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Abstract

We study the Bernstein-Landau paradox in the collisionless motion of an electrostatic plasma in the presence of a
constant external magnetic field. The Bernstein-Landau paradox consists in that in the presence of the magnetic field,
the electric field and the charge density fluctuation have an oscillatory behavior in time. This is radically different from
Landau damping, in the case without magnetic field, where the electric field tends to zero for large times. We consider
this problem from a new point of view. Instead of analyzing the linear Vlasov-Poisson system, as it is usually done, we
study the linear Vlasov-Ampere system. We formulate the Vlasov-Ampere system as a Schrodinger equation with a
selfadjoint Vlasov-Ampere operator in the Hilbert space of states with finite energy. The Vlasov-Ampere operator has
a complete set of orthonormal eigenfunctions, that include the Bernstein modes. The expansion of the solution of the
Vlasov-Ampere system in the eigenfunctions shows the oscillatory behavior in time. We prove the convergence of the
expansion under optimal conditions, assuming only that the initial state has finite energy. This solves a problem that
was recently posed in the literature. The Bernstein modes are not complete. To have a complete system it is necessary
to add eigenfunctions that are associated with eigenvalues at all the integer multiples of the cyclotron frequency. These
special plasma oscillations actually exist on their own, without the excitation of the other modes. In the limit when
the magnetic fields goes to zero the spectrum of the Vlasov-Ampere operator changes drastically from pure point to
absolutely continuous in the orthogonal complement to its kernel, due to a sharp change on its domain. This explains
the Bernstein-Landau paradox. Furthermore, we present numerical simulations that illustrate the Bernstein-Landau
paradox.

1 Introduction

Collisionless motion of an electrostatic plasma can exhibit wave damping, a phenomenon identified by Landau in [18],
and that is called Landau damping. It consists in the decay for large times of the electric field. There is a very
extensive literature on Landau damping. See for example, [10, 11, 12, 27, 30, 31], and the references quoted there.
For a recent deep mathematical study of Landau damping in the nonlinear case see [21]. On the contrary, it is known
that magnetized plasmas can prevent Landau damping [6]. In fact, it was shown by Bernstein [6] that in the presence
of a constant magnetic field the electric field does not decay for large times, and that, actually, it has an oscillatory
behaviour as a function of time. This phenomenon is called the Bernstein-Landau paradox, see for example [32],
because it seems paradoxical that even an arbitray small, but nonzero, value of the external constant magnetic field
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can be the cause of this radical change in the behaviour of the electric field for large times. The standard theory of
the Bernstein-Landau paradox in the physics literature is based on the representation of the solutions to the Vlasov-
Poisson system of equations in terms of the Bernstein modes. See, for example, [30][section 9.16] and [31][section
4.4.1]. A recent mathematical work [5] reexamined the Bernstein theory by establishing that the Fourier-Laplace
method for the analysis of the Vlasov-Poisson system is complete, i.e., that it allows to represent the charge density
fluctuation obtained from the solution to the Vlasov-Poisson system as a series of Bernstein modes, provided that the
initial values of the solution satisfy rather strong conditions in regularity and on decay. The work [5] also considers
other problems.

It is the purpose of the present work to revisit the Bernstein-Landau paradox from a new point of view. Instead of
considering the Vlasov-Poisson system we study the Vlasov-Ampere system. We write the Vlasov-Ampere system as a
Schrédinger equation where the Vlasov-Ampeére operator plays the role of the Hamiltonian. We construct a realization
of the Vlasov-Ampere operator as a selfadjoint operator in the Hilbert space, that we call H, that consists of the
charge density functions that are square integrable and of the electric fields that are square integrable and of mean
zero. Actually, the square of the norm of H is the energy. From the physical point of view this permits us to use the
conservation of the energy in a very explicit way. On the mathematical side, this allows us to bring into the fore the
powerful methods of the spectral theory of selfadjoint operators in a Hilbert space. There is a very extensive literature
in spectral theory, see for example [15, 23, 24, 25, 26]. This approach has previously been used in the case without
magnetic field to analyze the Landau-damping in [11, 12]. Within this framework the study of the Bernstein-Landau
paradox reduces to the proof that the Vlasov-Ampere operator only has pure point spectrum, i.e., that its spectrum
consists only of eigenvalues. Then, the fact that the Vlasov-Ampere operator has a complete set of orthonormal
eigenfunctions follows from the abstract spectral theory of selfadjoint operators. We expand the general solutions to
the Vlasov-Ampere system in the orthonormal basis of eigenfunctions of the Vlasov-Ampere operator. The coefficients
of this expansion are the product of the scalar product of the initial state with the corresponding eigenfunction, and of
the phase e~ ®*, where t is time and ) is the eigenvalue of the eigenfunction. This representation of the solution shows
the oscillatory behavior in time, that is to say the Bernstein-Landau paradox. Moreover, our representation of the
solution as an expansion in the orthonormal basis of eigenfunctions of the Vlasov-Ampere operator converges strongly
in H for any initial data in #, that is to say for any square integrable initial state without any further restriction in
regularity and decay. Note that our result is optimal, since square integrability is the minimum that we can require,
even to pose precisely the problem. A physical state has to have finite energy, i.e., it has to be square integrable. Our
result solves, in the case of one dimension in space and two dimensions in velocity, the open problem posed in Remark
3 of [5] of justifying the expansion in the Bernstein modes of the charge density fluctuation, without the regularity in
space and decay in velocity that they assume in [5]. We prove that the spectrum of the Vlasov-Ampere operator is
pure point in two different ways. In the first one, we actually compute the eigenvalues and we explicitly construct a
orthonormal basis of eigenfunctions, i.e., a complete set of orthonormal eigenfunctions. This, of course, gives us much
more than just the existence of the Bernstein expansion, and is interesting in its own right, because it can be used for
many other purposes. Actually, our analysis shows that the Bernstein modes alone are not a complete orthonormal
system. In fact, to have a complete orthonormal system it is necessary to add eigenfunctions that are associated with
eigenvalues at all the integer multiples of the cyclotron frequency, including the zero eigenvalue. These eigenfunctions
have nontrivial density function, but the electric field and the charge density fluctuation are zero. Recall that the charge
density fluctuation is obtained averaging the density function over the velocities. In consequence, these eigenfunctions
do not appear in the Bernstein expansion of the charge density fluctuation. Anyhow, these eigenfunctions are physically
interesting because they show that there are plasma oscillations such that at each point the charge density fluctuation
and the electric field are zero. Some of then are time independent. Note that since our eigenfunctions are orthonormal,
these special plasma oscillations actually exist on their own, without the excitation of the other modes. It appears that
this fact has not been observed previously in the literature. In the second one we use an abstract operator theoretical
argument based on the celebrated Weyl theorem on the invariance of the essential spectrum of a selfadjoint operators
in Hilbert space. This argument allows us to prove that the Vlasov-Ampere operator has pure point spectrum. It gives
a less detailed information about where the eigenvalues are located, and it tells us nothing about the eigenfunctions.
However, it is enough for the proof of the existence of the Bernstein-Landau paradox without going through the
detailed calculations of the first approach. It also tells us why the Bernstein-Landau paradox exists from a general
principle in spectral theory.

On the contrary in the case where the magnetic field is zero, it was proven in [11, 12] that the spectrum of the
Vlasov-Ampere operator is made of an absolutely continuous part and of a kernel. The Landau damping follows from
the well known fact that for a selfadjoint operator H, the operator e *H P, goes weakly to zero as t — +oo (here



P, is the projection on the absolutely continuous part of the spectrum). It has been remarked in [10] that there are
"interesting analogies with Lax and Phillips scattering theory ” [19]. In fact, the results of [11, 12] prove that it is not
just an analogy, but the consequence of a convenient reformulation of Landau damping in terms of the Vlasov-Ampere
system. The sharp change in the spectrum of the Vlasov-Ampere operator when the magnetic field goes to zero, i.e.
from pure point to absolutely continuous in the orthogonal complement to its kernel, may appear to be paradoxical
because the formal Vlasov-Ampeére operator is formally analytic in the magnetic field. The issue is that the domain
of the selfadjoint realization of the Vlasov-Ampere operator changes abruptly when the magnetic field is zero. It is a
well known fact in the spectral theory of families of linear operators that the spectrum can change sharply at values of
the parameter where the domain of the operator sharply changes. For a comprehensive presentation of these results
the reader can consult, for example, [15]. Summing up, this shows that there is no paradox in the Bernstein-Landau
paradox, just a well known fact of spectral theory, but, of course, in the physics literature the domains of the operators
are usually not taken into account. Perhaps the reason why the absence of Landau damping for arbitrarily small
magnetic fields is considered as paradoxical is related to the fact that the Vlasov-Poisson system somehow hides the
underlying mathematical physics structure of our problem, in spite of the fact that it is a convenient tool, particularly
for computational purposes. Let us explain what we mean. The full Maxwell equations consist of the Maxwell-Faraday
equation, the Ampere equation, the Gauss law, and the Gauss low for magnetism, i.e., the divergence of the magnetic
field is zero. In our case the Maxwell-Faraday equation and the Gauss law for magnetism are automatically satisfied.
So, of the Vlasov-Maxwell equations, only the Vlasov equation remains, as well as the Ampere equation, and the
Gauss law. Furthermore, the Gauss law is a constraint that is only necessary to impose at the initial time, since
it is propagated by the Vlasov-Ampere system. Further, both the Vlasov and the Ampeére equations are evolution
equations. So, the natural way to proceed is to solve the Vlasov-Ampere system as an evolution problem, and to
restrict the initial data to those who satisfy the Gauss law. The situation with the Vlasov-Poisson system is different.
In the Vlasov-Poisson system the Ampere equation is not taken into account. So, one could think that the Vlasov-
Poisson system is incomplete. The remedy is that instead of imposing the Gauss law only at the initial time, it is
required at all times. We actually prove in Section 2 that the Vlasov-Poisson system is indeed equivalent to the
Vlasov-Ampere system plus the validity of the Gauss law at the initial time. However, the Vlasov-Poisson system is a
hybrid one where the Vlasov equation is an evolution equation and the Poisson equation is an elliptic equation, without
time derivative.This is one way to understand why in the Vlasov-Poisson system the basic mathematical physics of
our problem is not so apparent. On the contrary, as we mentioned above, the Vlasov-Ampere system is an evolution
problem, that moreover, as we already mentioned, and as we explain in Section 2, has a conserved energy that is
explicitly expressed in terms of the density function and the electric field that appear in the Vlasov-Ampeére system.
These two facts are the reasons why the Vlasov-Ampere system has a selfadjoint formulation in Hilbert space, and
then, it is clear that there is no paradox in the Bernstein-Landau paradox, as we explained above.

Once the selfadjointness of the Vlasov-Ampere formulation is established, it is a matter of explicit calculations to
determine the eigenfunctions. The technicalities of the calculations are related to the fact that three different natural
decomposition are combined. The first one is based on Fourier decomposition (factors e"®), the second one is based
on a direct sum of the kernel of the operator and its orthogonal (it will be denoted as H = Ker[H] & Ker[H]*) and
the third one starts from the determination of the eigenfunctions with a vanishing electric field (it will be denoted as
F = 0). The combination of these three decompositions is made compatible with convenient notations.

The organization of this work is as follows. In Section 2 we introduce the Vlasov-Poisson and the Vlasov-Ampere
systems, and we prove their equivalence. In Section 3 we give the notations and definitions that we use. In sections 4
we consider the case of a pure Vlasov equation without coupling. We construct a selfadjoint realization of the Vlasov
operator, we explicitly compute the eigenvalues and we explicitly construct an orthonormal system of eigenfunctions
that is complete, i.e., it is a basis of the Hilbert space. In Section 5 we construct a selfadjoint realization of the Vlasov-
Ampere operator, we compute the eigenvalues, and we construct an orthonormal systems of eigenfunctions that is
complete, that is to say that is a basis of the Hilbert space. In Section 6 we obtain a representation of the general
solution to the Vlasov-Ampere system as an expansion in our orthonormal basis of eigenfunctions. In particular we
prove the convergence of the Bernstein expansion [6], [5], under optimal conditions on the initial state. In Section 7
we give a operator theoretical proof of the existence of the Bernstein-Landau paradox, with an argument based on
the Weyl theorem for the invariance of the essential spectrum. In Section 8 we illustrate our results with numerical
calculations. Finally, in the appendix we study the properties of the secular equation.



2 The Vlasov-Poisson and the Vlasov Ampere systems

We adopt the Klimontovitch approach [16, 14] where the Newton equation of a very large number of charged particles
with velocity v moving in an electromagnetic field is approximated by a continuous density function f(¢,z,v) > 0. The
variable t is time. We assume that the charged particles undergo a one dimensional motion, and that the real variable
x is the position of the charged particles. Furthermore, we suppose that the velocity, v, of the charged particles is two
dimensional, i.e., v = (vy,v2) € R2. Further, we take the motion of the charged particles along the first coordinate
axis of the velocity of the charged particles. The density function is a solution of a Vlasov equation,

Ouf + 010, f +F - Vo f =0. (2.1)

We assume, for simplicity, that the motion of the charged particles is a 2w-periodic oscillation, that is a usual assump-
tion [10]. Hence, we look for solutions to (2.1), f(t,z,v), for t € R,z € [0,27],v = (v1,v2) € R?, that are periodic in
x, i.e., f(t,0,v) = f(t,2m, v). The electromagnetic Lorentz force,

F(t,z) = % (E(t,2) + v x B(t,x)), (2.2)
is divergence free with respect to the velocity variable, that is V,, - F = 0. The Maxwell’s equations are simplified,
assuming that the magnetic field B(¢,x) = By is constant in space-time. Following the convention adopted in [4, 32], we
suppose that the two dimensional velocity v is perpendicular to the constant magnetic field, i.e., Bog = (0,0, By), By > 0.
Moreover, we assume that the electric field is directed along the first coordinate axis, E(t,z) = (E(t, z),0,0). We adopt
a convenient normalization adapted to electrons, that is gt = —1 and myet = 1, where gt is the charge of the electron,
and m,er 1S the mass of the electron. The electric field satisfies the Gauss law,

0, E(t,x) =21 — fdv, (2.3)
RQ

where 27 is the constant density of the heavy ions, that do not move. We take the density of the ions equal to 27 to
simplify some of the calculations below. The term — fR2 f dv is the charge density of the particles with charge —1.
With these notations and normalizations (2.1), and (2.3) are written as the following system,

Ouf +v10:f — EOy, f + we (—v20y, + v10,,) f =0,

(2.4)
0. E(t,x) =21 — fdv.
R2
We denote the cyclotron frequency by w. := By.
We retain the potential part of the electric field
where the potential ¢(¢,x) is a solution to the Poison equation,
—Ap =21 — / fdv. (2.6)
R2

The electric field and the potential are assumed to be periodic with period 2w, i.e. E(t,0) = E(t,27),¢(t,0) = (t, 27).
Note that since the potential ¢ (¢, ) is periodic it follows from (2.5) that the mean value of the electric field is zero,

/27T E(t,z)dx = 0. (2.7
0

Two important properties of the Vlasov-Poisson system (2.4, (2.5), and (2.6) are that the density function satisfies
the maximum principle

inf fini xz,v < f t,x,v < sup fini z,v),
(z,v)€[0,2m] xR2 ( ) ( ) (z,v)€[0,2w] xR2 ( )

where fin; is the initial value of the solution, f(¢,2,v), and that the total energy is constant in time,

d / s B
— — fdxzdv + / ——dx | =0. 2.8
dt < (0,27]xR2 2 027 2 =



Following [6], a linearization of the equations around a homogeneous Maxwellian equilibrium state fo(v), where,

—1)2
fo(v) := e72 is performed. Here the Maxwellian distribution is normalized for Tyt kg = 1, where Tier is the reference
temperature and kg is Boltzmann’s constant. It corresponds to the expansion

f(tvxvv) = fO(v) +e V fO(v)u(tvxav) + 0(52)7 (29)

and
E(t,x) = Ey +eF(t,x) + O(g?), (2.10)

with a null reference electric field Ey = 0. Inserting (2.9) and (2.10) into (2.4), and keeping the terms up to linear in
€, one gets the linearized Vlasov-Poisson system written as,

atu + Ula:nu + F’Ul V fO + we (_U28’U1 + Ulavz) U = 07

0, F = — /]Rz ur/fodv, (2.11)

/ F=0,
[0,27]

where in the third equation we have added the constraint that the mean value of the electric field F' is zero, as in
(2.7). Moreover, the electric field F(t,z) = —0,¢(t,x) is obtained from a potential as in (2.5), where the potential is
periodic, ¢(t,0) = ¢(t,27), and it solves the Poisson equation,

Ap = —/ uw/ fodv. (2.12)
R2
Observe that the second equation in (2.11) is the Gauss law,
where p(t,x) is the charge density fluctuation of the perturbation of the Maxwellian equilibrium state,
p(t,x) = —/ u(t,z,v) v/ fo(v)dv. (2.14)
R2

The study of the solutions to the Vlasov-Poisson system is the standard method to analyze the dynamics of a very
large number of charged particles moving in the presence of a constant external magnetic field. For the case of the
Bernstein-Landau paradox see, for example,[6], [32], [30][section 9.16], [31][[section 4.4.1] and [5]. We now present an
alternate method to study this problem. In the full Maxwell equations one of the equation is the Ampere equation

O F :/ vy u+/ fodv, (2.15)
R2
where we have taken the dielectric constant g = 1. We consider here the following modified Ampere equation
&gF:I*/ v1y/ foudv, (2.16)
R2

where I* is the space operator such that I*g = g — [g] and the mean value in space of a function g is denoted by [g],
that is to say, I*g(z) := g(z) — 5= fo% g(y) dy. With this convention the Vlasov-Ampere system is written as follows,

0wt + v10,u + Fory/ fo + we (—v20y, + v10y,) u = 0,

2.17
oF=1TI" v1 v/ fo udv. ( )
RZ

To the Vlasov-Ampere system (2.17), we add conditions for Fiy; := F(0,-) and uin; = u(0,-,-) : the integral constraint,

2
/ Fpidz =0, (2.18)
0
is satisfied at initial time, and the Gauss law (2.13), (2.14) is also satisfied at the initial time,
d
—Fini = — [ wini/ fodv. (2.19)
dx R2



LEMMA 2.1. The linearized Viasov-Poisson system (2.11) is equivalent to the Viasov-Ampére system (2.17) with
ingtial conditions that satisfy (2.18), (2.19).

Proof. Let (u, F) be a solution the Vlasov-Ampeére system (2.17) that satisfy (2.18), (2.19). It follows from the Ampere

equation that
27 27
8,5/ F(t,x)daﬁ:/ I*/ v\ fou=0
0 0 R2

and consequently the integral constraint (2.18) is propagated to all times. The Gauss law (2.19) is propagated also
to all times by the Vlasov-Ampere system, as we proceed to prove. Multiplying the first equation in (2.17) by +/fo,
integrating in v over R?, using that fy is an even function of |v| and using integration by parts, we prove the following

continuity equation,
8t/ uy/ fodv + 8,;/ viuy/ fodv = 0. (2.20)
R? R2

Deriving (2.16) with respect to  we obtain, 0 = 8, (9;F — I* [p viuy/fodv) = 0y (OF — [g2 viuy/fodv), because

8y = 0,I*. Then, by (2.20)
08t<5'mF+/ U\/fod’l)),
R2

from which the Gauss law follows for all times. We have proven that a solution to the Vlasov-Ampere system (2.17)
that satisfies the initial conditions (2.18), (2.19) solves the Vlasov-Poisson system (2.11).
On the contrary let (u, F') be a solution to the Vlasov-Poisson system (2.11). Then by the second equation in (2.11)

and (2.20),
0= 0,0F +8t/ uy/ fodv = 0, ((“)tF —/ vlu\/fodv> .
R2 R2

So O F = [po v1uy/fodv 4+ C(t), where C(t) is constant in space. Then, §,J*F = I* [, viuy/fodv. But F has zero
mean value, so I*F = F, and it follows that the Ampere law in (2.16) holds. Hence, the Vlasov-Poisson system implies
the Vlasov-Ampeére system (2.17) and the initial conditions (2.18), (2.19). O

From now on we only consider the Vlasov-Ampere system (2.17) with conditions (2.18), (2.19). A fundamental
energy relation is easily shown for solutions of the Vlasov-Ampere formulation (2.17)

2 F2
4 / u—dxdwr/ “dz | =o0. (2.21)
dt \ Jjo,2x]xr2 2 (0,27] 2

Tt is the counterpart of the energy identity (2.8), so the term f[ Il %dwdv is identified with the kinetic energy

0,27 X R?
of the negatively charged particles, and the term f[0,27r] F;dx is the energy of the electric field. This identity is known
since [17, 3]. As we show in the next sections, the identity (2.21) is the basis of our formulation of the Vlasov-Ampere
system as a Schrodinger equation in Hilbert space, where the Vlasov-Ampere operator plays the role of the selfadjoint
Hamiltonian.

3 Notations and Definitions

We will write the Vlasov-Ampere system as a Schrodinger equation with a selfadjoint Hamiltonian in an appropriate
Hilbert space. We find it convenient to borrow some terminology from quantum mechanics. For this purpose, we first
introduce some notations and definitions. We designate by R™ the positive real semi-axis, i.e., RT := (0, 00), and by
R? the plane. The set of all integers is denoted by Z and the set of all nonzero integers by Z*. The positive natural
numbers are designated by N. By C we designate the complex numbers. We denote by C a generic constant whose
value does not have to be the same when it appears in different places. By C°°([0, 27]) we designate the set of all
infinitely differentiable functions in [0, 27], and by C§°(R?) we denote the set of all infinitely differentiable functions
in R? with compact support. Let B be a set of vectors in a Hilbert space, H. We denote by Span[B3] the closure in the
strong convergence in H of all finite linear combinations of elements of B, in other words,

N
Span[B] := closure Zoszj ta; €C,X; € BN e N

j=1



Let M be a subset of a Hilbert space H. We define the orthogonal complement of M, in symbol, M+, as follows,
ML= {fecH: (f,u)y =0, forallu c M}.

Let H be a Hilbert space, and let H;,j =1,...,N,2 < N < 0o, be mutually orthogonal closed subspaces of H, that is
to say,
H; C H;,, and Hy, CHf,  j#m,1<j,m<N.

Note that if H; and H,, are mutually orthogonal, then one has (f,u)u = 0, f € H;, u € H,,,. We say that H is the
direct sum of the H;,j =1,...,N,2 < N < oo, mutually orthogonal closed subspaces of H, and we write,

H:@é\’:l H,,

if for any f € H, there are f; € H;,7 = 1,..., N, such that, f = Z;\le fj. Note that the f;,7 =1,..., N are unique

for a given f, and that ||f||Z = Zjvzl (FAER

Let A be an operator in a Hilbert space H, and let us denote by D[A] the domain of A. We say that the operator
B is an extension of the operator A, in symbol, A C B, if D[A] C D[B], and if Au = Bu, for all v € D[A]. Suppose
that the domain of A is dense in H. We denote by A the adjoint of A, that is defined as follows,

D[A"] := {v € H : (Au,v)g = (u, f)m, for some f € H, and for allu € D[A]},

and
Aty =f,  wve DIAT.

We say that A is symmetric if A C AT, and that A is selfadjoint if A = AT, that is to say if D[A] = D[AT], and
Au = ATu,u € D[A] = D[AT]. An essentially selfadjoint operator has only one selfadjoint extension. For any operator
A we denote by Ker[A] := {u € D[A] : Au = 0} the set of all eigenvectors of A with eigenvalue zero. For more
information on the theory of operators in Hilbert space the reader can consult [15] and [23].

We denote by L?(0,27) the standard Hilbert space of functions that are square integrable in (0, 27). Furthermore,
we designate by L3(0,2m) the closed subspace of L?(0,27) consisting of all functions with zero mean value, i.e.,

Li(2,7) = {F € L*(0,27) : /027r F(z)dr = 0} . (3.1)

Note that since all the functions in L?(0,27) are integrable over (0,27) the space L(0,2r) is well defined. Further,
we denote by L?(R?) the standard Hilbert space of all functions that are square integrable in R2. Let us denote by A
the tensor product of L?(0,27) and of L?(R?), namely,

A= L*0,27) ® L*(R?). (3.2)

For the definition and the properties of tensor products of Hilbert spaces the reader can consult Section 4 of Chapter 11
of [23]. We often make use of the fact that the tensor product of an orthonormal basis in L?(0,27) and an orthonormal
basis in L?(R?) is an orthonormal basis in .A. As shown in Section 4 of Chapter II of [23], the space A can be identified
with the standard Hilbert space L?((0,27) x R?) of square integrable functions in (0, 27) x R? with the scalar product,

(Uaf)m((o,%)xw) 5:/ u(z,v) f(z,v) dz dv,

(0,2m) xR2

where z € (0,27) and v = (v1,v2) € R2. Our space of physical states, that we denote by #, is defined as the direct
sum of A and L3(0,27).
H = A L3(0,27). (3.3)

;ﬁ) where u(z,v) € A and

We find it convenient to write H as the space of the column vector-valued functions, (

F(z) € L3(0,27). The scalar product in H is given by,

((17::) ’ <£> > L (u, f)a + (F, G) 120,20



Note that by the identity (2.21) the norm of H is constant in time for the solutions to the Vlasov-Ampere system.This is
the underlyning reason why we will be able in later sections to formulate the Vlasov-Ampere system as a Schrodinger
equation in ‘H with a selfadjoint realization of the Vlasov-Ampere operator playing the role of the Hamiltonian.
Moreover, the square of the norm of H is the constant energy of the solutions to the Vlasov-Ampere system.

Let us denote by H()(0, 27) the standard Sobolev space [2] of all functions in L?(0,27) such that its derivative in
the distribution sense is a function in L2(0,27), with the scalar product,

(F,G) 0,27y = (F, G)12(0,270) + (02 F, 0:G) 12(0,27) -
We designate by H(1:9(0,27) the closed subspace of H()(0,27) that consists of all functions in F' € H™"(0,27) such
that F'(0) = F(27) and that have mean zero. Namely,

H(0,27) = {F € H(0,2m) : F(0) = F(2), and / " Py da = 0} :
0

Note [2] that as the functions in H(1)(0,27) have a continuous extension to [0,27], the space H19(0,27) is well
defined.
We denote by L?(R*,rdr) the standard Hilbert space of functions defined on Rt with the scalar product,

(7, 1) 3 e ) = / () ) -
0

4 The Vlasov equation without coupling

In this section we consider the case without electric field, i.e. the Vlasov equation. The results of this section will be
useful in the study of the full Vlasov-Ampere system, that we carry over in Sections 5.
The Vlasov equation can be written as the following Schrodinger equation in A,

10w = 1 (—v10; + we(v2 Oy, — v1 Oyy)) U (4.1)

In the following proposition we obtain a complete orthonormal system of eigenfunctions for the Vlasov equation (4.1).
To this end, we introduce the polar coordinates (r, ) of the velocity v € R2.

PROPOSITION 4.1. Let {7;}52, be an orthonormal basis of L*(R",rdr). Let ¢ € [0,2m),r > 0, be polar coordinates
in R?,v1 = rcos p, vy = rsing. For (n,m,j) € Z2 x N* we define,

em(@E=32) gime
Un,m,j 1=~ =T}
V2m 27

Then, the up m.j, (n,m,j) € 72 x N* are an orthonormal basis in A. Furthermore, each Un,m,j 15 an eigenfunction for

(r). (4.2)

the Vlasov equation (4.1) with eigenvalue A = mwe,
i (—010 + We(v2 Doy — 01 0py)) Unmj = A Uy sy (n,m,j) € Z* x N*, (4.3)

Moreover, the eigenvalues AﬁS), m € Z, have infinite multiplicity.

Proof We first prove that the wy, ., ;, (n,m,j) € Z* x N* are an orthonormal basis in A. Clearly, it is an orthonormal
system. To prove that it is a basis it is enough to prove that if a function in A is orthogonal to all the w;, 1 4, (n,m, j) €
7?2 x N*, then, it is the zero function. Hence, assume that u € A satisfies,

(U Un,m.j) 4 =0, (n,m,j) € Z* x N*. (4.4)

Denote g, (v) := fo% e~ y(x,v)dr. By the Cauchy-Schwarz inequality, one has \gn(v)|2 < 27 fo% |u(z, v)|? dx.
Further, since u € A, it follows that g, € L?(R?). By (4.4), for each fixed n € Z,

/ gn(v) it gmime 7i(r)derdr =0, (m,j) € Z x N*.
(0,27) xR+



As the functions \/% e™? 1;(r),m € Z,j € N* are an orthonormal basis in L?*(R?), one has that g, (v) et =0 for

vy ) . 2T
a.e. v € R2. Moreover, as " “c is never zero, we obtain, g, (v) = 0, for a.e. v € R? i.e., o € ""u(r,v)dr=0,n¢€Z.

As the functions \/%ei”,n € 7Z are an orthonormal basis in L?(0,27), it follows that u(x,v) = 0. This completes
the proof that the wy . j, (n,m,j) € Z* x N*, are an orthonormal basis of A. Equation (4.3) follows from a simple
calculation using that 9,, = 2+ 0, — 73 0y, Oy, = 22 0 + 7% 0y, and v2 0y, — v1 0y, = —0,,. Note that the eigenvalues
)\52) have infinite multiplicity because all the w, m,, ; with m fixed and n € Z, 5 € N* are orthogonal eigenfunctions for
AR 0.

Let us denote by hg the formal Vlasov operator with periodic boundary conditions in z, that we define as follows,

hou := i (—v10; + we(va Oy, — 11 Ony)) 1, (4.5)

with domain,
Dlhy) :=D, (4.6)

where by D we denote the following space of test functions,
oy & &’
D = {u € C5°([0,27] x R*) : —u(0,v) = Wu(?ﬂ',v),j =1,...}, (4.7
x x
where by C§°([0,27] x R?) we designate the space of all infinitely differentiable functions, defined in [0, 27] x R?, and
that have compact support in [0, 27] x R2.

We will construct a selfadjoint extension of hg. For this purpose, we first introduce some definitions. Let us denote
by [2(Z? x N*) the standard Hilbert space of square summable sequences, s = {snym’j, (n,m,j) € Z* x N*} with the
scalar product,

(s, d)ﬂ(z2 xN*) 1= E Snym,j Anym,j-
(n,m,j)EZ? xN*

Let U be the following unitary operator from A onto [?(Z? x N*),
Uu = { (t, Up,m.j) 4, (n,m, §) € Z* X Z} . (4.8)
We denote by I/{\O the following operator in 12(Z? x N*),
{(Ho $)mgs (n,m, ) € 22 x N} i= {AD s, (0, ) € 22 x N | (4.9)

—

with domain, D[Hy], given by,
DIHs] i= {{snm (n.m. ) € Z2 x N} € B(Z2 x N*) : {ND s, (n,m, ) € 22 x N*} € B(Z2 x ')}, (4.10)

The operator ff\o is selfadjoint because it is the multiplication operator by the real eigenvalues )\53) defined on its
maximal domain.

PROPOSITION 4.2. Let us define
Ho=U'HyU, D[Hy|:={u€e A:Uuec D[Hy|}. (4.11)

Then, Hy is selfadjoint. Its spectrum is pure point, and it consists of the eigenvalues Aﬁ,?),m € Z. Moreover, each
etgenvalue A%g),m € Z, has infinite multiplicity. Further, hg C Hy.

Proof: Hj is unitarily equivalent to the selfadjoint operator 1/1\07 and in consequence H is selfadjoint. Let us prove
that hg C Hy. Suppose that v € D[ho]. Integrating by parts we obtain,

(hOU7 un,m,j)A = (ua ho un,m,j)A = )‘52) (u, un,m,j)_A ) (n7 m,]) € Z® x N*.
Hence,

Uhou = {(hott, Un,m.j) .4, (n,m,j) € Z* x N*} = {)\7(72) (U, U ) A5 (N, §) € Z2 X N*} € (Z* xN*), (4.12)



where we used that hou € A, Hence, .
Uu e D[Ho]

Moreover,

Hou = U HyUu = UT {Aij (ty U ) s (M3, §) € T2 X N*} — Ut Uhgu = hou.

This completes the proof that hy C Hy. As hg C Hp and one has the completeness of the eigenfunctions of hg by

Proposition 4.1, it follows that the spectrum of Hy is pure point, it consists of the eigenvalues )\7(72), m € Z, and each

eigenvalue /\52), m € Z, has infinite multiplicity. O
We write the Vlasov equation (4.1) as a Schrodinger equation with a selfadjoint Hamiltonian as follows,

10;u = Hyu.

We call Hy the Vlasov operator.
Actually, we can give more information on hg.

PROPOSITION 4.3. Let hy be the formal Vlasov operator defined in (4.5) and (4.6), and let Hy be the Viasov
operator defined in (4.11). We have that,
hy = H,
0 05

and, furthermore, hg is essentially selfadjoint, i.e., Hy is the only selfadjoint extension of hyg.

Proof: suppose that f € D[hzr)]. Then
(hou, £).a = (u, hf) 4. (4.13)
Hence, by (4.12) and (4.13)

(h0u7 f)A = (Uhoua Uf)lz(ZQXN*) = Z(n,m,j)ezz x N* )‘?("2) (ua un,m,j)A (fa un,m,j)A =

(4.14)
Z(n,m,j)eZ2XN* (u, Un,m,j)A (hg 5 un,m,j)A-
Since (4.14) holds for all u in the dense set D[hg] we obtain,
XD i) as (s ) € 22 x N = { (B f 0 5) s (i, ) € 22 x W'} € (22 < W), (4.15)
It follows that,
{)\52)(]3’ un,m,j).A, (namaj) € Zz X N*} € lz(Zz X N*) (416)

This implies that f € D[Hy] and that hgf = Hyf. Then, h;r) C Hy. We prove in a similar way that if f € D[Hy], then
fe D[hg] and that, Hyf = h(T)f. This implies that Hy C hg. Hence the proof that hl = Hy is complete. Finally let A
be a selfadjoint operator such that hg C A. Then, AT h(]; = Hy. But as A = AT, we obtain that A C Hy, and then,
Hg C AT, but as A = AT, Hy = Hg, we have Hy C A, and finally A = Hy. This proves that Hj is the only selfadjoint
extension of hy. O

5 The full Vlasov-Ampere system with coupling

In this section we consider the full Vlasov-Ampere system. We write the Vlasov-Ampere system as a Schrodinger

equation in the Hilbert space H as follows
. U U
o (1) -u(2). 5

where the Vlasov-Ampere operator H is the following operator in H,

2

H, —t i . —v? : 3
H= Of,vz et (Where we use the notation e™ =e~ 2 =¢ " 1 ) . (5.2)
iI* [ vieTa - dv 0

10



In a more detailed way, the right-hand side of (5.1) is defined as follows,

.2
H (;i) — [ Hou—ivie ) (5.3)
iI* [ vie s udv

We recall that I* gives zero when applied to constant functions in L?(0,27). The domain of H is defined as follows,

D[H] := D(Hy) ® L(0,27). (5.4)
We write H in the following form,
H=H,+V, (5.5)
where
__|Ho O
= [0 0] -
and )
V= o, et (5.7)
i fRZ vie 1 - dv 0

Clearly, Hy is selfadjoint with D[Hy] = D[H]. Moreover, V, with D[V] = #, is bounded in H. Observe that the
presence of I* in V assures us that V sends H in to H. Further, it follows from a simple calculation that V is symmetric
in H. Then, by the Kato-Rellich theorem, see Theorem 4.3 in page 287 of [15], the operator H is selfadjoint. We
proceed to prove that H has pure point spectrum. Actually, we will explicitly compute the eigenvalues and a basis of
eigenfunctions. We do that in several steps.

REMARK 5.1. The Gauss law in strong sense for a function (u}(jz’xz;)) € H reads,

/ u(x,v) e dv + F'(z) = 0. (5.8)
RZ

Later, in Remark 6.1, we write the Gauss law in weak sense, and we show that it can, equivalently, be expressed as
a orthogonality relation with a subset of the eigenfunctions in the kernel of the Vlasov-Ampeére operator H.

5.1 The kernel of H

In this subsection we compute a basis for the kernel of the Vlasov-Ampere operator H. We have to solve the equation

H (lfi) =0. (5.9)

Inserting (5.3) in (5.9) we obtain,

—7)2
i (—010z + we(v2 Oy, —v1 0y,))u—ivie 4 F =0,

02 (5.10)
i[*/ vie 4 udv=0.
R2
Denote,
2m 1 2m
o) = [ Fwdy- o [ uFay (5.11)
T ™ Jo

Then, as F' € L3(0,27), we have that ¢p € H(1:9(0,2r). Further,

F(z) = —¢'(z). (5.12)

11



—1)2

Let us designate v(z,v) := u(x,v) — e 2 (x). Hence, the first equation in (5.10) is equivalent to the following
equation

Ho = 0. (5.13)

Then, the general solution to the first equation in (5.10) can be written as

u(w,v) = e p(x) + 1z, v), (5.14)

with F' = —¢/, where 1» € H(1:0)(0,27), and v solves (5.13). Furthermore, by (5.14) the second equation is (5.10) is
equivalent to,

—v2
I*/ vie 4 ydv=0. (5.15)
R2

Then, we have proven that the general solution to (5.10) can be written as,

(;) _ (ef qpfgch)/&;,(x,u)) 7 (5.16)

where 1» € H1:0(0,27), F = —/, and v solves (5.13). By Proposition 4.1 the general solution can be written as
v = Z (9, Un,0,5) A Un,0,5- (5.17)
(n,j)ELXN*

Using (4.2) we prove by explicit calculation that u, o ;, n € Z and j € N*, satisfies (5.15). So the general solution
(5.17) satisfies (5.13) and (5.15).
In the following lemma we construct a basis of Ker[H], using the results above.

LEMMA 5.2. Let H be the Viasov-Ampére operator defined in (5.3) and, (5.4). Let unp ; be the eigenfunctions
defined in (4.2). Then, the following set of eigenfunctions of H with eigenvalue zero,

V(O) ! e 6712 nez yuU {M(O)- = (Un,o,j) (n,j) € Z % N*} (5.18)
= Vom inE vam \—in ) m o) ’ '

is linearly independent and it is a basis of Ker[H].

Proof: Let us first prove the linear independence of the sets of functions (5.18). We have to prove that if a linear
combination of the eigenfunctions (5.18) is equal to zero then, each of the coefficients in the linear combination is equal
to zero. For this purpose we write the general linear combination of the eigenfunctions in (5.18) with a convenient
notation. Let M; be any finite subset of Z* and let My be any finite subset of Z x N*. Then, the general linear
combination of the eigenfunctions in (5.18) can be written as follows,

U0,
Z ﬁ(l,p ( 0 p>7

(l,p)eM2

1 elnflj
Oy ————
n%l V21 +n? /2w <zn>

for some complex numbers ay,,n € My, and B ), (I,p) € My. Suppose that,

Y Buw ( lo’p) =0.

(I,p)EM2

1 eln
Oy ———————
n%l V2r 4+ n2 V2 (—zn)

pine

Since thg second component of the functions in the second sum is zero, we have > ., an m Nl 0. Further,
max

as the —=,n € M; are orthogonal to each other, we have that, a,, = 0,n € M;. Furthermore, as the a,,,n € M;

Ver

are equal to zero, we obtain Z(l.p)EMz B(.pyut,0,p = 0. Moreover, since the u; oy, (I,p) € My are an orthonormal set,

Bup) = 0, (I, p) € My. This proves the linear independence of the set (5.18). Moreover, by (5.16) with i (x) =
Z*, and f =0, each of the functions

inw

e%,ne

1 elnfl: 7;/2 6 Z*
- n ’
V2r+n? V2 \ —in

12



is an eigenvector of H with eigenvalue zero. Similarly, by (5.16) with ¢(x) = 0, and f = u, o ;, one has that each of
the functions,

(““g”) . () eZxN,

is an eigenfunctions of H with eigenvalue zero. By the Fourier transform, the set of functions, €€ Z, is a

Var’
complete orthonormal set in L?(0,27). Then, in particular, any ¢ € H(1:9) (0, 27), can be represented as follows,

4= 2 (75 s VB 1)

nez*

where the series converges in the norm of L?(0,2). Note that there is no term with n = 0 because the mean value of

1 is zero. Then, by (5.19),
e%v? w(ﬂ;‘) _ ( einw ) eine e 722 . 5.90
< —'(z) ) n%* v V2r L2(0,27) V2 (‘”’) ( )

Finally, it follows from (5.16), (5.17) and (5.20) that the set (5.18) is a basis of the kernel of H. O

5.2 The eigenvalues of H different from zero and their eigenfunctions

In this subsection we compute the non-zero eigenvalues of H and we give explicit formulae for the eigenfunctions that
correspond to each eigenvalue. By (5.3) we have to solve the system of equations

Hou —ivie 4 F = A,
2 (5.21)
iI*/ vie * udv=\F,
R2

with A € R\ {0}, and (;ﬁ) € D[H]. We first consider the case where the electric field, F', is zero, and then, when it

is different from zero.

5.2.1 The case with zero electric field

We have to compute solutions to (5.21) of the form,

(8‘) € D[H], (5.22)

with w € D[Hp]. Introducing (5.22) into the system (5.21) we obtain,

Hou = A\u,
. (5.23)

iI*/ vie T udv=0.
]R2

We seek for eigenfunctions of the form,

1. O
u(z,v) := — BT gime 7(r), (n,m) € 72, (5.24)

V2m V2r

where (7, ) are the polar coordinates of v € R?, and the function 7 will be specified later. We first consider the case
when n = 0. In this case the second equation in (5.23) is satisfied because the operator I* gives zero when applied to
functions that are independent of x. Hence, we are left with the first equation only, that is the problem that we solved
in Section 4. Then, as we seek non zero eigenvalues we have to have m # 0 in (5.24). Using the results of Section 4
we obtain the following lemma.

13



LEMMA 5.3. Let H be the Viasov-Ampére operator defined in (5.3) and, (5.4). Let {7;}32, be an orthonormal basis
of LA(R*rdr). Let ¢ € [0,2m),7 > 0, be polar coordinates in R? vy = rcosp, vy = rsinp. For (m,j) € Z* x N* let
Uo,m,; e the eigenfunction defined in (4.2). Then, the set

Vi = {(uo’o’”’j> ,(m,j) € Z7 x N*} ; (5.25)

is an orthonormal set in H. Furthermore, each function on this set is an eigenvector of H corresponding the eigenvalue
)\52) =muw. # 0,
HV, ;= A0V,  (mj)€Z xN". (5.26)

Moreover, each eigenvalue )\52) has infinite multiplicity.

Proof: The lemma follows from Proposition 4.1 and since the second equation in (5.23) is always satisfied for functions
that are independent of x. O

Let us now study the second case, namely n # 0. We have to consider the second equation in the system (5.23).
We first prepare some results. For m € Z let J,,,(z), z € C, be the Bessel function. We have that

Jm(=2) = (1™ T (2),  Jem(—2) = Ji(2). (5.27)

For the first equation see formula 10.4.1 in page 222 of [22] and for the second see formula 9.1.5 in page 358 of [1].
The Jacobi-Anger formula, given in equation 10.12.1, page 226 of [22], yields,

eI = N " e T (2). (5.28)
meZ
The Parseval identity for the Fourier series applied to (5.28) gives,
> Jm(2)*=1,  z€eR (5.29)
meZ
Differentiating the Jacobi-Anger formula with respect to ¢ we obtain,
zcos peFsne = Z me™? J,(2). (5.30)
meZ

Taking in (5.30) z = —nr/w., with n # 0, recalling that v; = r cos p, vy = rsin ¢, and using the first equation in (5.27)
we get,

vy emid = e m e (=1)" Jp (W> , n # 0. (5.31)
n We
meZ
From (5.31) we obtain,
2
/ v e~ e g = o MW (_qym g (“’") —on e 4 (W) . n#£0, (5.32)
0 n We n We

where in the last equality we used both equations in (5.27). Using (5.31) and taking n, m # 0 we prove that the second
equation in (5.23) with u given by (5.24) is equivalent to,

/OOO 5 I (m> () rdr =0, (5.33)

We
Taking m = 0 is possible, but it will be discarded below in Lemma 5.4. Let us denote by V,, ,,, the orthogonal
2
complement in L2(R*,rdr) to the function, e~ 7 J,, (%) , that is to say,

We

Vi i= 4 f € LA(RY, rdr) : (f,e“f Tom (m» —0%,n,meZ". (5.34)
L2(R+,rdr)

Note that V}, ,,, is an infinite dimensional subspace of L?(R™, rdr) of codimension equal to one. We prove the following
lemma using the results above.
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LEMMA 5.4. Let H be the Viasov-Ampére operator defined in (5.3) and (5.4). Let 7, j,n,m € Z*,j € N* be an
orthonormal basis in V,, ., and define,

v 1 .
zn(x Z) —— ' Tn,m,j (T)v n,m e Z*7] € N*. (535)

1
f’n,m,j - \/7 m
Then, the set
{Wn,m’j = (f”g”) ,n,meL"je N*.} (5.36)

s an orthonormal set in H. Furthermore, each function on this set is an eigenvector of H corresponding the eigenvalue
AY = mw. #0,
HW,, ;= AOW,, . n,m € Z*,j € N*. (5.37)

Moreover, each eigenvalue )\7(2) has infinite multiplicity.
Proof: The lemma follows from (5.23), (5.33), (5.34) and (5.35). Note that the case m = 0 does not appear because
we are looking for eigenfunctions with eigenvalue different from zero. Furthermore, the eigenvalues A,(ﬁ) have infinite
multiplicity because all the eigenfunctions W, ,,, ; with a fixed m and all n € Z*, j € N*, are orthogonal eigenfunctions

for the eigenvalue, )\53).

O

5.2.2 The case with electric field different from zero

From the physical point of view this is the most interesting situation, since it describes the interaction of the electrons
with the electric field. Moreover, it is the most involved technically. We look for eigenfunctions of the form,

\/% (ein(we—irffér(v)) 7 (5.38)

where G is a constant. Since we wish that the electric field is nonzero we must have G # 0. Hence, to fulfill that

fo% F(z)dx = 0, we must have n # 0. The eigenvalue system (5.21) recasts as,

7)2

2
. . —v —
(—iweDy — N)T = iG vy e 7 e,

o w (5.39)
AG = z/ vie ™t e e 7(v) dv.
R2
Changing n into —n in (5.31) and using the first equation in (5.27) we obtain,
vy €l el = e me™? J,, <m) , n # 0. (5.40)
n We
meZ
Plugging (5.40) into the first equation in the system (5.39) we get,
_2
(—iwe0p, — A)T(r,p) = iGe ™+ Le me'™? J,, <m) , n # 0. (5.41)
n We
meZ*

A solution to (5.41) is given by

7(r, )—ZGe‘I*Z e "m*"Jm(m>, n#0, (5.42)

mwe — Mwe — A We

for A # mw.,m € Z*. Introducing (5.42) into the second equation in the system (5.39), and simplifying by G # 0 we
get,

1 c -2 i V2
A= —— Z Mt / ez MPe Mo J,, <W) vy dv, n#0, \N#mw., meZL". (5.43)
no = Mwe — A Jgre A
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Plugging (5.32) into (5.43) and using that dv = rdrdy, we obtain,

2 2,2
)\:7% Z %anm, n#0, \N#mw., meEZL". (5.44)
mezZ*
where we denote
o 2 nr 2
Apym, 1= / ez Jpy () rdr >0, m € Z. (5.45)
0 c

Equation (5.44) is a secular equation that we will study to determine the possible values of A. Remark that (5.44)

coincides with the secular equation obtained by [5] and [6]. First we write it in a more convenient form. Note

that thanks to the two equations in (5.27) we have J_,,(z) = (—=1)™J,,(2) and then a,, —m = apm. Using also
e =1+ —=—, this allow to obtain that

mwf

2

m? w? M wWe _mwe
e — e = . 4
Z MWe — A Gnm Z (mwc + Mwe — ) = Z MWe — )\ (5.46)

meZ* meZ* mez*
Simplifying by A # 0 and using (5.46) we write (5.44) as
2w muw "
1=—ﬁ m%* W_C)\an,m’ n#0, A#mw,, meZL". (5.47)

By (5.29) we have Z an,m < 400 and thus the series in (5.47) is absolutely convergent. Secondly we proceed to
meZ*
write (5.47) in another form that we find convenient. Using again a,, —m, = apm we have

mwe m? w?
Do T m =2) s (5.48)
mezZ* ¢ m=1 c
Let us denote
> mPw? X
g(A) = dm Z mamm, A 7é mwe, m € Z~. (549)
Then using (5.48), (5.47) is equivalent to
g(\) = —n? nez, A # muwe, m e Z". (5.50)

Since the function ¢ is even it is enough to study it for A > 0. It has simple poles as A = mw.,m € N*. It is well
defined for A € US°_1,,,, where,

Iy :=[0,w,), Iy, = (mwe, (m + 1w,), m € N*. (5.51)

LEMMA 5.5. The function g is positive in Iy. For m > 1, g is monotone increasing in the interval I, and the
following limits hold,

lim A — (mw.)” = 400, lim A — (mw.)™ = —cc. (5.52)
Proof: The fact that g is positive in I follows from the definition of g in (5.49). Furthermore, since a, ,, > 0,m > 1,

2, 2

and the functions A — a7 are monotone increasing away from the poles, we have that g is increasing in I,,,, m > 1,

and that the limits in (5. 52) hold. O
In the following lemma we obtain the solutions to (5.50)

LEMMA 5.6. For n € Z*, the equation (5.50) has a countable number of real simple roots, Ay m in (Mmwe, (m +
Dwe),m > 1. By parity Apm = —An—m, m < —1 is also a root. There is no root in (—we,we). Furthermore,
Animi = Ang.ms of and only if ng = ng, and my = ma,
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Proof: The first two items follow from Lemma 5.5 and the parity of g. The third point is true because g is positive

in (—we,wc). Finally, if An, m; = Anams, We have, my = mag, because Ay, m, € (Miwe, (M1 + Dwe) and Apym, €

(mawe, (Mg + 1)w). Furthermore, if ny # na, then, Ay, m # An,.m, because, otherwise, —n? = g(Ap,.m) = g(Anym) =

—n3, and this is impossible. O
Using (5.38) and (5.42) we define,

L ins (€775 ()
Yom = e M , n,m € 2", (5.53)
' V2T ( —nt
where
—r2
M (v) = €5 > qwq,iﬂ ¢ J, (ZT> n,m e Z*, (5.54)

qEZ*
For m € Z*, A\, m is the root given in Lemma 5.6. Note that we have simplified the factor % in (5.42) and we have
taken G’ = 1. Remark that, formally, Y, ,,, is an eigenfunction of H,

However, we have to verify that Y,, ,, € H. We have

2
Womllze = o/l 32 gasy + 2,
and

2
||nn)m< ||L2(R2) B 27T Z (qwc - >\n m) a/n)q’ (556)

qEZL*

where we used the first equation in (5.27). We now prove that ||77n,m(U)||iz(R2) < +o0 and exhibit an asymptotic
expansion of this quantity which will be used later.

LEMMA 5.7. We have,

nt 1 1
||77n,m(v)||2LQ(R2) - % G (1 +O <m )> + O (Wﬂ) , m — +o0. (557)

Proof: Recall that for m < —1, A, ,,, = =\, . Then,

2 2
Hnn,m(v)”p(RZ) = ||77n,7m(v)||L2(R2) ) m < —1. (5.58)

Hence, it is enough to consider the case m > 1. We decompose the sum in (5.56) as follows,

4
70, () 22y = D Y ( (5.59)
j=1
where,
2
W Apm) =21 > ( ) ngs (5.60)
g<—1 qwc_ n,m
qw ’
B2 (Apm) =2 e .
(An,m) g Z qWe — Anm On,qs (5.61)
1<g<m—1 ’
muw 2
( ' ) " mwc_/\n,m nms ( )
and

2
RO Am) =21 > <qw > g (5.63)

m+1<q
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2
Since( e ) < ¢ q < —1, we have
S gz 4= ) )

qWe—An,m

2
1
h(l))\nm‘<2 E _ T IS o —
‘ Anm)| < Wq<_1 (m+1)2a’q7 (m+1)%’

where in the last inequality we used (9.2). Assuming that m is even, we decompose h(?) (), ) as follows,

D (Npm) == REY (N ) + B3P (N,

where,
2
@ — _awe
=2 ()
1<g<m/2 ’

and

2
R Ny) =21 (q%) A

We — A
m/2<q<m—1 e Tm

qWe—An,m

2
Since <q¢) <4151 < ¢ <3, and, using (9.2) we obtain,

2
1

‘h(z’l)(An’m)‘ S 2w E 4 % Gn,q S 072

m m

1<q<m/2

2
Furthermore, as, (L) <q? m/2 < q<m—1,and by (9.2), we have

qwc_An,m

1

’h(2’2)()\n7m)’ <27 Z 7> an,q < Cp p—
m/2<qg<m—1
for all p > 0. When m is odd we decompose h(?(\,, ,,) as in (5.65) with
quw ?

hED (N ) = 2 — ) a

( ’ ) " Z qwc_/\n m gy
1<q<(m—1)/2 ’

and

2
(2,2) L qWc
WD) =2 Y @%Mm)aw,
(m—1)/2<qg<m—1 ’

and we prove that (5.68) and (5.69) hold arguing as in the case where m is even. This proves that,

1
2
PO Onm)| <€ 5

The technical result (9.22) in the appendix is Ay, = mw, + 27m w, a"r;‘;" + ap |m| O (

41 1
A3 (N pym) = n (1 +0 ()) , m — 00.

2T Anm m?2

Moreover, by (9.2) and (9.22) there is an mg such that

2
(q%) <2¢®, g>=m+1,m>my.
qwc_)\n,m

Then, using (9.2) we obtain for all p > 0,
1

‘h(4)()\n,m)‘ <Am Z @ ang <0y — m > mg.

m+1<q
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Equation (5.57) follows from (5.58), (5.59), (5.64), (5.65), (5.72), (5.73), and, (5.74). O
Since Y, ., € H we can define the associated normalized eigenfunctions as follows. Let us denote,

b = \ 2 oy 72 = (Yol (5.75)

The normalized eigenfunctions are given by,
Znm =7—Ynm, n,m € Z*. (5.76)

Then, we have,

LEMMA 5.8. Let H be the Viasov-Ampeére operator defined in (5.3) and, (5.4). Let Ay m,n,m € Z*, be the roots to
equation (5.50) obtained in Lemma 5.6. Then, each Ay m,n,m € Z*, is an eigenvalue of H with eigenfunction Z, .

Proof: The fact that the A, ,,n,m € Z*, are eigenvalues of H with eigenfunction Z,, ,, follows from (5.53), (5.55),
and (5.57). O

In preparation for Lemma 5.9 below, we briefly study the asymptotic expansion for large |m| of the normalized
eigenfunction. By (5.54), (5.64), (5.72), and (5.74), we have,

—r2 mwe ; nr
’nnvme T " g, | —

MWe — An,m We
Note that (5.64), (5.72), and (5.74) were only proven for m > 1, and then, they only imply (5.77) for m — oo. However,
using both equations in (5.27) and as A, ,—n, = —Apm Wwe prove that (5.77) with m — oo implies (5.77) with m — —oo.
Then, by (5.57),

2
1 _ 1 — M ime g nr
b Mn,m b € 2\ € m

mn,m mn,m mwe — n,m

=0 <1) , m — £oo. (5.77)
L2(R2) Im|

1
=/l |m|O (2> , m — Foo. (5.78)
m

) We / 1l L2 (r2)
Let us denote,
1 2
N = e TT ™P ], <W> , n,m &€ Z*. (5.79)
’ A /27ran7|m‘ We

By (9.22) and (5.57),

1 MW 1 1
= — 1 — +o0. .
b T2 — hﬂ—an,h}ﬂ ( +0 ( )) , m — o0 (5.80)

Then, by (5.79) and, (5.80)
[ mwe im nr @
‘ e 4 € <p‘]m <w) 7?7£L 7)n

bn,m mwe — )\n,m
Let us now define the asymptotic function that is the dominant term for large m of the normalized eigenfunction Z,, ,,

1

=0 () , m — £o0. (5.81)
L2(R2) Im|

1 1 —ingZ (a)
7 = — e (e .n"’m) , n,m e 7Z". (5.82)
’ bn,m V2w —in

In the next lemma we show that for large m the eigenfunction Z,, ,,, is concentrated in ZS{I,)W

LEMMA 5.9. Let anm be the quantity defined in (5.45), let Z,, ., be the eigenfunction defined in (5.76), and let
Z%‘fln be the asymptotic function defined in (5.82). We have that,

1

‘znm—z;aan <C—, m-— too,nel (5.83)
’ Tl T |ml
Proof: The lemma follows from (9.2), (5.78), and (5.81) O
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5.3 The completeness of the eigenfunctions of H

In this subsection we prove that the eigenfunctions of the Vlasov-Ampere operator H are a complete set in H. That
is to say, that the closure of the set of all finite linear combinations of eigenfunctions of H is equal to , or in other
words, that H coincides with the span of the set of all the eigenfunctions of H. For this purpose we first introduce
some notation. By (5.19)

L2(0,27) = @pezSpa {em} 5.84
( ﬂ—) czopan m ( )
and,
L2(0,27) = @nez-S an[e } 5.85
0(0,2m) ez Span | == (5.85)
Furthermore, by (5.84) and (5.85),
H = @nEZ Hrm (586)
where
Ho := L*(R?) @ {0}, (5.87)
and, '
62’!11
H,, := Span ® (L*(R?) @ C), n e 7Z*. 5.88
pn | S| @ (@) 00 (55%)

Alternatively, Ho can be written as the Hilbert space of all vector valued functions of the form (u,0)”, u € L?(R?),
where the injection of L?(R?) onto the subspace of A consists of all the functions in A that are independent of z. In
other words, we identify f(v) € L?(R?) with the same function f(v) € A that is independent of z. Moreover, H,, can
be written as the Hilbert space of all vector valued functions of the form,

f;; (ug))>, u € L*(R?),a € C.

Furthermore, H can be written as the Hilbert space of all vector valued functions of the form

()5 5 ()

nez*

where u,, € L?(R?), a, € C,n € Z*, and, further, ;. un||%2(R2) <00, and 3, ;. |on|? < oo. The strategy of the
proof that the eigenfunctions of H are complete in H will be to prove that the eigenfunctions of a given n are complete
on the corresponding H,,. For this purpose we introduce the following convenient spaces. A first space is defined as
follows,

WO = Span |:{M((); }jeN*:| ($5) Span [{Vm’j}mez*,jeN*} C HO (589)

where the eigenfunctions M(()?J)-, J € N*, are defined in (5.18) and the eigenfunctions V,, j,m € Z*,j € N* are defined

in (5.25). Next we introduce the space,

W .= Span [{W",W} CH,, n o0, (5.90)

n,mEZ*,jGN*:|
where the eigenfunctions W, ,,, j,n,m € Z*, j € N* are defined in (5.36). We also need the following space,
W® .= Span [{Zn,m}n,mezﬂ C Hpy n#£0, (5.91)

where the eigenfunctions Z,, ,,,n,m € Z* are defined in (5.76). Finally, we define the space,

W) .= Span [{VS))}%Z* U {M(O),

w}nEZ*’jeN*] C H, NKer[H], n#0, (5.92)

where the eigenfunctions VY and Mglog are defined in (5.18).
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THEOREM 5.10. Let H be the Viasov-Ampére operator defined in (5.3) and (5.4). Then, the eigenfunctions of H
are a complete set in H. Namely,

Ho = Wo, (5.93)
Ho=WD e WPDaW®  nez* (5.94)

Furthermore,
H=Wo ez (W e WD oW, (5.95)

Proof: Note that Wy, is orthogonal to Wg), Wg), and Wf) because Wy is the span of eigenfunctions with n = 0 and
1) (2

WS), Wg), and W7(13) are the span of eigenfunctions with n different from zero. Furthermore, the W n , and
WS’) are orthogonal among themselves because they are the span of eigenfunctions with different eigenvalues. Further-
more the WS}), ng), with n # g, are orthogonal to each other because they are the span of eigenfunctions that contain
the factor, respectively, e, ¢¥®. Similarly, ELQ ),W,(IQ),n = ¢ are orthogonal to each other and W%S),W(gs),n #q
are also orthogonal to each other. Equation (5.93) is immediate because the span of g, j,m € Z,j € N* is equal to
L?(R?). We proceed to prove (5.94). We clearly have,

WHawW2Daw® cH,,  nez. (5.96)

Our goal is to prove the opposite embedding, i.e.,

H, cWHaeWDaow®  nez* (5.97)
Consider the decomposition,
1
H, =W o (WSP) : (5.98)

i
where (WW) denotes the orthogonal complement of Wsll) in H,,. Recall that
L
W@ oW c (WD) n ez, (5.99)
Our strategy to prove (5.97) will be to establish,
1
(wg)) cWOowW®, pezr (5.100)
It follows from the definition of W) in (5.91) and of W in (5.92) that the following set of eigenfunctions is a basis

of WP oW,
Zym,m,m € 7",

M) n€Z*,jeN", (5.101)
VSALO nEZLx.

Furthermore, it is a consequence of the definition of W in (5.90) and of the definition of Zg{lln in (5.82) that the

1
following set of functions is an orthonormal basis of (ngl))

Z,({fzn,n,m ez,
M\ nez*jeN, | (5.102)

)

where the asymptotic functions Zg{f%@,n,m € Z* are defined in (5.82), the eigenfunctions M;O,;,n € Z*,j € N* are
defined in (5.18), and Q is given by,
Q- ((1)) . (5.103)
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1L
Any X € (Wg)) can be uniquely written as,

X=2 (X’ Z;‘?) Zii + 2 (X M(O) M)+ (X, Q)n Q. (5.104)

mez* JEN*

1
We define the following operator from ( ) into ( %1)) ,

=Y (X20), Zont 2 (M), M+ (X Qx VI, (5.105)

mezZ* FEN*

I
We will prove that (5.100) holds by showing that A is onto, (W%l)) . We write A as follows,

A=T+K, (5.106)
where K is the operator,
KX:= Y (X zg;j;l)ﬂ (zmm - zg;jzn) (X,Q)n (V<° Q). (5.107)

meZ*

We will prove that K is Hilbert-Schmidt. For information about Hilbert-Schmidt operators see Section 6 of Chapter VI
of [23]. For this purpose we have to prove that K* K is trace class. Since the functions in (5.102) are an orthonormal

1
basis of (Wg)) , we can verify the trace class criterion under the form,

S (Kz;‘” KZ(") ) n Z (KMSJ,KM(O)) + (KQ,KQ),, < . (5.108)
meZ*
However, by (5.107) Y,ez- (K250, K24 )H .
ZjeN* (KM(O) KM(O)>H =0, and, clearly, (KQ,KQ),, < co. Hence, K is Hilbert-Schmidt, and then, it is compact.

’I’L]’

2
(Z ) — ZS{%)‘H < 00, where we used, (5.83). Moreover,

It follows from the Fredholm alternative, see the Corollary in page 203 of [23], that to prove that A is onto it is enough
°
to prove that it is invertible. Suppose that X € (Wfll)) satisfies AX = 0. Then, by (5.105)

> (%27, ) Zowm+ Y (XM 0’) MO+ (X,Q)n VI = 0. (5.109)

meZ* jEN*

However, as the eigenfunctions Z, ,, are orthogonal to the Mfloz and to V), we have,

X,Z$))  Zpm =0, (5.110)
and,
> (X’ Mg)H M)+ (X, Q) V¥ =0. (5.111)

jEN*
Since the eigenfunctions Z,, ,, are mutually orthogonal, it follows from (5.110) that (X7 Z%“ZR)H =0, meZ".

Moreover, by Lemma 5.2 the eigenfunctions M( ;, j € N* and V are linearly independent, and, then (5.111)

implies (X,MSE-)H =0, j € N* and (X,Q)y = 0. Finally, as the set (5.102) is an orthonormal basis of
L L
( 7(11)> we have that X = 0. Then, A is onto ( S)) and (5.100) holds. Since also (5.99) is satisfied we obtain

1L
Wg) @ Wg) = (WS)) , n € Z*. This completes the proof of the theorem O
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THEOREM 5.11. Let H be the Viasov-Ampére operator defined in (5.3) and, (5.4). Then, H is selfadjoint and it
has pure point spectrum. The eigenvalues of H are given by.

1. The infinite multiplicity eigenvalues, A= = Mwc, M € Z.
2. The simple eigenvalues Ap m,n,m € Z*, given by the roots to equation (5.50) obtained in Lemma 5.6.

Proof: We already proven that H is selfadjoint below (5.7). The spectrum of H is pure point because it has a complete
set of eigenfunctions, as we proven in Theorem 5.10. The fact that the eigenvalues of H are equal to the /\7(2)7 meE 7,
and the A, n,,n,m € Z* follows from Lemmata 5.2, 5.3, 5.4 and 5.8. The qug),m € Z have infinite multiplicity

because by Lemmata 5.2, 5.3, and 5.4 each )\7(3) has a countable set of orthogonal eigenfunctions. Let us prove that
the eigenvalues A, ,, are simple. Suppose that for some n,m € Z* the eigenvalue ), ,, has multiplicity bigger than
one. Then, there is an eigenfunction, P, such that HP = A, ,,, P, and with P orthogonal to Z, ,,,. However since by
Lemma 5.6 Apy m; = An,,m, if and only if ny = ng, and m; = meg, it follows that P is orthogonal to the rigth hand
side of (5.95), but hence, P is orthogonal to H, and then P = 0. This completes the proof that the )\, ,, are simple
eigenvalues. O

5.4 Orthonormal basis for the kernel of H

In Subsection 5.1 we constructed a linear independent basis for the kernel of the Vlasov-Ampere operator H. In
this subsection we prove that, for an appropriate choice of the orthonormal basis of L?(R*,rdr) that appears in the

definition of the eigenfunctions MS); in (5.18), we can construct an orthonormal basis for the kernel of H. The choice

of the orthonormal basis is n dependent. For n € Z*, let T;n)

where the first basis function is

,j = 1,... be any orthonormal basis of L?(R*, rdr)

n 1 2
n(r) = e+ Jo (m> nez, (5.112)

an,0 We

with a,, ¢ defined in (5.45). Note that this implies that the T;"), j =2,... is an orthonormal basis of the subspace V,, o
that we defined in (5.34). Moreover, in the definition of the wu, o ; in (4.2) let us use this basis. In particular it yields

en@=3) 1 1 2 nr
U = e+ Jo| — ), nezr. 5.113
v L ) 19

The eigenfunctions M(O) = (u"(’)o’j) ,n € Z*,j € N* of H precised with (5.112) are now a particular case of the ones

defined in (5.18). However, we keep the same notation for M ) for a sake of readability.
For the other eigenfunctions we can use different orthonormal basis of L2(R*,rdr), if we find it convenient. It

follows from simple calculations that the eigenfunctions Vé ), n € Z*, defined in (5.18) are mutually orthogonal and that
(0)

ng? (n,7) € Z* x N*, are also mutually orthogonal. Moreover, since the functions e!"®, n € Z* are

0)

the eigenfunctions M
orthogonal in L2(0, 27) to the function equal to one, the eigenfunctions V( ,n € Z*, and M(()?j).,j € N* are orthogonal.

Let us compute the scalar product of the V;O), n € Z*, and the M n ezt ,Jg=1,....

n,j’

v2

(eé;” ’62:7']-(7")> , neZ'meZ* jeN. (5.114)
A

—nr
we 7

i V2
_2 e Mae —1;
S Tj<r>> ( (ZeWJ (
( 2 A meZ

Hence, by (5.112) and the second equation in (5.27)

1
V21 4 n?

(V’ELO)’ M(mo?])ﬂ = 6n,m

Moreover, by the Jacobi-anger formula (5.28), with z =

1
Tj(r)> , neZ" je N
)) V2T A

—in —2

—v2 we
(e .- Tj(r)> = 0;1V2r \fang, nET. (5.115)
A

VoY
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By (5.114) and (5.115),

\/2ma,
(V;@,Mfﬁ)) = S 01 el € Z* m e, jEN (5.116)
) H V21 + n?
This proves that the VELO),n € Z*, and the Mfgz-,n € Z*,j = 2,..., are orthogonal to each other, and also that
V;O), and M,(S)l, n € Z*, are not orthogonal. We apply the Gramm-Schmidt orthonormalization process to V%O), and
MELO )1, n € Z*, and we define the eigenfunctions,
B =My} — (MO, V) VIO, nez, (5.117)
and the normalized eigenfunctions,
EO
FO.— " nez. (5.118)

By (5.116), (5.117), and (5.118),

FO _ 27(1 = ano) +n? M©
" 21 +n? 1

7\/27m”’0 v () nez* (5.119)
V2r+nZ ") . .

Note that by (5.29) and (5.45) an0 < 1, and then 1 — a, o > 0.
Using the results above we prove the following theorem.

THEOREM 5.12. Let H be the Viasov-Ampére operator defined in (5.3) and (5.4). Then, the following set of
eigenfunctions of H with eigenvalue zero,

{Vg)),n c Z*} U {Mg?;,j e N*} U {MS);

neZ*,j:2,...}U{Fg’),neZ*}, (5.120)

is a orthonormal basis of Ker[H]. The eigenfunctions V%O), and M(()?j)-, are defined in (5.18), and the eigenfunctions,

M9 and F%O), are defined, respectively, in (5.18) with (5.113), and (5.118).

n,J’°

Proof: The lemma follows from Lemma 5.2 O

5.5 Orthonormal basis with eigenfunctions of H

In this subsection we show how to assemble a orthonormal basis for ‘H with eigenfunctions of H, using the eigenfunctions
that we have already computed. We first obtain a orthonormal basis for Ker[H]*, with the eigenfunctions of H with
eigenvalue different from zero.

THEOREM 5.13. Let H be the Vlasov-Ampére operator defined in (5.3) and, (5.4). Then, the following set of
eigenfunctions of H with eigenvalue different from zero,

{VinjymeZ*,je NYU{W, nj,nmeZ"jeN}U{Z, ,,n,m e Z"}, (5.121)

s a orthonormal basis of Ker[HH. Moreover, the eigenfunctions V, j, Wy, m i, and Z, », are defined, respectively in
(5.25), (5.36), and (5.76).

Proof: Equation (5.95) can be written as follows,

H= [Span [{M(()Oj)} -

] PBrezs ng))] ® [Span {{Vm’j}mez* e | @WH @ WP (5.122)
jeN+ :

Moreover, by Lemma 5.2

Ker[H] = Span [{Mg; }jeN*:| Pnez- WS, (5.123)
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Further, as H = Ker[H] @ Ker[H]*, it follows from (5.122), (5.123)

Ker[H]* = Span [{mej} } oWV o wW®. (5.124)

meZ*,jeN*

Finally, using the definitions of W in (5.90) and of W in (5.91) we obtain that the set (5.121) is an orthonormal
basis of Ker[H]*. O
In the following theorem we present a orthonormal basis for H with eigenfunctions of H.

THEOREM 5.14. Let H be the Viasov-Ampére operator defined in (5.3), and (5.4). Then, the following set of
eigenfunctions of H,

{VS”,n e Z*} u {Mg?;,j e N*} U {Mﬁﬂg,n €z j= 2,...}u {F;‘”,n e Z*} U

5.125
(Vi im €25, j € NYU{W,mjnom € Z*,j € N} U{Zpm,n,m € Z*}, (5.125)

s a orthonormal basis of H. The eigenfunctions,V%o), and Mé?)- are defined in (5.18). The eigenfunctions, M%O), and

FY are defined, respectively in (5.18) with (5.113), and (5.118). Moreover, the eigenfunctions V., j, Wy, . i, and
Z,, .., are defined, respectively in (5.25), (5.36), and (5.76).

Proof: The result follows from Theorems 5.12, and 5.13. O

6 The general solution to the Vlasov-Ampere system, and the Bernstein-
Landau paradox

In this section we give an explicit formula for the general solution of the Vlasov-Ampere system with the help of the
orthonormal basis of ‘H with eigenfunctions of H. Let us take a general initial state,

Gy = (;ﬁ) EH.

Then, by Theorem 5.14, the general solution to the Vlasov-Ampere system with initial value at ¢ = 0 equal to Gy is
given by,

G(t) := e ™M Gy, (6.1)
and, furthermore,

G(t) = G1 + G2(b), (6.2)
where the static parts Gy is time independent, and the dynamical part Ga(t) is oscillatory in time. They are given
by,

- (0) (0) (0) (0) (0) (0)
Gi=Y (G V), V4 3 (GoMf) MO+ 3 (GoMY) MY
nez* JEN* nEZ*,j>2 (6 3)
+ Z (G07F20)> F’E‘LO)7
nez* H
and o o
Gg(t) = Z e—zt/\,m (G(),Vm,ja )7-[ de- + Z e—ztkm (GOaWn,m,j)H Wn,m,j
meZ*,jeEN* 4 n,mez* jeN* (64)
+ Y e (Go, Zon)y Lo
n,mez*

We still have to impose the Gauss law (2.13), (2.14), or equivalently (5.8), to our general solution to the Vlasov-Ampere
system (2.17). For the eigenfunction M;O)j, n € Z*,j > 2, the Gauss law (5.8) is equivalent to

7,97

(Mw) V;o)) —0,
H
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(0

n,

that is valid by the orthogonality of the M z and the V;O) . We prove in the same way that the Gauss law (5.8) holds
for the eigenfunctions Fﬁ?),vm’j,wn,m,j, and Z, ,. It remains to consider the eigenfunctions M j € N*  defined

0,5
in (5.18). For the M(()?])-, the Gauss law (5.8) reads,

0 5
/ et 1jdv=0, jeN™. (6.5)
0

We can make sure that (6.5) holds for all but one j by choosing the orthonormal basis in L?(R*, rdr) that we use in
the definition of the M(()?;,j € N*, as follows. As we proceed in (5.112)-(5.113) for n € Z*, we specify the choice of the

orthonormal basis (7;)jen+ in (4.2) and (5.18) for n = 0. We take a orthonormal basis, T;O),j € N*, in L3R, rdr),
such that,

7_1(0) (T) = 6%. (66)

With this choice of the T;O),j € N*, the Gauss law (5.8) holds for M(()?j)-,j = 2,.... Hence, with this choice, the general
solution of the Vlasov-Ampere system given in (6.1) and that satisfies the Gauss law (5.8) can be written as in (6.2)

with the dynamical part Go(t) as in (6.4), but with the static part G; given by

G =3 (Go M) MY+ 3T (Go ML) M+ Y (Go B FD. (6.7

j>2 nez*,j>2 nez*

This exhibits the Landau-Bernstein paradox. Namely, the general solution contains a time independent part and a
part that is oscillatory time. There is no part of the solution that tends to zero as t — 400, that is to say, there is no
Landau damping in the presence of the magnetic field.

REMARK 6.1. This remark concerns the space Hq for the Gauss law and its orthogonal complement.
Let us denote,

Hg = Span [{V%O),n € Z*} UM(()(,?] )

where the eigenfunctions VY are defined in (5.18) and the eigenfunction M((J?i is defined in (5.18), (6.6). Note that
it follows from the results above that the condition that each one of the eigenfunctions that appear in (6.4), and (6.7)
satisfies the Gauss law is equivalent to ask that the eigenfunction is orthogonal to Hg. Then, it follows from (6.2),
(6.4), and (6.7) that general solution to the Vlasov-Ampere system given in (6.1) satisfies the Gauss law (5.8) if and
only if Gg € Hg.

The Hilbert space H is a closed subspace of the kernel of H. So, the Gauss law is equivalent to have the initial
state in the orthogonal complement to a closed subspace of the kernel of H. Actually, it is usually the case that when
the Maxwell equations are formulated as a selfadjoint Schrédinger equation in the Hilbert space of electromagnetic
fields with finite energy, the Gauss law is equivalent to have the initial data in the orthogonal complement of the kernel
of the Maxwell operator. See for example [34]. Let us further elaborate in the condition Go € Hg. We introduce the

space of test functions Dy := {¢ € C*|0,27] : dd—;lap(O) = dd—wl,cp(%r),l =0,...}. Let us expand ¢ € Dy in Fourier series

plx) =Y

neZ

1 ) 1 2m )
e, where n = —— r)e "™ dr,n € Z. 6.8
v Ll onim o= [ olo) (63

Integrating by parts we prove that
C N

By a simple calculation, and using (6.8) and (6.9) we prove that,

2
(@(m)e i ) =Y Ve VO 4V M) € Ao (6.10)

d
*a%ﬁ(l') nez*

Suppose that

(“ﬁ;?) € HE. (6.11)
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Then, by (6.10)

u(z,v) (,0(3?)6712 _ o ) o) das — 27 d .
(05 (420 - [ s s oon o

where p(z) is defined in (2.14). By (6.12) we see (u, F')T satisfies the Gauss law (2.13), (2.14), or equivalently (5.8), in
weak sense, where the weak derivatives are defined with respect to the test space Dr. Conversely, if (u, F)T satisfies
(6.12) for all p € Dy, we prove in a similar way that (6.11) holds taking ¢(z) = €"*,n € Z.

REMARK 6.2. Observe that the general solution of the Vlasov-Ampere system, G(t) = (u(t,z,v)), F(t,z))T given
in (6.1) and that satisfies the Gauss law (5.8) fulfills the condition that the total charge oscillation is equal to zero,

2
/ u(t,z,v)e @ drdv=0. (6.13)
[0,27] x B2

This true because each one of the the eigenfunctions that appear in the expansion (6.2), with Ga(t) as in (6.4) and
G1(t) as in (6.7) satisfy this condition.

O
Let us now consider the expansion of the charge density fluctuation of the perturbation to the Maxwellian equilib-
rium state, p(t, z), that we defined in (2.14). Note that for a function in (u,0)” € H with electric field zero the Gauss
law (2.13), (2.14) implies that the charge density fluctuation of the function is zero. In particular the charge density
fluctuation of the eigenfunctions M(()?]).,j > 2,M203,n eZ*,j > 2, F(O) ne€sl*\Vy;meZ',jc N W, ,inme
Z*,j € N* is equal to zero. Then, if we apply the expansion (6.2), Wlth G1(t) given in (6.7) and Gz(t) given in (6.4)
to the charge density fluctuation of the general solution to the Vlasov-Ampere system (6.1) that satisfies the Gauss
law, only the terms with Z,, ,,,,n,m € Z* survive and we obtain,

P(tvﬁﬁ) = Z e Anm (GOaZn,m)H pn,m(z)a (614)

n,mez*
where, pp, m(z) is the charge density fluctuation of the eigenfunction Z, ,, that is given by

1 . _r2 v
emn® et eTinue NMn,m (V) dv,n,m € Z*. (6.15)

nm\T) = —F—
Prm () T .

where we used (5.76). Equation (6.14) is the Bernstein expansion [6, 5] for the charge density fluctuation, that we
prove for initial data in H, as we show in the following Theorem

THEOREM 6.3. Let p(t,z) be the charge density fluctuation defined in (2.14). Then for any initial state, Gy € H,
the expansion, (6.14), (6.15) converges strongly in the norm of L?(0,27).
Proof: Let us justify (6.14) and (6.15). We denote by u(t, z,v) the first component of (6.2). Then, since u(t,z,v) € A,

2
it follows from Fubini’s theorem that for a.e. z € (0,27), u(t,z,-) € L?*(R?), and as also et € L?(R?), the
charge density fluctuation p(t,x) defined in (2.14) is well defined, and furthermore, by the Cauchy-Schwarz inequality
p(t,z) € L?(0,2m). We denote,

pn(t,x) = > e~ (G, Znm ) gy Prm (L T), (6.16)
n,meZ*,|n|+|m|<N

We will prove that py(t,x) converges to p(t,x) in norm in L?(R?), i.e. that the series in (6.14) converges strongly in
L?(R?). We denote by M(0 1) M(O 1) F(0 2 V(l) wi Zg)n, respectively the first component of the eigenfunctions,

n,j m,j’? n,m,j’
M(()OJ), MS);, F; ), Vi iWam js Zin,m. We designate,
Gin = Z (GO,M(()OJ) 00]1)_1_ Z (GO,MES;-”) Mgs,jl)
N>j>2 neZ*,|n|<N,N>j>2 (6.17)
Y (G FY) FOY, |
nezZ*,|n|<N
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. —itA(® (1)
GQ,N(tax,'U) = E e "hm (GOva;j)H Vm,j
meZ*,|m|<N,jeEN* j<N

—45t2(0)
+ Z e~ Am (G07Wn,77l,j)’}.[ ngl,zn’j (6.18)
n,meZ*,|n|+|m|<N,jEN* j<N
+ > e (G, Ziym) gy L)
n,meZ* |n|+|m|<N
and
Gn(t,z,v) == G1,n(t) + G n(1). (6.19)
We have that
lim ||lu—Gpnlla=0. (6.20)
N—00
Furthermore,
2
Gn(t,z,v)e* dv = py(t, x). (6.21)
R2
Hence,
p(t,x) —pn(t,z) = / (u(t,z,v) — Gn(t, z,v)) dv. (6.22)
R2

Finally, by (6.20), (6.22), and the Cauchy- Schwarz inequality,

2 2m .2
/ Ip(t,x) — pn(t, x)|? do = / | (u(t,z,v) — Gn(t,z,v))e s dv|? de
0 0. (6.23)
§/ / \(u(t, z,v) — Gy (t, z,v)]> drdv=|lu—Gn|% — 0, as N — oo.
0o Jr?

This completes the proof that the expansion (6.14) and (6.15) converges strongly in the norm of A. O
REMARK 6.4. The eigenfunctions M), j > 2, M\ n € Z*,j > 2,F) n € 2%,V j,m € Z*,j € N*, Wiy j,m,m €
Z*,j € N*, do not appear in the expansion (6.14) of the charge density fluctuation. Still, as we mentioned in the
introduction, these eigenfunctions are physically interesting because they show that there are plasma oscillations such
that at each point the charge density fluctuation is zero and the electric field is also zero. Some of then are time
independent. Note that since our eigenfunctions are orthonormal, these special plasma oscillation actually exits on
their own, without the excitation of the other modes. It appears that this fact has not been observed previously in
the literature.

7 Operator theoretical proof of the Bernstein-Landau paradox

We first study the operator Hy that appears in the formula for H that we gave in (5.5,5.6, 5.7). Let us recall the
representation of H as the direct sum of the H,, given in (5.86). Using Proposition 4.1 we see that the functions
(Un, )T in H,, can be written as

un(x, U) — ZZ N* Hnim.j (if, 7)) (Un’ un,m,j)A (71)
o, mes,)e 5
Qnp

where for n = 0, a,, = 0. Then, by Proposition 4.1

H, (unéxm)) n,, (un(x,v)) | (12)

n a’l’b

where by Hy,, we denote the operator in H,, given by,

H, (un(x,v)> -y <)\£2)un7m,j(ac,v)(un,un7m7j)A),

Q 0
" mEZ,jEN
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with domain D[Hg ] :== {(un, )7 : ZmezJeN()\g))z\(un,un,myj)A|2 < o0o. Observe that Hy,, is the restriction of
Hj to Hy, and that,
Hy = ®nez Homn- (7.3)

Further, the spectrum of Hy ,, is pure point and it consists of the infinite multiplicity eigenvalue A,(qg),m € Z. Then,

also the spectrum of Hy is pure point and it consists of the infinite multiplicity eigenvalues )\52), m € Z. Recall that
the discrete spectrum of a selfadjoint operator consists of the isolated eigenvalues of finite multiplicity, and that the
essential spectrum is the complement in the spectrum of the discrete spectrum. So, we have reached the conclusion
that the spectrum of Hy coincides with the essential spectrum and it is given by the infinite multiplicity eigenvalues

A m € Z. Let us now consider the operator V that appears in (5.7). For €™ (1(v), an)T € Ho,

2
Veinz (T(U)) — einm —t1€ jUQOén )
Qn iT* [oo viea 7(v)dv

Then, V sends H,, into H,,, and that it acts in the same way in all the H,,. Let us denote by V,, the restriction of V
to H,. Then, we have,

furthermore, by (5.5), (7.3), and (7.4),
H=oH,, (7.5)

where H,, = Hg , + V,,. Further, it follows from (7.4) that V, is a rank two operator, hence, it is compact. Then, it is
a consequence of the Weyl theorem for the invariance of the essential spectrum, see Theorem 3, in page 207 of 7], that
the essential spectrum of H,,,n € Z is given by the infinite multiplicity eigenvalues )\gg),m € Z. Hence, by (7.5) the
essential spectrum of H is given by the infinite multiplicity eigenvalues )\52), m € Z. However, since the complement
of the essential spectrum is discrete, we have that the spectrum of H consists of the infinite multiplicity eigenvalues
)\52), m € Z, and of a set of isolated eigenvalues of finite multiplicity that can only accumulate at the essential spectrum
and at +oo. We know from the results of Section 5 that these eigenvalues are the A, ,,,n,m € Z*, and that they
are of multiplicity one. However, the operator theoretical argument does not tell us that. However, it tells us that
the spectrum of H is pure point and that H has a complete orthonormal set of eigenfunctions. This implies that
the Bernstein -Landau paradox exists. Let us elaborate on this point. As we mentioned in the introduction, it was
shown by [11], [12] that the Landau damping can be characterized as the fact that when the magnetic field is zero
e~ goes weakly to zero as t — Fo0o. Let us prove that when the magnetic field is non zero this is not true. We
prove this fact using only the operator theoretical results of this section, i.e. without using the detailed calculations
of Section 5. Let us denote by «;, j = 1,..., the eigenvalues of H, repeated according to their multiplicity, and let
X;, 7 =1,... be a complete set of orthonormal eigenfunctions, where the eigenfunction X;, is associated with the
eigenvalue, v;,7 = 1,.... We know explicitly from Section 5 the eigenvalues and a orthonormal basis of eigenvectors,
but we do not need this information here. Suppose that e~*H goes weakly to zero as t — Fo00. Then, for any X, Y € H,

lim (e7"MX,Y), =0. (7.6)

t—too

Let us prove that there is no non trivial X € H such that (7.6) holds for all Y € H. We have that,

o0

(e~ "X, Y), = Zefmz (X, X)) (X1, Y ).
=1

However, let us take Y = X, =1,.... Then, lim (e_“HX, Yi)?—t =, liin e~ (X, X;)u,j=1,...,is anon-zero
—+oco

li
t—+oo
constant if y; = 0, and it is oscillatory if v; # 0, unless (X, X;)y = 0,7 = 1,.... However, if (X,X;)y =0,j=1,...,
then, X = 0. It follows that (7.6) only holds for X = 0.
8 Numerical results

The objective of this section is to illustrate the numerical behaviour of the eigenfunctions constructed previously.
More precisely, we will construct a numerical scheme that approximates the solution of the Vlasov-Ampere system
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initialized with an eigenfunction and compare this numerical solution with the theoretical dynamics of the system. The
numerical results below show that the difference between the theoretical and numerical solutions is small, confirming
the theoretical analysis. Furthermore, we will use the eigenfunctions to initialize a code solving the non-linear Vlasov-
Poisson system showing how we can approximate the solution of the non-linear system with our linear theory. Finally,
using the same non-linear code, we will illustrate the Bernstein-Landau paradox, as in the spirit of [13, 33], by
initializing with a standard test function traditionally used to highlight Landau damping and show how the damping
is lost when we add a constant magnetic field.

8.1 Computing the eigenvalues

As in (5.53), we consider an eigenfunction

( wltinm ) , (8.1)

of the operator H associated to the Fourier mode n # 0 and the eigenvalue A, _,, = —A,, ,, where w,, ,,, and F,, are
given by
) v -2 W ) nr ;
w =" e T Le”"/ﬂ] () and F,, = —ine'™". 8.2
o P%Z:* pwe + )‘n,m P We " ( )

Furthermore, A, ,,, is one of the roots of a secular equation (5.47), which could be written as

a(N) =0,
where the secular function a(\) is given by
) 1 2m MW, (8.3)
a(d)=-1-— ——Unm- .
n? o e + A

In (8.3) an,m is defined by (5.45). The secular function «(\) is a convergent series with poles at the multiples of the
cyclotron frequency w.. Note that the function « in (8.3) and the function ¢ in (5.50) are linked by the relation

a(A) = —1— % ). (8.4)

30



10.0

7.5
5.0
2.51

=  o00{
[w]

-10.0 v ! v
-30 -25 -20 -15 -10 -05 0.0 0.5 1.0 1.5 2.0 25 3.0

A

Figure 1: Secular function for w, = 0.5 and n =1

The plot in Figure 1 illustrates the properties of a (deduced from Lemma 5.5 and relation (8.4)), most notably
that there is unique root (hence an eigenvalue for H) in (mw., (m+ 1)w,) for m > 1, and ((m —1)w., mw,) for m < —1.
With a standard numerical method (dichotomy or Newton), we can determine the roots of . For example, with
(n,m) = (1,2), we find A 2 ~ 1.19928. This eigenvalue A; o will be used in all the following numerical tests.

8.2 Solving the linear Vlasov-Ampere system with a Semi-Lagrangian scheme with
splitting

To approximate the linear system (2.17) or (5.1-5.2), we use a semi-Lagrangian scheme [9, 29|, which is a classical

method to approximate transport equations of the form 0;f + F(x,t)d, f = 0, coupled with a splitting procedure. A

splitting procedure corresponds to approximating the solution of d;f + (A + B)f = 0 by solving d:f + Af = 0 and

Oy f + Bf = 0 one after the other.
Hence, the Vlasov-Ampere system is split so as to only solve transport equations with constant advection terms.

8t< ;>+(A+B+C+D)( ;ﬁ)o,

vf 403
10, Fuvje~ 3 —WeU20, wWe10y
A = < 0 > s B = v%+v% , — < 0 1 s D = 0 2 .

1* [ue™ ~ 7 vidvidoy

with

The algorithm used to solve the linearized Vlasov-Ampere system can thus be summarized as follows

1. Initialization U,,; = < w;,’m ) given in (8.1).

2. Going from t, to ¢,

u) at time ¢,,.

Assume we know U,,, the approximation of U = ( r
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e We compute U* by solving 0;U + AU = 0 with a semi-Lagrangian scheme during one time step At with
initial condition U™.

e We compute U by solving 0, U+ BU = 0 with a Runge-Kutta 2 scheme during one time step At with initial
condition U*.

e We compute U** by solving 0;U + CU = 0 with a semi-Lagrangian scheme during one time step At with
initial condition U.

e We compute U™ by solving d; U +DU = 0 with a semi-Lagrangian scheme during one time step At with
initial condition U**.

8.3 Results for the Vlasov-Ampeéere system

The solution of the Vlasov-Ampeére system initialized with an eigenfunctions Uj,; = ( w;,m > as in (8.1) is simply
n

given by ‘
U(t) — e7f>\n,7nt Uini‘ (8.5)

Recall that (8.1) is an eigenfunction of H with eigenvalue A, _,,, = —Ap. In the following results, we have taken
(n,m) = (1,2), w. = 0.5, N,, = 33 (number of points of discretization in position), N,, = N,, = 63 (number of points
of discretization in both velocity variables), L,, = L,, = 10 (numerical truncation in both velocity variables) and,
most importantly, Tf = ﬁ This means that U(T}) = exp (zg) Uini = i1Ujy;, and then, the solution of the system at
t = Tt corresponds to the initial condition where the real and imaginary parts have been exchanged (up to a sign).

t=0 Theoretical at t=T¢ Numerical at t=T¢
4 2 4 4
2 ‘. 1 2 ‘l 1 2 " 1
A i
REAL PART V' . 0 \‘. ’j 0 0 »¢ I‘, 0
-2 -2 : ) 1
-1
—4 -4 —4
-5 0 5 -5 0 572 5 0 5 2
4 2 4 2 4 2
2 1 3 1 2 1
IMAGINARY Wi [
o] N LD N N W
-2 -2 . -2
-1 -1 -1
—4 -4 —4
-5 0 5 -5 0 5 -5 0 5

Figure 2: Real and imaginary parts of the first component of U(¢) given by (8.5) in v; — v plane for x = 0.
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Figure 3: Modulus of the first component of U(t) given by (8.5) in v; — vy plane for z = 0, and real and imaginary
parts of F.

The figures show that the solution of the system behaves according to the theory.

8.4 Results for the non-linear Vlasov-Poisson system

We now look at how the solution of the non-linear Vlasov-Poisson system (2.4) behaves when initialized with an
eigenfunction of the Hamiltonian H of the Vlasov-ampere system. The idea is that for a certain time, the solution
for the non-linear Vlasov-Poisson system follows the same dynamics as the solution for the linearized Vlasov-Poisson
system. We consider the Vlasov-Poisson system because it is more convenient for numerical purposes. Recall that the
linearized Vlasov-Poisson and the Vlasov-Ampere systems are equivalent. Furthermore, the articles [6, 13, 32, 33] have
studied the Bernstein-Landau paradox using the Vlasov-Poisson system. We use almost the same numerical scheme
as in the previous subsection to approximate the solution of the system.

The Vlasov equation, namely the first equation in (2.4), in the non-linear Vlasov-Poisson system is split so as to
only solve transport equations with constant advection terms,

Ou+ (A+B+C)u=0,

with A =v10,, B= — (E 4 wev2) 0,, and C = w.v10,,. To update the electric field, the strategy adopted is the same
as in [9] where the Poisson equation is solved at each time step. On this numerical computation we consider real
valued solutions f, E.

Let us denote by u the perturbation of the charge density function, f, and by F' be the perturbation of the electric
field, E. The functions u, F' solve the linearized Vlasov-Poisson system (2.11). Recall that we proven in Section 5 that
the linearized Vlason-Poisson and Vlasov-Ampere systems are equivalent. Then, we can use the real part of 8.5 to
write the expression of u, F' when initializing with, tini, Fini, With wini = Re(wy m), Fini = Re(F),). Recall that wy, ,,
and F), are defined in (8.2). Then, we have,

u(t) cos(Amt) Re(wy,m) — sin(Apt) Im(wy, 1)
(F(t)) =Re(U(t)) = ( cos(Amt) Re(F,) — sin(Apt) Im(F),) ) (8.6)

where U(t) is given by (8.5). The objective of this subsection is to show that we can approximate the solution of the
non-linear system using (8.6), which means that the solutions of both linear and non-linear systems are close to each
other for a certain time.
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The algorithm used to solve the non-linear Vlasov-Poisson system can be summarized as follows:

1. Initialization f;,; = fo +ev/fo Re(w,,m) and Ei,i = € Re(F),) are given, where ¢ is a scalar which controls the
amplitude of the perturbation. We take ¢ = 0.1.

2. Going from t, to ¢,
Assume we know f, and FE,, the approximations of f and E at time ¢,,.

e We compute f* by solving 0;f + v10, f = 0 with a semi-Lagrangian scheme during one time step At with
initial condition f,,.

e We compute E, 11 by solving the Poisson equation with f*.

e We compute f by solving 0;f — (Ep41 + wev2)0y, f = 0 with a semi-Lagrangian scheme during one time
step At with initial condition f*.

e We compute f"*! by sAolving Orf + wev10y, f = 0 with a semi-Lagrangian scheme during one time step At
with initial condition f.

As in Subsection 8.3 we take (n,m) = (1,2), w. = 0.5, N, = 33 (number of points of discretization in position),
N,, = N,, = 63 (number of points of discretization in both velocity variables), L,, = L,, = 10 (numerical truncation

in both velocity variables) and, Ty = ﬁ In the following figures, we are comparing respectively the theoretical

perturbations, u, F, that are given by (8.6)7 and the numerical perturbations,

n _ En™
u”zif fo,andF”:—,

evfo €

where f™ and E™ are given by the above algorithm.

t=0 Theoretical at t=T¢ Numerical at t=T¢
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Figure 4: v in v; — vy plane for £ = 0 and electric field F'.

The figures show that we can approximate the solution of the non-linear Vlasov-Poisson system using solutions
of the linear Vlasov-Poisson system, initialized with the eigenfunctions of the Hamiltonian, H of the Vlasov-Ampere
system.
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8.5 The Bernstein-Landau paradox

In this subsection we numerically illustrate the Bernstein-Landau paradox, and we compare it with the Landau
damping, using the above algorithm (similarly to [13]). In order to compare the numerical solutions to the non-linear
Vlasov-Poisson system with the approximate analytical solution found in [28] in the case w, = 0, we take in this
subsection the charge of the ions equal to one. With this convention the non-linear Vlasov-Poisson system is written
as,

Ouf + 0105 f — EOy, f 4+ we (020, +v10y,) f =0.

0. E(t,x)=1— fdv.
R2

(8.7)

Furthermore, also with the purpose of comparing with the approximate analytical solution of [28], we initialize with
the density function frp given by,

1 —v?
frp(z,vy,v9) = Py (14 ecoskx)e™=, £=0.001,k=0.4. (8.8)
7

In this simulation the position interval is [0, 27”], since we keep periodic solutions. To introduce the approximate
analytical solution of [28] let us consider the Vlasov-Poisson system (8.7) with w. = 0,

O f +v10:f — EO,, f =0,

8.9
0 E(t,x)=1— fdv, (8.9)
R2
and initialized with (8.8).
Let us look for a solution of the form,
1 =3
flt,x,v) = fi(t,x,v1) me T, (8.10)

Then, f(t,z,v) satisfies the (8.9) and it is initialized with (8.8) if and only if f1(¢,z,v1) is a solution of the following
Vlasov-Poisson system in one dimension in space and velocity,

Ocfi +v10zf1 — E10y, f1 =0,

8.11
8xE1(t,l‘) =1 —/ fld’Ul, ( )
R
initialized with,
1 —vf
f10,z,v1) = Nor (I+ecoskx)e™ , e=0.001,k=04. (8.12)
T
Furthermore, note that
E(t,x) = E1(t, ). (8.13)

Then, we can compute an approximate E(t,x) using the approximate solution to (8.11), (8.12) given in page 58 of
[28]. Namely,
B(z,t) ~ 4e x 0,424666 exp(—0, 0661¢) sin(0, 4z) cos(1, 2850t — 0, 3357725). (8.14)

We have taken the values given in the second line of the table in page 58 of [28]. This approximate solution is a good
approximation to the exact solution for large times. Further, (8.14) is a classical test function to highlight Landau
damping, more precisely the damping of the electric energy. In the figures below we report (8.14) in the red curves.
Moreover, the figure below illustrates how when w. # 0, the damping is replaced by a recurrence phenomenon of
period T, = i—:, which follows the behaviour observed in [4, 32]. We take w, = 0.1, and as in Subsection 8.3, we use,
N, = 33 (number of points of discretization in position), N,, = N,, = 63 (number of points of discretization in both
velocity variables), L,, = L,, = 10 (numerical truncation in both velocity variables).
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Figure 5: Damped and undamped electric field

The recurrence visible on the right-hand side figure is a fully ”physical” phenomenon originating from the non-zero
magnetic field and is to be distinguished from the recurrence in semi-Lagrangian schemes studied in [20], which deals
with a purely numerical phenomenon.

9 Appendix

In this appendix we further study the properties of the secular equation (5.49, 5.45, 5.50). For later use we prepare
the following result.

PROPOSITION 9.1. Let apm,n € Z*,m =1,..., be the quantity defined in (5.45). Then, there is a constant, C,
that depends on n, such that,

<o L [ ]” 1 (9.1)
a — | — m=1,... .
=T me | 2w2m R
where e is Fuler’s number. In particular, for any p > 0 there is a constant C, that depends on n and p, such that,

1

Proof: By equation (10.22.67) in page 245 of [22]

a2 n2
Qpm =€ <2 Iy ( ) , (9.3)

2
wC

with I,(z) a modified Bessel function. Furthermore, by equation (10.41.1) in page 256 of [22],

I (Zi) . \/;Tm (i’;ﬂ)mu +o(1)), m— oo (9.4)

Equation (9.1) follows from (9.3) and (9.4). Finally, (9.2) follows from (9.1). O

We continue the analysis of the secular equation Let A, ,,,,m > 2 be the root given in Lemma 5.6. Recall that
Anom € (mwe, (M + 1)we). Then, to isolate terms that can be large as A, is close to mw. or to (m + 1)we, we
decompose g(An,m) as follows,

9nm) = 90 Q) + 9% Aam) + 9% ) + 69 ), (9-5)
where, .
9P V) = 4mr Z ﬁaw, (9.6)
1<g<m—1 :
9% Anm) = 47 m e (9.7)

" *e 4
2 2 _ 2 mn,my
m2w? )\n’m
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(m+1)*w?

(3) = 4
9" (Anm) = 4m (m + 1)%2 -2,

amm—i—lv (98)

99 ) 1= 4m Z 2w2 22—\ na (9.9)
g>m+2 ,m

LEMMA 9.2. Let gV(\,.) be the quantity defined in (9.6). Then, there is a constant C,, such that,

1

’g(l)(A7L,m)’ <Cp W7 m > 2. (910)

Proof: First suppose that m is even. Then, m/2 is an integer, and we can decompose g(l)()\n,m) as follows,

9(1) (An,m) - 9(1’1) (An,m) + 9(112) ()‘n,m)7 (911)
where,
(L) — 4 ¢’ we _ 9.12
g ( n,m) =an Z 2w2 )\2 an,qa ( ° )
1<g<my2 1
and 5
qw
9" Npm) =4m Y Wan,q. (9.13)
m/2<q<m—1 ¢ m,m
Note that,
1 2 m
q2w3—)\%m‘_m2w§’ q:l,...,g. (9.14)
Then, by (9.2), (9.12) and, (9.14)
2 A2 1
’gu,l)(An,m) < Ar e 21: FPwlan, < C—s. (9.15)
Furthermore, we have
1 1 1 m
—_— — =—,... -1 1
q2w§—>\%,m‘_wc mo, 1T o™ (9.16)
Then, by (9.2), (9.13) and, (9.16),
(1:2)() <ar Lt 2 2an . < Cpe p= 1 9.17
g (Anm)| < e Z ¢ wetng <Gy, p=1,.... (9.17)

m/2<qg<m—1

Equation (9.10) follows from (9.11), (9.15) and, (9.17). In the case where m is odd, (m — 1)/2 is an integer, and we
decompose g(l)()\mm) as in (9.11) with,

2,2
g~ We
9" Q) = 2 —n Gna (9.18)
1<g<(m—1)/2 q-we n,m

and N

¢* we
S ) =i 2 2?2 dne (9.19)

(m—1)/2<q<m—1 c n,m

and we proceed as in the case of m even. -

In the following lemma we estimate g4 (A, ).

LEMMA 9.3. Let g(4)()\n,m) be the quantity defined in (9.9). Then, for every p > 0 there is a constant C, such that,

<Cp—, m>2 (9.20)




Proof: Note that,
1

2,2 2
qruwe 7>‘n,m

Equation (9.20) follows from (9.2), (9.9) and, (9.21). O
In the following lemma we estimate how A,, ,,, approaches mw, as m — %oo.

1 1

S > m A+ 2. 9.21
T e (9.21)

E

LEMMA 9.4. We have,

a 1
Ao = Mwe + 2T W, | +anm O | — |, m — +oo. (9.22)
' n2 i ||
Proof: Note that since A\, _,, = —Ap it is enough to prove equation (9.22) when m — oo.
Using (9.10) and (9.20) we write (5.50) as follows
m? w? 9 3 1
c — )
Moreover, as g(?’)()\n’m) >0, we get,
m? w? 9 1
4ﬂman7m2n +O(Tn2), m — 0.

2 2
Then, there is an mq such that 47 z——S—ap m > &
c

VRl
n,m 4

and taking the square root we obtain

mwe < Apm < Mwey/1+ 16 Gy m, m > mg. (9.24)

This already shows that A, ,,, is asymptotic to w, for large m. However, we can improve this estimate to obtain (9.22).
By (9.2) and (9.24) for every p > 0,

m > mg, and then, A2 < m2w? 4+ 16m?wg an,m, m > mo,

((m 4 Dwe — Apm) ' = L (1 +0 <1>) . m— oo, (9.25)

We mpP

Further, introducing (9.8) and (9.25) into (9.23), and using (9.2) we obtain,

m? w? 9 1
We rearrange (9.26) as follows,
4t m?w? 1 1
>\n,m — MW = ﬁ man,m + ﬁ ()\n7m - m(JJC) O (’rn2) y m — OQ. (927)
By (9.24)
Anym — Mwe < mwe O (an,m) m — 00. (9.28)
Further,
_ _ 1
(A, + mwe) b= 2mw. + An,m — MWe) ' = ST (14O (anm)), m — 0o. (9.29)
Expansion (9.22) follows from (9.28) and, (9.29). O
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