, (s) = %[axog(s) +3,0.(5)] = % €20, () + e 2T (S))
20e 7= Re 8,0.(s) = 0 O,U.(s) + ve 22 0,U.(s).

Only the first term in the r.h.s. of the last equation will have a significant contribution, and if
all the approximations are justified, we will end up with a function U. satisfying approximately
the equation

t
U(t) =Up e — v/ O0.U:(s) ds,
0
or equivalently the linear transport equation
Ol: + U0, U: = 0,

with the initial condition Uy, = Jo + 1€V .
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If fo,c converges towards p(v), then the “potential” part Jy . of the current converges towards
0. If moreover the potential € 9, V) . has a limit denoted 9,V as € goes to zero, then it is natural
to define U as the solution of the simple linear transport equation

{atu L 00U =0, (415)

U0) = iV

The solution of (4.15) is simply given by U(t,x) = i Vy(z — vt). Therefore, we can use the
approximation

O.(t) ~ i £V (z — ot) = Vo (x — 0t) [ sing +i cos z] , (4.16)

in order to filtrate the plasma oscillations for small €, hence the expressions of the functionals
in Theorem 2.3.

4.4 The general case.

We now prove Theorem 2.3. By Galilean invariance of the Vlasov equation (1.1), we can restrict
ourselves to the case v = 0. Indeed, if ¥ # 0, we can rewrite the problem in the variable (z/,v")
defined by

v="04+7, x =2 + ot

This will simplify the calculations.
Next with the help of some simple changes of variables, remark that we may rewrite

Hg [fe (t,m,v — 0,V sin :-i)] = /Q(fs)dzndv—i—
2

;/‘v—i—&cVosinzrfg(t,x,v)dxdv—/Q(,u)dv—/gu(v)dﬂ (4.17)

Since, we are dealing with strong solution, the first term in the r.h.s. of (4.17) is constant. In
view of Proposition 4.1, the last two are also finite constants.
We may also develop the kinetic energy term, which yields

1 t|2 1
2/’U+8z%sin€ fe(t,z,v) dedv = 2/v2f€(t)da:dv
1 t t
+2Sin2€/|8x%|2pg(tal‘) dz+sin€/&rVoj€(t,x) dr. (4.18)

Finally, the term with the electric field in £9 leads to

1 t |2 1
2/’5836%—895%0038‘ dor = 2/\56xVE|2dx

1 t t
+ 3 cos? B / 10, Vo(x)|? dz — cos - /&cVO [0, V] dz. (4.19)

Summing up the first terms in the r.h.s in (4.18) and (4.19), we get the total energy E.[f:(¢)],
which is preserved by the dynamics. Moreover, up to a constant, we can replace the cos?
appearing in (4.19) by a —sin?. Finally, summing up (4.18) and (4.19), we get that

£9(t) = KO(t) + a constant term
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where
O L.ot 2 ot t
K2 (t) == 2 8in” = |0:Vo|“(pe — 1) dx + | 0:Vp []E sin - — €0,V cos - dzx. (4.20)

Using the Poisson equation in (1.1), the decomposition of j. in its constant and potential part
je = je + O0yJ., and introducing

t t
Oz R := 0z J. sin o €0, V: cos o (4.21)

we can express ICEO in terms of d, R, only:

1 t
KO(t) = _§Sm2 €/|axvo|2§amvs dz + /azvo Oy R. dz. (4.22)
After an integration by parts, we can rewrite it as
t
KO(t) = e sin? E/am%al%gaM dx—l—/az% OrR. dx

= 79 (1) + TO2(t).
It can be shown the first term IEO 1 is of order €, but we shall not use this fact, because we

need this term in order to compensate for some bad terms coming form the time derivative of
IEO’Q(t). The interest of 0, R. is that thanks to (4.12), we have

0,J0uR.] — a$(%|aaxvg|2 - / feo? o) sing, (4.23)

so that the possible oscillations with amplitude ! in athg will vanish. Using once again
(4.12), it comes

d t t t

%Iao’l(t) = 2sin B cos B /&mV(')@ng £0, Ve dx + sin? B /GMVO&EVO&TJE dzx, (4.24)
EIO’Q(t) = SimE 0. Vo0, (1\58 V2 — [ fo? dv) dx

dt £ c X X 2 Ve €

1 t
= _2smz/amvo ]58x‘/8\2dx+sin6/fav28m% dvdz. (4.25)

We shall now write the two decompositions

2

1 t 1 t t
—sin/amvo]aaxVE]Zda:: —sin/ﬁmvo €0 Ve — 0:Vpcos —| dz
2 € 2 € €

t t 1 t t
—sin B cos B /OMVO&EVO €0 Ve dx + 3 cos? B sin - /8mV0|3mV0|2 dr, (4.26)

2

t t
sin B / fo020,. Vo dvdx = sin B / fe Opa Vo dvda

t
v+ 0, Vpsin —
€

t t
—sin36/pa|8xVo|28mV0 dx — 2sin? e/amvoagc%ja de. (4.27)

Note that in the first decomposition, the last term of the r.h.s. is actually equal to 0 by
integration by parts.

The interest of these two decompositions is that it introduces terms which are very similar
to those of £(t) : up to the multiplicative factor 9.V, the first term in the r.h.s. of (4.26) is
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the relative potential energy term of £2(t), and the first term in the r.h.s. of (4.27) appears in
the relative entropy part of £2(¢) (See (4.17)). The idea is then to let appear the missing terms.
To this end, remark that since u does not depend on x, by integration by parts, we have

/Q(u) O Vo dvdx = 0, /Q/(,U,),U, O Vo dvdx = 0.
Thus, using (4.24)—(4.27), we finally end up with

GE® = { [ 210 (%) - Q) = Q) — ] do + 5 [w0.7. — 0, Vi cos }

t t
X Oy Vo da + sin = BL(t) +sin —B2(t) + r.(t), (4.28)
5 5
where f.(t,2,v) = f. (t,z,v — 9, Vosin L) and with:

Bl(t) = /3mV0 8$%(COS£68$V; —sin£81J6> dx = /GMVE) 0. Vo 0 R d,
BX(t) := Q/Q(fs)amVodvdm,

t
ra(t) = _Singg/pa‘ax%‘anx‘/()dm-

In what follows, we will show that 7. is of order &, and that B! and B2 are bounded with
bounded time derivatives, so that the contributions of sin é B! and sin éB? will be of order ¢
after integration in time.

Integrating (4.28) in time and using the convexity of @), we obtain the bound

t t
£O(t) < £2(0) + 2 |0sa Vo 1 / £O(s) ds + / <sin§BEl(s)+sin§B§(s)—i—rs(s)) ds. (4.29)
0 0

o Treatment of the time integral with Bt for i = 1,2. Since B! and B? are not small, but have
bounded derivatives, their respective contribution in (4.29) may be controlled with the help of
an integration by parts. Precisely, we have

t . t ro
/OsinzB;(s)ds:/O (ECOSS) Bl(s)ds

t 4 Cqt
= —&?/0 Ccos ng/(s) ds + [cos SB;(S)}O,

and this leads to

t
/sinsz.(s)ds < e||BY|loc t + 26 || B||so (4.30)
0

So, it only remains to get uniform (in time) bounds on B! and its derivative for i = 1,2.

e Uniform bounds on B} and BY'.
According to the definition of B! and (4.21), we have the following bound

|BL(t)] < (1022 Vol oo 1102 Vo loo (102 Rel| 1
< Ham%Hgo(H€3w‘/é\lL1 + HamJEHLl)
< 1022 VolIZ (1202 Vell 2 + 2 lljell 1)
<022 Vol2o (1 + 102 V72 + I foll o + 1 fo0?]1 1)
<2100 Voll% (1 + E-0),
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where we used the notation & := &:[fo.], the fact that d,.J. = j. — j- (j- being the average of
Je), and a simple interpolation. Remember also that ||f:||;1 = 1 by assumption on the initial
datum.

Now, according to (4.23), we have

@B = / u2 Vo 02V 040 R da

Lt L 2 2
sms/ax (D2 Vod Vo) (§ygaxva\ —/fgv dv) dx‘
<4 ||amzva||L°° ||ax:rvb||L°° 55,0-

Plugging it into (4.30), we get the bound

boos
/ sin = R!(s)ds
0 9

< e |02 Vi loo (1 + E-.0) (Hamvoum t+ H%%Hm). (4.31)

e Uniform bounds on B% and Bg/. Since our solutions are strong, we simply bound using the
notations introduced in (2.15)

|B2(t)| < 2|8mV0Hoo/Q(fg)(t)|dxdv
— 290 Vol o / 1QUf-0)(®)] dar dv < 2||0a Vi llow O

To bound the time derivative of B2, we rely on the fact that Q(f.) is also a strong solution
of the Vlasov equation (1.1):

AQ(fe) +v0:[Q(f:)] — 0:Ve0,[Q(f)] = 0.

We thus get
/ O [Qf2)] Oua Vi dv da = / DoaaVou Q(f) dvdar — / QUf) 0, [0: Vi 0o Vi) dv da

= /ameOv \/ﬁ Q\;;i> dvdz.

Note that all the underlying calculations are well justified since Q(f-) is assumed to be in L;ﬂ}
and 0,,Vp and OV, are bounded (non uniformly in €). Then

}@Bg‘ = ’/atQ(fa) Oz Vo dvdzx

S %Hax:m:‘/()uoo (/U2f5 d’l)dl’ + / Q2f(j€) dUd.T)

< 02z Vol oo <5e,0 + %Qs,O)-

Plugging all into (4.30), we get the bound

boos
/ sin = R!(s)ds
0 3

< &[10rnVolloo (€0 + Qe0) t+ 4100 Voo Qeo] - (4:32)
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o Treatment of r-. The last term of the remainder is the easiest to analyze. We use the Poisson
equation in (1.1) to write

t t
Ta(t) = —Singg/‘ax%‘anx‘/() da:+sin38/528§x‘/€|8xV0|28mVod$
t
= —€Sin3€/€ax‘/;‘ am(|8x%|28£$‘/b) dx

By Cauchy-Schwarz inequality and by conservation of the energy, we deduce that
re(t)] < 3e ||amvb”<2>o Hama:VOHOO(l + 5&,0)7

and a time integration leads to

/0 re(s) ds

e Conclusion. For simplicity, we will denote k := 2 |04 V|| oo. Using now (4.29) and gathering
the contributions (4.31)—(4.33) together, we have proved that

< 31022 Vol 2 1002 Vo oo (1 + Ec0) t (4.33)

£2(t) < £L2(0) + H/Ot £2(s) ds + e(a + bt), (4.34)
where
a = C/i[/i(l + &) + Q] and b := C'||0z22 V0|00 [(1 + ,%2)(1 +&0)+ Q€,0]7
for some numerical constants C'. An application of Gronwall lemma leads to the inequality
L£O(t) < e [E?(O) +ea+te %} ,
and this concludes the proof of Theorem 2.3, with precisely

7“8”“%””). (4.35)

Ko C(1+||amvollio)(1+ A

e The interpolation argument for Corollary 2.3. If V has no bounded third derivative, we
introduce some smoothing of V

Vo = Vo kys  kyi= 11714;(77)

where k is some nonnegative smooth function with compact support and f k = 1. The mollified
potential Vj, satisfies the following properties:

c
1022 Vonlloo < (1022 Volloo,  N|0zaaVomlloo < p 1022 Volloos (|82 (Voy = Vo) ||y < C 11022 Volloo

for some constants C' depending only on k. It implies that the constant K, given by (4.35)
applied to Vp, may be written K, = K’ (1 + %), for some constant K’ depending only on
|022Vo|oo- Therefore if we apply the Theorem 2.3 for the potential Vg, we get the bound

1
£0,(t) < AP 0li=t[ 20 (0) 4 K'e(1+ 5) (1+ &0+ Qe0)]-
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But we also have

£9,(0) = Ho(f2) + 5 || (0:V — 0.Vp cos 2) + cos - (0uV — 0ua, )| g

< HQ(fa) + HE&CVE — 0, Vj cos g”i + ’
<2L2(t) +Cp,

2
aac‘/() - aa:‘/(),nsz

thanks to the bound satisfied by Vp ). Similarly, we can also prove that £9(t) < 2 Egn(t) +Cn?.
All in all, we get that

Loty <2.£8, (t)+Cn?

< 2.210uaVoll oot [an(o) + K'e(1+ 717) (1+ &0+ QE,O)] +C?

< 4 l%zeVollroot [ﬁf(o) + K’a(l + 717> (14 &0+ Qo) + Cﬂ,

where we recall that the value of C' may change form line to line. The claimed result follows
1
from the choice n = 5 (1 +&0+ Qa70) 3,

4.5 Some analogies.

We conclude this section with a short digression about the analogies between the quasineutral
limit and two classical singular limits in hydrodynamics.

The first one is the so-called hydrostatic approximation of the Euler equation. This limit
turns out to be false in general due to the existence of instabilities for the unscaled system (see
for instance [15]). As for the quasineutral limit, it is important to consider data satisfying a
stability condition, namely the Rayleigh condition (a kind of monotonicity condition; we refer

o [15] for details). There are similarities between our approach and the proof of derivation
that Brenier gave in [17]. His proof relies also on some modulated energy method. As for the
quasineutral limit, the first proof of this result was due to Grenier [30]; the techniques he used
are related to those suggested in [29] (see also Masmoudi-Wong [46]).

There are also analogies with the derivation of the Prandtl equation in the inviscid limit of
the Navier-Stokes equations and with its ill-posedness properties; we refer to [48, 51, 31, 24, 26,
32, 45, 25|. It would be very interesting to further investigate these.

5 Locally symmetric solutions to (1.3) are homogeneous.

In this section, we prove the following

Proposition 5.1. Let f be a weak solution to the quasineutral equation (1.3) satisfying the
following hypothesess. The electric field E = —0,V belongs to L°LL and there exists a C!
function v(t, x) such that

i) for all t,xz, v— f(t,x,v) is increasing for v < v(t,z) and decreasing for v > v(t,x), and
so has a mazximum at v = v(t,x),

it) for allt,z,v, f(t,z,20(t,x) —v) = f(t,z,v).

Then there exist a constant (in time and position) v and a profile ¢ : R~ — R™, nondecreasing
and satisfying [+ go(u)% =1, such that for allt > 0,z € T,v € R,

= (5. 61
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Similar “rigidity” properties (in a different context) were also studied by Ben Abdallah and
Dolbeault [9, Section 2.3].

Proof of Proposition 5.1. During this proof we shall use the following notation : when f (or
one of its derivatives) stands without reference to the variables, this means f = f(t, z,v).
Otherwise the variables are explicitly written. By instance, we will write the point i) as
f(t,x,20(t,z) — v) = f. For the function v there is no possible ambiguity since the variables
will always be (t, ).

Step 1. Some remarkable identities.
We start form the equality f(¢,x,20 —v) = f, and differentiate it in v, ¢ and z in order to get
the following identities:

8Uf(t,$,2’[7)*v) :7avfa

Ocf(t, 2,20 —v) = O f — 20, f(t, 2,20 —v) 040 = Orf + 20, f 00,

O f(t, 2,20 —v) = Opf —20,f(t, 2,20 — v) 00 = Op f + 20, f 0,0.
)

Using this in the equation (1.3) written at the point (¢, x,20 — v), that is
Ouf(t,z,20 —v) + (20 — v) O f(t, 2,20 —v) + E Oy f(t, 2,20 — v) =0,

we get

Orf + (20 —v)0p f + (200 + 2(20 — v) 0,0 — E] 0, f = 0.
Subtracting this equation to the original Vlasov equation (1.3) (and dividing by 2) we get
(vV—=20)0f + [E — 00 — (20 — v)0,0] Op f = 0.
Since the time does not appear in the equation, we may work for a fixed ¢.

Step 2. An ODE system at frozen t.
The previous equation means that at the frozen time ¢, the distribution f(¢,-,-) is constant
along the trajectories of the system of ODEs

dsX @(t X)
fs”*E( X) — 80(t, X) — (20(t, X) — E),0(t, X).

Using the new variables X, W := E — o(t, X), we get the system

X =W
LW = B(t, X) — 0,0(t, X) — 0(t, X)9,0(t, X) =: E(t, X).

We remark that v appears with the directional derivative Dy = Oy + V0.

We now prove that E is the gradient (with respect to x) of some potential V. Since we work
in 1D, it is sufficient to prove that the average of E on T is equal to 0. Since E = —8,V, we
already know that [ Edz = 0. We also have

/T@(t,a:)&cz‘)(t,x) do = /Tax <”(t2“””)2> dr=0.

For the 0,0 term, remark that from the symmetry assumption ii) and p = 1, we have

/Tzi(t,m)d:n:/?rvfdxdv:P

39



where P is the total momentum which is preserved by the equation (1.3). Therefore, the integral
Jp Owo(t, ) do = % also vanishes.

We remark that according to [36] and since E = -8,V € L', the measure preserving flow
associated to that system of ODEs is uniquely defined, and allows to construct the solutions of
the associated transport equation.

Consequently, in the (X, W) coordinates, the trajectories are the curves V(X) + WT2 = (C'st.
If v is C! and E € L., then the potential V is continuous. Since it is defined up to a constant,
we assume that its minimum value is 0 and denote by xg a point where V() = 0. Using the
assumptions 4) and 4i), we can define a function g : RT — R, which is nonincreasing on R™
and such that for all w € R,

g (U;) = f(t,z0,0(t,x0) + w).

Let (z,w) € T x R. Since the integral curve of (z,w) crosses the line {x = x¢}, precisely at the

2 ~
point (zo,wp), where =2 =V (z) + %2, we get that

ft,z,o+w)=g (Zf + f/@:)) . (5.2)

Step 3. Using the p = 1 constraint.
Now, by (1.3), since for all z, we have p(t,x) = 1, we should have

/f(t,x,v)dv:2/0+oog (“jﬂy(x)) dw = 1.

This implies that V(x) = 0 for all . Indeed, assume by contradiction that there exist = such
that V(x) > V(zg) = 0. Then, the following holds

/0+oo [9 (U;) —9 (uj + V(w))} dw = 0.

Since g(-) is nonincreasing, we deduce that for all w € RY,

g<u;2>—g(u;+f/(x)):0

But since g is integrable with the weight ﬁ, g cannot be constant and there is z € R such

that ) )
g <Z2 + V(x)) <g (;) .

This is a contradiction; we deduce that V = 0. This implies that £ = 0 and thus we get the
remarkable identity for the electric field

E(t,x) = 0po(t,x) + v(t, ©)0;0(t, x). (5.3)

The ODE for (X, W) is now trivial, and we get a distribution f(¢,-,-) depending only on ¢ and
|w], i.e.

[tz o(tz) +w) =g (t’ U;>
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or equivalently

ft,zv)=g <t, W) : (5.4)

Step 4. Consequences in the original Vlasov equation (1.3).
Inserting (5.4) in (1.3), it comes

Ay (t, MW) + [E— 00 —v0,0](v— 15t x))0y (t, MW) =0.

where 0,9 denotes the derivative with respect to the second variable of g. Using (5.3), we

deduce ) )
— o(t — o(t
Oy <t, lv=olt, )] Ué Xl > — [T — v]?0,0 g (t, v — ot 2)I" ”é )| > =0,

from which we can finally write
0rg — 21 0,0 0yg = 0. (5.5)

We can now integrate this equation against the measure %, which yields (after an integration

4 / P / du_y
at ) T T T T
Recall that by (5.4), since p = 1, we have [ g% = 1. We therefore deduce that for all ¢, x,

by parts)

0,0 = 0.
The equation (5.5) also becomes 9,g = 0 so that we can rewrite f as

ftz,v) =g ("ﬁ') |

But in this case 9(t) = [ fdxdv = P which is preserved by the equation and therefore is a

constant. We finally get
v — o[
fltz,v) =g —
and set ¢(-) = g(—-), which concludes the proof of (5.1). O

6 Construction of BGK waves: Proof of Theorem 2.4

In this section, we give a proof of Theorem 2.4. We will restrict ourselves for simplicity to the
case where f,” = 0, but the general case may be handled exactly in the same way. In our model,
the Hamiltonian (or energy) is given by

02
E(z,v) = 5 + V(z),
and a solution of (2.19) is constant on the trajectories of the associated Hamiltonian system,
which are the connected components of {(z,v)|E(x,v) = h}, except in the case where the
potential remains constant on a whole interval.
We consider potentials V' reaching their maximum at + =0 and = =1, i.e.

V(0)=V(1) =0, sup V(z) <0. (6.1)
z€]0,1]
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There exists at least one solution satisfying the above condition : the homogeneous equilibrium

T(v) ifwv
f(x,v):{fo() fo=0, (6.2)

0 else,

together with the constant potential V' = 0. Under the condition (6.1), if % + V(z) > 0 and
v > 0, then the level line passing through (x,v) crosses the incoming boundary {0} x RT at
(0, /v + 2V (x)). Therefore, the value of f at that point is given by

f(z,v) = ff (Vo2 +2V (), if  v>+/=2V(x).

If v <0 and % + V(x) > 0, the level line crosses the incoming boundary {1} x R™, and this

leads to
f(z,v) =0, if v < —y/=2V(2).

In between, for |v| < /—2V(x), the particles are “trapped” in the sense that they do not have
a sufficient energy to reach one of the boundary, and as a consequence, their density is not fixed
by the boundary condition. In that region, we will assume that the density of f is constant on
the level lines of F, even if they are not connected. But this is not a restriction since there is
only one density profile for the trapped particles that leads to a solution of (2.19) when V' (x)
is known, as we shall see later. In order to be consistent with the previous discussion, we will
use the notation

f(z,v) = fr(v/—v? =2V (2)), it |u] </ —2V(z).

The unknown function fr is defined on the interval [0, /—2V;n], and the subscript 7' stands
for “trapped”. With these notation, the neutrality condition 1 = f f dv now reads

—2V () 400
1= 2/0 fr(v/—v? =2V (z)) dv +/ e fo (Vo2 + 2V (2)) do.

After a change of variable, it may be rewritten

B —2V(2) udu +oo n wdu
1—2/0 fT(U)\/m+ ; fo (U)\/m~

In order to get a solution, we only need to ensure that this condition is satisfied for any x € [0, 1].
This is precisely stated in the following lemma.

Lemma 6.1. Assume that fJ € L' satifies 0+°O fJ(v) dv = 1, and that there exists a non-
negative mesurable function fr:(0,4+00) — R* such that

r udu +oo udu
VYr>0, 2 Sk (1) 6.3
r /0 fT(u)m 0 fO (u)m ( )

Then, for any continuous potential V : [0,1] — R~ satisfying V(0) = V(1) = 0, the function
f € L' defined by

fd"( v2? + 2V($)) if v>4/—2V(x),
f(z,v) =40 if v<—/=2V(x), (6.4)
fr(=v/—-v2=2V(z)) if Jv]<+/=2V(x),

is a solution of (2.19).
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Proof of Lemma 6.1. The proof is straightforward. The condition (6.3) ensures that p(x) = 1,
and in particular it implies that (6.4) defines a function f € L. The fact that the function f
solves (2.19) in the sense of distributions follows since f is a function of the energy % + V(z).
It can be checked using some smooth test function ¢, and the change of variables (z,v)
(z,v* + 2V (z)) in several regions. O

So in order to construct solutions to (2.19), it suffices to find a function fr satisfying (6.3).
This is done in the following proposition.

Proposition 6.1. Assume that fgr e L' with ff(}F = 1. Then the function fr, defined on
(0, +00) as follows

1 [ uvdv
fr(u) = /o f(;r(ﬂ)m> (6.5)

satisfies (6.3) for all r > 0. And for any 7 > 0, it is the unique function that satisfies (6.3) for
all v € [0,7]. Moreover, if in addition fy is continuous at 0, then lim,_o fr(u) = fi(0).

The theorem 2.4 is then a consequence of Lemma 6.1 and Proposition 6.1.

Proof of Proposition 6.1.
Step 1. fr is a solution of (6.3). First remark that the function fr defined by (6.5) may be
rewritten

27r/ fO +v2)%.

This allows to prove that lim, o fr(u) = fi(0) when f; is continuous at 0. Next, denote by
g the function defined on R™ by the r.h.s. of (6.3):

oo udu
o) =1- [ i S2 (6:6)

Its derivative is given for r > 0 by

g/(r) —p f(]( )Udu / fO TU udu

0 (r2+u2)? 14 u2)?

Thus ¢ is positive and thus in L', and with the second expression, we see that lim, .o ¢'(r) =
fo7(0) if £y is continuous at 0. The condition (6.3) maybe rewritten

udu 1
vr e [0,7], / fr(u ﬁ:fg(r),

— 2 2

Next using that for all a > b > 0,

udu T
/ V(02 — u2)(u? — a?) T2 (6.7)

we obtain that for all r > 0

/< /\/u2—32> udUUQZ;/OTQ/(S)dSZ;g(r).
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This means that

B v) svdsdv
/\/fs2 // \/u2—32 (s2 +0?)3
(uv) vdsdv
/ / \/1—3 (s +02)3

is a solution to (6.3). The conclusion follows from the equality

/1 ds :{ 21— s T:2
0 VA —s)(s+x)3 (14+z)vVz+s (1+z)

5
2
Step 2. Uniqueness. Assume that gp : [0,7] — R is such that

2 — 2

wr e [0,7, /gT(u)“d“:o.
0

Let r; € [0,7]. Then, multiplying the previous equation by and integrating on the

T
[r2_ .27
7‘1 T

interval [0,71] , and using (6.7), we get

T1
7T/ gr(uw)udu = 0.
2 Jo

Since it holds for any r; € [0,7], it implies that gr = 0 on that interval.

7 The case of the Vlasov-Poisson equation for ions

In the last part of this paper, we focus on the quasineutral limit of the Vlasov-Poisson equation
for ions:

{ 8tf5 + Uaa:fa - 8xvaavfe =0, (7'1)

aV. —202Ve = p. — 1,

where o« > 0. We add an initial condition fy. € L' such that foe >0, [ foedvdz = 1. As
already said in the introduction, this allows to describe the dynamics of ions in a plasma, in
a background of “adiabatic” electrons, i.e. electrons which instantaneously reach a thermody-
namic equilibrium.

Remark 7.1. In (7.1), there is a parameter o > 0, which comes from the fact that this model
is only a linearization of the “physical” equations, in which the density of electrons follows a
Mazwell-Boltzmann law and the Poisson equation thus reads:

—e20%V, = p. — e V-,

The linearization consists then in writing e~*Ve ~ 1 — aV., which yields (7.1).

The scaled physical energy of this system reads:

/f€|v| dvdz + — /V2dx+ /|a V. |2da. (7.2)
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Assume now to simplify that « = 1. We can proceed as in the introduction and formally
obtain in the limit € — 0 the Vlasov-Dirac-Benney equation

Orf + 00, f — O, VO, f =0,
{ Ve=p_1. (7.3)
We observe that the energy associated to this system reads :
1 1
E(t) = 2/f|v\2dvdx+ 2/p2da:. (7.4)

Remark 7.2. Note that this can be seen a kinetic version of the shallow water system (or
isentropic gas dynamics with v = 2). Indeed, for monokinetic profiles, that is

f(t7 €L, U) = ,O(t, x)év:u(t,a:)a

we get the one-dimensional shallow water system:

{ dep + 0z(pu) =0,

O+ udyu + Opp = 0. (7.5)

As a matter of fact, the derivation of (7.5) from (7.1) for monokinetic data was performed in

[35].

We now explain how to adapt the results which have been proved in this paper.

7.1 The Penrose criterion.

We shall start by explaining what is the right Penrose criterion in the context of the Vlasov
equation

Oif +v0pf — 0V f =0,
{ aV -2V =p-1. (7.6)

We define the “a-Penrose instability criterion” as follows.

Definition 7.1. We say that an homogeneous profile u(v), such that f,udv =1, satisfies the a-
Penrose instability criterion if there exists a local minimum point v of p such that the following

inequality holds
p(v) — p(v)
/R o> (7.7)

If the local minimum is flat, i.e. is reached on an interval [01,7s], then (1.11) has to be satisfied
for all v € [v1,v2].

Remark 7.3. Note that if o = 0, we recover the same instability conditions of the introduction.

Exactly as for the case o = 0, we may obtain the exact analogue of Proposition 3.2, which
is a key point in Theorem 7.1 below.

7.2 Unstable Case.

The instability result we are able to prove is the same as for a = 0.
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Theorem 7.1. Let p(v) be a smooth positive profile satisfying the Penrose instability criterion
of Definition 7.1 and the §-condition of Definition (2.1). For any N > 0 and s > 0, there exists
a sequence of non-negative initial data (for) such that

oo = pllyen <<V,

and denoting by (f:) the sequence of solutions to (7.1) with initial data (fo.), the following
holds:.

i) L' instability for the macroscopic observables: the density p. := [ fedv, and the
electric field E. = —0, V.. For all « € [0,1), we have

liminf sup ||ps(t) — 1|1 >0, liminf sup el|Ec| ;1 > 0. (7.8)
€0 4e[0,e9] v =0 (0,69

ii) Full instability for the distribution function: for any r € Z, we have

liminf sup |[fe(¢) — pllyyra >0 (7.9)

=0 40,6

The same proof as that of Theorem 2.1 holds, mutatis mutandis: we only have to switch
the Poisson equations.

7.3 Stable Case.

The following holds for any value of o, and therefore we consider here for simplicity that o = 1.
We restrict ourselves only on the well-prepared case. Our stability theorem for (7.1) goes as
follows:

Theorem 7.2. Let p be a S-stable stationary solution to (7.3) of the form given in (2.8).
Assume that there exists n > 0, such that p satisfies

/u(v)(l + 02 dv < +o0. (7.10)

For alle > 0, let (f-, Vz) be the global weak solution in the sense of Arsenev to (7.1), with initial
datum fo. and define the “modulated energy”

g2 1
Lelfe] = Ho(fe) + & /(&VE)?dx +3 / VZida. (7.11)
Then, L. is a Lyapunov functional in the sense that
Vt € R+7 L. [fs(t)] =L, [f(),s]-

We thus see that the only thing to do is to adapt the definition of the modulated energy
(7.11) according to the energy (7.2) of (7.1). Then, the proof is exactly the same as that of
Theorem 2.2, and therefore we omit it.

The adaptation the stability result for ill-prepared initial data of Theorem 2.3 requires more
than a simple rephrasing, and this does not fall within the scope of this paper.
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7.4 Construction of the associated BGK waves.

We consider now the boundary value problem

VO f — lawp&,f =0,
a (7.12)
- / f(,v) do,

on the space 2 = [0,1] x R. The incoming boundary conditions are given by (2.20). This
corresponds to the stationary equations associated to the Vlasov-Dirac-Benney equation (7.1),
with boundary conditions. An adaptation of the proof of Theorem 2.4 leads to the following
theorem.

Theorem 7. 3 Assume that ng :RT — R* is are nonnegative and measurable functions such
that f Z(ff (0) + fy (=v)) dv = 1. Define fr on (0,+00) by

uvdv

(u2 +0v2)2

au 1

priw = =5+ 2 [T (150 + 4y () , (7.13)

and denote u := inf{u > 0, s.t. fr(u) < 0}, which is in any case bounded by \/g Then, for any

continuous potential with values in [—ﬂ—;,()] satisfying V(0) = V(1) = 0, the function f defined
by (2.22) together with V' gives a solution of (7.12) in the sense of distributions. Moreover, any
solution with V' nonpositive and vanishing at the boundary is of the above form.

The bound on % comes from a straightforward a priori bound of the right hand side of (7.13):
use the elementary inequality (u? + 1)2)_% <u2v7! and f “(ff )+ fy (=v)) dv =1.

When f;7(:) + f5 (—+) is continuous at 0, we have also that hmu_>0 fr(u) = f5(0) + £, (0),
so that it is clear that 4 is strictly positive if fi (0) + f5 (0) is. If f7(0) = 0, then % > 0 when
fr(uw) > 0, that is

[+ 0% -5
0

The proof of 2.4 can be adapted without difficulty to this case, with a potential given by
V= p— For instance, the definition of g in (6.6) should be replaced by

72 oo udu
r)=1—a—+ WYL

and the additionnal term —ag leads after some straightforward computations to the additional
term —* in (7.13).
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